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Abstract

Endoparasites completely rely on the host organism to survive, once they entered their
host. Though, hosts do not capitulate but try to protect themselves against potential
damage induced by the parasite. Taking these two effects together, leads to measurable
changes in the composition and lateral distribution of metabolites in host tissue (upon
infection). In order to find novel drug targets, further knowledge on such changes is
crucial. Using mass spectrometry imaging to investigate host-parasite interactions in
vivo in an untargeted fashion whilst maintaining the lateral information of metabolites
is a powerful approach. Therefore, two distinct models were studied: Schistosoma-
mansoni-egg-containing liver samples of hamsters infected with the blood flukes, and
bovine skin tissue, showing cysts formed by the apicomplexan parasite Besnoitia bes-
noiti.

For both parasite-host systems, characteristic infection markers were found with
significant changes in signal intensities.

Additionally, by benefiting from the fact that lateral information is kept during
mass spectrometry imaging analysis, the lateral distribution of infection markers was
revealed. For some of them, co-localized biological structures were observed in optical
images of the analyzed tissues.

During schistosomiasis, Schistosoma mansoni eggs are deposited in the hamster
liver, leading to granuloma formation around the eggs. The high lateral resolution of
the AP-SMALDI5 AF ion source enabled the unambiguous visualization of both, eggs
(100 pm to 200 pm in diameter) and local abundance changes of lipids in granuloma-
tous tissue compared to healthy hepatic tissue. Guided by results obtained with liquid
chromatography-tandem mass spectrometry, we observed a substructure in formed
granulomas by applying mass spectrometry imaging. For example, ether-phosphatidyl-
ethanolamines were mainly found in the outer part of the granulomas. In total, 372
substances were found to be significantly changed due to infection.

In the skin of Besnoitia besnoiti-infected cattle, MS images showed both, enrichment
and depletion of several lipid species inside parasite-formed cysts. Due to the high lat-
eral resolution at 2 pm pixel size, some of them were even found to be characteristic
for the thin cyst walls. Applying multiple MSI methodologies, cysts were further char-
acterized by on-tissue tandem mass spectrometry as well as 3-dimensional imaging.
Overall, 552 ions were found to be altered due to infection.

Overall, gained insights into parasite-host interactions can now be used as starting

points for further metabolism studies and also serve as potential drug targets.



Zusammenfassung

Nach Eindringen in ihren Wirt sind Endoparasiten vollstandig von diesen abhangig.
Doch der Wirt wehrt sich und versuchst sich so gut moglich gegen potentiellen, durch
den Parasit hervorgerufenen Schaden zu schiitzen. Diese beiden Effekte fiihren zu
messbaren Unterschieden, sowohl in der Lipid- und Metabolitzusammensetzung, als
auch -verteilung im Wirtsgewebe. Um neue, potentielle Angriffspunkte fur Arzneimit-
tel zu finden, ist die Kenntnis dieser Unterschiede entscheidend. Die Verwendung
bildgebender Massenspektrometrie zur Untersuchung von Parasit-Wirt-Wechselwir-
kungen in vivo bietet hierbei zwei Vorteile: Einerseits die parallele Detektion hun-
derter Metabolite. Zudem wird gleichzeitig die laterale Verteilung der Metabolite er-
halten und kann spater bildlich dargestellt werden. Zwei verschiedene Modellsysteme
wurden untersucht: Einerseits Eier-enthaltende Leber von mit Schistosoma mansoni in-
fizierten Hamstern, andererseits Zysten-enthaltende Rinderhaut, hervorgerufen durch
den Parasit Besnoitia besnoiti.

Fur beide Parasit-Wirt-Systeme wurden charakteristische Infektionsmarker mit sig-
nifikanten Unterschieden bezuglich der Signalintensitat gefunden.

Da die laterale Verteilung von Metaboliten bei der Analyse mittels bildgebender
Massenspektrometrie erhalten wird, konnte auSerdem die Signalintensitat der Infek-
tionsmarker bildlich dargestellt werden. Fur einige passte diese zu biologischen Struk-
turen, die in optischen Bildern der untersuchten Gewebe erkannt wurden.

Im Verlauf der Schistosomiasis lagern sich einige Schistosoma mansoni-Eier in den
Lebern der infizierten Hamster ein und rufen dort die Bildung von Granulomen her-
vor. Die hohe Auflosung der AP-SMALDI5 AF-lonenquelle ermdglicht die gleichzeit-
ige Darstellung sowohl der Eier (mit lediglich einem Durchmesser von 100 pm bis
200 pm), als auch des umliegenden Gewebes. Hierbei konnten Intensitatsunterschiede
verschiedener Signale im Vergleich zu gesundem Lebergewebe festgestellt werden.
Nach Erstellung einer Lipiddatenbank durch LC-MS/MS-Experimente konnten mit-
tels bildgebender Massenspektrometrie Signale gefunden werden, die eine Substruk-
tur in den gebildeten Granulomen abbilden. Beispielsweise wurden Ether-Phosphati-
dylethanolamine hauptsachlich im dufSeren Rand der Granulome detektiert. In Summe
wurden 372 m/z-Signale mit durch Infektion hervorgerufenen Intensitatsunterschie-
den gefunden.

In Hautproben von mit Besnoitia besnoiti-infizierten Rindern konnte in den massen-
spektrometrischen Bildern sowohl die An- als auch Abreicherung ausgewahlter Lipide
in den Parasiten-induzierten Zysten dargestellt werden. Dank der ultrahohen Auflo-
sung (2 pm Pixelgrofle) konnten sogar einige Lipide ausgemacht werden, die charakte-
ristisch fiir die diinne Zystenwand sind. Durch Anwendung verschiedener, bildgeben-
der massenspektrometrischer Techniken konnten die Zysten weiter charakterisiert wer-
den. So ermoglichte auf Gewebe durchgefithrte Tandemmassenspektrometrie die Iden-
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tifizierung einiger annotierter Lipide. Unter Verwendung massenspektrometrischer
Daten konnten die Zysten auflerdem dreidimensional rekonstruiert werden. Insge-
samt wurden 552 Ionensignale gefunden, die unterschiedliche Signalintensitdten in
infizierten und gesunden Hautproben zeigten.

Alles in allem konnen die gewonnenen Erkenntnisse zu Parasit-Wirt-Wechselwir-
kungen nun als Ausgangspunkt fiir weitere Metabolismusstudien verwendet werden.
Des Weiteren konnen sie als mogliche Anhaltspunkte bei der Suche nach neuen Wirk-

stoffen gegen die entsprechenden Krankheiten dienen.



1 Synopsis

1.1 Mass spectrometry

The simplified idea of mass spectrometry (MS) is the weighing of molecules or, to be
correct, the mass determination of molecular ions. The output is a mass spectrum,
where the signal intensity is plotted against the mass-to-charge-number ratio (m/z).
There are several different analyzing techniques. They all have in common the need of
charged molecules because they rely on electric/magnetic forces which cannot be ap-
plied to uncharged molecules. Therefore, prior to analysis, molecules must be ionized.
Most prominent techniques are electrospray ionization (ESI), desorption electrospray
ionization (DESI), secondary ion mass spectrometry (SIMS), matrix-assisted laser des-
orption/ionization (MALDI) and laser desorption/ionization (LDI). Because of several
advantages, MALDI was the method of choice for the present scientific study.

1.1.1 MALDIMS

MALDI was first described by Karas, Bachmann and Hillenkamp in 1985.! In their
initial experiments they used LDI for the analysis of amino acids. The threshold irra-
diance for detection of ion signals of pure alanine was up to tenfold higher than when
this nonabsorbing amino acid was mixed with the absorbing amino acid tryptophan.
The authors assumed that “[t|ryptophan thus must be regarded as an absorbing matrix
resulting in molecular ion formation of the nonabsorbing alanine”! and called the pro-
cess “matrix-assisted laser desorption”.! Organic matrices mostly used today because
of their high versatility and sensitivity compared to inorganic ones or nanoparticles.??

In distinction to LDI, the matrix is applied to the sample for several reasons: First,
matrix molecules dilute and separate analyte molecules by co-crystallisation.>*> Sec-
ond, the matrix segregates analyte molecules from contaminations and therefore pu-
rifies the sample. Hence, MALDI tolerates relatively high contaminant concentrations
of up to 5%.>° Third, matrix molecules contain light absorbing systems, enabling the
absorption of the laser energy and transfer to the analyte molecules.!"*”8 Even ana-
lyte molecules containing their own light absorbing systems (so-called chromophores)
show better ionization yields when analyzed after addition of a matrix. Sometimes,
even chromophores cannot be analyzed without matrix at all. For instance, this was
shown by Karas et al. for vitamin B12.” By adding this step (energy uptake by ma-
trix, followed by energy transfer to the analyte molecule) to the ionization proce-
dure, MALDI becomes softer than LDI because the matrix prevents analyte molecules
from thermal decomposition. Therefore, analyte molecules stay intact and do not
get fragmented.” Fourth, the matrix aids in votalization and evaporation of analyte
molecules and ions.!">7 Fifth, the matrix supports ion formation.!"”* Depending on the

circumstances, different mechanisms of ionization apply in varying proportions. One
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model assumes preformed ions in the matrix crystals, either during crystallization or
as chemical ionization, that are transferred to the gas phase, as it was suggested by
Karas et al. For instance, they suggested a reaction between nicotinic acid (NA) matrix

molecules in the excited-state (*) and analyte molecules (M):”

NA* + M — [NA - H|~ + [M + HJ*

Furthermore, they suggested a proton-transfer reaction if a matrix radical was for-
med after irradiation, here in case of 2-nitrophenyl octyl ether (NPOE) as matrix:’

NPOE** + M —— [NPOE - H]* + [M + H]*

Alternatively, ions can be formed in the gas phase.!? The second approach is pre-
ferred for low molecular weight neutral species.!! For larger molecules, such as pep-
tides, proteins or oligosaccharides, preformed ions are the preferred mechanistic route.”

With the help of laser optics, the laser beam is focused onto the sample surface.
The matrix absorbs the laser energy and the analytes are vaporized and ionized. Both,
UV- (mostly N, or Nd:YAG), as well as IR-lasers (mostly Er:YAG) can be used.!?

In general, MALDI-spectra nearly exclusively contain singly charged ions. This
facilitates spectra interpretation because conclusions about the mass can be directly
drawn from m/z:

m/z=m ifz=1. (1)

An explanation for the singly charged ion formation is the so-called “lucky-survivor
model”. According to this model, there are recombinations of cationic and anionic
plasma compartments in the gas phase. These neutralization reactions occur slower
for singly charged ions than for multiply charged ones, so that singly charged ions stay
more often in the gas phase.’ Despite all theoretical considerations, the interaction
between matrix and analyte and therefore the suitability of a matrix for a particular
biological sample can often not be predicted and has to be tested in experiments.!3

For the analysis of oligonucleotides and deoxyribonucleic acid (DNA), commonly
used matrices are 6-aza-2-thiothymine (ATT),!* picolinic acid,!®> 3-hydroxypicolinic
acid (HPA),16 and 3-aminopicolinic acid (3—APA).17 For oligosaccharides, gentisic acid
(2,5-dihydroxybenzoic acid (DHB))!® and 3-aminoquinoline (3-AQ)!° are frequently
used. Peptide and protein analysis can be carried out by applying sinapinic acid
(SA),?? a-cyano-4-hydroxycinnamic acid (a-CHCA)?! or 2,6-dihydroxyacetophenone
(DHAP).?? Also, DHB works fine for proteins,?? but also for lipids.?* Additionally, 9-
aminoacridine (9AA)25 was established for lipid analysis. Furthermore, rather exotic
molecules such as Cyp-fullerene were applied for the analysis of biomolecules such
as insuline, cytochrome ¢ and bovine albumine,?® but also inorganic molecules like
phosphotungstic acid.’
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1.1.2 MALDI MS imaging

If not only the mass spectra, but also the localization of the sample spots are recorded,
then the generation of mass spectra-related images is possible, the so-called mass spec-
trometry imaging (MSI). The most prominent MSI methods are MALDI, SIMS, and
DESI, all of which have their own advantages and disadvantages. MALDI MSI fits
perfectly to our analytical question and was therefore employed for this study.

A big advantage of MALDI is that only minimal sample preparation is needed. In
contrast to DESI, matrix coating is necessary,?” but analytes do not have to be brought
into liquid phase as it is the case of ESI. This allows direct ionization from the native
biological sample. Hence, the spatial distribution of the analytes is preserved, enabling
MSI, which was first presented by Spengler et al. in 1994.28 Samples are scanned and
the spatial information is matched to mass spectrometric information. Picking one
m/z ratio and showing its intensities in grey scale results in a reproduction of the ana-
lyte distribution on the sample surface. Each measuring spot corresponds to a pixel,
the collectivity results in an image. Using different colors or color scales, different
m/z ratios can be shown in one image to visualize for example different compartments
of biological tissue. However, to keep the image well-arranged, only a few m/z ra-
tios should be shown in one image. Therefore, it can be necessary to show several
images of different m/z ratios of the same data set to reproduce its full information
content. Nonetheless, the displayed information is easy to comprehend without fur-
ther knowledge of the used techniques. By overlaying MS images with optical images
of the analyzed tissue, the localization of concentration gradients is possible.?’

In order to achieve high lateral resolution, matrix application is a critical step.!3 It
has been shown that analytes are not distributed equally within a matrix crystal and
that crystallization time is a crucial parameter regarding crystal size and analyte dis-

1.30

tribution within the crystal.”” Matrix application is commonly done by a pneumatic

sprayer.3! Alternatively, the matrix can be spotted on the sample, mostly done by a

robot.3?

Otherwise, in case of solvent-free sample preparation, the matrix can also
be sublimated onto the sample.3? The overall goal is to get small pixels for high lat-
eral resolution, at a sufficient analytical sensitivity. Therefore, fine matrix crystals are
needed. Currently, resolutions of 5pm to 10 pm are routinely used,?* but even pixel
sizes of 1.4 um have been realized.3>

With lower pixel sizes and therefore higher spatial resolutions, even MSI analyses
of single cells are possible.’® However, highly sensitive methods are needed to detect
even small amounts of analytes. Smaller pixel sizes result in smaller ablation areas and
thus lower numbers of generated ions. Consequently, only the abundant analytes can
be detected. This often leads to the preferential detection of metabolites and lipids
because they are present in relatively high concentrations in biological samples and
are easily ionized.

The introduction of atmospheric pressure (AP) MALDI in 2000 made the analy-
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sis of volatile compounds and the usage of volatile matrices possible.?” This led to
further development of so-called atmospheric-pressure scanning microprobe matrix-
assisted laser desorption/ionization (AP-SMALDI),*®3° combining analysis at atmos-

pheric pressure and high lateral resolution of up to 1.4 pm.3>

1.1.3 Orbital trapping mass spectrometer

Following ionization in the MALDI source, ions are analyzed with an orbital trapping
mass spectrometer. Both, inventing the working principle and giving proof of the
principle, was done by Alexander Makarov in 2000.%° The instrument was introduced
under the name “Orbitrap” in 2005.4' Similar to a Fourier-transform ion cyclotron re-
sonance (FT-ICR) instrument, it has a high mass resolving power (up to 1000000 full
width at half maximum (FWHM) at m/z 200) and accuracy (< 1 ppm).#? Since the orbi-
trap works without a magnetic field, it can be built in much smaller instruments and
magnet cooling is avoided, leading to lower costs of acquisition and maintenance.*!
The orbitrap is based on the Kingdon trap, which was invented in 1923 by Kingdon
and further improved by Knight.*344 Inside the trap, ions circulate around a spindle-
formed electrode. The electrostatic attraction of the central electrode is compensated
by the centrifugal force, so that the ions are on stable orbits. The centrifugal force is a
result of the tangential velocity that the ions have at their entrance into the trap.*> The
injection of ions is not perpendicular to the axis of the central electrode, but slightly
offset to it. This results in an additional movement along this axis. Around the inner
electrode, there is a second, barrel-shaped one which is split in two parts. Its electro-
static field catches the ions in their orbit. Altogether, there is a superposition of three
different movements: ions circulate in orbits around the inner electrode, oscillate in
their orbital radius and oscillate along the axis of this electrode in a periodic way.*°
These moving charges induce an electric image current in the outer electrode that can
be detected. Its frequency w,, that can be determined using Fourier transformation,

depends only on the m/z ratio of the ions with the following equation:

z
w:= k() 2)
w, : frequency of the oscillation along the axis of the inner electrode (z-direction),
k : force constant, can be determined by calibration,
z : charge number of the ions,
m : mass of the ions.

Especially in higher m/z regions, neighbouring signals can easily overlap. For ex-
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ample, this can be the case in biological samples that contain many lipids with similar
mass. In order to disambiguate these signals, high mass resolution is crucial. Addi-
tionally, this allows the annotation of detected signals with the help of databases. High
mass resolution also simplifies tandem mass spectrometry (MS/MS) experiments be-
cause precursor ions can be separated more efficiently prior to fragmentation. This
leads to less fragments, thereby facilitating the identification of analyzed substances.
For the biological samples in our studies, high mass resolution was crucial to analyze

the complex analyte mixtures appropriately.

1.1.4 LC-MS/MS

When using an orbital trapping mass spectrometer, high mass accuracy is achieved.
Using the accurate m/z values and database research, ion signals can be annotated with
substances. However, no structural information is gained to prove an annotation and
structural isomers cannot be separated. Therefore, additional information is needed.

The use of liquid chromatography-tandem mass spectrometry (LC-MS/MS) adds
two new dimensions of information. On the one hand, prior to MS analysis, ana-
lytes are separated by high performance liquid chromatography (HPLC) according
to their polarity. This provides a new parameter, retention time (RT), that can con-
versely be used to acquire information about the polarity of the analytes. Potential
interactions between molecules can be bypassed by separating the molecules followed
by stepwise analysis. Further, matrix effects and ion suppression are reduced be-
cause of the chromatographic separation. Depending on the column used, isobaric
molecules (might) also be separated before they are ionized and analyzed, allowing for
a higher resolution.?® In order to couple HPLC and MS/MS, so-called reversed-phase
high performance liquid chromatography (RP-HPLC) must be performed. The use of
reversed-phase instead of normal-phase HPLC is crucial for the successful separation
of polar biomolecules, such as peptides. In liquid chromatography-mass spectrometry
(LC-MS), an ESI source is most commonly used.’” Following ionization, molecules are
measured in the mass spectrometer and their accurate mass is determined. The ions
with the highest signal intensity are isolated and fragmented. Those fragments are
then used to evaluate the molecular structures and distinguish between different iso-
meric forms.*® Combined information of RT, accurate mass and fragmentation leads
to not only annotation, but also identification (characterization) of analytes.

During the first step of method development, LC-MS/MS was used. It is the gold
standard for the identification of analytes such as lipids.

In our case, samples were analyzed in data-dependent acquisition (DDA) manner:
full MS scans were followed by fragmentation of the 15 most intense ions. The re-
sulting fragment ions were then monitored by another MS scan.*¢ In contrast, in data-
independent acquisition (DIA) mode, all ions are fragmented in a set of m/z windows,

leading to spectra that are more complicated to interpret.
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1.1.5 On-tissue MS/MS

In the second study, on-tissue MS/MS experiments were performed to further reduce
the sample preparation process while maintaining the same level of identification. Due
to matrix effects, signal intensities are often lower in on-tissue experiments. This com-
plicates MS/MS analyses. However, on-tissue MS/MS has already been succesfully
applied to analyze proteins (after tryptic digestion),*® lipids,*’ and glycolipids.>°

1.2 Parasites, hosts, and their interactions

1.2.1 Parasites

According to the Centers for Disease Control and Prevention (CDC), the national pub-
lic health agency of the United States of America, “a parasite is an organism that lives
on or in a host organism and gets its food from or at the expense of its host.”>! There-
fore, it is mostly dependent on its host in order to survive. In contrast to a symbiotic
coexistence, the parasite harms its host, e.g. by scavenging nutrients.

The development of the parasites often results in the death of the host, in particular
in the case of endoparasites. Many hosts developed methods to fight parasites, like
building barriers and encapsulating the parasites. In general, the entering of a parasite

into a host organism leaves marks that can be used to detect parasite infestation.

1.2.2 Hosts

Hosts can be categorized into different groups.

Intermediate hosts harbor intermediate life stages of the parasite. Intermediate
hosts are needed for further (sexual) development of the parasite.

In contrast, through definitive hosts, parasites reach maturity and start to repro-
duce. Depending on the parasite, the parasite stays alive (inside the host) after repro-
duction or kills the host. However, it is usually not the intent of the parasite to kill the
host since it depends on its host.

Another host type are accidental hosts. They are neither needed for the develop-
ment of the parasite nor for its reproduction. Instead, no full development is possible.
However, the host can still suffer from heavy diseases.

A reservoir host does not show any symptoms of infection, but can carry and main-
tain the parasite. Therefore, they are often transmitters of the infection without any

notice.>?

1.2.3 Parasite-host interactions

In order to find new strategies to fight parasites but not the host, knowledge about the
interaction between the parasite and its host is crucial. Additionally, finding metabolic

pathways that only occur in the parasite may lead to new drug targets.
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Parasite—host interactions can have various aspects. The most prominent one is
the scavenging of nutrients from the host by the parasite, such as blood in case of
mosquitos and ticks. However, the interactions start even before blood sucking. In
order to find a suitable host, ticks have the so-called Haller’s organ to detect possible
hosts via chemoreceptors.>?

Additionally, parasites can induce behavioral changes in their host. A prominent
example is Toxoplasma gondii (T. gondii), which infects rats as intermediate hosts.>*
Berdoy et al. showed that infected rats do not only lose their fear of cats but even trigger
incautious behavior, such as more frequent visits to cat-smelling places.>> Also, male
rats infected by T. gondii were seen to be more appealing for females than healthy ones,
promoting further sexual transmission.>® This effect is caused by higher excretion of
a2u-globulins in the urine of infected males.>’

However, parasite—host relationships do not need to be exclusively negative. For
example, patients infected with Schistosoma mansoni (S. mansoni) showed less positive
skin prick tests for aeroallergens.’® Another example is the usage of medicinal leeches,
which were already used in ancient medicine for various implications.’” Nowadays we
know that their saliva contains anticoagulants as well as anesthetically-acting, anti-
inflammatory substances.®® For this reason, leeches are still in medical use today, for

59,61

example to improve wound healing after transplanting surgeries. However, to pre-

vent transmission of parasites and diseases from patient to patient, each leech is only

used a single time.>’

1.3 Schistosoma mansoni

S. mansoni is a blood fluke infecting humans as their main host and inducing a dis-
ease called Schistosomiasis or Bilharzia.®> According to the world health organization
(WHO), nearly 240 million people suffer from the disease, and several million people
have to live with serious health impairments as a consequence.®® Therefore, it is clas-
sified as a neglected tropical disease (NTD).®* Besides humans, it was found to also
infect rodents, such as rats,®> water rats,°® African grass rats,®” and Hubert’s multi-
mammate mice,®® and primates, such as vervet monkeys®’ and baboons.”%7!

Schistosomes belong to the group of trematodes and they have developed into two
different sexes. S. mansoni can mostly be found in Africa and South America, but also
in the Arabian region.®? The spread of the parasite depends mostly on the spread of
the intermediate host.”>7% S. mansoni need fresh water snails of the genus Biomphalaria
as intermediate hosts for further development.”4

Beside S. mansoni, several other schistosomes are known to infect humans.

Infected definitive hosts excrete schistosome eggs, which can survive up to seven
days. When they get in contact with water, miracidia hatch into the water. There, they
enter their intermediate host. Inside the snails, miracidia multiply asexually. After

four to six weeks, they develop to cercariae which can already be distinguished by
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sex. One miracidium infecting a single snail can lead to several thousand cercariae.
Cercariae are released into the water and stay infective for up to three days. They
enter their definite host through the skin and migrate into the blood vessels, where
they further develop into juvenile worms, the so-called schistosomulae. After another
four to six weeks, schistosomulae mature to adult worms. They mate in the portal
vein of the liver and move to the mesenteric veins of the gut, where they typically
stay for three to five years, but they can live up to 30 years. After pairing, female S.
mansoni worms live in a groove inside the male’s body. Typically, the paired worms stay
embraced. Here, the female worms fully mature and start to produce several hundred
eggs per day. Eggs migrate into the intestine and are finally excreted, starting a new
lifecycle.®?

Directly after infection, irritated skin, so-called “swimmer’s itch” can occur where
cercariae entered the hosts body.®? Four to nine weeks after infection, symptoms of
acute schistosomiasis start to occur when the worms start to produce eggs. Symptoms
are rather unspecific, such as fever, weakness, weight loss, headache, anorexia, diar-
rhea, or dry cough. Mostly, symptoms last for up to three months before improving
mostly without medical treatment.”> In rare cases, also more severe symptoms, like
bloody diarrhea, mental dullness, or bronchospasm can arise. During the acute phase,
schistosomiasis therapy is mainly directed against the symptoms, not the cause of the
disease.”®

After roughly 12 weeks, the infection shifts from the acute to its chronic stage.
While the acute phase is characterized by reactions of the host immune system to mi-
grating schisosomulae, the chronic stage is dominated by tissue damage induced by
eggs, not from the worm itself.”®’” The reason for this is that not all eggs migrate into
the gut and are secreted with the feces. Around 50 % to 70 % stay in the organism of
the host.”” With the hosts blood stream, they move from the veins to different organs
where they get trapped. Most of these misled eggs can be found in the liver. In the
tissue, the eggs cause inflammatory reactions leading to granuloma formation. This
process does also occur in the intestinal wall and is crucial for further transportation
of the eggs to the gut lumen. However, in other tissues the eggs are not released, but
stay trapped, and granulomas become fibrotic.””

During the chronic phase of the disease, the severity is mostly dependent on the to-
tal infection time, often correlating with the age of the patient. While teenagers mostly
suffer from bleeding, ulceration and polyposis, elderly people are more affected by
liver fibrosis and hydronephrosis. Ulceration is caused by inflammation, which is a re-
action of the host tissue to misled eggs. Throughout further maturation of granulomas
formed around the eggs, scar tissue is responsible for more severe issues, such as liver
fibrosis. However, not all chronically infected humans show symptoms. Especially
patients who already had contact to the parasite early in their life only have milder or

do not show any symptoms.”®
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Figure 1: S. mansoni eggs induced granulomas in infected, H&E-stained tissue section. The section was
prepared from fresh frozen hamster liver tissue and stained after MALDI MSI measurements. On the
left-hand side, a zoom-in into the granulomatous region is shown. An arrow points at the S. mansoni
egg. Scale bar is 1 mm.

Granulomas formed in hamster liver after infection with S. mansoni eggs can be
seen in figure 1. After MALDI MSI measurements, matrix crystals were carefully
washed away using ethanol, and the section was hematoxylin-and-eosin (H&E) stained.
When zooming into a granuloma, even the eggs are still visible, as it can be seen on
the left-hand side in figure 1. While the eggs are cone-shaped with a length of 100 pm
to 200 um,”® granulomas are rounder and their cross section commonly has a size of
100000 1m?, leading to a diameter of approximately 350 pm when assuming a circular
shape.”?

Though, granulomas do not only harm the host and benefit the parasite. By en-
abling egg excretion of the living host, they protect the host from being killed to com-
plete the parasites life cycle. Additionally, they are a physical barrier, separating egg
and host tissue. Also, granulomas isolate antigenic substances segregated by the eggs,
soluble egg antigens (SEA), protecting host tissue from further damage.?? As the in-
terface between the mammalian host and the parasitic egg, granulomas are of high

interest when studying parasite-host interactions in S. mansoni infections.

1.4 Besnoitia besnoiti

Besnoitia besnoiti (B. besnoiti) is an apicomplexan parasite within the family of the sar-
cocystidae causing the so called Besnoitiosis. It is related to T. gondii (causing Toxoplas-
mosis), Plasmodium falciparum (P. falciparum) (causing malaria), and Cryptosporidium
parvum (C. parvum) (causing Cryptosporidiosis).8!-83

During its lifecycle, it is assumed that B. besnoiti infects different hosts.?* Its defini-

tive host is unknown, but it is known for infecting cattle as intermediate host.85:86 Fe-
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line species are suspected to be the definitive host,3” but this could not be proven.?8

However, the final host is supposed to be a carnivore species.3¢ There are other re-
lated parasites in the genus Besnoitia with different (intermediate) hosts. Infections to
humans are not known.%>

In addition to suspected vertical transmission (from definitive host to intermediate
host), there is horizontal transmission (from intermediate to intermediate host) of B.
besnoiti.8% Sharif et al. demonstrated that transmission of B. besnoiti from chronically
infected cattle to rabbits through stable flies is possible.®* Due to climate changes,
blood sucking insects are extending their habitats, which may lead to further spread
of B. besnoiti.’® However, the lifetime of B. besnoiti in insects is limited. According to
Bigalke, B. besnoiti survives 1 h in stable flies, up to 3 h in tsetse flies, and up to 24 h in
horse flies.”! Therefore, it is unlikely that transmission occurs over longer distances via
biting insects.?® Gollnick et al. showed, that transmission cannot occur over distances
longer than 20 m.%?

Cattle infected with B. besnoiti develop a disease called Besnoitiosis.®> Symptoms
of the disease were described for the first time from Cadéac in 1884. He reported
infected animals in the south of France.?® In 1912, Besnoit et al. reported another case
from the Pyrenees and described the parasite for the first time.?* In honor of Besnoit

the parasite was following called Besnoitia besnoiti.”>?¢

In Europe, the disease was only spread in the southwest (Portugal, France) at first,5¢

but since the 1990s, it has also occurred in other parts of Europe.?> Also in Spain,”’

104 and Ireland!9>

Italy,98'99 Germany,87'100 Greece,!0! Swiss,102 Hungalry,lo3 Belgium,
infected cattle were reported and parasites isolated and identified. Outside of Europe,
B. besnoiti was also found in Simbabwe,'%¢ South Africa'®” and Israel.}08

Besnoitiosis occurs in two stages with different symptoms. Up to two weeks after
infection, bovines enter the acute stage. This stage is characterized by parasites in the

tachyzoite stage, which replicate quickly, mostly in endothelial cells.!%

Roughly two
weeks later, the disease progresses through the subacute stage, ending in the chronic
stage around 70 days after infection. The chronic stage is characterized by parasites
in the bradyzoite stage, which replicate slowly and are stored in mature tissue cysts.

These cysts are mainly formed in skin and mucous membranes,3>19?

and they are the
most important criterion to distinguish between the different stages of Besnoitiosis.
Cysts have a characteristic shape and are easily identified, as it can be seen in figure 2
on the following page. There are no cysts during the acute stage, as they start to de-
velop during the subacute stage. After entering the chronic phase, the cysts are fully
developed.!!? The development of cysts is irreversible.!!!

In general, the symptoms of besnoitiosis are unspecific and can also be caused by
other diseases such as scabies, fungal infection, and others.!12 During the acute stage,
infected cattle can show fever, respiratory problems, loss of appetite and therefore loss

of weight, swollen lymph nodes as well as hyperemia and edema of skin. In addition,
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Figure 2: Skin cysts (rose-colored arrow heads) in B. besnoiti-infected, H&E-stained tissue section. The
section was prepared from fresh frozen bovine skin tissue. Additionally, hair follicles (grey arrow heads)
and epidermis (black arrow heads) are clearly recognizable. Scale bar is 1 mm.

bulls show inflamed testis, cows a decrease in milk production. In the chronic phase,
edema decrease while typical symptoms such as thickening and hardening of skin, hair
loss and sometimes still swollen limbs remain.!?”112 Bulls can even get permanently
infertile. Many infected individuals do not show any or only very mild clinical symp-
toms and only have skin cysts, so that the disease is not easily diagnosed after recovery
from a mild course of disease. Presumably, such animals are the main propagator of
parasites.3>107

Confirmation of infection, and especially recognition of subclinical cases, is done
serologically by detection of antibodies in the serum of (presumed to be) infected ani-

mals. This can be done either with indirect fluorescence antibody tests (IFATs),!!3

114 114 115

western blots, enzyme-linked immunosorbent assays (ELISAs), smear tests,

or polymerase chain reaction (PCR).!12 Additionally, histological proof of parasites in
skin and isolation of tachyzoites in cell culture should be performed.!!'?

In rare cases (roughly 10 %),!1® Besnoitiosis directly causes the death of infected
animals. Slaughter of affected cattle to prevent further spread in the herd is the com-
mon practice. Even when the course of disease is considered mild, it causes economic
losses. Affected cattle produce less milk and have more miscarriages. Additionally,
loss of weight and potential infertility of bulls can be observed. Also, the skin is less
suitable for the production of leather due to the symptoms.8¢

Usually, only older animals are affected, but even a chronically infected calf, aged
less than six months, was described in Spain in 201 7.117 Until today, there are neither
effective drugs nor vaccines.®> There are studies of live vaccines in South Africal!®

which are also used in Israel, but they are not licensed in Europe.86 The scarce knowl-
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edge of the chain of infection and primary way of infection in cattle makes it difficult
to develop a safe immunization method.!!?

In order to find new treatments, it is crucial to know the influence of B. besnoiti
on the metabolism of infected animals. In 2016, Taubert et al. found higher conver-
sion rates of glucose, lactate, glutamine, glutamate, pyruvate, alanine and serine in
B. besnoiti-infected bovine umbilical vein endothelial cells (BUVEC), leading to the
assumption that the degradation of glucose, glutamine, and serine are upregulated.
These metabolism processes are the major suppliers of energy for cell reproduction.
Additionally, involved intermediates as well as the products themselves are important
resources during cell proliferation. Both effects are needed for fast replicating para-
sites and might be a starting point for further drug research.?!

Studying the parasite in vivo instead of in vitro can give further insights into meta-

bolic changes induced by the parasite and therefore set the path for new therapeutics.

1.5 Statistical methods

In order to find changes between infected and non-infected samples, the following

statistical methods were applied.

1.5.1 ANOVA

In general, the so-called one-way analysis of variance (ANOVA) is used to test if there
is an influence in varying one factor xi,x,,...,x; on the response variable y. In our
case, the infection state was the varying factor (parasite tissue, infected-host tissue
and non-infected host tissue), and the lipid content the response variable. When the
test is performed to see if there are two varying factors with an influence (for example,
infection state and sex of the host), the procedure is called two-way ANOVA. For more
than two factors, it is called multivariate analysis of variance (MANOVA).!1°

ANOVA compares two different variances: the variance within one group from
sample to sample and the variance between the groups. The null hypothesis Hj is
that there is no difference between the groups.!'!”

By putting the inter-group variance in relation to the intra-group variance, a so-
called F-score is calculated. If the calculated F-score is larger than the respective tabu-
lated value, Hj can be refused with a level of significance @. This means that there
is a significant difference between at least one pair of probed groups. However, the
test does not indicate between which groups the difference occurs. Therefore, post-hoc

tests are needed.!!?

1.5.2 Tukey’s post-hoc test

In order to perform Tukey’s post-hoc test, it is required that the groups and samples
have the same size. This was the case in our situation. In general, the test compares
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the means of groups in a pairwise manner. If the difference between two groups is
larger than a cut-off value, the groups are concerned to be significantly different. The

cut-off depends on the number of groups and the desired level of significance and can
be found tabulated.!20:12!

1.5.3 PCA

Beside searching for significantly different groups in a large data set, another statistical
tool is the so-called principal component analysis (PCA). It allows the reduction of a
complex data matrix to a simpler one without losing information. This is achieved by
removing information that is redundant. Therefore, a data matrix with M dimensions
is transformed to a new matrix with a lower number of dimensions.!??

The axes of coordinates of this new matrix are the so-called principal components.
By definition, the first principal component contains the most information about the
input data. Subsequent principal components contain less information. By plotting
the data points against the first two (or three) principal components, a 2- (or 3-) di-
mensional plot is obtained.'?? If the input data differ between the different sample
groups, the samples within one group will cluster. By this, the different groups will be
separated from each other. In our studies, this already provides first hints of a change

in the lipid profile during infection.

1.6 Current state of research

1.6.1 Usage of MSI for parasite-host interaction studies

Only few studies used MALDI MSI for the analysis of parasite-host interactions. In
2017, Dopstadt et al. used MALDI MSI for the localization of alkaloids in rye after
infection with Claviceps purpurea. They were able to visualize the distribution of my-
cotoxins and metabolites in infected grains. In this way, they demonstrated the promis-
ing usage of MALDI MSI for the analysis of parasite-host interactions. However, their
lateral resolution with a pixel size of 35 pm was rather low.!?3

Negrao et al. analyzed footpads from mice infected with two different strains of
Leishmania at different time points post infection with MALDI MSI. With a pixel size
of 150 pm, they detected some peptides in the range of m/z 2000 to 10000, being sig-
nificantly altered during disease progression.!?*

Not only parasite-host interactions, but also symbiotic relationships can be studied
by MALDI MSI. For instance, Gemperline et al. and Schoenian et al. used MALDI MSI
to analyze the distribution and composition of bacteria-derived compounds on the
bodies of leaf-cutter ants. The ants are growing fungi as a food source. The authors
found that the bacteria living on the exoskeleton of the ants help them by protecting

the fungi from other harmful bacteria.!?>126 Similar work was carried out by Kroiss
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et al. by analyzing antibiotic substances formed by bacteria in the cocoon of beewolf
digger wasp larvae with the help of LDI MSI.!?7

1.6.2 Lipidome and metabolome of Schistosoma mansoni

Different stages of S. mansoni have different requirements on their metabolism due to
varying environments during development.'?® While free-living stages such as eggs,
miracidia and cercariae have to survive on their own until they enter the next host,
parasitic stages can rely on their host organism. However, also different hosts provide
different environments: While miracidia develop to cercariae in water snails, these
cercariae further grow inside their definitive mammalian host. Another striking dif-
ference beside the availability of substrates between free-living and parasitic stages
is the presence of oxygen, which is needed for energy gaining reactions. Therefore,
different substrates might be used as well.

S. mansoni was an object of research in several studies. Different methods, such
as thin-layer chromatography (TLC), HPLC, high-performance thin-layer chromatog-
raphy (HPTLC), gas chromatography (GC), gas chromatography-mass spectrometry
(GC-MS), ESI MS, LC-MS/MS, as well as radioactivity-based assays were used to ex-
amine the lipid composition of different life stages. Additionally, the intermediate host
Biomphalaria glabrata (B. glabrata) was included in some studies. The main lipid groups
found were phospholipids (PLs), including phosphatidic acids (PAs), phosphatidyl-
cholines (PCs), lysophosphatidylcholines (LPCs), phosphatidylethanolamines (PEs),
lysophosphatidylethanolamines (LPEs), phosphatidylinositols (PIs), phosphatidylgly-
cerols (PGs), phosphatidylserines (PSs), lysophosphatidylserines (LPSs), but also car-
diolipins (CLs), ceramides (Cers), sphingomyelins (SMs), fatty acids (FAs), triacylgly-
cerides (TGs), diacylglycerides (DGs), cholesterol and cholesteryl esters (CEs) were
detected. An overview can be found in table 1 on page 20.

In conclusion, many different PLs were found to play an important role in the com-
position of all S. mansoni life-stages. Most of the presented studies used chromatogra-
phy-based methods like, e.g., TLC or LC-MS/MS to analyze the lipid contents of differ-
ent schistosome stages. These are excellent methods to gain a general overview of the
lipid contents, but the lateral information about the origin of the lipids is lost during

sample preparation. MSI is the perfect method to overcome this limitation.

1.6.3 MSI studies on Schistosoma mansoni

In a first study, Ferreira et al. analyzed male, female and paired S. mansoni worms from
two different strains using MALDI MSI in 2014. Without further sample processing,
they directly mounted the whole worms on targets and coated them with matrix. The
authors were able to distinguish male and female worms as well as the two strains

from each other based on the fingerprints of the obtained mass spectra. This was also
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confirmed by PCA. Even with a relatively low lateral resolution (pixel size of 50 ym)
and low mass resolution they were able to differentiate different biological structures
within a single worm on the PL-, DG- and TG-level .12°

Kadesch et al. also studied S. mansoni worms with MALDI MSI. The sample prepa-
ration in particular was a critical step because S. mansoni worms are only 7mm to
20 mm long,%? and 400 pm thick.'3% Unlike Ferreira et al., Kadesch et al. prepared
cryosections. This enabled the analysis of internal organs. S. mansoni were fixed with
glutaraldehyde, placed directly on a miniaturized sample holder, covered with aque-
ous gelatin solution, and then were immediately frozen. This made the preparation of
“artifact-free, longitudinal cryosections”!3°
MALDI MSI analyses.!3°

Based on their first study, Kadesch et al. analyzed the lipidome of different schis-
tosome compartments with a combination of MALDI MSI and LC-MS/MS and found

characteristic differences between worm surface and inner tissue as well as between

possible, which were required for further

male and female worms. For instance, PCs and PEs showed higher intensities in the
inner compartment of the worms and SMs were more found on the surface. Addition-
ally, females seemed to contain TGs with shorter fatty acyl chain lengths, while fatty
acids in TGs of male origin were less saturated.!3!

There is only one drug, praziquantel (PZQ), against S. mansoni available and a de-
crease in susceptibility to the drug is observed. This may be a hint that resistances start
to occur.!®? Consequently, there is urgent need to find new drugs. Therefore, MALDI
MSI experiments were performed on drug-treated S. mansoni worms.

Mokosch et al. investigated the drug uptake and metabolism of imatinib in schis-
tosomes using MALDI MSI.!33 Imatinib is a potential new drug that is already used

1 5

to cure cancer!®* and that showed promising results against schistosomes in vitro.!3

Mokosch et al. could show that imatinib seems to be mainly taken up via an oral
route.!33

Earlier, Ferreira et al. performed MALDI MSI experiments on S. mansoni worms
treated in vivo with PZQ. Both male and female worms had altered lipid compositions
after therapy, but the response was different.!3¢

However, all experiments were conducted on whole worms outside their host, so
the interaction between S. mansoni and its host could not be studied. Additionally,
mislead eggs are more likely to be responsible for harmful effects of schistosoma in-
fection than the worms themselves.”” Therefore, we aimed to visualize the effects of S.

mansoni eggs trapped inside the hosts liver, leading to granulomatous reactions.
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Table 1: Literature overview of studies performed on S. mansoni.
it
year parasite analytical methods findings authors reference
component
chain length of FAs in TGs and PLs
1969 worms TLC, GC-MS ranged between 12 to 24 carbon atoms, Smith et al. 137
in rare cases also 13 to 23
no de novo FA and sterol synthesis,
FA chain elongation, but no desaturation,
IEGES TG and cholesterol mai tral lipid
n rol main neutral lipids,
1970 worms radioactivity- andchotesterot main neutrat fipids Meyer et al. 138
PC and PE main PLs, also PG, CL,
based assays .
PS, Pl found, FA chain length
16 to 20 carbon atoms
1982 worms TLC content: PC>PE>PS>PG Young et al. 139
PC main PL in th ter bil )
1986 tegument TLC main P in the outer bllayer. Young et al. 140
PE main PL in the plasma membrane
. SM, PC, PS, PE in all sample groups,
SRy high SM content and cholesterol/PL ratio
1987 worms, TLC, GC = Allan et al. 141
in tegument, FA(20:1) essential
tegument .
in PLs of tegument
only cholesterol in adults,
. in cercariae and schistosomula
cercariae, lso desmosterol, and phytosterols
al , ,
1988  schistosomula, GC, HPLC phy Furlong et al. 142
which were also present in B. glabrata,
adult worms
Pl, PS, PE, PCin all stages,
SM and LPC in adults
t PLs PC and PE,
2002 cercariae HPTLC mos S an Schariter et al. 143
also free FAs and sterols
conversion FA(18:1) to FA(20:1),
TLC, HPLG, TG ir of FAs for PL synthesi
no reservoir r n ,
1997 adults radioactivity- S noreservoir ottAs fo synthests Brouwers et al. 144
high FA turnover in PLs, low in TGs,
based assays .
quick assembly of FAs to PCs, slow to TGs
2008 worms LC-MS/MS contain PCs, PEs, PSs, Pls Retra et al. 145
2015 tegument LC-MS/MS LPE(20:1) and LPS(20:1) enriched Retra et al. 146
eggs: PC, TG, PA, PE,
S DG, glycosylated Cer
2014 miracidia, ESIMS e ! Ferreira et al. 147
. also different between different
cercariae
strains of S. mansoni
CE, PE, LPE, DG, FA, PC, LPC, SM, TG
in all stages, PC(34:1), PC(36:1)
LC-MS/MS, d PC(36:2 lent Il st ,
2018 cercariae, / an ( Jprevalent in all stages Giera et al. 148
GC-MS eggs: mostly CE, LPC, PC, TG,
worms
worms: higher amounts of FAs than eggs,
SM nearly exclusively, only few LPC
distinguish male and female
le, f le, based on fi int MS,
2014 A& femate MALDI MSI e I Ferreira et al. 129
paired worms differentiate biol. structures based
on PL, DG and TG distributions
differentiate surface and inner components,
differentiate male and female worms,
MALDI MSI, PC and PE higher ini ts,
2020 worms an igher in inner parts Kadesch et al. 131
LC-MS/MS more SM on surface,
females: shorter FA chain in TGs,
males: FA chains in TGs less saturated
t ted i tinib uptak
2021 “ormeTeate MALDI MS| imatinib tprare Mokosch et al. 133
with imatinib via oral route
5015 worms treated MALDI MSI altered lipid composition Forreira et al. 136

with PZQ

after treatment




1.7  Study outline 21

1.6.4 Studies on Besnoitia besnoiti

Not much research has been done on B. besnoiti and there are even less mass spectro-
metric studies of B. besnoiti.

In 2013 and 2014, there were three publications from a research group in Spain
applying MS on B. besnoiti, but all of them focused on the proteome.!4%-151

Regarding the lipidome, there is only one MS study from 2020. Kadesch et al.
analyzed pure B. besnoiti tachyzoites and found markers for infection with tachyzoites
in BUVEC cell cultures. These markers were mainly PLs of the groups PA, PC, PE, PG,
and PI, but also DG content was found to be changed.!>?

Apicomplexan parasites seem to be unable to synthesize cholesterol and there-
fore need to scavenge it from their host.!>315% To have access to sufficient amounts
of cholesterol, there are two different ways: Either taking it up from the blood stream
of the host or upregulating the host cell’s de novo cholesterol synthesis. By performing
fluorescence experiments and quantitative PCR, Silva et al. showed that both occur in
B. besnoiti-infected BUVEC.!>>

However, all these results were obtained in cell cultures. Currently neither lipid

analysis nor mass spectrometry imaging studies have been carried out in vivo.

1.7 Study outline

Two different parasite-host systems were chosen. The first parasite was S. mansoni.
Here, LC-MS/MS was combined with MALDI MSI. To further optimize the method, B.
besnoiti was then studied by using only MALDI MSI. Additionally, ultra-high-resolu-
tion MSI experiments as well as a three-dimensional reconstruction based on MSI data
were performed. Also, the statistical data evaluation was slightly modified to further
simplify data analysis.

The two different parasite-host systems showed different manifestations of para-
sitic infection in the host tissue. One system, S. mansoni, showed visible host reac-
tion: the manifestation of granulomas. The other system, B. besnoiti, showed especially
the parasite’s action: building of cysts, containing the “storage form” of the parasite.
By combining different mass spectrometric approaches, manifold infection-induced
changes in the lipid profile were found for both cases. In several cases they could also
be aligned with infection-induced structural changes, giving insights into metabolic
modifications due to infection. These variations now can be hints for potential drug

targets.

1.7.1 Hamster liver containing Schistosoma mansoni eggs

In our first study, we wanted to examine the changes in the lipid composition of ham-
ster liver due to infection of the hamster with S. mansoni.!>® We used a combination
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of LC-MS/MS and MALDI MSI in order to not only annotate and localize, but also
identify characteristic lipids and metabolites.

Three different sample groups were analyzed:

* Bisex-infected samples: Livers of hamsters infected with both male and female
S. mansoni cercariae. These samples contained trapped eggs in the liver and, as a

reaction, granulomas were formed around the eggs.

* Singlesex-infected samples: Livers of hamsters being infected only with one sex
of S. mansoni cercariae either male or female. Therefore, they did not contain
eggs and granulomas but their lipid composition in general was changed due to

a systemic infection.

* Non-infected samples: Livers of hamsters being neither infected with male nor

female S. mansoni cercariae.

1.7.1.1 Database generation

For all groups, three biological replicates (n=3) were used. All samples were received
as fresh frozen tissue as well as under cryo-conditions prepared homogenates. Ho-
mogenates were used for lipid extraction!>” and were then subjected to LC-MS/MS
analysis. Lipids were identified using Lipid Match Flow 3.1.158 In total, 1450 ions of
lipids and metabolites were identified in healthy as well as S. mansoni eggs-containing

hamster liver tissue.

1.7.1.2 Statistically significant changes

Following database generation, statistical analyses were performed using the Perseus

131 Of all ions found in hamster liver,

software package!® according to Kadesch et al.
372 were significantly changed in signal intensities when comparing peak areas for
infected and control samples (“infection markers”). These markers mainly belonged
to the lipid classes of PCs, PEs, and TGs. Previously, Giera et al. mainly detected PCs
and TGs in S. mansoni eggs, cercariae and worms.'#8 Also the observation of other sig-
nificantly altered lipids (such as CEs) is in good accordance with the previous study.
However, we also found DGs, what might be a consequence of studying not only para-
site material, but parasite and host tissue together. Most of the markers were found
when comparing bisex-infected samples with single-sex as well as with non-infected
samples. That leads to the assumption, that the effects of the eggs in the liver were
more severe than the effects of the systemic infection. This matches to findings in lit-
erature were it is assumed that the misled eggs, trapped in organs such as the liver, do
have more severe effects on the host than the actual worm infection.””

Regarding the lipid profile, we also found more significantly altered ions by com-

parison of bisex-infected samples and controls than by comparing singlesex-infected



1.7  Study outline 23

samples to controls. While 80 % of all significantly enriched ions were found in com-
parison of bisex-infected to control samples, even 95 % of significantly depleted ions

were found for the same constellation (see figure 3).

A enriched B depleted

1% 29 3%

80%
95%

bisex vs. control ®both ™ bisex vs. singlesex

Figure 3: Percentage of infection markers found enriched (A) or depleted (B) when comparing bisex-
infected samples to controls or to singlesex-infected ones. In both cases, many more markers were found
when comparing bisex-infected samples to controls than to singlesex-infected samples. This can be a
hint, that the influence of the eggs to the lipid profile of infected tissue is much higher than the systemic
influece of the worms to the whole organism.

1.7.1.3 Visualization of infection-induced changes

Applying MALDI MSI gave us the opportunity to locate some of the infection-induced
lipidomic changes to specific biological structures. By visual inspection of MS images
and comparison to optical images that were obtained prior to MALDI measurements,
lateral distributions of infection markers were assigned to specific infection-driven
structures. Various examples of different distributions found in positive- as well as
in negative-ion mode are shown in figure 4 on the next page. Observed biological

structures were
* S. mansoni eggs (figure 4 C),

* granulomas around the eggs (figure 4 E, F, I, J, K, and L),

unaffected liver tissue (figure 4 D, and H), and

the whole liver tissue, containing unaffected tissue, granuloma regions and eggs
(figure 4 B).

While some lipids were found exclusively in the designated regions, others were
present in the whole tissue section, but in higher intensities in the granuloma regions,
such as LPE(20:4) (figure 4 E), PC(41:4) (figure 4 J), or PC(O-16:1_18:0) (figure 4 K).
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Figure 4: MS images of S. mansoni eggs-containing hamster liver tissue, reflecting different biological
structures, and light microscopic images of the corresponding H&E-stained tissue sections. Scale bar
applies for all images and is 1 mm. A: H&E-stained hamster liver tissue section after MSI measure-
ment in negative-ion mode. Three large granulomas containing S. mansoni eggs and additionally the
end of a granuloma without parts of the egg visible on the far-right side are recognizable. B: LPE(22:6),
being found mainly evenly distributed in the whole tissue. C: DMPE(18:0_22:5), being found evenly
distributed in the whole tissue, but enriched in the S. mansoni eggs. D: Plasmenyl-PE(P-18:1_22:6), be-
ing found evenly distributed in the whole tissue, but not in the granuloma regions. E: LPE(20:4), being
found evenly distributed in the whole tissue, but with higher intensities in the granuloma regions (but
not in the eggs). F: Plasmanyl-PE(O-18:0_20:4), being slightly found in the whole tissue, but mainly in
the outer part of the granulomas. G: Consecutive H&E-stained hamster liver tissue section after MSI
measurement in positive-ion mode. As in A, three large granulomas containing S. mansoni eggs and ad-
ditionally the end of a granuloma without parts of the egg visible on the far-right side are recognizable.
H: OxLPC(20:2(OH)), being found mainly evenly distributed in the whole tissue with slightly lower
abundances in the granuloma regions. I: SM(d18:1_24:1), being found evenly distributed in the whole
tissue, but slightly enriched in the granuloma regions. J: PC(41:4), being found evenly distributed in
the whole tissue, but strongly enriched in the granuloma regions. K: Plasmanyl-PC(O-16:1_18:0), being
slightly found in the whole tissue, but with higher intensities in the granulomas (without the eggs). L:
Plasmenyl-PE(P-18:0_22:3), being only found in the granulomas.
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Figure 5: Overlaid MS images visualizing eggs in liver tissue of hamster infected with S. mansoni of both
sexes and granulomas formed in the surrounding (A) in comparison to control samples of singlesex-
infected (B) and healthy (C) hamsters. The same ion channels were used for all three subfigures and
they were all adjusted to the same intensity levels. Scale bar is 1 mm.
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Figure 6: Overlaid MS images visualizing eggs in liver tissue of hamster infected with S. mansoni of both
sexes and granulomas formed in the surrounding (A) in comparison to control samples of singlesex-
infected (B) and healthy (C) hamsters. The same ion channels were used for all three subfigures. In
contrast to figure 5, signal intensities were not adjusted globally, but for each measurement individually.
Scale bar applies for all images and is 1 mm.

Not all infection markers matched to one of these groups but in total we were able

to allocate 23 % of markers to the structures mentioned above.
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Interestingly, structurally related lipids seemed to be accumulated in completely
different lateral distributions. For example, PE(P-18:1_22:6) (see figure 4 D) was found
evenly distributed in the unaffected tissue, but not in the granuloma regions. However,
LPE(22:6) (figure 4 B) was found evenly distributed in the whole tissue, with slight en-
richment in the granulomas. Inverse distributions were observed for PE(O-18:0_20:4)
and LPE(20:4): While PE (figure 4F) was only detected in the outer parts of the granu-
lomas, its lyso form (figure 4 E) was found in the whole tissue with strong enrichment
in the granulomas. Nevertheless, it has to be kept in mind, that the lyso forms do
not necessarily originate from the PEs mentioned. To verify a connection between the
two forms, further studies, for example after feeding with isotope-labeled substances,
could aid in clarification.

When overlaying the single-ion images, the biological structures nicely interdig-
itate, as figure 5 on the preceding page shows. Dimethylphosphatidylethanolamine
(DMPE) (16:0_17:0), mostly found in the granulomas as shown in blue, fits perfectly
into the “hole” formed by DMPE (18:0_22:5) represented in green. Also, the overlay
verifies, that the plasmanyl-PE shown in red is an accumulation in the outer part of the
granulomas and not a ring formed around the granulomas. This effect will be further
discussed in section 1.7.1.4.

Additionally, the already described effect has become obvious in figure 5, that “sig-
nificant changes” not necessarily means presence only in the bisex-infected samples.
More often, signals were detected in both or even all three groups, but with varied
intensities (figure 3 on page 23). This is nicely reflected by the MS images: ions shown
in red and green are also present in the singlesex-infected sample in figure 5. When
zooming in, also the blue ion channel becomes visible and even in the control sample
some pixels in red, green and blue appeared. When not scaling the intensity levels
globally, as it was done for figure 5, but instead for each sample individually, as it
was done for figure 6, it can be clearly recognized, that the ions were also detected in
the singlesex-infected and especially also in the control sample, but with much lower

intensities.

1.7.1.4 Granulomatous substructures

Granulomas appeared not to be uniform, instead there was a substructure. This was
not the case for all altered ions, but some examples are shown in figure 7 on the follow-
ing page. Especially in the overlay figure 7 D (showing figure 7 A to C), three different
layers of the granulomas can be recognized. All of the displayed ions are ether PLs.
In contrast to normal PLs, ether PLs do not contain two fatty acids esterified to the
glycerol backbone, but instead only one fatty acid. The other sn position is linked to a
(vinyl-) ether. Plasmanyl-PLs (e. g. PC(O-36:4)) contain an aliphatic ether, plasmenyl-
PLs (e. g. PE(P-36:3)), also called plasmalogens, contain a vinyl ether.!®® Finding ether
lipids in the contact area between host and parasite (the granulomas) matches well to
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the literature. Brouwers et al. detected plasmalogens in S. mansoni worms and found

them enriched in the outer tegumental membranes.!®!
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Figure 7: Substructure in granulomas formed around S. mansoni eggs in hamster liver visualized by
MALDI MSI. Scale bar is 1 mm. Green: m/z 724.5309, identified as Plasmenyl-PE(P-16:0_20:3) as well as
Plasmanyl-PE(O-16:0_20:4), [C4;H;4NO;P-H]~, being mainly found in the inner part of the granulo-
mas. Blue: m/z 746.5141, identified as Plasmenyl-PE(P-16:0_22:6), [C43H74NO;P-H]~, being detected
in the whole tissue sections, but with higher intensities in the granulomas and even more in the middle
part of the granulomas, between egg and surrounding liver tissue. Red: m/z 752.5556, identified as
Plasmanyl-PE(O-18:0_20:4), [C43HgoNO;P-H] ", being only found in the outer part of the granulomas
in the contact region between granulomas and surrounding tissue.

1.7.1.5 Conclusion first publication

We gained deeper insights into the interactions between the parasitic schistosome egg
and the hosting hamster liver tissue. Due to infection, 372 compounds were signifi-
cantly changed in signal intensity, most of them lipids. For roughly one quarter of
them, characteristic lateral distributions were observed, matching to biological struc-
tures. For example, some lipids, e.g. Plasmenyl-PE(P-18:1_22:6) or MMPE(16:0_22:6),
were found to be depleted around the egg. Lipids are important energy sources and
building blocks, and the eggs cannot produce them on their own, so they need to scav-
enge them from their host. Also, ether lipids were found enriched in the granuloma
region. Ether lipids are known to build a barrier against harm by soluble egg antigens.
The presented study nicely fits into literature and adds lateral information by using
MALDI MSI and therefore providing further knowledge about lipid concentrations

and distributions upon infection.

1.7.2 Bovine skin containing Besnoitia besnoiti tissue cysts

For the second study we had two goals: First, we wanted to simplify our method and
second, we wanted to apply it to a second, completely different parasite—host system
to test its broad applicability. In this case, bovine skin of animals infected with the api-
complexan parasite B. besnoiti was used. Due to chronic infection, the skin contained

parasite-filled cysts that were already visible with the naked eye. To streamline the
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analytical method, we only performed MALDI MSI experiments without verification
of our annotations with LC-MS/MS. Instead, we performed on-tissue MS/MS to iden-
tify part of the ions. Additionally, statistical analysis was done with MetaboAnalyst.!62

In a previous experiment, formaldehyde-fixed paraffin-embedded (FFPE) tissue
sections were tested for MALDI MSI analysis. In contrast to fresh-frozen tissue sam-
ples, they can be stored at room temperature for a long period of time without major
degradation. Also, FFPE tissue samples can be cut thinner than fresh frozen ones,
enabling better histological assessment. Therefore, they are the gold standard in his-
tology, and huge tissue biorepositories exist. Being able to analyze FFPE tissue samples
with MALDI MSI would open the door to huge sample collections, especially in cases,
where sample material is rare, as is the case for B. besnoiti-infected bovine skin.

To perform MALDI MSI experiments, the paraffin needs to be removed prior to
matrix coating, otherwise the paraffin would disturb the MS measurements. However,
the washing steps with xylene also remove or at least relocate endogenous lipids and,
depending on the chemical structure, also metabolites. To evaluate this effect, we ana-
lyzed an FFPE tissue section in comparison to a fresh frozen one, see figure 8 on the
next page.

As it can be seen, lipid signals were either absent in the tissue section or are ran-
domly distributed, not reflecting any biological structures in the FFPE slide. In con-
trast, lipid signals nicely reflect parasite-induced structures in the fresh frozen tissue
section. Furthermore, detected lipids had significantly lower signal intensities: In the
MS image from a fresh frozen sample (D), signal intensities of both ions were normal-
ized to a level of 10000. In case of the analysis of FFPE tissue (B), signal intensities
were only normalized to a level of 100. Another aspect is the thickness of the sections.
The FFPE sections were cut with a thickness of 7 pm, the fresh frozen cryosections
with a thickness of 20 pm. Nonetheless, this effect is presumably not as important as
the others, as both sections were easily H&E stained after the MALDI MSI measure-
ments and as the optical images (figure 8 A and C) show, the structure of the tissue is
nicely conserved and little material was ablated during the MSI experiment.

The disadvantage of using fresh samples is that only one infected animal with natu-
rally acquired besnoitiosis and two control animals from the local slaughterhouse were
available. Nevertheless, we had skin samples from three different parts of the diseased
animal, originating from shoulder, neck, and elbow region. PCA analysis nicely re-
flected that the infected samples came from the same animal, while the controls orig-
inated from two different individuals (see figure 9 on page 30). The PCA was based
on signal intensities in the MALDI MSI experiments of all signals. Therefore, the PCA
plot already gives a hint about the different compositions of the infected and control

samples regarding lipid and metabolite content.
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Figure 8: Comparison of MALDI MSI measurements of FFPE (A and B) and fresh frozen (C and D)
bovine skin tissue infected with B. besnoiti. After MALDI MSI analysis, matrix was washed off with
ethanol and sections were H&E stained (A and C). While generating the MS images (B and D), the same
ions for both samples were used. However, signal intensities were adjusted differently, as the intensity
scales show. The red ion channel represents m/z 786.6007, identified as PC(36:2), [C44HgsNOgP + H|*;
the green ion channel shows m/z 760.5850, identified as PC(34:1), [C4,Hg,NOgP + H]*. Signal intensities
are not only much lower in FFPE tissue (B) than in the fresh frozen one (D), the ions are also evenly
spread over the whole tissue section in the measurement of an FFPE section, while they nicely reflect
the parasite-induced cyst structures in the MS image of the fresh frozen sample. Scale bars are 1 mm.

In addition to PCA, all annotated lipids and metabolites of these two groups were
compared in terms of signal intensity using t-tests. The received list of “marker”
signals was then used to generate MS images, and the distribution patterns were in-
spected manually as it was previously done in the S. mansoni project.

In total, 552 ions were found to be influenced by B. besnoiti infection. However,
they do not belong to 552 different molecular species. Some compounds were detected
in multiple adduct forms (+ H", + Na®, and + K*) or also in both ionization modes (as
+ H* as well as —H"). Overall, 467 unique compounds were found to be affected by
infection. Most of them were (phospho-)lipids, such as PAs, PSs, PCs, PEs, TGs, PIs,
and PGs.
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Figure 9: PCA plot of B. besnoiti-infected and control bovine skin samples based on signal intensities of
all ions detected in MALDI MSI measurements. Control 1 and 2 originated from two different individ-
uals. Elbow, shoulder and neck samples derived from the same, chronically B. besnoiti-infected animal.
Control and infected samples are nicely grouped together but separated by group.

1.7.2.1 Visualization of infection-induced changes

MSI measurement of tissue sections with 5pm pixel size enables discrimination of
different skin cyst compartments. While the S. mansoni egg-induced granulomas were
found with higher distance between each other, the B. besnoiti skin cysts were closer
to each other. Higher lateral resolution always comes with the price of longer analysis
time: By dividing the length of a pixel into halves, the analysis time of the same area
increases by a factor of four.

As it was already observed in the first study, some of the significantly changed
lipids and metabolites showed distribution patterns matching with biological struc-
tures. Examples can be found in figure 10 on page 32 and also in figure 3 of the second

publication. These structures include

B. besnoiti skin cysts (figure 10 B),

walls of the B. besnoiti-containing cysts (figure 10 H),

unaffected skin tissue (figure 10 G),

hair follicles (figure 10 I), and
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* the whole skin tissue, containing unaffected tissue and skin cysts (figure 10 C
and D).

In total, 61 % of all significantly altered ions due to infection showed a reasonable
lateral distribution pattern. The fact, that this is much more than in the first project
is most probably a consequence of the modified workflow. In the first study, differ-
ent ionization methods were used for compound identification and localization (LC-
MS/MS vs. MALDI MSI with on-tissue MS/MS). Different ionization methods have
different ionization efficiencies for different lipid groups, explaining the poor over-
lap. According to literature, the overlap between ESI-based and MALDI analysis is
roughly 25 %.163 In the second study, annotation was in a first step based on Meta-
space, followed by identification of some ions with on-tissue MS/MS. Both were based
on MALDI data, so only one ionization method was applied. Additionally, with Meta-
space, only ions with a reasonable lateral distribution get annotated'®* (avoiding anno-
tations of noise signals), resulting in a higher number of ions with biological-structure
matches.

Interestingly, structurally related molecules showed different lateral distributions,
like the two FAs FA(18:1) and FA(18:3), with the same chain length, but varying in the
number of double bonds. While FA(18:1) was detected everywhere in the tissue, with
slight enrichments in the cyst walls (figure 10E), FA(18:3) was only found in the der-
mis and around hair follicles (figure 10F). Another example is shown in figure 11 on
page 33. All ions were annotated as FAs with 20 carbon atoms, but different unsatura-
tions. While the higher unsaturated FA(20:4) and FA(20:3) were only detected in the
unaffected tissue for infected samples and everywhere in control samples, the lower
unsaturated FA(20:2) and FA(20:1) seemed to accumulate in the cyst walls of infected
samples and were only found in lower intensities in the control samples. All four FAs
showed significant differences in intensities when infected samples were compared
to controls. Apicomplexa are able to synthesize FAs de novo but also scavenge lipids
and FAs from their host.16>1¢ In the Apicoplast, the name-giving organelle all Api-
complexa have in common, FA synthesis takes place via the fatty acid synthase type
IT (FASII). This pathway mainly produces unsaturated short chain FAs up to chain
lengths of 18 carbon atoms.'®” In bradyzoites, the fatty acid synthase type I (FASI)
pathway could be of higher relevance.!®® Both, depletion in the parasite-containing
regions as well as accumulation around the parasite-formed cysts, can be a hint that
the parasites scavenge these FAs to further incorporate them in TGs, which are then

used for energy storage and prevent lipotoxicity.!66
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Figure 10: MS images of B. besnoiti cysts in bovine skin tissue, reflecting different biological structures,
and light microscopic images of the corresponding H&E-stained tissue sections. Scale bar applies for
all images and is 1 mm. A: H&E-stained bovine skin tissue section after MSI measurement in positive-
ion mode. Several B. besnoiti bradyzoites containing cysts as well as hair follicles are recognizable.
B: m/z 605.4541, annotated as DG(32:1), [C35HgsO5 + K]*, being found only inside the cysts. C: m/z
760.5847, identified as PC(34:1), [C4Hg,NOgP + HJ*, being found evenly distributed in the whole
tissue, but enriched in the B. besnoiti cysts. D: H&E-stained bovine skin tissue section after MSI mea-
surement in negative-ion mode. As in A, various B. besnoiti bradyzoites containing cysts as well as hair
follicles, but also small parts of the dermis are recognizable. E: m/z 281.2486, annotated as FA(18:1),
[C1§H340;, —H] 7, being found mainly evenly distributed in the whole tissue with slightly higher abun-
dances in the cyst wall regions. F: m/z 277.2173, annotated as FA(18:3), [C13H300, —H]~, being
mainly found in the dermis and around the hair follicles. G: m/z 788.5441, identified as PS(18:1_18:0),
[C4pHgoNO;oP —H] ", being found evenly distributed in the unaffected tissue. H: m/z 915.5946, anno-
tated as PI(40:3), [C49HgoO13P —H]~, being only found in the cyst walls. I: m/z 372.2755, annotated as
3-hydroxytridecanoyl carnitine, [C;oH39NO5 —H]~, being only found inside the hair follicles.
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Figure 11: MS images of fatty acids with 20 carbon atoms but different numbers of unsaturations, showing different lateral distributions in B. besnoiti-infected
and control bovine skin. Scale bar is 1 mm. Displayed are MS images for all five samples (neck, shoulder, elbow, control 1, and control 2) in technical triplicates,
belonging to the two groups “infected” or “control”. Within one group, the distribution of the FA is coherent, but since parasite-induced structures are
represented by the distributions, they vary between infected and control samples. FA(20:4) and FA(20:3) were only found in the unaffected tissue, but FA(20:2)
and FA(20:1) mainly around the skin cysts, which are only present in B. besnoiti-infected samples. In the controls, the corresponding ions were rarely found.
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1.7.2.2 Ultra-high-resolution MSI experiments

By using a prototype AP-SMALDI ion source, we also performed MSI experiments at
2um pixel size. The intention was to enable further discrimination of different cyst
wall compartments. Most probably due to a loss in signal intensities when minimizing
the ablation spot size from 25um? to 4m?, this was not successful. Nevertheless,
30 % of infection markers with reasonable lateral distributions found for the 5 pum-
measurements were also observed in the ultra-high resolution 2 pm-measurements,
examples can be seen in figure 12 on the next page. The potassium adducts of the two
PCs PC(34:1) and PC(36:2) were chosen because their lateral distribution was of inter-
est. Both lipids were found in the whole tissue section, but in higher intensities in the
cyst areas. While PC(34:1) seems to accumulate in the cyst wall, PC(36:2) was found to
be enriched in the whole cysts. However, minor differences in signal intensities were
observed, especially for PC(36:3) (figure 12 C): While most pixels inside the cyst con-
tent are green (medium intensity), some were blue (lower intensity) and few yellow or
even red (high intensity). In the higher-resolved image (figure 12 F), signal intensities
in general were lower, resulting in artifacts inside the cysts. With a length of roughly
8 nm,%8 single bradyzoites are too small to be resolved with fine structures individu-
ally. Nevertheless, intensity gradients inside the cysts were better visible, giving a hint
about possible aggregations of parasites.

Additionally, higher lateral resolution enables better discrimination between ions
originating from the cyst walls and the cyst content. An example is shown in fig-
ure 13 on page 36. Both lateral resolutions are able to differentiate cyst wall (green
ion-channel, representing the glycosylceramide (GlcCer) GlcCer(41:6)) and cyst con-
tent (red ion-channel, representing PC(36:2)) tissue. However, zooming into the con-
tact area between walls and content reveals many yellow pixels between the red and
the green ones in the measurement taken with 5 pm pixel size (figure 13 C), but only
few yellow pixels in the 2 pm resolution analysis (figure 13 D). Yellow pixels are the
result of overlaying red and green pixels, meaning that both ions, the one shown in red
as well as the one shown in green, were detected in the same ablation area when using
5 pm pixel size, while they are separated when using 2 pm pixel size.

Unfortunately, due to the lower signal intensities, ultra-high-resolution measure-

ments were only possible in positive-ion mode.

1.7.2.3 3-dimensional MSI reconstruction

Furthermore, we made use of a relatively new approach, the so-called three-dimen-
sional MSI. Therefore, 16 consecutive sections were measured and the resulting ion
images were stitched afterwards. In order to achieve consistent quality of the cryosec-
tions, the sample preparation procedure was slightly modified. Instead of directly

mounting the skin tissue on top of a cryosectioning plate, the tissue was embedded in
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Figure 12: Comparison of MALDI MS images of B. besnoiti-infected bovine skin with either 5 pm (upper
line) or 2 pm (lower line) pixel size. Scale bar applies for all images and is 200 pum. A and D show the
corresponding light microscopic images, in the case of A after MSI measurement and H&E-staining. D
is the optical image taken prior to the measurement. During matrix wash-off and staining, too much,
especially parasitic, tissue was washed away, therefore the unstained image is shown. B and E represent
m/z 798.5407, identified as PC(34:1), [C4,Hg,NOgP + K], either with 5 um (B) or 2 pym (E) pixel size. C
and F visualize m/z 824.5563, 1dent1f1ed as PC(36:2), [C44HgsNOgP + K], either with 5pum (C) or 2 pm
(F) pixel size. As expected, image quality 1mproved with smaller pixel sizes and intensity gradients are
finer granulated.

gelatin first. Experiments showed that it was of great importance to keep a relatively
large gelatin framework around the tissue to achieve proper consecutive cryosections
in a replicable quality. Finally, cryosections with a thickness of 14 pm were obtained in
a repeatable manner. This limited the pixel size of the following MALDI MSI measure-
ments also to 14 pm because the goal was to obtain cubic and not rectangular cuboid-
shaped voxels. After conversion of obtained mass spectra into the imzML-format, they
were further processed using the M2aia-software package.'®® With this software tool,
images of chosen m/z were stacked and finally visualized in a three-dimensional way.
Screenshots of the reconstructions can be found in figure 14 on page 37, videos in the
supplementary information of the second publication.!”? These screenshots reflect two
different ions, showing the stack from top and down view. A and B represent m/z 798.5,
identified as PC(34:1), [C4,Hgo,NOgP + K]*; C and D visualize m/z 824.5, identified as
PC(36:2), [C44HggNOgP + K]*. As it can be seen in figure 12, both lipids were found in
the whole tissue section, but in higher intensity in the B. besnoiti-cyst area, what is also
nicely reflected in the 3-dimensional reconstructions. These reconstructions helped to
get a better understanding of the cyst orientation as well as the distribution of lipids
and metabolites between the cysts.
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Figure 13: Comparison of MALDI MS images of B. besnoiti-infected bovine skin with either 5pm (A
and C) or 2pm (B and D) pixel size. C and D are roughly three times magnified regions of A and
B, respectively. Scale bar applies for sub-images A and B and is 200 pm. The same ion channels and
color-coding were used for all images. Red: m/z 786.6005, identified as PC(36:2), [C44HgyNOgP + H|*;
green: m/z 842.5540, annotated as GlcCer(41:6), [C47Hg;NOg + K]*; blue: m/z 725.5566, annotated as
SM(341), [C39H79N206P + Na]+.

However, these static reconstructions cannot be used to conclude potentially occur-
ring exchange between the cysts. Therefore, additional experiments using for example
isotope-labeled metabolites and nutrients are needed to follow the path of these com-

pounds inside and potential interactions between the cysts.

1.7.2.4 Conclusion second publication

Using this multiplex MSI approach, we gained deeper insights into the composition
of parasitic tissue cysts following chronic B. besnoiti infection. Also, we observed me-
tabolic changes in the direct environment of the cyst, as a possible indication of un-
derlying metabolic pathways affected. In total, 552 signals were changed in intensity
when comparing infected with healthy tissue. Regarding the group of infected sam-

ples, there was no significant difference between the three sampling areas, despite the
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Figure 14: 3-dimensional MSI reconstructions of B. besnoiti-infected bovine skin. Reconstructions were
obtained by stitching measurements of 16 consecutive tissue sections. The cryosections had a thickness
of 14 pm, pixel size was also 14 um. Displayed here are screenshots of two different ions, showing the
stack from top and down view. A and B represent m/z 798.5, identified as PC(34:1), [C4,Hg,NOgP +
K]*; C and D visualize m/z 824.5, identified as PC(36:2), [C44Hg4NOgP + K]*. As it can be seen in fig-
ure 12, both lipids were found in the whole tissue section, but in higher intensities in the B. besnoiti-cyst
area, what is also nicely reflected in the 3-dimensional reconstructions. Videos, better reflecting the 3-
dimensional proportions, can be found in the supplementary information of the second publication.!”°

fact that the elbow samples contained less parasite-formed cysts than neck and shoul-
der samples. However, it has to be kept in mind that infected tissues all originated
from one animal and results might be slightly different when expanding the study to
a larger cohort. Nevertheless, the detected alterations in the lipid profile can serve as
starting points for further metabolism studies.
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1.8 Conclusion and Outlook

Combining MS/MS and (ultra-)high resolution AP-SMALDI MSI enabled the investi-
gation of parasite—host interactions in two different model systems.

Regarding the schistosomiasis model, three different infection stages of hamster
liver were studied: Bisex-infected animals, where the liver contained eggs and, as a re-
action, formed granulomas; singlesex-infected animals, which were only infected with
female cercariae and therefore no eggs were found in the liver; and non-infected ani-
mals. For each group, three individual samples were analyzed. By comparing these
three sample groups, 372 infection markers were found using LC-MS/MS and MALDI
MSI. Hamster liver tissue containing S. mansoni eggs showed significant differences in
the lipid profile and lipid distribution when compared to control tissue. The lateral
distribution of some of these infection markers was successfully correlated with bio-
logical structures such as eggs, granulomas or non-affected tissue. Observed substruc-
tures inside the granulomas, which are formed around the eggs as an inflammatory
response to infection, can be a potential starting point for further drug target research.

Concerning besnoitiosis, the chronic stage of the disease was compared to control
samples. 552 significantly altered ions were determined using MALDI MSI. Further
confirmation of lipid annotation was performed by on-tissue MS/MS. Differences in
the lateral distribution, matching biological structures, were observed. Ultra-high-
resolution MALDI MSI enabled further characterization of parasite-containing cysts
in bovine skin. Additionally, findings were compared to previous results on pure para-
sites, showing that most of the lipids found in the acute stage of the parasite (tachy-
zoites) are still present in the chronic stage (bradyzoites).

Recent studies used our established method to obtain further knowledge about
the effects of especially SEA on the host liver tissue. Buelow et al. “[found indica-
tions] that S. mansoni eggs completely reprogram lipid and carbohydrate metabolism
via soluble factors, which results in oxidative stress-induced cell damage in the host
parenchyma.”!”! Regarding MALDI MSI, TGs were found to be depleted in the unaf-
fected tissue, but accumulated in the granulomatous regions and especially of higher
intensity inside the eggs, as it can be seen in figure 15 on the next page.

Based on our study of the lipidome of S. mansoni-infected hamster liver tissue,
Luh et al. investigated infection-induced changes in the glycosphingolipid (GLS) con-
tent of hamster livers containing S. mansoni eggs. Using a combined approach of
nanoscale hydrophilic interaction liquid chromatography tandem mass spectrome-
try (nano-HILIC MS/MS) and AP-SMALDI MSI, 50 GLSs were found to be signifi-
cantly upregulated in bisex-infected samples when compared to controls. Addition-
ally, the lateral distribution of 44 GLSs reflected biological structures induced by infec-
tion. In total, GLSs seem to be important during granuloma formation. Also, smaller
pixel sizes (3 um) enabled deeper insights into the egg composition. As such, Hex-
Cer(20:0;03/16:0) was only found on the egg shell.!”?
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Figure 15: MALDI MS images of m/z 895.7149, identified as TG(16:0_18:1_18:2), [C55H;090¢ + K]*.
The left-hand side shows a bisex-infected sample and the right-hand side a control sample. Both images
were scaled to the same intensity levels. Scale bar applies for both images and is 1 mm.

Also, Ghezellou et al. examined livers of hamsters infected with S. mansoni. They
validated our results and extended them to the proteomic level. The authors further
differentiated between male and female hamsters and found host-sex-specific altera-
tions. For the altered proteins, mostly down-regulated proteins were part of meta-
bolic pathways while up-regulated ones are crucial in immune reaction to S. mansoni
infection.!”?

A previous study on B. besnoiti has shown that glycolysis is upregulated due to B.
besnoiti infection.8! First experiments found altered lateral distributions of glycolysis
intermediates, as it can be seen in figure 16 on the following page. Intermediates
seem to accumulate inside the cysts, proving the previous findings. Further method
optimization is needed to enable the detection of all intermediates from the whole

metabolic pathway.
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Figure 16: MALDI MS images tracking the glycolysis pathway in a B. besnoiti-infected and a control bovine skin sample. Missing intermediates were not
detected. Scale bar applies for all images and is 1 mm.
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Abstract

Schistosomiasis, caused by the human parasite Schistosoma mansoni, is one of the WHO-listed neglected tropical diseases
(NTDs), and it has severe impact on morbidity and mortality, especially in Africa. Not only the adult worms but also their
eggs are responsible for health problems. Up to 50% of the eggs produced by the female worms are not excreted with the
feces but are trapped in the host tissue, such as the liver, where they provoke immune responses and a change in the lipid
profile. We built up a database with 372 infection markers found in livers of S. mansoni-infected hamsters, using LC-MS/
MS for identification, followed by statistical analysis. Most of them belong to the lipid classes of phosphatidylcholines
(PCs), phosphatidylethanolamines (PEs), and triglycerides (TGs). We assigned some of these markers to specific anatomical
structures by applying high-resolution MALDI MSI to cryosections of hamster liver and generating ion images based on the
marker list from the LC-MS/MS experiments. Furthermore, enrichment and depletion of several markers were visualized.

Keywords Schistosomiasis - AP-SMALDI - Mass spectrometry imaging - Infection - Host-parasite interaction -
Granuloma - Parasites - Schistosoma mansoni
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CL Cardiolipin MALDIMSI  Matrix-assisted laser desorption/ionization
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DG Diglyceride NTDs Neglected tropical diseases
DHB 2,5-Dihydroxybenzoic acid PC Phosphatidylcholine
DMPE Dimethylphosphatidylethanolamine PE Phosphatidylethanolamine
DHA, 22:6 Docosahexaennoic acid PS Phosphatidylserine
ECN Equivalent carbon number PZQ Praziquantel
FDR False discovery rate PCA Principal component analysis
LC-MS/MS  Liquid chromatography tandem mass So Sphingosine
spectrometry TG Triglyceride
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symptoms can occur [1]. Main symptoms of chronic infec-
tion are abdominal pain, diarrhea or bloody stool, and
inflammation of inner organs such as the liver, spleen, and
gut [2].

Humans infected with S. mansoni excrete parasite eggs
with their feces. When the eggs enter fresh water, the first
larval stage, miracidia hatch and infect their intermediate
host, a snail of the genus Biomphalaria. Inside the snails,
the parasite multiplies asexually and develops after 4 to
6 weeks to male and female cercariae, which are then
released into water. Cercariae penetrate the skin of their
vertebrate host and migrate to the blood vessels. During
this phase, cercariae transform into schistosomula and sub-
sequently to adult schistosomes. In the portal vein of the
liver, male and female worms mate and migrate as couples
to the mesenteric veins of the gut, where they can live for
up to 30 years. A unique feature of schistosome biology is
that the sexual maturation of the female is only achieved
upon a constant pairing contact with the male. Following
pairing, the female reproductive organs fully differentiate;
the female starts the production of several hundred eggs
per day, which reach the gut lumen and are excreted by
the host [1, 2].

Schistosomiasis is classified as an endemic disease
being prevalent in tropical and subtropical regions world-
wide. According to the WHO, schistosomiasis belongs to
the NTDs and is mainly spread in Africa, Asia, the Middle
East, the Caribbean, and parts of South America [2, 3].

Improving both hygienic conditions as well as devel-
oping chemotherapeutics plays an important role in com-
bating schistosomiasis and preventing the further spread
of the disease [1]. Since 1977, praziquantel (PZQ) is the
main drug against schistosomiasis [4]. PZQ is effectively
targeting all schistosome species, but due to the risk of
upcoming resistances against PZQ, new drugs are urgently
needed. Additionally, PZQ affects adult but not juvenile
worms [5].

In case of S. mansoni, about 50% of the eggs are
excreted with the feces, the other 50% are mostly trapped
in the liver and intestine of the host and secrete anti-
gens and other factors, which can affect the host [6, 7].
Trapped eggs are the primary reason for the pathologi-
cal consequences of schistosomiasis. While the host’s
immune response is mainly directed towards antigens
produced by the schistosome worms during the first
weeks of infection, the immune response shifts after 5
to 6 weeks. After pairing, female schistosomes start to
produce eggs, which then provoke the type 2 response of
the host’s immune system [7, 8]. This immune response
is essential for the egg’s movement through the intestinal
wall to reach the gut lumen [7]. Due to the reaction of
the tissue, granuloma formation occurs around the eggs
within a few days [1]. Granuloma have a dual function as

@ Springer

they appear to be important for the survival of the host by
protecting hepatocytes from toxins released by the eggs.
In addition, granuloma results from inflammatory pro-
cesses that finally lead to liver fibrosis [7]. Granuloma
in general mainly consists of macrophages which mass
together [9]. However, liver granulomas are more hetero-
genic in cell types and contain also T and B lymphocytes
as well as eosinophils and mast cells [10]. Furthermore,
it appears that granuloma formation differs in naturally
infected hosts from those observed under laboratory
conditions [11]. It is known that S. mansoni infection in
general leads to lower cholesterol, low-density lipopro-
tein (LDL), and TG levels in host blood streams [12, 13].
Another study revealed that lipid uptake in hepatic stel-
late cells was provoked around trapped eggs [14]. Stanley
et al. showed that lower cholesterol blood levels were
caused by factors secreted by the schistosome eggs. Addi-
tionally, they observed agglomeration of cells with higher
lipid contents in the outer parts of the granuloma [15].
The described processes in livers of infected animals and
humans underline the importance of research regarding
infection-induced metabolic changes.

Investigating lipids has become a highly active research
area in the last years including instrumental advances, the
detection of lipid biomarkers for various conditions, unrave-
ling of double-bond positions in fatty acids, and the char-
acterization of the lipidome of biological samples [16—19].
Although literature is available on the lipid composition
of trematodes, the interaction of parasite and host has not
been studied on the lipid level yet [20, 21]. Mostly, enzymes
related to lipid metabolism have been investigated to specu-
late about their impact on lipid composition of worms and
the host [22].

The parallel use of matrix-assisted laser desorption/ioni-
zation mass spectrometry imaging (MALDI MSI) and liquid
chromatography tandem mass spectrometry (LC-MS/MS)
is a widely used technique to investigate lipidomic profiles
of samples while keeping the lateral information of the ana-
lytes. Commonly, lateral resolutions of about 10 pm are used
[23]. This setup has already been applied to the analysis of
S. mansoni worms [20, 24] and has now been optimized for
egg-infected hamster liver tissue.

The combination of MALDI MSI and LC-MS/MS is
the key to get a deeper understanding of the interactions
between trapped eggs and the surrounding tissue. Analyzing
infected tissue that still contains the parasites is beneficial to
get an overview of the metabolic changes in both, the host
tissue and the eggs. Due to the small size of the S. mansoni
eggs of about 60-200 um [25], a high lateral resolution
of the applied MSI technique was essential. To the best
of our knowledge, this is the first study of interactions of
S. mansoni eggs (parasite) with the host liver tissue using
MALDI MSIL.
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Materials and methods
Chemicals

A list of chemicals and suppliers is found in Table S1 in
the Supplementary Information.

Tissue samples

To keep the S. mansoni life cycle, Biomphalaria glabrata
snails served as intermediate hosts and Syrian hamsters
(Mesocricetus auratus) as final hosts [26]. The hamster
model has been established because it is more permissive
for schistosome infection compared to the mouse model,
which requires more animals (reduction principle of the
3Rs). Both snails and hamsters were bred in-house (Bio-
medical Research Center Seltersberg, Giessen, Germany).
All animal experiments were approved by the Regierung-
spraesidium Giessen (V54-19 ¢ 20/15 h 02 GI 18/10 No.
A 14/2017) and performed in accordance with the Euro-
pean Convention for the Protection of Vertebrate Animals
used for experimental and other scientific purposes (ETS
No. 123; revised Appendix A). For this study, liver sam-
ples of female hamsters were used. Three different groups
of hamster livers were examined: non-infected hamsters
were used as controls, hamsters infected with only one
sex of S. mansoni cercariae (monosex-infected), and ham-
sters infected with both sexes of cercariae (bisex-infected)
[26-28]. Each group consisted of three biological repli-
cates. Bisex infections were carried out according to estab-
lished protocols and were performed for 46 days, while
monosex infections persisted up to 67 days [29] to ensure
a sufficient quality of the worms. This especially applies
for female schistosomes that need longer to grow and
develop in hamsters without male partner. Non-infected
controls were age-matched with bisex-infected hamsters.
Liver samples were shock frosted in liquid nitrogen imme-
diately after perfusion and subsequently stored at — 80 °C.
Optical images of all measured samples can be found in
Figure S14.

OilRed staining

Neutral lipids were stained as described before [30]. Briefly,
8- to 10-um cut-frozen sections were air-dried on glass
slides, subsequently 10 min fixed in 10% formalin, briefly
washed with running tap water 1-10 min, and afterwards
rinsed for 2 s with 60% iso-propanol before staining with
freshly prepared Oil Red O working solution (0.2% in 50%
iso-propanol) for 15 min. After staining, slides were rinsed
for 2 s with 60% iso-propanol, lightly stained with alum

hematoxylin (5 dips), and rinsed with distilled water before
mounting in aqueous mountant or glycerin jelly.

MALDI MSI sample preparation

Fresh frozen liver samples were kept at — 80 °C prior to
sample preparation. Cryosections of 20 um thickness with-
out any further fixation were prepared at—25 °C using a
Cryostat Microm HM 525 (Epredia, ML, USA). After cut-
ting, sections were thaw-mounted onto common glass slides.
Microscopic images were taken using a digital microscope
(VHX-5000, Keyence, Neu-Isenburg, Germany). Sections
were kept at — 80 °C until measurement.

For MS imaging analysis, samples were thawed in a
desiccator for 30 min. For positive-ion mode, 2,5-dihy-
droxybenzoic acid (DHB) and for negative-ion mode,
1,5-diaminonaphthalene (DAN) were applied. 30 mg/mL
of DHB was dissolved in acetone/H,O/trifluoroacetic acid
(49.95:49.95:0.1, v:v:v). DAN was prepared at a concentra-
tion of 3.3 mg/mL in H,O/methanol (1:9, v:v). Matrix was
applied using an ultrafine pneumatic sprayer (SMALDIPrep,
TransMIT GmbH, Giessen, Germany) as described else-
where [31]. In brief, 100 uL DHB and 400 pL DAN solu-
tion were applied with a flow rate of 10 uL/min and 30 pL/
min, respectively. Nitrogen pressure was adjusted to 1 bar.

MALDI MSI analysis

For MSI analysis, a high-resolution atmospheric-pressure
MALDI imaging ion source (AP-SMALDIS5 AF, TransMIT
GmbH), coupled to an orbital trapping mass spectrometer
(Q Exactive HF, Thermo Fisher Scientific (Bremen) GmbH,
Bremen, Germany), was employed. Instrumental settings are
listed in Table S2.

Mass accuracy of + 1 ppm was maintained by internal cal-
ibration to a matrix cluster ion (m/z 716.12461 [5 DHB —4
H,0+NH,4]").

H&E staining

After MSI measurements, matrix was washed off with etha-
nol. Afterwards, sections were stained the following way:

At first, sections were rehydrated using 100%, 70%, and
40% ethanol and deionized water, 2 min each. Afterwards,
samples were kept in hematoxylin solution for 12 min, fol-
lowed by 10 min in tap water and 5 min in deionized water.
After 1 min in eosin y solution, samples were dehydrated
using deionized water, 40%, 70%, and 100% ethanol and
xylene for 2 min each. Finally, samples were covered with
Eukitt and a cover slip.
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LC-MS/MS sample preparation

For LC-MS/MS experiments, lipid extraction was per-
formed according to Breitkopf et al. [32] with minor
changes. In brief, 10 mg liver homogenate, 100 uL. PBS
buffer, and 350 uL methanol were vortexed for 1 min at
1500 rpm. Afterwards, 1 mL MTBE was added, and the
mixture was shaken for 1 h at 20 °C and 1000 rpm. For better
phase separation, 300 uL. H,0O was added, mixed for 1 min
at 1000 rpm, and centrifuged for 8 min at 13,000 rpm. 1 mL
of the organic upper phase was separated and dried under
nitrogen flow. Dried samples were stored at — 80 °C until
measurement. Prior to analysis, samples were reconstituted
with 100 L acetonitrile/iso-propanol/H,0 (65:30:5, v:v:v).
The whole extraction procedure was done additionally with
100 puL PBS as extraction blank; reconstitution buffer was
used as blank. Samples obtained from different animals were
used for LC-MS/MS analysis and for imaging experiments.

LC-MS/MS analysis

Separation was performed on a UHPLC system (Ultimate
3000 UHPLC, Thermo Fisher Scientific) equipped with a
reversed-phase 1.8 pm column (100 X 2.1 mm) (ACQUITY
UPLC HSS T3, Waters GmbH, Eschborn, Germany). Mobile
phase A consisted of H,O/acetonitrile (40:60, v:v), mobile
phase B of iso-propanol/acetonitrile (90:10, v:v), both with
10 mM ammonium formate and 0.1 vol-% formic acid, as
previously published [33]. Column gradient parameters for
reversed-phase liquid chromatography separation are listed
in Table S3. Flow rate was kept constant at 0.25 mL/min,
injection volume was 10 pL. All samples of one group were
measured consecutively. After each group, blanks were
injected to clean the column. The gradient was used for both
positive- and negative-ion mode.

After separation, tandem mass spectra were recorded
using an orbital trapping mass spectrometer (Q Exactive
HF-X, Thermo Fisher Scientific) for all samples. Heated
electrospray ionization parameters are listed in Table S4,
MS/MS parameters are listed in Table SS5.

For quality control, pooled samples, containing 10 pL of
all individual samples were added at the beginning, the mid-
dle and the end of the run. LC-MS/MS data were analyzed
using LipidMatch Flow 3.1 [34]. To maximize the identifi-
cation output, all samples were used as targets and ddMS2.
Additionally, the equivalent carbon numbers (EQN) were
calculated as EQN =CN — 2¢DB, with CN: carbon number
of the fatty acids and DB: double bonds.

Statistical analysis and MS image generation

Statistical analyses were performed using Perseus [35]
and MetaboAnalyst [36] as described elsewhere [20]. For
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principal component analysis (PCA), data were not filtered,
but row-wise normalized to constant sum. Afterwards,
data were transformed by log10 normalization. For marker
search, lipids found in bisex-infected samples were com-
pared to monosex-infected and control samples, respectively.
Therefore, measurements were grouped according to their
biological sample group (control, monosex, bisex). For nor-
malization, all signal intensities, expressed as peak areas,
were divided by the total ion count of one sample. Values
were standardized using z-scores. Afterwards, ANOVA tests
with a permutation-based false discovery rate (FDR) of up
to 5% were performed. Significant values were filtered and
Tukey’s post hoc test was performed. The results were hier-
archically clustered, leading to a list of significant “infection
markers”.

These lists (for positive- and negative-ion mode) were
used to generate MS images with Mirion [37]. Prior to image
generation, no normalization or any other data processing
was performed. Images were assessed manually for interest-
ing distributions and overlaid according to their patterns.
Identifications in the imaging data are only tentative. They
were identified according to their exact mass by compari-
son with the list of markers identified by LC-MS/MS. Due
to insufficient signal intensities, no MS/MS analyses were
performed during the MSI measurements.

Results and discussion

Granuloma around eggs in liver tissue of infected
animals exhibits an accumulation of lipids

It is well known that schistosome infection leads to granu-
loma formation around eggs deposited in tissues such as
the liver [7]. Granuloma mainly consist of macrophages and
other immune cells [9, 10], which are assumed among oth-
ers to play important roles in providing nutrients in form of
lipids for the eggs [11]. On the other hand, they shield other
hepatocytes from injury [38]. Granulomas are readily vis-
ible in the microscopic images of prepared liver sections as
shown in Fig. 1A. Staining with oil red revealed an accumu-
lation of neutral lipids in the granuloma as shown in Fig. 1B.

To distinguish between effects of the eggs and systemic
effects of worm infection, bisex-infected samples were com-
pared to monosex-infected samples, which are expected
to produce no eggs. In rare cases, however, non-fertilized
egg-like structures appear in hamsters infected with clonal
female cercariae (monosex-infected), which can be accom-
panied by other types of host reactions [39]. For our studies,
only monosex-infected samples without eggs were included.
Non-infected samples were defined as controls to differenti-
ate between healthy (no eggs) and infected (eggs) samples.
Microscopic images of the three different sample types
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Fig. 1 Microscopic images of
eggs with granuloma in livers
of bisex-infected hamsters.

(A) Light microscopic image

of unstained tissue. (B) Tissue
stained with oil red. Lipid accu-
mulation in granuloma is clearly
visible. Scale bars are 500 um

used in this study are shown in Figure S1 in the supplemen-
tary file. While a detailed histological investigation of the
involved cell types in the immune response of the hamster is
not the scope of this study, further information on the topic
will be found in the literature [von Biilow et al. 2022, in
preparation]. Granulomas were formed due to trapped eggs
in the bisex-infected (C) samples. The S. mansoni eggs are
clearly visible within the granulomatous area in the zoomed-
in image (D) of the bisex-infected samples. Tissue areas that
were subsequently subjected to MS imaging experiments
were selected based on microscopic images to ensure granu-
loma inclusion in case of bisex samples.

During further analysis, microscopic images were used to
allocate identified markers to infection-specific morphologi-
cal structures, such as eggs and granuloma. While overlaying
optical and MS images, marker localization was confirmed.
Due to the high thickness of tissue sections used for MALDI
(= 20 um), histological investigation is hindered. Moreover,
tissue sections can only be stained after the MSI experiment,
and cellular structures are affected and partly destroyed by
the laser irradiation.

An exemplary microscopic image of an H&E-stained sec-
tion after MSI analysis can be found in Figure S2.

LC-MS/MS analysis detected infection markers

In order to identify markers for S. mansoni infection and
to determine their distributions in the tissue, we combined
different mass spectrometric techniques. Experiments were
performed with three sample groups (non-infected, mono-
sex-infected, and bisex-infected), comprising three biologi-
cal replicates of each group. An overview of the workflow
is given in Fig. 2. The top right part shows a piece of ham-
ster liver that was used for analysis. Following the figure
counterclockwise, parts of liver samples were homogenized
followed by lipid extraction. Applying LC-MS/MS, 372
significantly occurring markers were found in the extracts
after lipid identification in positive- and negative-ion mode
with LipidMatch Flow and statistical analysis of the data
with Perseus. An exemplary LC-MS/MS spectrum can be
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found in Figure S3. All lipid identifications are based on
head group and fatty acid fragments with one exception that
was only confirmed by class. Using MetaboAnalyst, PCA
was performed. As the scores plot in Figure S5 shows, the
three sample groups were well separated based on LC-MS/
MS data, already suggesting that the lipid profiles vary sig-
nificantly. Additionally, the PCA shows all three technical
replicates of the pool samples arranged in very close vicin-
ity, indicating that the LC measurements were acquired with
stable performance.

In parallel, cryosections of the liver samples were pre-
pared and analyzed in positive- as well as in negative-ion
mode with MALDI MSI, as shown in Fig. 2. For some of
the infection markers, distribution patterns matching with
optical images were found by annotating MSI data using the
marker list from LC-MS/MS experiments in Mirion. The
three native color channels (red, green, and blue) were used
to overlay the three selected MS images (D), showing sig-
nificantly different spatial distributions for the three mark-
ers. Comparison with the microscopic image revealed their
connection to different compartments of the inflammation.
All identified markers and their predominant localization (if
applicable) are listed in an additional excel sheet (see sup-
plemental information, “infection marker list”).

The overlap between the detected m/z data sets of
LC-MS/MS and MALDI MSI was not perfect. Most of the
detected m/z values were found with only one method. This
effect is due to the different ionization mechanisms of ESI
and MALDI that favor ionization of different lipid classes as
well as the formation of different adduct species. While the
solvent in LC-MS/MS experiments contained ammonium
formate, and predominantly [M+NH4]+ ions were formed,
for example, for triglycerides, the same lipid species were
detected as alkali metal adducts with MALDI MSI. To
enhance the overlap of the two data sets, the m/z values of
the identified lipids in LC-MS/MS were re-calculated. In
case of triglycerides, m/z values for [M +H]*, [M +Na]*,
and [M +K]* ions were calculated and were used to create
images. An example can be found in Figure S6 and is dis-
cussed later in the MSI part. Another aspect that has to be
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Fig.2 Hamster liver samples
were either homogenized or
cryosectioned. After homog-
enization, lipids were extracted,
and samples were analyzed
using LC-MS/MS. With the
help of LipidMatch Flow and
Perseus, identified signals
were annotated and markers
were identified that occurred
with statistically determined

Lipid extraction

L e

Hamster liver sample

significance. After cryosec-
tioning, matrix was applied,
and samples were measured
using MALDI MSI. Using

the software Mirion and the
marker list from LC-MS/MS
experiments, MS images were
generated: (A) m/z 500.275684,
LPE(20:4), [M—H]™; (B)

m/z 866.592639, PS(42:4),
[M—H]™; (C) m/z 776.526946,
MMPE(16:0_22:6), [M—H]™;
(D) RGB overlay of MS images Perseus
A,B,C

LipidMatch Flow

Identification

kept in mind is the difference in sample preparation. While
samples for LC were homogenized and lipid extraction was
performed, whole tissue sections were used for MSI experi-
ments. Therefore, matrix effects might play an important
role regarding comparability of MSI data to LC-MS/MS
data. Matrix effects are present also for LC measurements
but should be smaller compared to MSI. Furthermore, some
markers detected in MSI measurements might be absent in
LC data due to low solubility.

More markers distinguish between bisex-infected and
control samples than between bisex- and monosex-infected
samples, as seen in Fig. 3. Markers found for monosex-
infected samples were mostly those also found for bisex-
infected samples (35 “enriched” markers in Fig. 3). The
effects of S. mansoni infection on the lipid composition of
the host liver tissue are manifold. Although infection with
monosex cercariae does not result in egg deposition and
granuloma formation, the unpaired parasites still provoke
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LC-MS/S spectra

Cryosec_tioning

Matrix application

the host organism and the cercarium develops into an adult
worm that resides in different organs of the host. In a previ-
ous study, up to 85% of the unpaired female worms and 65%
of male worms were found in mouse liver after 8 weeks.
The female worm induced an accumulation of inflamma-
tory cells in blood vessels and the surrounding liver tissue
[40-42]. These effects also play a role when paired worms
from a bisex-infection are present, but morbidity-inducing
liver damage is ultimately caused by the deposited eggs.
Altogether, the hepatic lipid composition of bisex-infection
shows more similarities to a monosex-infection than to the
control which might reflect the common changes due to
worm presence in both infection states.

Changes in lipid composition were mostly found in the
groups of PCs, PEs, and TG (Fig. 4). All subgroups of one
major phospholipid class were summed in the same group.
As an example, all PEs, lyso-PEs, oxidized PEs and oxidized
lyso-PEs were summed up and shown in the PE bar (for full
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A) Enriched in infected samples B)

bisex vs. bisex vs.
control 35 monosex
(150) (3)

Fig.3 Venn diagram showing the numbers of infection markers
found. Many more infection markers were found to be enriched when
comparing bisex-infected with control samples than with monosex-
infected samples (A). The same holds for depleted infection markers
(B). The terms “enriched” and “depleted” have to be used carefully
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Fig.4 Enrichment and depletion of lipids of several lipid classes in
bisex-infected hamster liver, relative to non-infected controls or mon-
osex-infected hamsters. Significantly more enriched/depleted markers
were observed relative to controls than to monosex-infected samples.

information on the lipid species detected, please refer to the
“Infection marker” table in the Supplementary information).
Interesting lateral distributions of such subgroups are dis-
cussed in more detail below in the MS imaging part. Both
enrichment and depletion were found due to egg deposi-
tion. The terms “enriched” and “depleted” have to be used
carefully here, since further biological analyses are needed
to verify that the eggs take up and metabolize the depleted
lipids. Until then, the terms are meant to describe changes in
signal intensity during LC-MS/MS measurements with no
information about depletion or enrichment location.

The majority of markers belong to the TGs, followed by
PEs and PCs. These lipid classes are known for their good
detectability in LC-MS measurements. We calculated the
average number of carbon atoms and double bonds in the
detected PC, PE, and TG markers for comparison between

Depleted in infected samples

bisex vs. bisex vs.
control 3 monosex
(177) (6)

since further biological analysis is needed to verify that the eggs actu-
ally take up and metabolize the lipids. Here, the terms are meant to
describe changes in signal intensities found in LC-MS/MS measure-
ments

Il _I - - II L
enriched in bisex depleted in bisex
rel. to monosex rel. to monosex

ETG WPl PG BPA mSM mother

Markers were found by comparing the groups of bisex-infected sam-
ples to monosex-infected or control samples. No individual compari-
son between the three samples of one sample group was performed.
Lipids with a FDR of up to 5% were assumed as infection markers

the sample groups. While no striking difference was found
for PC and PE markers, triglycerides revealed a varying
number of double bonds in the fatty acid chains. The 48
TG markers that were found enriched in bisex-infected
samples compared to control had an average number of
double bonds of n=28.4 while the 51 TG markers depleted
in bisex-infected samples compared to control samples
had an average double bond number of n=3.1. The carbon
number differed only in the range of the standard devia-
tion. By examining the “Infection marker” table in the Sup-
plementary information, one can find no arachidonic acid
(AA, 20:4) or docosahexaennoic acid (DHA, 22:6) in the
markers of the control samples, but one or both of these
fatty acids appear in 52% of TGs enriched in bisex-infected
samples. It was shown previously that AA treatment of
hamsters infected with S. mansoni reduced worm burden
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and the number of eggs [41], so the presence of AA in
bisex-infected samples might be a protective response of
the immune system. The treatment with DHA also resulted
in reduced worm burden and lower egg count, but the effect
was not as clear as for AA.

Enrichment was found in LC-MS/MS measurements
for all cholesterol ester markers (CE), while none of the
CE signals was found to be depleted relative to control
samples. Cardiolipin markers (CL), on the other hand,
were found depleted, while no detected CL was enriched
relative to control samples. No characteristic distribu-
tion patterns were found for these species (CE and CL)
in MALDI MSI measurements, which is either due to a
missing lateral specificity or an insufficient signal-to-
noise ratio in MALDI for these compounds at small spot
sizes (high lateral resolution).

Fig.5 Comparison between liver
sections of a bisex-infected hamster
(A, C) and a healthy control sam-
ple (B, D). For A, m/z 500.275684,
LPE(20:4), [M—H]"  (red)
was found to be a marker for
granuloma; m/z  776.526946,
MMPE(16:0_22:6), [M—H]~
(blue) a marker for surround-
ing tissue; and m/z 866.592639,
PS(42:4), [M—-H]™ (green) a
marker for schistosome eggs. For
the non-infected sample, B shows
the same ions in the same colors,
but no characteristic distribution
was found. This underlines that
statistical markers found by LC—
MS/MS also show recognizable
and allocatable distributions in the
imaging measurements. In image
C, m/z 746.511353, plasmenyl-
PE(P-16:0/22:6), [M—H]™ (red)
as a marker for granuloma and
m/z 752555581,  plasmanyl-
PE(O-18:0/20:4), [M—H]~ (green)
as a marker for granuloma borders
were selected for creating the RGB
image. Again, m/z 776.526946 was
taken as a marker for non-affected
tissue (blue). The same coding as
in C was chosen for image D of a
non-infected (control) sample, and
again, we found no characteristic
distribution. Scale bars are 1 mm.
Single-ion images are shown in
Figure S7 and Figure S8. E and
F are the corresponding optical
images of the samples
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Lipid distributions revealed by MALDI MSI

In Fig. 5A and C, lateral distributions of selected markers
defined in our LC-MS/MS experiments are shown. For all
images, MMPE(16:0_22:6) (monomethylphosphatidyl etha-
nolamine) was chosen to visualize the liver tissue in blue.
This signal was only observed in the non-affected tissue sur-
rounding the granuloma. The corresponding ion was found
as a marker that is enriched in bisex samples compared to
control samples. Inside the granuloma, lysolipid metabolites
of PE were found (red). Images B and D, obtained from
non-infected samples, do not show any localized enrichment
of these markers that can be attributed to tissue structures.
This suggests that the eggs might accumulate certain lipid
species, for example, the tentatively identified PS(42:4)
(Fig. 5). On the other hand, they appear to consume and




2.1

Changes in the lipid profile of hamster liver after Schistosoma mansoni infection,

characterized by mass spectrometry imaging and LC—-MS/MS analysis

59

Changes in the lipid profile of hamster liver after Schistosoma mansoni infection,... 3661

thus downgrade the contents of certain lipids in the close
vicinity of granulomas in bisex samples, as, for example,
for MMPE (see single-ion images and optical images in
Figure S7, S8, and S14). Taking a look at the single-ion
images, “holes” in the distribution of granuloma-specific
ions were observed. The microscopic images show that this
is not due to missing tissue but schistosome eggs are found
at these positions. This is a further hint that the eggs take up
these lipids and metabolize them. However, as no labelled
tracer studies were carried out, this is only a hint and not a
clear proof. A deeper look into lipid uptake of schistosome
eggs is described in a recent study of von Biilow et al. [in
preparation]. Of special interest are the two lipids shown
in the green color channel in Fig. 5SA and C, which were
found in distinct areas of the granuloma only. The compound
at m/z 752.555581 was identified by LC-MS/MS as a PE
lipid (plasmanyl-PE(O-18:0/20:4), [M —H]™); the other
compound at m/z 866.592639 was tentatively assigned as
PS(42:4), [M —H]". Other examples can be found in Fig-
ure S9. While some marker lipids were found within or in
direct contact to the eggs, others were located mostly in the
outer regions of the granuloma (shown in the green color
channel). Eggs have to take up nutrients from their host tis-
sue to survive [43] and our MS image data seem to substanti-
ate this assumption. The enrichment or depletion of specific
lipids might be related to the presence of cells forming the
granuloma and therefore displacing the hepatocytes. We
found no clear correlation between localization and an entire
lipid class but only with individual lipid species.

Additionally, the distribution pattern based on differ-
ent adducts for the same lipid was investigated. This can
be exemplarily seen in Figure S6. Here, the distribution
of PC(0-34:1) is shown as proton, sodium, and potas-
sium adducts. In general, this lipid was mainly found in the
granuloma around but not in the eggs. However, on closer
examination, signal intensities and localization outside the
granuloma region vary slightly. This can be due to different
distributions of the alkali metals in the tissue. In general,
signal intensities of some lipid classes (e.g., TGs) were not
that high. After dividing low abundance of one compound
to three different adduct signals, intensities might be too
low for detection. Therefore, not all adducts were found for
each lipid.

We have chosen the lipid class of PCs to take a deeper
look at the distributions of several lipid species. Inter-
estingly, different distribution patterns were found. For
example, PC(16:0_20:5), observed at m/z 802.535727
as [M +Na]*, was found to be evenly distributed in the
whole sample except in the granulomatous areas in liver
samples of bisex-infected hamsters, where it was depleted
(Figure S10). In contrast, PC(19:0_20:2), detected at
mlz 850.629627 as [M + Na]*, was found to be enriched
in granulomas (Figure S11). PC(16:0_18:0), detected

at m/z 800.556617 as [M +K]*, was found only in the
granulomas and just rarely in the surrounding tissue or in
not-infected samples (Figure S12). The according mass
spectrum and extracted ion chromatogram are shown in
Figure S4. PC(20:0_20:3), detected at m/z 862.630305
as [M + Na]*, showed some enrichment in and directly
around the eggs, but not in the rest of the sample (Fig-
ure S13). These observations provide first hints about pos-
sible metabolic changes in the tissue due to infection.

Another example is shown in Fig. 6. Here, the lateral
distribution of TG(50:2), detected as [M + K] ion at
m/z 869.69869, is shown. This lipid was detected at m/z
848.771097 as [M +NH,]* in LC-MS/MS experiments
and also found in eggs before by Giera et al. [21]. Our
statistical LC-MS/MS analysis revealed that this TG was
depleted in tissue of bisex-infected hamsters. MSI data
revealed distribution changes due to infection. While the
lipid was found to be evenly distributed in the three control
samples, it was only found in the granuloma of the bisex-
infection group. All images shown in Fig. 6 were adjusted
to the same signal intensity. Therefore, pixel brightness
in all sub-images corresponds to the same signal intensity
scale. Bisex samples on the left-hand side show negligible
signal intensities of TG(50:2) except from the granuloma-
tous areas, where signal intensities peaked to NL = 8*10°,
In the control samples, the lipid was found ubiquitously
and signal intensities were in the range of NL=1*10> to
NL =2.2%10%. In control sample 1, signal intensities were
lower compared to the other control samples, but the sig-
nal was still evenly distributed throughout the whole tissue
section.

This tendency was also observed for eight other triglyc-
erides. Due to low signal intensities, however, the effect was
not as obvious in some cases. For the triglycerides with the
lowest signal intensities, accumulation of the respective lipid
was observed in the granuloma of the bisex-infection group,
whereas detection in control samples was limited to only a
few pixels per sample. Interestingly, we have not observed
the opposite trend of a depletion in granuloma for any tri-
glyceride in our MSI data. These data provide new insights
into the localization and accumulation of triglycerides in
livers of Schistosoma-infected hamsters at the level of indi-
vidual lipid species.

We also compared infection markers found in our
study with those found in schistosome eggs by Giera et al.
[21]. Tentative markers that we specifically found in eggs
(DMPE(18:0_22:5) and PS(42:4)) were not detected by
Giera et al. or Kadesch et al., neither in eggs nor in schisto-
some worms. Infection markers of the lipid classes CE, LPC,
PC, and TG were in good accordance with previous data
[20, 21], suggesting that the eggs might take up the respec-
tive lipids, perhaps as nutrients. Other markers, such as PEs,
CLs, dimethylphosphatidylethanolamines (DMPEs), and
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Fig.6 Upper part: Distribution comparison of m/z 869.698690 accumulation in the eggs and the surrounding granuloma area of the
TG(16:0_16:1_18:1) [M+K]*. Liver samples of bisex-infected ham- bisex sample group is clearly visible. Overall, this triglyceride was
sters are shown on the left side; control samples are grouped on the found enriched in control samples by LC-MS/MS. Lower part: Cor-
right side. While the lipid is evenly distributed in the control samples, responding optical images of the samples. Scale bars are | mm
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diglycerides (DGs), seemed to be characteristic for the host
tissue since they were not detected in eggs by Giera et al.

Additional investigations are needed to get a better
understanding of the underlying mechanisms of lipid
localization, presumptive uptake mechanisms, and accu-
mulation. These might be related to lipid consumption by
the eggs or to reactions of the host’s immune system. Other
studies have shown that granuloma protects the host from
enzymes secreted by the eggs [7, 44], and the identified
lipids in the outer regions of the granuloma might be part
of this defense mechanism. Stanley et al. reported about
lipid-enriched cells in the outer part of the granuloma and
suggested that immune cells, such as macrophages, might
play an important role in the changes of the lipid profile
of the host’s liver [15]. According to our findings, only
plasmanyl- and plasmenyl-PEs (plasmalogens) seemed
to accumulate at the borders of granuloma (see Fig. 5).
Plasmalogens were mainly found in the outer tegumen-
tal membranes of adult worms [45]. This membrane is
the contact region between host and parasite and plays an
important role in defending the parasite against the host’s
immune system [46, 47].

The results of our study provide first insights into the
alteration of lipid profiles in hamster livers after infection
with S. mansoni and egg deposition. Especially the detailed
information on lipid species level that was achieved by
LC-MS/MS analysis in connection with lateral information
gained through MALDI MSI will open novel perspectives to
unravel the roles of individual lipid species and lipid classes
in the context of the egg-induced pathological changes in the
host liver tissue.

Conclusion

With the help of mass spectrometric techniques, we char-
acterized morphological changes, such as granuloma for-
mation in the liver tissue of S. mansoni-infected hamsters
at a molecular level. Alterations in the lipid profile were
examined by LC-MS/MS of homogenized samples, and for
the first time, we identified markers specific for infection.
These markers were additionally analyzed by MALDI MSI,
exhibiting their distribution in tissue sections. The estab-
lished protocol allowed not only to visualize and analyze
entire granulomas based on selected markers but also to
indicate substructures inside the granulomas. Furthermore,
we provided evidence for a specific distribution of individual
lipid species and their enrichment or absence in tissue sec-
tions containing parasite eggs. It is tempting to speculate
about a parasitic role also for the egg stage of S. mansoni,
which might acquire lipid resources from its host tissue envi-
ronment. Further studies will address presumptive uptake

mechanisms and the role of these lipids in the host-parasite
interaction of S. mansoni.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-022-04006-6.
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Chemicals
Table S1: Used chemicals and their specifications.

Chemical name Quality grade manufacturer
A i |
1,5-diaminonapthalene (DAN) 97% cros Orgaplcs, Geel,
Belgium

2,5-dihydroxy benzoic acid (DHB)

for synthesis

Merck, Darmstadt, Germany
Chemsolute, Renningen,

2| | for HPLC
propano or -
. VWR International,
acetone HiPerSolv .
Fontenay-sous-Bois, France
ammonium formate 99.995% SRl Sl
Germany
acetonitrile HiPerSolv VWR Internatllonal,
Fontenay-sous-Bois, France
Eosin Y solution Sigma-Aldrich, Steinheim,
Germany
ethanol Uvasol Merck, Darmstadt, Germany
Si -Aldrich, Steinhei
Eukitt quick hardening medium EErARITIER, S,
Germany
L Honeywell, Morris Plains, NJ,
formic acid for mass spectrometry USA
i -Aldrich inhei
Mayer’s hematoxylin solution ST, S,
Germany
methanol LiChroSolv Merck, Darmstadt, Germany
Sigma-Aldrich, Steinheim,
Methyl-tert-butylether (MTBE) for HPLC
Germany
Oil Red Sigma-Aldrich, Steinheim,
Germany
paraformaldehyde Roth, Karlsruhe, Germany
phosphate buffered saline (PBS) Gibco, Carlsbad, CA, USA
trifluoro acetic acid Uvasol Merck, Darmstadt, Germany
water HiPerSolv VWR Internatlional,
Fontenay-sous-Bois, France
xylene for analysis Merck, Darmstadt, Germany
MALDI MSI measurements
Table S2: Settings used for data acquisition with MALDI MSI.
Parameter Setting
m/z 250-1000
lon mode Positive and negative
Resolution 240,000 at m/z 200
lon injection time 500 ms
Scan rate 1/s
Spray voltage 3 kv
Capillary temperature 250°C
m/z716.12461 [5 DHB - 4 H20 + NHa]*,
Lock mass
none for DAN
Pixel size 10 pm
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Mode
20% filter
Attenuator

LC-MS/MS measurements
Table S3: LC gradient.

2D pixel mode
On
15-20°

Time / min Mobile phase A / % Mobile phase B / %
0 70 30
2 57 43
2.1 45 55
12 35 65
18 15 85
20 0 100
25 0 100
25.1 70 30
28 70 30

Table S4: Source parameters for LC-MS measurements.

Parameter

Positive-ion mode

Negative-ion mode

Sheath gas / a.u.
Auxiliary gas / a.u.
Sweep gas / a.u.
Spray voltage / kV
Capillary temperature / °C
S-lens RF
Auxiliary heater
temperature / °C

40
15
2
3.5
300
50

300

Table S5: MS parameters for LC-MS measurements, in () for MS/MS.

Parameters

Positive-ion mode

45
12
1
3.5
320
55

320

Negative-ion mode

Run time / min
Internal lock mass
Charge state
Exclusion list [47]
Resolution
AGC target
Maximum injection time /
ms
Scan range
Top N
Isolation window / m/z
Stepped NCE
Underfilll ration / %
Intensity threshold
Exclude isotopes
Dynamic exclusion /s

28
391.28421
1
On
70k (35k)
10° (10°)

250 (75)

200-1800

15
1

25, 30
0.6

8-10%
On
8

28

1
70k (35k)
10° (10°)

250 (75)

200-1800
15
1
20, 30, 40
0.6
8-10°
On
8
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Figuré S1: Light microscopic images of hamster liver A;ryoséctions of 20 um thickness. (A) Non—infeed, (B) onosex—infected,
(C) bisex-infected, (D) zoomed area of (C), showing a nested egg and inflammation area around egg; scale bars are 1 mm.
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Figure S2: H&E stained sections of bisex-infected sample 2. Staining was performed after MSI measurements, therefore laser

ablation spots are clearly visible. However, granuloma can still be identified around the eggs.
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Figure S3: Exemplary LC-MS/MS spectra. In the upper part, the chromatogram of the LC separation is shown. In the middle,
a zoom of the full MS spectra can be found. The peak of interest is marked with a blue circle. The lower part shows the
MS/MS spectra of the peak of interest. Fragment ions and losses are stated in blue.
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Figure S4: Exemplary MALDI spectrum. In the upper part, the extracted ion chromatogram of m/z 800.5557 is shown. The
lower part shows the summed spectrum. The ion of interest is marked with a blue circle. According to the LC-MS/MS data,

this peak belongs to PC(16:0_18:0) [M+K]*.
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Figure S5: PCA scores plot from MetaboAnalyst[36], showing that the three sample groups are clearly distinguishable. The
pool samples group nicely on nearly the same point, what is reasonable since they are only technical replicates.
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Figure S6: Comparison of different adducts for one lipid. Nearly the same distribution patterns were found. However, for
most of the lipids, not all adducts were observed.
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Figure S7: Single-ion images that were used for overlays of a bisex-infected sample as shown in Figure 5. A:
m/z 776.526946, MMPE(16:0_22:6), [M~H]~, B: m/z 500.275684, LPE(20:4), [M~H]~, C: m/z 866.592639, PS(42:4), [M-H]",
D: m/z 746.511353, plasmenyl-PE(P-16:0/22:6), [M—-H] ", E: m/z 752.555581, plasmanyl-PE(0-18:0/20:4), [M—H] .
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Figure S8: Single-ion images that were used for overlays of a control sample as shown in Figure 5. A: m/z 776.526946,
MMPE(16:0_22:6), [M~H]~, B: m/z 500.275684, LPE(20:4), [M—-H]~, C: m/z 866.592639, PS(42:4), [M-H], D:
m/z 746.511353, plasmenyl-PE(P-16:0/22:6), [M—H]~, E: m/z 752.555581, plasmanyl-PE(O-18:0/20:4), [M—H]".
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bisex-infected 2.—

Figure S9: Upper part: Overlay MS images based on markers found by LC-MS/MS analysis. For A, m/z 836.545472,
tentatively assigned to PS(40:5), [M—H]~ was found to be a marker for granuloma, m/z 788.529391, DMPE(18:3_20:4),
[M~H]~a marker for surrounding tissue and a marker for the outer
part of the granuloma. For B, m/z 746.604414, plasmanyl-PC(0-16:1_18:0), [M+H]* was found to be a marker for
granuloma, m/z 780.550319, PE(17:0_22:5), [M+H]* a marker for surrounding tissue and

as a marker for an enrichment inside the granuloma. For C, m/z 728.561836, plasmeny|-PE(P-18:0_18:1) or
plasmanyl-PE(O-18:0_18:2), [M—H]~ as a marker for granuloma and as a marker
for an enrichment inside the granuloma. m/z 774.541653, plasmenyl-PE(P-18:0_22:6), [M-H]~ was taken as a marker for
surrounding tissue. Lower part: Corresponding microscopically images. Scale bars are 1 mm.
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Figure S10: Lateral distribution of PC(16:0_20:5) at m/z 802.535727 as [M+Na]*. While the lipid is depleted in the area of
granulomas of liver samples of bisex-infected hamsters (left), it is evenly distributed in the control samples (right). Scale bars
are I mm.
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=

bisex—ifected 2 control 2

bisex-infected 3 : control 3

Figure S11: Lateral distribution of PC(19:0_20:2) at m/z 850.629627 as [M+Na]*. While the lipid is evenly distributed in the
control samples (right), enrichment in the granulomas is recognizable in liver samples of bisex-infected hamsters (left).
However, the lipid is still detectable in the non-affected parts of the tissue. Scale bars are 1 mm.
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Figure S12: Lateral distribution of PC(16:0_18:0) at m/z 800.556617 as [M+K]*. While the lipid was not found in the control
samples (right), strong enrichment in the granulomas is recognizable in liver samples of bisex-infected hamsters (left). The
lipid species was found accumulated especially in direct contact around the eggs. Scale bars are 1 mm.
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Figure S13: Lateral distribution of PC(20:0_20:3) at m/z 862.630305 as [M+Na]*. The lipid was neither found in the control
samples, nor in the non-affected tissue of liver samples of bisex-infected hamsters but was only found in and directly around
the eggs. Scale bars are 1 mm.
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Figure S14: Microscopical images of all samples used for MALDI MSI experiments. Pictures were taken before matrix
application and measurement. Scale bars are 1 mm.
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min detected class mass distribution bisex-infected area control | monosex-infected | control [ control
34[3] 28 9.98 762.529879 BMP [M+NH4]+ BMP(16:1_18:2) Supercontrol_Bisex | C40H73PO10 | 744.494137 762.527962 251 2574071.32 2766879.81 2898994.35 0.93 1.05
36[5] 2 9.09 786.530124 BMP [M+NH4]+ BMP(18:2_18:3) Supercontrol_Bisex | C42H73PO10 | 768.494137 786.527962 2.75 8717193.41 11836605.42 9792217.65 0.74 0.83
38[ 4] 30 1032 816.572494 BMP [M+NH4]+ BMP(18:1_20:3) Supercontrol_Bisex | C44H79PO10 | 798.541087 816.574913 -2.96 5882394.11 15569013.50 12805423.66 0.38 0.82
38| 4] 30 8.72 816.574966 BMP [M+NH4]+ BMP(18:0_20:4) Supercontrol_Bisex | C44H79P010 798.541087 816.574913 0.06 16023863.65 25521854.11 19615933.40 0.63 0.77
42[10] 22 9.60 860.545214 BMP [M+NH4]+ BMP(20:4_22:6) Bisex_Supercontrol | C48H75P010 | 842.509787 860.543613 1.86 23185287.77 1917276.94 8492770.50 12.09 443
22[8] 2 11.58 864.577382 BMP [M+NH4]+ BMP(20:4_22:4) Bisex_Supercontrol | C48H79PO10 | 846.541087 864.574913 2.86 18831493.98 3194461.36 2357874.55 5.90 0.74
44110| 24 11.41 888.575784 BMP [M+NH4]+ BMP(22:5_22:5) Bisex_Supercontrol | C50H79P010 870.541087 888.574913 0.98 20390169.89 1308348.30 29641271.53 15.58 22.66
16/ 0] 16 22.68 642.619574 CE [M+NH4]+ CE(16:0) Bisex_Supercontrol |  C43H7602 624.584532 642.618357 1.89 51811918.32 27283286.87 45734388.51 1.90 1.68
18] 0] 18 22.94 670.650349 CE [M+NH4]+ CE(18:0) Bisex_Supercontrol | C45H8002 652.615832 670.649657 1.03 44941609.91 6241467.46 26827811.16 7.20 4.30
20| 4] 12 22.30 690.619448 CE [M+NH4]+ CE(20:4) Bisex_Supercontrol C47H7602 672.584532 690.618357 1.58 532583926.19 103265957.33 266902844.14 5.16 2.58
20[3] 14 22.47 692.634736 CE [M+NH4]+ CE(20:3) Bisex_Supercontrol |  C47H7802 674.600182 692.634007 1.05 56 | 43685145.77 107721260.99 6.55 2.47
20[ 2] 16 22.69 694.650683 CE [M+NH4]+ CE(20:2) Bisex_Supercontrol | C47H8002 676.615832 694.649657 1.48 294732726.39 | 32414380.85 87216372.36 9.09 2.69
20[1] 18 22.62 696.665862 CE [M+NH4]+ CE(20:1) Supercontrol_Bisex | C47H8202 678.631482 696.665307 0.80 35034189.77 51479208.71 63675167.35 0.68 1.24
21[ 0] 21 22.94 712.697213 CE [M+NH4]+ CE(21:0) Bisex_Supercontrol |  C48H8602 694.662782 712.696608 0.85 76074434.21 16764288.63 49074748.44 4.54 2.93
2[s5[12 2238 716.634647 CE [M+NH4]+ CE(22:5) Bisex_Supercontrol | C49H7802 698.600182 716.634007 0.89 563751132.70 | 27911361.93 | 232128939.90 | 20.20 832
22| 4|14 22552 718.650682 CE [M+NH4]+ CE(22:4) Bisex_Singlesex C49H8002 700.615832 718.649657 1.43 Supi':::&rol 1020014397.86 | 24951967.34 | 119447953.46 | 40.88 4.79
22[2] 18 22.92 722.682109 CE [M+NH4]+ CE(22:2) Bisex_Supercontrol | C49H8402 704.647132 722.680957 1.59 76341684.44 2136114.13 11280404.77 35.74 5.28
2] 1| 22 2339 752.728792 CE [M+NH4]+ CE(24:1) Bisex_Singlesex C51H9002 734.694082 752.727908 118 Supz':::;tml 27802598.77 0.00 2419325.05 #DIV/O!|  #DIV/O!
34| 0| 34 15.59 584.524400 | Cer-NDS | [M+HCO2]- Cer-NDS(d18:0/16:0) Bisex_Singlesex C34HB9NO3 | 539.527745 584.525948 -2.65 Supz':::;tml 67618549.24 17465663.06 25741863.49 3.87 1.47
42[ 1] 40 19.54 694.634251 | Cer-NDS | [M+HCO2]- Cer-NDS(d18:0/24:1) Bisex_Singlesex C42H83NO3 | 649.637296 694.635498 -1.80 10588183315 | 49367809.61 28993807.30 214 0.59
2] 0] 42 20.19 696.649656 | Cer-NDS | [M+HCO2]- Cer-NDS(d18:0/24:0) Bisex_Supercontrol | C42H85NO3 | 651.652946 696.651148 -2.14 16795966.46 8090750.48 9550306.85 2.08 118
36[ 3] 30 19.11 562.520705 | Cer-NS [M+H]+ Cer-NS(d18:1/18:2) Supercontrol_Bisex | C36H67NO3 | 561.512095 562.519371 237 38265797.81 41602757.98 44365497.49 0.92 1.07
33[1[31 13.46 568.493091 | Cer-NS | [M+HCO2]- Cer-NS(d17:1/16:0) Supercontrol_Bisex | C33H6SNO3 | 523.496445 568.494648 -2.74 1325093.11 3069510.63 2752295.62 0.43 0.90
37[3] 31 18.76 576.536242 | Cer-NS [M+H]+ Cer-NS(d17:1/20:2) Supercontrol_Bisex | C37H6INO3 | 575.527745 576.535022 2.12 696180686.97 | 1464126849.67| 1594678230.64 | 0.48 1.09
38[ 4] 30 19.08 588.536391 | Cer-NS M+H]+ Cer-NS(d18:2/20:2) Bisex_Supercontrol | C38H69NO3 | 587.527745 588.535022 233 13212696215 | 48095231.59 111796254.98 2.75 2.32
39[3]33 19.70 604.568052 |  Cer-NS [M+H]+ Cer-NS(d17:1/22:2) Supercontrol_Bisex | C39H73NO3 | 603.559045 604.566322 2.86 5574516.99 33738000.03 29282887.30 0.17 0.87
38[ 1] 36 18.02 638.571578 | Cer-NS | [M+HCO2]- Cer-NS(d18:1/20:0) Bisex_Supercontrol | C38H75NO3 | 593.574695 638.572898 -2.07 92411487.03 21803086.90 60523034.05 4.24 278
3] 4] 35 20.48 658.613650 | Cer-NS M+H]+ Cer-NS(d19:2/24:2) Supercontrol_Bisex | C43H79NO3 | 657.605995 658.613272 0.57 3025218.04 11363034.30 8275637.88 0.27 0.73
41[3] 35 18.08 676.587175 | Cer-NS | [M+HCO2]- Cer-NS(d18:3/23:0) Supercontrol_Bisex | C41H77NO4 | 631.590345 676.588548 -2.03 1826880.26 728715115 4478170.85 0.25 0.61
41] 1] 39 19.51 680.619864 | Cer-NS | [M+HCO2]- Cer-NS(d18:1/23:0) Supercontrol_Bisex | C41H8INO5 | 635.621645 680.619848 0.02 373162899.88 | 774698497.46 |  728244778.64 0.48 0.94
3[3]37 18.77 704.618752 | Cer-NS | [M+HCO2]- Cer-NS(d18:2/25:1) Supercontrol_Bisex | C43H8INOS | 659.621645 704.619848 -1.56 5493009.20 7946900.76 7482419.56 0.69 0.94
31|41 20.28 708.651754 | Cer-NS | [M+HCO2]- Cer-NS(d18:1/25:0) Supercontrol_Bisex | C43H85NOS | 663.652946 708.651148 0.85 5241390111 93109296.04 66811356.01 0.56 0.72
72[ 8] 56 21.85 723.478017 cL [M-2H]2- CL(18:1_18:2_18:2_18:3) Supercontrol_Bisex | C81H142017P2 | 1448.972226 | 723.478837 -1.13 9618358.87 18594325.89 14004071.66 0.52 0.75
78] 7] 64 13.93 766.532332 cL [M-2H)2- CL(18:1_20: Supercontrol_Bisex | C87H156017P2 | 1535.081780 | 766.533614 -1.67 19101691071 | 347764118.06 | 27976969725 055 0.80
82| 13] 56 12.02 788.519304. cL [M-2H]2- CL(20:2_20: Supercontrol_Bisex | C91H152017P2| 1579.050480 |  788.517964 1.70 2742970.49 21201707.89 7857498.39 0.13 037
82[ 9] 64 1518 792.551682 cL [M-2H)2- CL(20:1_20:1_20:1_22:6) Supercontrol_Bisex | C91H160017P2 | 1587.113080 |  792.549264 3.05 1809207.47 295416174.42 | 112313263.83 0.01 0.38
82[ 8] 66 1574 793.556196 cL [M-2H)2- CL(20:1_20:1_20:1_22:5) Supercontrol_Bisex | C91H162017P2 | 1589.128731 | 793.557089 -1.13 15983214314 | 578124069.19 | 34345263116 0.28 0.59
0 19.99 744.592519 CoQ [M+NH4]+ Co(Q8) Supercontrol_Bisex | C49H7404 726.558711 744.592536 -0.02 3940681.29 12843740.96 15160905.13 031 118
26[ 2] 22 9.50 498.416380 DG [M+NH4]+ DG(8:0_18:2) Singlesex_Bisex C29H5205 | 480.381475 498.415300 217 310774.13 2888503.26 5317662.94 0.11 1.84
33[1]31 17.82 598.541738 DG [M+NH4]+ DG(15:0_18:1) Singlesex_Bisex C36H6805 580.506675 598.540501 2.07 10704759.63 34235013.83 42920567.05 031 1.25
38[6] 26 17.03 658.541512 DG [M+NH4]+ DG(16:0_22:6) Bisex_Supercontrol | C41H6805 640.506675 658.540501 154 1522959151.88 | 293328011.61 |  780112981.01 5.19 2.66
38[ 5] 28 17.67 660.557328 DG [M+NH4]+ DG(16:0_22:5) Bisex_Supercontrol | C41H7005 642.522325 660.556151 178 649984057.37 | 216394561.12 |  320732811.95 3.00 1.48
38[ 4] 30 18.02 662.572714 DG [M+NH4]+ DG(18:1_20:3) Supercontrol_Bisex | C41H7205 644.537975 662.571801 138 80268449.19 | 139157410.44 |  174794407.65 0.58 1.26
40 5] 30 18.94 688.588925 DG [M+NH4]+ DG(18:0_22: Bisex_Supercontrol | C43H7405 670.553625 688.587451 2.14 197362761.86 | 78618256.10 | 105258113.55 2.51 134
20[ 4] 32 18.02 690.604526 DG [M+NH4]+ DG(18:1_22:3) Supercontrol_Bisex | C43H7605 672.569276 690.603101 2.06 10713168.84 38528966.74 26650990.97 0.28 0.69
40| 4|32 19.24 690.604590 DG [M+NH4]+ DG(18:0_22:4) Bisex_Singlesex C43H7605 672.569276 690.603101 216 Su:el:::;trol 106370356.16 | 42795002.77 58140230.34 2.49 136
40| 3| 34 19.64 692.620106 DG [M+NH4]+ DG(18:2_22:1) Supercontrol_Bisex C43H7805 674.584926 692.618751 1.96 11244653.14 13393309.41 10935316.20 0.84 0.82
40 2] 36 19.44 694.634942 DG [M+NH4]+ DG(18:1_22: Supercontrol_Bisex |  C43H8005 676.600576 694.634401 0.78 5294944.71 32913251.30 18900253.88 0.16 0.57
32| 1] 30 11.82 716.521576 | DMPE [M-H]- DMPE(16:0_16:1) Supercontrol_Bisex | C39H76NO8P | 717.530857 716.523580 -2.80 31173969.69 | 204125033.87 |  111839046.59 0.15 0.55
32/ 0] 32 13.63 718.536806 DMPE [M-H]- DMPE(16:0_16:0) Bisex_Supercontrol | C39H78NO8P 719.546507 718.539230 -3.37 495148896.00 146166094.23 365092249.63 3.39 2.50
33 2|29 11.23 728.522203 |  DMPE [M-H]- DMPE(15:0_18:2) Supercontrol_Bisex | C40H76NOSP | 729.530857 728.523580 -1.89 not affected tissue 1465723.93 38729618.31 30860742.76 0.04 0.80
3313 12.80 730.537066 DMPE [M-H]- DMPE(15:0_18:1) Supercontrol_Bisex | C40H78NO8P 731.546507 730.539230 -2.96 1376622.93 20561155.33 12405851.68 0.07 0.60
33 0] 33 14.73 732.554323 | DMPE [M-H)- DMPE(16:0_17:0) Bisex_Supercontrol | C40H8ONOSP | 733.562157 732.554880 0.76 9249157.44 1890487.76 5504775.63 4.89 2.91
34[3] 28 11.27 740.521752 | DMPE [M-H]- DMPE(16:0_18:3) Bisex_Supercontrol | C41H76NO8P | 741.530857 740.523580 -2.47 108398138.63 | 30139350.88 72588302.70 3.60 241
34[ 0] 34 15.88 746.568449 | DMPE [M-H]- DMPE(16:0_18:0) Bisex_Supercontrol | C41H82NO8P | 747.577807 746.570531 -2.79 81413322.22 12821093.61 37170886.18 6.35 2.90
35[3] 29 11.67 754.537649 | DMPE [M-H]- DMPE(17:1_18:2) Supercontrol_Bisex | C42H78NO8P | 755.546507 754.539230 -2.10 4184421.03 11417308.84 9992388.92 037 0.88
35[2]31 1321 756.552830 | DMPE [M-H]- DMPE(17:0_18:2) Supercontrol_Bisex | C42H80NO8P | 757.562157 756.554880 271 25873853.15 | 143115325.25 | 9448283397 0.18 0.66

* only identified by head group fragments
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36] 2] 32 14.62 770568586 | DMPE M-H- DMPE(18:0_18:2) Supercontrol_Bisex | CA3H82NOSP | 771577807 | 770.570531 | -2.52 848927977.64 | 1944390796.70| 1495533344.57 | 044 | 077
37] 4] 29 1339 780552889 | DMPE M-H- DMPE(17:0_20: Bisex_Supercontrol | CA4HSONOSP | 781562157 | 780.554880 | -2.55 29073467.92 3713949.07 19660524.57 7.83 5.29
37 2] 33 1542 784584098 | DMPE [M-H]- DMPE(18:2_19:0) Supercontrol_Bisex | CA4HS4NOSP | 785593457 | 784.586181 | -2.65 2453450836 | 124792167.36 | _ 84745303.87 020 | o068
370135 16.62 786600308 | DMPE (M-H]- DMPE(18:1_19:0) Supercontrol_Bisex | C44H86NOSP | 787.609107 | 786.601831 | -194 18921091.10 | 50631187.40 | 3508649841 037 | 069
38| 7| 24 9.69 788.524908 |  DMPE [M-H- DMPE(18:3_20:4) Supercontrol_Bisex | CASH76NOSP | 789.530857 | 788.523580 | 168 not affected tissue|  3057281.28 9576839.41 9826942.21 032 1.03
38] 6] 26 11.70 790537195 | DMPE M-HI- DMPE(16:0_22:6) Bisex_Supercontrol | CASH78NOSP | 791546507 | 790.539230 | -2.58 926420257.01 | 36767353021 | 83845625421 | 2.52 228
38] 2] 34 16.39 798.600426 | DMPE [M-H]- DMPE(18:0_20:2) Supercontrol_Bisex | CASHS6NOSP | 799.609107 | 798.601831 | -1.76 3206799871 | 91154622.71 |  87133252.04 035 | 09
39] 4] 31 1522 808.585228 | DMPE M-H- DMPE(19:0_20:4) Supercontrol_Bisex | CAGHB4NOBP | 809.593457 | 808.586181 | -118 2792852.52 18427856.06 | 18516900.95 0.15 1.00
393 33 15.95 810599885 | DMPE [M-H- DMPE(19:0_20:3) Supercontrol Bisex | CA6HS6NOSP | 811609107 | 810601831 | -2.40 5595732.92 7528010.39 9088252.40 074 | 121
39235 16.90 812.615760 | DMPE [M-H]- Supercontrol_Bisex | CAGHSSNOSP | 813.624757 | 812617481 | -212 377173.75 397117114 2490326.64 009 | 063
0] 5] 30 15.49 820.587334 | DMPE M-H- Bisex_Supercontrol | CA7H8ANOSP | 821593457 | 820.586181 | 141 eges 55687565.58 910502032 | 33984365.03 6.12 373
0] 4] 32 17.47 822599310 | DMPE [M-H- Bisex_Supercontrol | CA7HS6NOSP | 823.609107 | 822.601831 | -3.06 45143797.11 | 1596970471 | _ 14761474.36 283 | 092
i t of
6|0 16 5.09 438.298865 | ether-LPE | [M+H]+ Plasmenyl-LPE(P-16:0) Bisex_Supercontrol | C21H44NOGP | 437.290625 | 438297901 | 2.20 inner ”Iar ° 91069682.62 2046013.41 29090777.52 | 4451 | 1422
granuloma
18[0] 18 6.20 468.346862 | _ether-LPE | _[M+H]+ Plasmanyl-LPE(0-18:0) Bisex_Supercontrol | C23HSONOGP | 467.337575 | 468.344851 | 4.29 10903963.38 366538.48 7053257.03 2975 | 19.24
32] 1] 30 1347 762564358 | _ether-PC_| [M+HCO2]- | _ Plasmanyl-PC(0-16:1/16:0) | Bisex_Supercontrol | CAOHSONO7P | 717.567241 | 762.565443 | -142 32338317.98 2022184.42 1806589517 | 1599 | 893
32 0] 32 1510 764579767 | _ether-PC_| [M+HCO2]- | _ Plasmanyl-PC(0-16:0/16:0) | Bisex_Supercontrol | CAOHS2NO7P | 719.582891 | 764.581093 | -173 332340768.27 | 34253938.00 | 25305196198 | 9.70 7.39
34| 2] 30 13.82 788.580048 | _ether-PC_| [M+HCO2]- | _ Plasmanyl-PC(0-16:0/18:2) | Bisex_Supercontrol | C42H82NO7P | 743.582891 | 788.581093 | -133 15782028610 | 9806168.58 |  86906857.01 | 1609 | 886
34| 1] 32 15.43 790504959 | ether-PC | [M+HCO2]- |  Plasmanyl-PC(0-18:1/16:0) Bisex Singlesex | CA2HBANO7P | 745598541 | 790596744 | -2.26 | B'Se"f( ' 742015424.99 | 26518777.18 | 20501532447 | 27.98 | 7.76
upercontrof
34 0] 34 16.95 792612551 | ether-PC_| [M+HCO2]-| _ Plasmanyl-PC(0-18:0/16:0) | Bisex_Supercontrol | CA2H86NO7P | 747.614191 | 792.612394 | 0.20 10616085472 | 612572447 |  60950559.68 | 1733 | 9.5
38] 4] 30 1622 794606773 | _ether-PC_| [M+H]+ Plasmenyl-PC(P-18:0/20:4) | Bisex_Supercontrol | CA6H84NO7P | 793508541 | 794605817 | 1.20 321649947.27 | 4775241847 | 15783056271 | 6.74 331
s Bi
36| 5| 26 13.27 810.563448 | ether-PC | [M+HCO2]-|  Plasmanyl-PC(O-16:1/20:4) Bisex Singlesex | CA4HBONO7P | 765.567241 | 810565443 | -246 | "e"ft ' 62056767.91 8547298.92 26050754.02 7.26 3.05
upercontrof
36] 3] 30 13.99 814.594325 | _ether-PC_| [M+HCO2]- | _ Plasmanyl-PC(O-18:1/18:2) | Bisex_Supercontrol | C44H8ANO7P | 760508541 | 814506744 | -2.97 126248777.93 | 1276364839 | 65484046.04 9.89 5.13
36| 2| 32 15.90 816611277 | ether-PC | [M+HCO2]- |  Plasmanyl-PC(0-18:1/18:1) Bisex Singlesex | C44HSGNO7P | 771614191 | 816612394 | -137 | B'”"ft ' 15423539126 | 1758434829 | 6196571196 877 | 352
upercontrol
36] 2] 32 16.07 816612056 | ether-PC_| [V+HCO2]- | _Plasmanyl-PC(0-18:0/18:2) | Bisex_Supercontrol | CA4H86NO7P | 771614191 | 816.612394 | -0.41 97214593.59 826444019 | 3915881180 | 11.76 | 4.74
36] 1] 34 17.19 818.626320 | ether-PC_| [M+HCO2]-| _Plasmanyl-PC(O-18:1/18:0) | Bisex_Supercontrol | C44H8SNO7P | 773629841 | 818628044 | -2.11 68597087.07 598452131 2829590427 | 1146 | 4.73
36] 1] 34 17.89 818.628314 | ether-PC_| [M+HCO2]- | _ Plasmanyl-PC(O-18:0/18:1) | Bisex_Supercontrol | C44HS8SNO7P | 773.620841 | 818.628044 | 033 32016872.12 161734191 1323757050 | 2035 | 8.8
20[3] 3 17.23 824.654000 | _ether-PC_| _[M+H]+ Plasmenyl-PC(P-24:2/16:1) | Bisex_Supercontrol | CASHSONO7P | 823.645491 | 824652767 | 149 869091050.60 | 96579246.24 | 39423581633 | 9.00 | 4.08
38] 6] 26 1314 836.578801 | ether-PC_| [M+HCO2]- | _ Plasmanyl-PC(O-16:0/22:6) | Bisex_Supercontrol | CA6H82NO7P | 791582891 | 836581093 | -2.74 6798175274 | 403052574 | 2071474603 | 1687 | 514
38] 5| 28 13.84 838.594925 | _ether-PC_| [M+HCO2]- | _Plasmanyl-PC(O-18:1/20:4) | Bisex_Supercontrol | CAGH8ANO7P | 793598541 | 838506744 | -2.17 72619428434 | 89473040.87 | 41743188922 | 8.12 | 4.67
38] 4] 30 15.82 840.610457 | ether-PC_| [M+HCO2]- | _Plasmanyl-PC(O-18:0/20:4) | Bisex_Supercontrol | CA6H86NO7P | 795614191 | 840612394 | -2.30 282002280.77 | 53207852.08 | 16965074256 | 530 | 3.9
38 3] 32 16.59 842.627934 | ether-PC_| [M+HCO2]-| _ Plasmanyl-PC(0-18:0/203) | Bisex_Supercontrol | CA6H8SNO7P | 797.629841 | 842628044 | -0.13 18140392.08 3354532.32 11504935.32 541 3.43
0] 6] 28 1517 864610071 | ether-PC_| [M+HCO2]- | _ Plasmanyl-PC(0-18:1/22:5) | Bisex Supercontrol | CASHS6NO7P | 819.614191 | 864.612394 | -2.69 18463423.03 1040087.04 7029325.54 17.75 | 676
20] 5] 30 15.59 866.626148 | ether-PC_| [M+HCO2]- | _Plasmanyl-PC(O-18:1/22:4) | Bisex_Supercontrol | CASH8SNO7P | 821629841 | 866628044 | -2.19 64195813.68 6645293.46 21197576.01 9.66 3.19
0] 5] 30 16.52 866.626344 | _ether-PC_| [M+HCO2]-| _ Plasmanyl-PC(0-18:0/22:5) | Bisex_Supercontrol | CASH8SNO7P | 821629841 | 866628044 | -1.96 21703393.12 190790119 8711358.99 1138 | 457
20| 4|32 16.91 868.643851 | ether-PC | [M+HCO2]-|  Plasmanyl-PC(0-18:0/22:4) Bisex Singlesex | C4SHOONO7P | 823645491 | 868643694 | 08 | B'Se"ft ' 52020884.35 7321624.56 20850131.05 7.11 2.85
upercontrol
2]s5] 32 17.06 894657190 | ether-PC_| [V+HCO2]- | _Plasmanyl-PC(0-20:1/22:4) Bisex_Singlesex | CS0H92NO7P | 849.661141 | 894650344 | -2.41 15121666.74 3641981.60 3220748.43 415 | o088
34| 1] 32 15.88 700527105 | ether-PE |  [M-H]- Plasmenyl-PE(P-16:0/18:1) | Bisex_Supercontrol | C39H76NO7P | 701535940 | 700528664 | -2.23 outter part of 319682618.81 | 28842060.44 | 13031077549 | 1108 | 4.52
34 0] 34 16.04 702542136 | _ether-PE | [M-HJ- Plasmenyl-PE(P-18:0/16:0) | Bisex_Supercontrol | C39H78NO7P | 703551590 | 702544314 | -3.10 6940963749 | 494111643 3051123005 | 1405 | 617
34 1] 32 16.66 702543162 | _ether-PE_| [M+H]+ Plasmenyl-PE(P-18:1/16:0) | Bisex Supercontrol | C39H76NO7P | 701535940 | 702543217 | -0.08 60799579530 | 22316510.60 | _ 7983087821 | 27.24 | 3.58
34 0] 34 1514 704558962 | _ether-PE | [M-HJ- Plasmanyl-PE(0-18:0/16:0) | Bisex_Supercontrol | C39HS8ONO7P | 705.567241 | 704.559964 | -1.42 46355093.54 1606594.17 26519707.75 | 2885 | 1651
34| 1| 32 14.10 722511072 | ether-PE | [M-H]- Plasmenyl-PE(P-16:0/20:4) | Bisex_Supercontrol | CAIH74NO7P | 723520290 | 722513014 | -2.69 outterpartof | 135)727397.04 | 361609616.07 | 91028704428 | 3.60 252
36] 3] 30 1510 724526411 | _ether-PE | [M-HI- Plasmenyl-PE(P-16:0/20:3) | Bisex_Supercontrol | CALH76NO7P | 725535940 | 724528664 | -3.11 4422173130 9325525.74 19563736.38 474 2.10
36] 4] 28 14.62 724526998 | _ether-PE_| _[M-HJ- Plasmanyl-PE(0-16:0/20:4) | Bisex Supercontrol | CA1H76NO7P | 725.535940 | 724.528664 | -2.30 14675237469 | 3158454561 | 76679623.13 465 243
tte rt of
36| 2| 32 16.47 728557575 | ether-PE |  [M-H]- Plasmanyl-PE(0-18:0/18:2) | Bisex_Supercontrol | CA1HS8ONOTP | 729.567241 | 728.559964 | -3.28 ou elrpa /: | 48994453.47 | 2364520686 |  40767473.69 207 172
granuloma/fu
i i Bisex_ outter part of
36| 1] 34 17.41 728558778 | ether-PE |  [M-H]- Plasmenyl-PE(P-18:0/18:1) Bisex_Singlesex | C4IHSONOTP | 729567241 | 728559964 | -163 | ol o | 12079582119 | 24680959.43 | 5633104553 4.89 228
upercontrol u
tte rt of
36| 0] 36 15.40 730573647 | ether-PE |  [M-H]- Plasmenyl-PE(P-20:0/16:0) | Bisex_Supercontrol | CA41H82NO7P | 731582891 | 730575614 | -2.69 outter pa :H 82849555.32 3846517.27 | 3473053471 | 2154 | 9.03
u
i outter part of
36| 1|34 17.59 730574286 | ether-PE | [M-H]- Plasmanyl-PE(0-18:0/18:1) | Bisex_Supercontrol | CA1HS82NO7P | 731.582891 | 730.575614 | -1.82 ol 24714919.01 3163340.26 11798495.34 781 | 373
granuloma/fu
36| 0] 36 16.98 732500350 | ether-PE | [M-H]- Plasmanyl-PE(0-20:0/16:0) Bisex Singlesex | C41HSANOTP | 733598541 | 732591264 | 125 | B'”"-t ! 12554299.22 447036.04 5524879.40 2808 | 1236
upercontrol
36] 1] 34 18.09 732500562 | _ether-PE_| _[M+H]+ Plasmanyl-PE(36:1) Bisex_Supercontrol | CAIHS2NO7P | 731582891 | 732.590167 | 0.54 granuloma 3788109330 | 490172524 14168077.04 7.73 2.89

* only identified by head group fragments
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on|oB|EcN retentio.n time / m/z substance ion substance significant pair sum formula monoisotopic m/z theoretical | D / ppm | also found for lla?eral ave!ragelpeakarea average peak | average p?akarea bisex/ | monosex/
min detected class mass distril bisex-infected area control | monosex-infected | control [ control
38[ 6] 2 13.55 746.510712 | _ether-PE (M-H)- Plasmeny|-PE(P-16:0/22:6) Bisex_Supercontrol | C43H74NO7P | 747.520290 746.513014 -3.08 408300508.90 | 24305130.79 163571193.56 | 16.80 673
38| 5| 28 14.39 748527177 | ether-PE [M-H])- Plasmeny|-PE(P-18:1/20:4) Bisex_Supercontrol | C43H76NO7P | 749.535940 748.528664 -1.99 not affected tissue| ~ 791004666.22 | 170927456.10 | 42943921578 4.63 251
38| 5| 28 15.04 748.527490 | ether-PE [M-H)- Plasmeny|-PE(P-16:0/22:5) Bisex_Supercontrol | C43H76NO7P | 749.535940 748.528664 -1.57 not affected tissue|  242455064.96 | 22398364.69 107975496.12 10.82 482
38[ 4] 30 16.16 750.542925 | _ether-PE [M-H]- Plasmeny|-PE(P-18:0/20:4) Bisex_Supercontrol | C43H78NO7P | 751.551590 750.544314 -1.85 1565323280.03 | 418400899.96 |  861815728.01 374 2.06
f
38| 4|30 16.45 752.557824 | ether-PE [M-H]- Plasmanyl-PE(0-18:0/20:4) Bisex_Supercontrol | C43H8ONO7P | 753.567241 752.559964 -2.84 UU‘E”’IE"‘) 345509687.62 | 43161375.74 |  241118792.43 8.01 5.59
granuloma
&
40| 7| 26 13.95 772.527015 |  ether-PE [M-H]- Plasmeny|-PE(P-18:1/22:6) Bisex_Singlesex | C45H7607NP | 773.535940 772.528664 21 | 'Sex-‘ | [notaffected tissue | 18130655375 7142255.01 48593677.84 2539 6.80
upercontrof
e Bi:
40| 6| 28 15.80 774.542366 | ether-PE [M-H]- Plasmeny|-PE(P-18:0/22:6) Bisex_Singlesex | C45H78NO7P | 775.551590 774.544314 252 | 'Sex-! | |notaffectedtissue|  328978492.68 | 1017457846 73239073.92 3233 7.20
upercontrof
40[ 6] 28 16.03 776.558183 | _ether-PE [M-H]- Plasmanyl-PE(0-18:0/22:6) Bisex_Supercontrol | C45H8ONO7P | 777.567241 776.559964 -2.29 276213534.68 | 65351011.54 |  146698595.32 4.23 2.24
20 5] 30 16.22 776.558196 | _ether-PE [M-H]- Plasmeny|-PE(P-18:1/22:4) Bisex_Supercontrol | C4SH8ONO7P | 777.567241 776.559964 -2.28 248918940.63 | 42985598.35 113827723.34 5.79 2.65
40 5] 30 16.34 776.558358 | _ether-PE (M-H)- Plasmeny|-PE(P-18:0/22:5) Bisex_Supercontrol | C4SH8ONO7P | 777.567241 776.559964 -2.07 193190876.84 | 4003574138 83821510.75 4.83 2.09
a0] 4] 32 17.72 778.573837 | _ether-PE [M-H]- Plasmenyl-PE(P-20:0/20:4) Bisex_Supercontrol | C45H82NO7P | 779.582891 778.575614 -2.28 54680344.00 8508906.56 22313804.38 6.43 2.62
40| 4|32 17.26 778.574584 | ether-PE [M-H]- Plasmenyl-PE(P-18:0/22:4) Bisex_Singlesex | CASH82NO7P | 779.582891 778.575614 43 | B'Se’(f( ' 366755690.35 | 95431643.82 194684720.45 3.84 2.04
upercontrof
40| 4|32 17.76 780.589214 | ether-PE [M-H]- Plasmanyl-PE(0-20:0/20:4) Bisex_Supercontrol | CASH84NO7P | 781.598541 780.591264 -2.63 outter part of 26248455.08 9605991.78 17650306.25 273 184
40| 4|32 17.50 780.589512 | ether-PE [M-H]- Plasmanyl-PE(0-18:0/22:4) Bisex_Supercontrol | CASH84NO7P | 781.598541 780.591264 2.24 outter part of 76173216.08 18515955.47 54169136.94 411 2.93
40[ 3] 34 18.25 782.606414 | ether-PE | [M+H]+ Plasmeny|-PE(P-18:0/22:3) Bisex_Supercontrol | C4SH84NO7P | 781598541 782.605817 0.76 66923864.21 21262110.46 36398147.37 3.15 171
2] 6] 30 17.91 804.589375 | ether-PE | [M+H]+ Plasmenyl-PE(P-20:0/22:6) Bisex_Supercontrol | C47H82NO7P | 803.582891 804.590167 -0.98 40018628.44 3680217.57 17367014.36 10.87 4.72
a1] o] a1 17.85 844.643444 | ether-PS [M-H]- Plasmeny-PS(P-18:0/23:0) Bisex_Supercontrol | C47H92NO9P | 845.650970 844.643694 -0.30 48902939.09 866910115 40492187.70 5.64 4.67
42[ 4] 34 16.53 850.595589 | _ether-PS (M-H]- Plasmeny-PS(P-20:0/22:4) Supercontrol_Bisex | C48H86NO9P | 851.604020 850.596744 -1.36 3936209.91 3673352.27 6530298.37 1.07 178
52[ 2] 48 22.48 862.824305 | ether-TG_| [M+NH4]+ | plasmanyl-TG(O-18:1_16:0_18:1) | Bisex_Supercontrol | C55H10405 | 844.788376 862.822202 2.44 296883718.21 | 133193636.87 |  146187924.01 2.23 1.10
58| 8| 42 2222 934.823355 | ether-TG | [M+NH4] | plasmanyl-TG(O-16:0_20:4_22:4)|  Bisex_Singlesex C61H10405 | 916.788376 934.822202 123 | B'Sexft ' 53015471.88 10325020.27 7972284.57 513 0.77
upercontrof
s8] 7] 44 22.36 936.839619 | ether-TG | [M+NH4] | plasmanyl-TG(O-20:1_18:2_20:4)| Bisex_Supercontrol | C61H10605 | 918.804026 936.837852 1.89 92212650.03 31738799.71 32984255.02 291 1.04
60| 8| 44 22.38 962.854339 | ether-TG [M+NH4] | plasmanyl-TG(O-18:0_20:4_22:4) | Bisex_Supercontrol C63H10805 944.819677 962.853502 0.87 48533569.71 3238027.38 9555163.63 14.99 2.95
34[ 4] 26 10.53 763.500246 | GIcADG [M-H]- GIcADG(16:1_18:3) Supercontrol_Bisex | C43H72011 | 764.507463 763.500187 0.08 363910.38 8131489.18 4436345.68 0.04 0.55
38[ 0] 38 14.93 827.626506 | GIcADG [M-H]- GIcADG(19:0_19:0) Supercontrol_Bisex | CA7H88011 | 828.632664 827.625387 135 0.00 1554636.73 1006275.13 0.00 0.65
52| 4] 44 19.10 1007.730767|  HBMP [M-H]- Supercontrol_Bisex | C58H105PO11 | 1008.739453 | 1007.732176 | -1.40 3259038.47 4433162.85 3589521.94 0.74 0.81
52 3] 46 19.57 1009.746990|  HBMP [M-H]- HBMP(16:0_18:1_18:2) Supercontrol_Bisex | C58H107PO11 | 1010755103 | 1009.747826 | -0.83 6066933.80 11411620.69 7005405.32 0.53 0.61
52[ 2] 48 20.04 1011.762289|  HBMP [M-H]- HBMP(16:0_18:1_18:1) Supercontrol_Bisex | C58H109PO11 | 1012.770753 | 1011.763476 | -1.17 4826408.67 8908852.62 4298343.98 0.54 0.48
54| 5[ 44 19.15 1033.746352|  HBMP [M-H]- HBMP(18:1_18:2_18:2) Supercontrol_Bisex | C60H107PO11 | 1034.755103 | 1033.747826 | -1.43 5556038.73 16379146.64 7790046.76 034 0.48
54 4] 46 19.66 1035.763040|  HBMP [M-H]- HBMP(18:1_18:1_18:2) Supercontrol_Bisex | C60H109PO11 | 1036.770753 | 1035.763476 | -0.42 7964380.22 20271024.47 9059681.68 0.39 0.45
s4[ 3] 48 20.15 1037.779521]  HBMP (M-H]- HBMP(18:0_18:2_18:1) Supercontrol_Bisex | C60H111PO11 | 1038.786403 | 1037.779126 0.38 6452639.37 11476508.75 6085923.88 0.56 0.53
31[1] 29 7.27 658.527224 | HexCer-NS | [M+H]+ HexCer-NS(d18:1/13:0) Supercontrol_Bisex | C37H7INO8 | 657.517968 658.525245 3.01 4177066.43 3253026.53 4369409.69 1.28 134
] 2] 37 17.51 840.656046 | HexCer-NS | [M+HCO2]- HexCer-NS(d18:2/23:0) Supercontrol_Bisex | C47H8INO8 | 795.658819 840.655925 0.14 5905401.25 10948882.34 13105422.25 0.54 1.20
42] 2] 38 17.88 854.671725 | HexCer-NS | [M+HCO2]- HexCer-NS(d18:1/24:1) Bisex_Supercontrol | C48H9INO8 | 809.674469 854.671575 0.18 237852686.44 | 32308428.68 |  148674677.24 7.36 4.60
42[ 1] 40 18.88 856.687298 | HexCer-NS | [M+HCO2]- HexCer-NS(d18:1/24:0) Bisex_Supercontrol | C48H93NO8 | 811.690119 856.687225 0.09 151007977.08 | 55993934.62 93826808.21 2.70 1.68
17[ 2] 13 5.07 506.325954 LPC M+H]+ LPC(17:2) Supercontrol_Bisex | C25H48NO7P | 505.316840 506.324116 3.63 5738837.59 7729331.25 9683719.39 0.74 1.25
18] 1] 16 4.52 566.345655 LPC [M+HCO02]- LPC(1: Bisex_Supercontrol | C26H52NO7P | 521.348140 566.346342 -1.21 483074198.61 | 164479235.27 |  284614846.87 2.94 173
19] 0] 19 5.53 582.377500 LPC [M+HCO2]- LPC(19:0) Supercontrol_Bisex | C27HS6NO7P | 537.379440 582.377643 0.25 24706417.44 | 116707312.72 |  118156057.95 0.21 1.01
16[ 1] 14 3.50 450.262027 LPE [M-H])- LPE(16:1) Supercontrol_Bisex | C21H42NO7P | 451.269889 450.262613 -1.30 not affected tissue| ~ 9063879.23 15132934.96 18077538.56 0.60 119
I, littl
18[ 2| 14 368 476.277402 LPE [M-H]- LPE(18:2) Supercontrol_Bisex | C23H44NO7P | 477.285539 476.278263 -1.81 °Ver: '(e 72396549.58 | 101107326.80 |  70449395.81 072 0.70
enrichment in
20| 4|12 3.64 500.277549 LPE [M-H]- LPE(20:4) Bisex_Supercontrol | C25H44NO7P | 501.285539 500.278263 -1.43 %;;"“':’"‘“’ 215987534.85 | 115622049.81 |  172201677.24 1.87 1.49
without eggs
22[6] 10 3.49 524.277645 LPE [M-H]- LPE(22:6) Bisex_Supercontrol | C27H44NO7P | 525.285539 524.278263 -1.18 12791300357 | 55500047.37 77314146.66 230 139
. Bi
20| 4|12 3.25 619.288466 LPI [M-H)- LPI(20:4) Bisex_Singlesex C29H49012P | 620.296164 619.288887 068 | 'Sex-t ' 33660401.12 15877097.17 17474092.48 212 110
upercontrof
35[1]33 14.13 744.552376 | MMPE [M-H]- MMPE(17:1_18:0) Bisex_Supercontrol | C41HS8ONO8P | 745.562157 744.554880 -3.36 1050779984.22 | 22135916713 | 600723303.36 4.75 271
38| 6|26 10.80 776.524927 | MMPE [M-H)- MMPE(16:0_22:6) Bisex_Supercontrol | C44H76NO8P | 777.530857 776.523580 173 not affected tissue| ~ 18682796.63 1468830.47 12360935.89 1272 8.42
76| 11| 54 11.42 780.478574 | OxCL [M-2H]2- OXCL“&ZE_Z“C;S&%MOOH) Supercontrol_Bisex | C85H144021P2 | 1562.967538 | 780.476493 2.67 granuloma 2718700.87 15262809.86 10658516.94 0.18 0.70
18] 1] 16 4.83 538.351587 | OxLPC M+H]+ OxXLPC(18:1(0H)) Bisex_Supercontrol | C26H52NO8P | 537.343056 538.350332 233 16637356134 | 60862491.95 133059572.57 273 2.19
20] 3] 14 434 562.351351 | OXLPC [M+H]+ OxLPC(20:3(OH)) Bisex_Supercontrol | C28H52NO8P | 561.343056 562.350332 181 40224218.12 8439902.14. 29870439.96 4.77 3.54

* only identified by head group fragments
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on|oB|EcN retenno.n time / m/z substance ion substance significant pair sum formula monoisotopic m/z theoretical | D / ppm | also found for ) Ia?era! ave!ragelpeak area | average peak | average p?ak area | bisex/ | monosex/
min detected class mass distribution bisex-infected area control | monosex-infected | control [ control
20[2]16 4.95 564.367081 | OxLPC [M+H]+ OXLPC(20:2(0H)) Bisex_Supercontrol | C28H54NO8P | 563.358706 564.365983 1.95 52942174.31 7412829.58 24661732.16 7.14 333
20[1]18 5.73 566.383189 | OxLPC [M+H]+ OxLPC(20:1(OH)) Bisex_Supercontrol | C28HS6NO8P | 565.374356 566.381633 2.75 47629343.49 18157445.81 32157353.54 2.62 177
20[3] 14 4.96 578.346207 | OxLPC M+H]+ OxLPC(20:3(00)) Supercontrol_Bisex | C28H52NO9P | 577.337971 578.345247 1.66 6076426.37 11877626.03 9762973.94 0.51 0.82
24| 1] 22 5.07 636.424312 OxLPC [M+H]+ OxLPC(24:1(KeOH)) Supercontrol_Bisex | C32H62NO9P 635.416221 636.423497 1.28 23258124.44 40816898.50 29559037.59 0.57 0.72
24[1] 22 4.92 638.439053 | OxLPC [M+H]+ OxLPC(24:1(00)) Supercontrol_Bisex | C32H64NO9P | 637.431871 638.439147 -0.15 4603411.63 16620929.55 7710232.18 0.28 0.46
22[3[ 16 4.87 564.330535 |  OXLPE M+H]+ OxLPE(22:3(00)) Supercontrol_Bisex | C27HSONO9P | 563.322321 564.329597 1.66 2872252.06 4908414.02 3749360.92 0.59 0.76
22| 2] 18 5.57 566.346943 |  OXLPE [M+H]+ OxLPE(22:2(00)) Supercontrol_Bisex | C27H52NO9P | 565.337971 566.345247 2.99 1868153.11 4154511.45 3674355.29 0.45 0.88
34[3] 28 7.97 816540137 |  OxPC_ | [M+HCO2]- OxPC(16:0_18:3(0H)) Supercontrol_Bisex | C42H78NO9P | 771.541421 816.538527 1.97 510765.62 3067509.71 260370.75 0.17 0.08
34[3] 28 7.66 816.540468 | OxPC | [M+HCO2]- OxPC(16:0_18:3(10)) Supercontrol_Bisex | C42H78NO9P | 771.541421 816.538527 238 3706466.42 4406970.21 5367159.66 0.84 1.22
34| 2] 30 7.57 818.556045 | OxPC | [M+HCO2]- OxPC(16:0_18:2(10)) Singlesex_Bisex | C42H8ONO9P | 773.557072 818.554177 2.28 16995476.73 54743048.02 58760852.06 031 1.07
34[1]32 8.54 820.569586 | OxPC | [M+HCO2]- OxPC(16:0_18:1(10)) Supercontrol_Bisex | C42H82NO9P | 775.572722 820.569827 -0.29 7363651.58 16490002.54 10890888.60 0.45 0.66
34[ 2] 30 6.85 832534932 | OxPC__ | [M+HCO2]- OxPC(16:0_18:2(KeOH)) Supercontrol_Bisex | C42H78NO10P | 787.536336 832.533442 179 2831411.31 4369501.05 6208135.19 0.65 1.42
34[3] 28 6.60 832.535084 | OxPC | [M+HCO2]- OxPC(16:0_18:3(00)) Supercontrol_Bisex | C42H78NO10P | 787.536336 832.533442 1.97 1295397.05 4120140.71 3084805.82 031 0.75
34[ 2] 30 6.40 834.551453 | OxPC | [M+HCO2]- OxPC(16:0_18:2(20)) Supercontrol_Bisex | C42H8ONO10P | 789.551986 834.549092 2.83 7263016.40 16618792.06 13301915.13 0.44 0.80
36| 5| 26 6.93 840.539664 |  OxPC | [M+HCO2]- OxPC(18:2_18:3(0H)) Supercontrol_Bisex | CA44H78NO9P | 795.541421 840.538527 135 not affected tissue 3866209.38 7108300.42 5831343.63 0.54 0.82
36[ 4] 28 6.88 842.554819 | OxPC__ | [M+HCO2]- OxPC(18:2_18:2(0H)) Supercontrol_Bisex | C44H8ONO9P | 797.557072 842.554177 0.76 2936445.54 15137095.83 9450536.68 0.19 0.62
36[ 4] 28 8.44 842.555762 | OxPC | [M+HCO2]- OxPC(16:0_20:4(10)) Supercontrol_Bisex | C44H8ONO9P | 797.557072 842.554177 1.88 10001100.01 14679066.07 14340267.96 0.68 0.98
36[ 3] 30 7.80 844.570615 | OxPC | [M+HCO2]- OxPC(18:1_18:2(10)) Supercontrol_Bisex | C44H82NO9P | 799.572722 844.569827 0.93 5542625.48 13199232.52 15177079.72 0.42 115
36| 2] 32 9.14 846585842 |  OxPC | [M+HCO2]- OxPC(18:0_18:2(10)) Supercontrol_Bisex | C44H84NO9P | 801.588372 846.585477 0.43 14261063.75 27544014.96 20180671.58 0.52 0.73
34[ 2] 30 5.38 850.544850 | OxPC | [M+HCO2]- OxPC(16:0_18:2(000)) Supercontrol_Bisex | C42H8ONO11P | 805.546901 850.544006 0.99 2837355.34 9212693.95 7162091.97 031 0.78
34[1]32 5.28 852.559590 | OxPC | [M+HCO2]- OxPC(16:0_18:1(30)) Supercontrol_Bisex | C42H82NO11P | 807.562551 852.559657 -0.08 1768119.58 6794481.85 6143964.72 0.26 0.90
36[ 4] 28 5.97 858.551626 | OxPC | [M+HCO2]- OxPC(18:2_18:2(00H)) Supercontrol_Bisex | C44H80NO10P | 813.551986 858.549092 2.95 2246889.50 4738475.88 5137783.00 0.47 1.08
37[ 2] 33 9.81 860.601181 |  OxPC | [M+HCO2]- OxPC(19:0_18:2(0H)) Supercontrol_Bisex | C45H86NO9P | 815.604022 860.601127 0.06 174994.21 2198540.62 1023670.54 0.08 0.47
36[ 2] 32 7.56 862.581976 | OxPC | [M+HCO2]- OxPC(18:0_18:2(20)) Supercontrol_Bisex | C44H84NO10P | 817.583286 862.580392 184 3730786.91 8546380.04 7503682.50 0.44 0.88
28| 0] 28 4.78 664.419136 OxPE [M-H]- OxPE(16:0_12:0(COOH)) Supercontrol_Bisex | C33H64NO10P | 665.426786 664.419509 -0.56 3345080.13 7746966.62 4092764.49 0.43 0.53
34[ 2] 30 7.91 730.503478 | OxPE [M-H]- OxPE(16:0_18:2(10)) Supercontrol_Bisex | C39H74NO9P | 731.510121 730.502845 0.87 2055067.82 8016643.97 5861996.70 0.26 0.73
3a[1]32 9.85 732.517585 OXPE [M-H]- OxPE(16:0_18:1(10)) Supercontrol_Bisex | C39H76NO9P | 733525771 732.518495 -1.24 119345.68 2003747.00 1045356.83 0.06 0.52
36| 4] 28 8.16 754.503174 |  OxPE [M-H]- OxPE(18:1_18:3(0H)) Supercontrol_Bisex | C41H74NO9P | 755.510121 754.502845 0.44 4135484.19 11369843.89 8689595.40 0.36 0.76
36| 3|30 9.60 756.517499 |  OxPE [M-H)- OxPE(18:0_18:3(0H)) Supercontrol_Bisex | CAIH76NO9P | 757.525771 756.518495 -1.32 not affected tissue 2816989.05 5817214.07 4291272.00 0.48 0.74
36| 3|30 8.17 756.518471 OxPE [M-H)- OxPE(18:1_18:2(10)) Supercontrol_Bisex | CA1H76NO9P | 757.525771 756.518495 -0.03 not affected tissue 5355887.51 15355287.37 12293438.88 035 0.80
36| 2| 32 9.46 758533490 |  OxPE [M-H)- OxPE(18:0_18:2(10)) Supercontrol_Bisex | CA1H78NO9P | 759.541421 758.534145 -0.86 not affected tissue 2950772.76 10346024.74 5975574.70 0.29 0.58
36| 2|32 7.60 758.534466 |  OxPE [M-H)- OxPE(18:1_18:1(10)) Supercontrol_Bisex | C41H78NO9P | 759.541421 758.534145 0.42 not affected tissue 2003346.98 4733646.85 4564025.53 0.42 0.96
38| 5| 28 9.11 780.518675 OxPE [M-H]- OxPE(18:1_20:4(10)) Supercontrol_Bisex | C43H76NO9P | 781.525771 780.518495 0.23 not affected tissue| 1317948123 23582932.61 23467326.83 0.56 1.00
40| 6| 28 9.29 806.534840 |  OXPE [M-H]- OxPE(18:0_22:6(0H)) Supercontrol_Bisex | CASH78NO9P | 807.541421 806.534145 0.86 not affected tissue|  4954060.13 6915450.83 5277363.70 072 0.76
34[0] 34 9.70 781.520690 |  OxPG (M-H)- OxPG(16:0_18:0(20)) Supercontrol_Bisex | C40H79012P | 782.530916 781.523640 -3.77 3314961.17 6513004.05 4917132.51 0.51 0.75
38| 4|30 881 901.545122 OxPl [M-H)- OxPI(18:0_20:4(10)) Supercontrol_Bisex | C47H83014P | 902.552046 901.544769 0.39 not affected tissue| 490807722 6918079.22 5137213.81 0.71 0.74
24] 3] 38 20.61 776.640970 | OXTG [M+NH4]+ | OxTG(16:0_18:1_10:2(CHO)) | Supercontrol_Bisex | C47H8207 758.606055 776.640429 0.70 150354.79 7812114.13 794995.19 0.02 0.10
46 4] 38 2071 802.657098 | OxTG [M+NH4]+ | OxTG(16:0_18:2_12:2(CHO)) | Supercontrol_Bisex | C49H8407 784.621705 802.656079 127 276618.24 6354836.97 742924.81 0.04 0.12
50 3] 44 2021 860.736202 | OxTG [M+NH4]+ | OxTG(16:0_18:2_16:1(CHO)) | Supercontrol_Bisex | C53H9407 842.699955 860.734329 2.18 1964104.22 20625571.73 4166181.10 0.10 0.20
50 2] 46 21.47 862.749213 | OXTG [M+NH4]+ | OxTG(18:1_18:1_14:0(CHO)) | Bisex_Supercontrol | C53H9607 844.715605 862.749980 -0.89 40094254.27 1910778.90 2155441.98 20.98 113
50| 2| 46 20.77 862.750156 OxTG [M+NH4]+ OxTG(16:0_18:1_16:1(CHO)) Supercontrol_Bisex C53H9607 844.715605 862.749980 0.21 8723378.97 46629136.56 30434801.86 0.19 0.65
50 3] 44 20.64 862.750172 | OxTG [M+NH4]+ | OxTG(16:0_16:1_18:2(OH)) Supercontrol_Bisex | C53H9607 844.715605 862.749980 0.22 11037128.89 77693743.00 37303664.96 0.14 0.48
s0[ 2] 46 21.04 864.765417 | OXTG [M+NH4]+ | OxTG(16:0_16:0_18:2(OH)) | Supercontrol_Bisex | C53H9807 846.731255 864.765630 -0.25 13532640.47 91116145.76 37017105.51 0.15 0.41
52[ 4] 44 2074 888.765998 | OxTG [M+NH4]+ | OxTG(16:0_18:2_18:2(OH)) Supercontrol_Bisex | C55H9807 870.731255 888.765630 0.41 68386939.50 | 342494074.23 |  176407285.71 0.20 0.52
52 4] 44 20.94 888.766516 | OxTG [M+NH4]+ | OxTG(16:0_18:1_18:3(OH)) | Supercontrol_Bisex | C55H9807 870.731255 888.765630 1.00 40789238.18 75248808.55 81787250.00 0.54 1.09
52[ 3] 46 20.77 890.780225 | OXTG [M+NH4]+ | OxTG(16:0_18:2_18:1(OH)) Supercontrol_Bisex | C55H10007 | 872.746906 890.781280 -1.18 75446745.88 | 170038467.91 | 107007187.14 0.44 0.63
52[ 3] 46 21.07 890.781469 | OxTG [M+NH4]+ | OxTG(16:0_18:1_18:2(OH)) Supercontrol_Bisex | C55H10007 | 872.746906 890.781280 0.21 11551139575 | 49461121117 |  245558001.16 0.23 0.50
52 2] 48 21.16 892.794156 | OxTG [M+NH4]+ | OxTG(16:0_18:1_18:1(OH)) | Supercontrol_Bisex | C55H10207 | 874.762556 892.796930 3.1 33843219.83 | 137129963.60 |  54869612.46 0.25 0.40
54| 6| 42 20.40 912.767550 | OxTG [M+NH4]+ | OxTG(18:2_18:2_18:2(OH)) Supercontrol_Bisex | C57H9807 894.731255 912.765630 2.10 S'”g::::xf 13097586.71 59056986.75 56579340.06 0.22 0.96
54[ 5] 44 20.77 914782073 | OxTG [M+NH4]+ | OxTG(18:1_18:2_18:2(OH)) Supercontrol_Bisex | C57H10007 | 896.746906 914.781280 0.87 4055598135 | 166054860.38 |  87705433.13 0.24 0.53
54 5] 44 2032 914.782315 | OxTG [M+NH4]+ | OxTG(18:2_18:2_18:1(OH)) Supercontrol_Bisex | C57H10007 | 896.746906 914.781280 113 3621178.97 24887295.61 15243787.88 0.15 0.61
54 4] 46 20.72 916.796929 | OxTG [M+NH4]+ |_18:2(OH)) | Supercontrol_Bisex | C57H10207 | 898.762556 916.796930 0.00 53612222.25 | 159550527.13 |  105139030.03 0.34 0.66
54 4] 46 21.10 916.796948 | OxTG [M+NH4]+ | OxTG(18:1_18:2_18:1(OH)) Supercontrol_Bisex | C57H10207 | 898.762556 916.796930 0.02 68232618.84 | 223859649.50 |  130728090.55 030 0.58
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54 3] 48 2101 918.811346 | OXTG | [M+NH4J+ Supercontrol_Bisex | C57H10407 | 900.778206 | 918.812580 | -134 56645461.69 | 141654573.95 | 8123582486 040 | 057
6| 4| 48 2132 944.827769 | OXIG__| [M+NH4J+ _20: Supercontrol_Bisex | C59H10607 | 926.793856 | 944.828230 | -049 4479340.23 12576373.12 6551907.81 0.36 052
38 2] 34 1572 727.526120 PA [M-H]- PA(18:0_20:2) Bisex_Supercontrol | C41H7708P_| 728.535606 | 727.528330 | -3.04 33956992.16 8836160.78 40994832.71 384 | 464
32] 4] 24 9.01 726508070 PC M+H]+ PC(12:0_20:4) Bisex_Supercontrol | CAOH72NOBP | 725499555 |  726.506831 171 27838673.95 5500403.91 12429406.20 5.06 2.26
32[ 3] 26 517 772.513016 PC [M+HCO2}- PC(14:0_18:3) Supercontrol_Bisex | CAOH74NOSP | 727.515205 | 772513408 | 051 6647887.37 16269533.91 | _ 11776190.44 041 072
32[ 0] 32 1364 778.558961 PC [M+HCO2]- PC(16:0_16:0) Bisex_Supercontrol | CAOHBONOBP | 733.562155 | 778.560358 | -1.79 3864655844.37 | 680313931.86 | 2401753086.82 | 5.8 353
38] 2] 34 26.44 786.602397 PC M+H]+ PC(17:2_19:0) Supercontrol_Bisex | C44H84NOSP | 785593455 | 786.600732 | 2.12 7764825.33 8878525.73 7370032.29 0.87 0.83
36 0] 36 17.82 790.631254 PC [M+H]+ PC(18:0_18:0) Bisex_Supercontrol | C44H8SNOSP | 789.624755 | 790.632032 | -0.98 87014762343 | 246171503.53 | 50919895844 | 3.53 2.07
33033 1429 792.576374 PC [M+HCO2)- PC(16:0_17:0) Supercontrol_Bisex | CAIH82NO8P | 747.577805 | 792.576008 | 046 1092365.66 66046657.82 | 45775911.99 0.02 069
34 3] 28 10.70 800.542965 PC [M+HCO2)- PC(16:1_18:2) Supercontrol_Bisex | CA2H78NOSP | 755546505 | _800.544708 | -2.18 57986734411 70[ 1649131160.63 | 0.28 0.79
340 34 1581 806.591009 PC [M+HCO2)- PC(16:0_18:0) Bisex_Supercontrol | C42H84NOSP | 761593455 | 806.591658 | -0.81 698528018.32__ | 166666240.01 | 39622433242 | 4.19 2.38
38| 5| 28 1553 808.584442 pC [M#H]+ PC(18:0_20:5) Supercontrol_Bisex | C46H82NO8P | 807.577805 | 808.585082 | -0.79 notaffected tissue |  847478475.60 | 1373146735.05| 1032223719.76 | 0.62 075
35] 4] 27 10.30 812.544074 PC [M+HCO2]- PC(17:2_18:2) Supercontrol_Bisex | CA3H78NOSP | 767.546505 | 812.544708 | -0.78 5481875.29 18376654.51 | 17025186.19 030 | 093
353 29 1163 814.558648 PC [M+HCO2)- PC(17:1_18:2) Singlesex_Bisex | CA3HS8ONOSP | 769.562155 | 814560358 | -2.10 5344386946 | 132457772.97 | 15258939923 | 0.40 115
352 31 1329 816.573832 PC [M+HCO2])- PC(17:0_18:2) Supercontrol_Bisex | C43H82NOSP_| 771.577805 | 816576008 | -2.66 70091482649 | 136759763545 90214576853 | 0.51 066
36| 6] 24 877 822.529413 PC [M+HCO2]- PC(18:3_18:3) Supercontrol_Bisex | CA4H76NO8P | 777.530855 | 822.529058 | 043 3712905.08 11313743.71 8826715.05 033 078
36] 5| 26 1081 824.543151 PC [M+HCO2}- PC(16:0_20:5) Bisex_Supercontrol | C44H78NOSP | 779.546505 | 824.544708 | -189 77183547554 | 268074360.39 | 67611255412 | 2.8 2.52
36] 4] 28 1112 826558257 PC [M+HCO2]- PC(18:2_18:2) Supercontrol_Bisex | C44HSONOBP | 781562155 | 826.560358 | -2.54 1234312029.76 | 5188177867.92| 308199942325 | 024 | 0.59
37[ 6] 25 10.83 836.543048 PC [M+HCO2]- PC(15:0_22:6) Bisex_Supercontrol | CASH78NOSP | 791546505 | 836.544708 | -198 12959187583 | 3592234.20 94286673.63 | 3608 | 2625
40| 3|38 17.23 840.647797 pC [M+H]+ PC(20:0_20:3) Bisex_Supercontrol | CASHOONOSP | 839.640405 | 840.647682 | 0.4 notaffected tissue |  1338639771.94 | 496868857.19 |  644272797.07 | 2.69 130
38| 7| 24 267 848.543364 pC [M+HCO2}- PC(18:3_20:4) Supercontrol_Bisex | C46H78NOSP | 803.546505 | 848544708 | -1.58 notaffected tissue | 15376684.10 | 118742440.96 |  92561087.23 013 078
38 5| 28 13.08 852.573826 PC [M+HCO2)- PC(16:0_22:5) Bisex_Supercontrol | C4GH82NOBP_| 807.577805 | _852.576008 | -2.56 2566020295.89 | 1059032020.75| _2089537342.77 | _2.42 197
a1 4] 33 17.07 852.645554 PC M+H]+ PC(19:0_22:4) Supercontrol_Bisex | CA9H90NOSP | 851640405 | 852647682 | -2.50 283939147.95 | 432793862.77 | 40699190224 | 0.66 094
21| 433 17.72 852.646465 PC [M+H]+ PC(20:4_21:0) Singlesex_Bisex | CASHOONOSP | 851.640405 | 852647682 | -143 54934847.33 | 5078318674 | 91428601.25 1.08 1.80
38 2] 34 1637 858.621175 PC [M+HCO2]- PC(18:0_20:2) Supercontrol_Bisex | CAGH8SNOBP | 813.624755 | 858.622958 | -2.08 29789452155 | 76349028268 | _ 61508417145 | 0.39 0381
396 27 12.75 864.573658 PC [M+HCO2]- PC(17:0_22:6) Bisex_Supercontrol | CA7HS82NOSP | 819.577806 | 864.576008 | -2.72 206303963.52 | 3903322845 | 14391373389 | 529 3.69
39 5| 29 13.70 866.590067 PC [M+HCO2)- PC(17:0_22:5) Supercontrol_Bisex | CA7H84NOSP | 821.593455 | 866591658 | -1.84 eges 19799864.37 | 5816498271 | 50408236.02 0.34 0387
22| 1] 40 1838 868.679313 PC M+H]+ PC(18:2_24:1) Bisex_Supercontrol | C50H94NO8P_| 867.671706 | 868.678982 | 038 480328830.74 | 119998918.57 | 27703998328 | 4.00 231
39] 2] 35 16,99 872.637377 PC [M+HCO2)- PC(19:0_2022) Supercontrol_Bisex | CA7H90NOSP | 827.640405 | 872.638608 | -141 2120759262 | 49435607.23 |  45389257.13 0.43 092
43| 2 39 19.85 884.709625 pC [M+H]+ PC(18:2_25:0) Singlesex_Bisex | CS1HOSNOSP | 883.703006 | 884710282 | -0.74 5“”";”"""‘* 14839708.70 | 19502626.47 |  25840573.01 076 132
isex
20] 1] 38 1862 888.668849 PC [M+HCO2}- PC(16:0_24:1) Bisex_Supercontrol | C48HO4NOSP | 843.671706 | 888.669908 | -119 27538840.84 4651397.83 10813379.35 5.9 232
42|92 1122 900.574129 pC [M+HCO2)- PC(20:4_22:5) Supercontrol_Bisex | C50H82NO8P | 855577805 | 900.576008 | -2.09 notaffected tissue | 1910691632 | 43992756.31 |  35271400.93 043 080
a1 237 1852 900.668797 PC [M+HCO2]- PC(18:2_23:0) Supercontrol_Bisex | CA9HO4NOBP | 855.671706 | 900.669908 | -1.23 5498348.05 7360753.22 10557984.95 075 143
2[5 32 16.54 908.636995 PC [M+HCO2)- PC(20:4_22:1) Bisex_Supercontrol | CS0HSONOSP | 863.640405 | 908.638608 | -1.78 54831357.98 | 1580969551 | _ 25989186.84 347 164
a5 38 17.82 936.667934 pC [M+HCO2}- PC(20:4_24:1) Bisex_Singlesex | CS2HOUNOSP | 891671706 | 936.669908 | 211 | B'Se"ft ' 18773864.79 1957951.02 7525697.91 9.59 384
upercontro
34| 3| 28 1131 712.490563 PE [M-H]- PE(16:0_18:3) Supercontrol_Bisex | C39H72NO8P | 713.499555 | 712492278 | -2.41 notaffected tissue | 124198715.28 | 631104817.05 |  386272172.06 | 0.20 061
34| 3| 28 11.98 714507391 PE [M#H]+ PE(16:1_18:2) Supercontrol_Bisex | C39H72NO8P | 713.499555 | 714.506831 | 078 notaffected tissue | 151741005.76 | 1868547979.68| 1329999877.66 | 0.08 071
34 0] 34 16.36 718537063 PE M-H- PE(16:0_18:0) Bisex_Supercontrol | C39H78NO8P | 719546505 | 718.539229 | 3.01 12234248.13 3319306.58 6637290.36 369 2.00
36] 6| 24 923 734.476637 PE [M-H]- PE(18:3_18:3) Supercontrol_Bisex | CALH70NOSP | 735.483905 | 734476628 | 0.01 804739.07 6377089.80 2904837.69 013 046
36| 5| 26 11.00 736.490332 PE [M-H)- PE(16:1_20:4) Supercontrol_Bisex | C41H72NO8P | 737.499555 | 736492278 | -2.64 notaffected tissue | 7191763643 | 552133750.29 | 37063254030 | 0.13 067
36| 5| 26 1120 738.508113 PE [M+H]+ PE(18:2_18:3) Singlesex_Bisex | C41H72NO8P | 737.499555 | 738506831 | 174 notaffected tissue | 3727781001 | 72546638624 | 27016798239 | 0.05 037
36] 1] 34 16.60 744.553482 PE M-HI- PE(18:0_18:1) Bisex_Supercontrol | CAIHBONOBP | 745562155 | 744.554879 | -188 955870607.09 | 321395428.18 | 50764309382 | 2.97 1.58
37] 2] 33 1596 756.553126 PE [M-H]- PE(18:2_1 Supercontrol_Bisex | CA2HSONOSP | 757.562155 | _756.554879 | -2.32 47774836.16 | 506035100.18 | 252961539.40 | 0.09 0.50
38 7] 24 1015 760.490808 PE [M-H]- PE(18:3_20:4) Supercontrol_Bisex | C43H72NOSP | 761.499555 | 760492278 | -1.93 22492133 6782947036 | 2303302423 0.00 034
38 8| 22 1024 760.492697 PE M} PE(38:8) Supercontrol_Bisex | CA3H70NO8P | 750.483%05 | 760.491181 | 199 2110912.13 9394515.01 10900557.01 022 116
38 6] 26 1157 762.505833 PE [M-H]- PE(18:2_20:4) Supercontrol_Bisex | CA3H74NOSP_| 763515205 | 762.507929 | -2.75 14657456389 | 74798238143 | 46128522175 | 020 | 0.62
38 6] 26 1240 762.505901 PE [M-H]- PE(16:0_22:6) Bisex_Supercontrol | C43H74NOBP_| 763515205 | 762.507929 | -2.66 5352312068.11 | 3398317627.16] 473770203620 | 157 139
38| 7| 24 831 762.508628 PE [M+H]+ PE(18:2_20:5) Supercontrol_Bisex | C43H72NO8P | 761.499555 | 762.506831 | 236 not affected tissue|  7074961.01 7690693.27 10922135.68 092 1.42
39] 431 15.86 780553148 PE M-H- PE(19:0_20:4) Supercontrol_Bisex | C44HBONOSP | 781562155 | 780.554879 | -2.22 754682610.47 | 1649546504.12|  1176622324.35 | 0.46 071
39| 5| 29 1525 780.554041 PE [M+H]+ PE(17:0_22:5) Supercontrol_Bisex | C44H7SNOSP | 779.546505 | 780.553782 | 033 notaffected tissue | 4544299910 | 20737023241 | 18146207113 | 0.22 0388
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min detected class mass distri bisex-infected | area control | monosex-infected | control | control
39137 18.18 786.602420 PE M-HI- Supercontrol_Bisex | CA4HB6NOBP | 787.609105 | 786601829 | 075 161217132 360734193 2467011.03 045 | 068
0] 6] 28 1471 790537181 PE M-H- Bisex_Supercontrol | CASH78NOBP | 791546505 | 790.539229 | -2.59 260016540171 | 1160200133.16] _2089435528.54 | 224 | 180
20] 6] 28 13.88 790537259 PE [M-H]- Supercontrol_Bisex | CASH78NOSP | 791546505 | 790.539229 | -2.49 11062917027 | 702793171.97 46 | 016 | 057
0] 4] 32 16.47 794.569125 PE MH)- Bisex_Supercontrol | CASHB2NOBP | 795.577805 | 794570529 | -1.77 62213411040 | 268891236.34 | 43045547808 | 231 | 1.60
22]10] 22 10.70 810.506274 PE M-H- PE(20:4_22:6) Supercontrol Bisex | CA7H74NOSP_| 811515205 | 810507929 | -2.04 387510.78 1711662746 | 12651393.68 | 002 | 074
12|92 1212 812522029 PE [M-H]- PE(20:4_22:5) Supercontrol_Bisex | CA7H76NOSP | 813.530855 | 812.523579 | -191 not affected tissue| 16774690 1664930.15 1300514.41 010 | o078
32] 2] 28 880 717471435 PG M-H- PG(16:1_16:1) Supercontrol_Bisex | C38H71010P | 718.478485 | 717.471209 | 032 208542.82 1902907.79 775794.52 011 | o041
32] 1] 30 10.06 719.486202 PG M-H- PG(16:0_16:1) Supercontrol_Bisex | C38H73010P | 720.494135 | 719.486859 | -0.91 940131.28 5165986.56 2655217.15 018 | o051
35] 3] 29 9.94 757500679 | PG [M-H- PG(17:1_1822) Supercontrol Bisex | C41H75010P | 758509785 | 757502509 | -2.42 5101645.92 1069142343 | 12153986.93 048 | 114
36] 5] 26 8.51 767.4872% | PG [M-H]- PG(18:2_18:3) Supercontrol_Bisex | C42H73010P | 768494135 | 767.486859 | 057 2536332391 | 4868305220 |  40762019.76 | 052 | 084
38] 5| 28 1038 795516771 PG M-H- PG(18:1_20:4) Supercontrol_Bisex | C44H77010P | 796.525435 | 795.518159 | -1.74 7160617444 | 156346784.49 | _ 158455863.88 | 046 | 101
38] 4] 30 1212 797532257 | PG [M-H- PG(18:1_203) Bisex_Supercontrol | C44H79010P | 798.541085 | 797.533809 | -195 1881005096 | 356003553 9991726.83 528 | 281
38 2] 34 15.86 801563364 | PG MH)- PG(18:0_20:2) Bisex_Supercontrol | C44H83010P | 802572385 | 801565109 | -2.18 1645629438 | 5583260.62 340014811 295 | 150
0] 9] 22 823 815.487902 PG M-H- PG(18:3_22:6) Bisex_Supercontrol | C46H73010P | 816494135 | 815486859 | 128 2104003727 | 627552431 | 11724913.02 335 | 187
20] 8] 24 9.06 817502379 | PG [M-H- PG(18:22_22:6) Bisex_Supercontrol | C46H75010P | 818.509785 | 817.502509 | -0.16 376442839.21 | 8572153545 | 19051349941 | 439 | 2.22
20| 7] 26 1027 819.516775 PG [M-H]- PG(18:1_22:6) Bisex_Singlesex | C46H77010P | 820.525435 | 819.518159 | -169 Bisex_ overall litle | 150007070217 | 318420737.97 | ssa233603.94 | 323 | 183
Supercontrol | _enrichment in
28] 2 10.56 845531710 | PG M-HI- PG(20:4_22:4) Bisex_Supercontrol | C48H79010P | 846.541085 | 845533809 | -2.48 9521263675 | 3010222554 | 6542232094 | 316 | 217
4| 11] 22 .60 867517124 | PG [M-H]- PG(22:5_22:6) Bisex_Singlesex | CS0H77010P | 868.525435 | 867.518159 | -119 Supz‘:::;"ol granuloma 313418939.04 | 27926079.20 | 9159645272 | 1122 | 3.8
24]10] 24 1071 869.532522 PG M-HI- PG(22:4_22:6) Bisex_ C50H79010P | 870.541085 | 869.533809 | -1.48 74| 7527370023 | 12431025581 | 213 | 165
24]10] 22 10.87 869.532683 PG [M-H- PG(22:5_22:5) Bisex_Supercontrol | C50H79010P | 870.541085 | 869.533809 | -129 13525777207 | 21286973.12 | 64476442.95 635 | 303
2] 9] 2 1142 871547337 | PG [M-H]- PG(22:4_22:5) Bisex_Supercontrol | C50H81010P | 872.556735 | 871549459 | -2.43 5658479054 | 6351563.16 | 3120940330 | 891 | 491
2] 12] 20 9.26 884.545348 | PG [M+NH4L+ PG(22:6_22:6) Bisex_Supercontrol | C50H75010P | 866.509785 | 884.543611 | 196 33288149.82 1131994.61 7614354.83 2041 | 673
34] 3] 28 1028 831501304 Pl M-HI- PI(16:0_18:3) Supercontrol Bisex | C43H77013P | 832510179 | 831502903 | -192 5458582.73 1591119835 | 708637440 034 | o045
36| 4] 28 1139 857516513 Pl [M-H]- PI(16:0_20:4) Supercontrol_Bisex | CA5H79013P | 858.525829 | 857.518553 | -2.38 313414372.68 | 65263512691 | 33814012031 | 048 | 052
36] 2] 32 14.20 861.547833 Pl M-H- Bisex_Supercontrol | C45H83013P | 862557129 | 861549853 | -2.34 2033440771 | 347360715 13848982.55 585 | 399
38 7] 24 9.04 879.504509 Pl [M-H]- Supercontrol Bisex | CA47H77013P | 880510179 | 879502903 | 1.83 492079.16 294347219 611904.17 017 | o021
38| 5| 28 1155 883.533212 Pl MH)- Supercontrol_Bisex | CA7H81013P | 884.541479 | 883534203 | -112 8305687660 | 151428633.28 | 90805741.74 | 055 | 060
3] 2| 34 15.61 889.579032 Pl [M-H- PI(18:0_202) Supercontrol_Bisex | CA47H87013P | 890.588429 | 889.581153 | -2.38 notaffected tissue|  12413861.18 | 3473566027 | 2337509236 | 036 | 067
38] 5| 28 12.69 902.577612 Pl [M+NH4L+ PI(38:5)" Bisex_Supercontrol | C47H81013P | 884.541479 | 902575305 | 256 3269416715 | 467155863 474714073 700 | 102
20| 5| 30 14.52 911564141 Pl [M-H]- PI(18:0_22:5) Bisex_Supercontrol | C49H8SO13P | 912.572779 | 911565503 | -149 notaffected tissue|  20377602.15 | 5695420.49 | 1274711520 | 358 | 224
0] 4] 32 15.00 913.580713 Pl M-H- PI(18:0_22:4) Supercontrol_Bisex | CA9H87013P | 914.588429 | 913.581153 | -0.48 580715556 | 1346535464 |  8509977.78 043 | o063
18] 0] 18 4.89 552367035 Plasmanyl-LP(_[M+HCO2]- Plasmanyl-LPC(0-18:0) Bisex_Supercontrol | C26H54NOGP | 507.368877 | 552367080 | -0.08 7063508276 | 10506912.76 | _ 43430902.81 667 | 410
34 1] 32 16.08 746.606605 |Plasmanyl-P__[M+H]+ | Plasmanyl-PC(0-16:1/18:0) | Bisex_Supercontrol | CA2H84NO7P | 745.598541 | 746.605817 | 1.06 18056890279.41 | 979417837.21 | 5749726887.38 | 1844 | 587
38] 5| 28 1567 794.606766 |Plasmanyl-PC__[M+H]+ | Plasmanyl-PC(0-16:0/22:5) | Bisex_Supercontrol | CAGH84NO7P | 793.598541 | 794.605817 | 1.19 385795121.94 | 36955337.58 | 127677819.05 | 1044 | 345
20]3] 3 18.16 826.670277 |Plasmanyl-P__[M+H]+ | _ Plasmanyl-PC(0-22:1/18:2) | Bisex_Supercontrol | CA8H92NO7P | 825.661141 | 826.668417 | 225 15974583452 | 4101884252 | 7083773227 | 3.89 | 173
0] 4] 32 1623 866.626477 y-Pq [M+HCO2]- | Plasmenyl-PC(P-20:0/20:4) | Bisex Supercontrol | CA8HSSNO7P | 821629841 | 866628044 | -181 2184515695 | 364426574 9747723.70 599 | 267
overall, little
2| 2] 38 17.86 813.685505 |  SM [M+H]+ SM(d18:1/24:1) Bisex_Supercontrol | CA7HOSN206P | 814.692775 | 813.685499 | 0.01 enrichmentin | 36732222545.46 | H#uuHsEEH | 2241728935047 | 290 | 177
granuloma
18[1] 16 3.87 300290207 So [M+HI+ So(d18:1) Bisex_Supercontrol | C18H37NO2 | 299.282429 | 300.289706 | 167 14869987910 | 71480963.40 | _ 92957798.91 208 | 130
18 0] 18 423 302305933 So [M+H]+ S0(d18:0) Bisex_Supercontrol | C18H39NO2 | 301298079 | 302305356 | 191 58857709.58 | 13745270.76 | 3110414918 | 428 | 226
46| 2| 42 21.47 792.708435 6 [M+NH4]+ T6(12:0_16:0_18:2) Singlesex_Bisex C49H9006 | 774673741 |  792.707566 110 S“pe;;'e';m"- 9826552033 | 437434253.66 | 26276692364 | 022 0.60
26 1] 2 21.70 794723472 |16 [M+NHaL+ T6(14:0_16:0_16:1) Supercontrol_Bisex | _CA9H9206 | 776.689391 | 794.723216 | 032 20248028.90 | 454059172.34 | _ 14888169925 | 004 | 033
570 2] 53 21.60 806.723562 6 [M+NHa]+ Supercontrol Bisex | C50H9206 | 788.689391 | 806723216 | 043 4475534913 | 129692240.74 | 11175421859 | 035 | 086
48] 3] a2 2152 818723930 | TG [M+NHa]+ Supercontrol_Bisex | C51H9206 | 800.689391 | 818.723216 | 087 548079990.53 | 80335866151 | 693494399.81 | 068 | 0.86
18] 2] 2 2173 820739674 | 16 [M+NHaJ+ Supercontrol_Bisex | _C51H9406 | 802.705041 | 820.738866 | 0.98 628433400.17 | 2279893938.37| _1465614483.38 | 0.8 | 0.64
36] 4] 28 2142 830723900 | TG [M+NH4]+ Supercontrol Bisex | _C52H9206 | 812689391 | 830723216 | 0.2 7464895010 | 11912325845 | 12072029428 | 063 | 101
29] 2] 45 2187 834755125 16 [M+NHa}+ 16:0_18:2) Supercontrol_Bisex | C52H9606 | 816720691 | 834.754516 | 073 13700186024 | 696890716.30 | 528813156.68 | 020 | 076
S0l 4] a2 2155 844739692 | TG [M+NHa]+ T6(14:0_18:2_18:2) Supercontrol_Bisex | _C53H9406 | 826.705041 | 844.738866 | 098 1640764349.67 | 3011175135.83] 3278968929.69 | 054 | 109
s0[ 3] 44 21.76 846755013 | 16 [M+NH4]+ TG(16:0_16:1_18:2) Supercontrol Bisex | _C53H9606 | 828.720691 | 846754516 | 0.59 3105546086.93 | 8289797295.89] 586289302668 | 037 | 071
50| 2] 46 21.95 818771097 | TG [M+NHaJ+ T6(16:0_16:1_18:1) Supercontrol_Bisex | _C53H9806 | 830.736341 | 848770166 | 1.0 4275375498.77 7429247812.23_| 037 | 064
s0| 1] 48 213 850.786677 | TG [M+NHa]+ _16:0_18:1) Supercontrol Bisex | C53H10006 | 832751991 | 850785816 | 101 3676677189.95 | 9428700542.63] 5693765482.04 | 039 | 060
51] 5] 41 21.50 856740387 | TG [M+NH4]+ 18:2_183) Supercontrol_Bisex | C54H9406 | 838.705041 | 856.738866 | 177 19330163838 | 486217924.73 | 539740323.07 | 040 | 111
si4] 43 21.70 858755452 | TG [M+NHa]+ TG(15:1_18:1_18:2) Supercontrol_Bisex | _C54H9606 | 840.720691 | 858754516 | 1.9 409688172.22 | 1116836423.15| 158772055180 | 037 | 142
s1]3] 45 21.90 860.770810 | TG [M+NHa]+ Supercontrol Bisex | _C54H9806 | 842736341 | 860770166 | 0.75 826534182.04 | 225813496116 1877396862.38 | 0.37 | 0.83
51 2] 47 22.07 862785882 | TG [M+NHa]+ Supercontrol_Bisex | _C54H10006 | 844.751991 | 862.785816 | 0.08 932223452.88 | 2406074081.76 _1652543385.11 | 039 | _ 0.69

* only identified by head group fragments
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on|oB|EcN retentio.n time / m/z substance ion substance significant pair sum formula monoisotopic m/z theoretical | D / ppm | also found for lla?eral ave!ragelpeak area | average peak | average p?ak area | bisex/ | monosex/
min detected class mass distril bisex-infected area control | monosex-infected | control [ control
52[ 7] 38 21.14 866.724609 16 [M+NH4]+ TG(16:1_18:3_18:3) Bisex_Supercontrol | C55H9206 848.689391 866.723216 161 239386242.51 | 119858928.62 | 177530055.02 2.00 148
52| 7| 38 21.41 866.725240 TG [M+NH4]+ TG(16:0_18:3_18:4) Bisex_Singlesex C55H9206 848.689391 866.723216 233 | o B'Se’(f( ' 65169206.12 3622774.89 14499432.63 17.99 4.00
upercontrof
52 3] 46 21.99 874.786968 16 [M+NH4]+ TG(16:0_18:1_18:2) Supercontrol_Bisex | C55H10006 | 856.751991 874.785816 132 29318474013.27 33484322084.29 | 0.74 0.85
52 2] 48 2215 876.802096 16 [M+NH4]+ Supercontrol_Bisex | C55H10206 | 858.767641 876.801467 0.72 22624652535.66 27912810724.93 | 0.59 0.72
53| 6| 41 21.37 882.756842 TG [M+NH4]+ Supercontrol_Bisex C56H9606 864.720691 882.754516 2.63 30780062.98 97175999.29 18803333.63 0.32 0.19
53] 5] 43 21.73 884.771308 16 [M+NH4]+ Supercontrol_Bisex | C56H9806 866.736341 884.770166 1.29 403686661.87 | 913278252.03 |  842002901.93 0.44 0.92
53[ 4] 45 21.90 886.785962 16 [M+NH4]+ :0_18:2_18:2) Supercontrol_Bisex | C56H10006 | 868.751991 886.785816 0.16 1147220607.28 | 2482973452.66| 2041991676.17 | 0.46 0.82
53] 3] 47 22.09 888.801566 16 [M+NH4]+ 18:1_18:2) Supercontrol_Bisex | C56H10206 | 870.767641 888.801467 0.11 1659051482.31 | 3614179081.92| 2645211337.05 | 0.46 0.73
s4[ 9] 36 21.09 890.725399 16 [M+NH4]+ Bisex_Supercontrol |  C57H9206 872.689391 890.723216 245 66740718.91 5623897.39 27520182.95 11.87 4.89
53] 2] 49 22.26 890.817864. 16 [M+NH4]+ Supercontrol_Bisex | C56H10406 | 872.783291 890.817117 0.84 1630935605.16 | 3866496916.39| 269229654538 | 0.42 0.70
s4[ 8] 38 21.34 892.740548 16 [M+NH4]+ Bisex_Supercontrol | C57H9406 874.705041 892.738866 1.88 258229600.17 | 54772871.04 | 121746794.54 4.71 2.22
s3] 1] 51 2241 892.832551 16 [M+NH4]+ Supercontrol_Bisex | C56H10606 | 874.798941 892.832767 -0.24 451811959.99 | 1373648187.46|  616995675.36 033 0.45
55/ 8] 39 21.54 906.755257 6 [M+NH4]+ Bisex_Supercontrol | C58H9606 888.720691 906.754516 0.82 5111465039 7699937.74 41959563.85 6.64 5.45
s4[ 1] 52 22.50 906.847481 6 [M+NH4]+ Supercontrol_Bisex | C57H10806 | 888.814591 906.848417 -1.03 976540113.56 | 1962091892.41  999699695.54 0.50 0.51
ss[ 7] a1 21.75 908.771822 16 [M+NH4]+ 11 Bisex_Supercontrol | C58H9806 890.736341 908.770166 1.82 76530491.64 9152817.35 42691499.96 8.36 4.66
56[10[ 36 21.14 916.741101 16 [M+NH4]+ 4_20:5) Bisex_Supercontrol | C59H9406 898.705041 916.738866 244 69424194.31 17652671.65 41687581.78 3.93 2.36
56 9] 38 21.44 918.755836 6 [M+NH4]+ 18:3_22:6) Bisex_Supercontrol | C59H9606 900.720691 918.754516 1.44 869609016.28 | 199518745.89 |  512548335.68 4.36 2.57
s5[ 2] 51 22.80 918.848627 16 [M+NH4]+ 18:2_19:0) Supercontrol_Bisex | C58H10806 | 900.814591 918.848417 0.23 225684079.05 | 702431576.53 |  377577515.05 0.32 0.54
55| 2] 51 23.47 918.849306 16 [M+NH4]+ 18:1_20:1) Supercontrol_Bisex | C58H10806 | 900.814591 918.848417 0.97 67094262.73 | 125742605.32 |  42893548.55 053 0.34
55[ 1] 53 22.58 920.862923 6 [M+NH4]+ 18:1_21:0) Supercontrol_Bisex | C58H11006 | 902.830241 920.864067 -1.24 175650335.22 | 49340053236 |  221390517.60 0.36 0.45
s6 7] 42 2211 922.786097 16 [M+NH4]+ _18:1_22:6) Bisex_Supercontrol | C59H10006 | 904.751991 922.785816 0.30 48138449.03 5577289.96 18024047.79 8.63 3.23
s6| 7] 42 21.82 922.786208 16 [M+NH4]+ 18:2_20:4) Bisex_Supercontrol | C59H10006 | 904.751991 922.785816 0.42 4007211390.64 | 1107317463.94 2687972945.01 | 3.62 2.43
56] 6] 44 2221 924.801559 6 [M+NH4]+ TG(18:0_18:1_20:5) Bisex_Supercontrol | C59H10206 | 906.767641 924.801467 0.10 220731836.59 | 68455257.86 | 119362261.30 3.22 174
56| 6| 44 21.93 924.801892 16 [M+NH4]+ TG(16:0_18:2_22:4) Bisex_Singlesex C59H10206 | 906.767641 924.801467 046 | o B'Sexft ' 5655507033.93 | 2876271469.38| 3618432429.34 1.97 1.26
upercontrof
B
57| 9| 39 21.59 932.770910 16 [M+NH4]+ TG(17:1_18:2_22:6) Bisex_Singlesex C60H9806 914.736341 932.770166 080 | o 'Sex-t ' 22621384.91 2751696.31 13965369.14 8.22 5.08
upercontrof
B
57| 8| 41 21.76 934.787552 TG [M+NH4]+ TG(17:0_18:2_22:6) Bisex_Singlesex C60H10006 | 916.751991 934.785816 186 | 'Sex-‘ ' 10563406252 | 26206174.98 48571489.46 4.03 1.85
upercontrof
570 6] 45 22.08 938.817295 16 [M+NH4]+ TG(18:2_19:0_20:4) Bisex_Supercontrol | C60H10406 | 920.783291 938.817117 0.19 177234282.08 | 100016206.93 |  129952656.04 1.77 130
s8] 10] 38 21.62 944.771708 16 [M+NH4]+ TG(16:0_20:4_22:6) Bisex_Supercontrol | C61H9806 926.736341 944.770166 163 910849156.46 | 12747086.87 12208147540 | 71.46 9.58
s8[10] 38 21.50 944.771981 16 [M+NH4]+ TG(18:2_18:2_22:6) Bisex_Supercontrol | C61H9806 926.736341 944.770166 1.92 685363483.86 | 238646120.56 |  637969212.94 2.87 2.67
57/ 3] 51 22.42 944.864974 TG [M+NH4]+ TG(18:1_18:2_21:0) Supercontrol_Bisex C60H11006 926.830241 944.864067 0.96 259542415.71 408839096.10 286647696.16 0.63 0.70
58| 9| 40 2171 946.786917 6 [M+NH4]+ TG(18:1_18:2_22:6) Bisex_Singlesex C61H10006 | 928.751991 946.785816 116 | o B'Se’(f( ' 2137162749.50 | 467849026.81 |  899420553.25 4.57 1.92
upercontrol
58| 8| 42 21.90 948.803126 6 [M+NH4]+ TG(18:1_18:2_22:5) Bisex_Singlesex C61H10206 | 930.767641 948.801467 175 | o B'Sexft ' 2354112920.44 | 88141778258 |  819275825.03 2.67 0.93
upercontrof
58| 6| 46 211 952.832925 16 [M+NH4]+ TG(18:0_18:2_22:4) Bisex_Singlesex C61H10606 | 934.798941 952.832767 017 | o B'Sexft ' 1953837090.30 | 126165983215 1130199924.43 155 0.90
upercontrof
59[10[ 39 21.74 958.788426 16 [M+NH4]+ 20:5_22:5) Bisex_Supercontrol | C62H10006 | 940.751991 958.785816 272 29030364.49 1049864.90 3246832.68 27.65 3.09
59| 7] 45 2213 964.833831 TG [M+NH4]+ 19:0_22:5) Bisex_Supercontrol | C62H10606 | 946.798941 964.832767 1.10 42061256.87 1103315.01 21453952.61 3812 | 19.44
60[13] 34 21.18 966.757004 16 [M+NH4]+ 20:4_22:6) Bisex_Supercontrol | C63H9606 948.720691 966.754516 257 21058026.05 465629.23 4772466.77 4522 | 1025
60[12] 36 21.45 968.772162 16 [M+NH4]+ _20:4_22:6) Bisex_Supercontrol | C63H9806 950.736341 968.770166 2.06 168615736.80 | 20694636.67 89150738.80 8.15 431
60[11] 38 21.64 970.787738 16 [M+NH4]+ 20:4_22:6) Bisex_Supercontrol | C63H10006 | 952.751991 970.785816 1.98 588085373.16 | 59872499.21 149390448.22 9.82 2.50
59 4] 51 22.48 970.881286 16 [M+NH4]+ TG(18:2_18:2_23:0) Supercontrol_Bisex | C62H11206 | 952.845891 970.879717 162 112474946.45 | 26076419539 |  203714451.37 0.43 0.78
60| 10| 40 21.75 972.801855 16 [M+NH4]+ TG(18:1_20:4_22:5) Bisex_Singlesex C63H10206 | 954.767641 972.801467 040 | o B'Sex-t ' 490453606.14 | 220117381.99 |  197079742.70 223 0.90
upercontrof
59| 3|53 22.60 972.896961 TG [M+NH4]+ TG(18:1_18:2_23:0) Supercontrol_Bisex C62H11406 954.861541 972.895367 1.64 80803710.86 212034000.51 130477966.46 0.38 0.62
60| 9| 42 2191 974.818364 TG [M+NH4]+ TG(18:0_20:4_22:5) Bisex_Singlesex C63H10406 | 956.783291 974.817117 128 | Blsex,{ ' 729489111.58 | 250979800.71 |  253035086.92 291 1.01
upercontrof
59 2] 55 22.78 974.913129 6 [M+NH4]+ Supercontrol_Bisex | C62H11606 | 956.877191 974.911017 217 4256377543 | 121653074.79 |  95395936.54 035 0.78
60[ 8] 44 22.00 976.830457 16 [M+NH4]+ Bisex_Singlesex C63H10606 | 958.798941 976.832767 -2.36 387810234.78 | 430707668.49 |  140652083.10 0.90 0.33
. Bi
60| 7| 46 22.10 978.849050 6 [M+NH4]+ TG(18:1_20:2_22:4) Bisex_Singlesex C63H10806 | 960.814591 978.848417 065 | o 'Sex-t ' 588000110.24 | 341527284.59 |  299102120.85 172 0.88
upercontrof
62[14] 34 21.34 992.772366 TG [M+NH4]+ TG(18:2_22:6_22:6) Bisex_Supercontrol | C65H9806 974.736341 992.770166 2.22 65362584.15 470809.65 9672507.25 138.83 | 20.54
62[13] 36 21.54 994.786478 16 [M+NH4]+ TG(18:2_22:5_22:6) Bisex_Supercontrol | C65H10006 | 976.751991 994.785816 0.67 109537266.07 689791.80 14733596.47 | 158.80 | 2136
62[12] 38 21.70 996.803158 16 [M+NH4]+ Bisex_Supercontrol | C65H10206 | 978.767641 996.801467 1.70 193027425.84 7490236.37 24654656.22 25.77 3.29
61 5] 51 2252 996.897036 6 [M+NH4]+ Supercontrol_Bisex | C64H11406 | 978.861541 996.895367 1.67 60416044.08 66986191.25 48976493.58 0.90 0.73
62| 11| 40 21.76 998.816461 16 [M+NH4]+ TG(18:1_22:4_22:6) Bisex_Singlesex C65H10406 | 980.783291 998.817117 -0.66 Bisex_ 92952999.17 47641696.65 30216179.85 1.95 0.63

Supercontrol

* only identified by head group fragments
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on|oB|EcN retentio.n time / m/z substance ion substance significant pair sum formula monoisotopic m/z theoretical | D / ppm | also found for lla?eral ave!ragelpeakarea average peak | average p?akarea bisex/ | monosex/
min detected class mass distril bisex-infected area control | monosex-infected | control [ control
&
62| 10| 42 21.92 1000.833394 TG [M+NH4]+ TG(18:1_22:4_22:5) Bisex_Singlesex C65H10606 | 982.798941 | 1000.832767 083 | o 'Sex-‘ ' 217063994.77 | 69277960.98 73881952.20 313 1.07
upercontrof
. Bi
62| 8| 46 2224 1004.864049 T6 [M+NH4]+ TG(18:0_22:4_22:4) Bisex_Singlesex C65H11006 | 986.830241 | 1004864067 | -0.02 | o 'Sex-t ' 253544936.81 | 87368375.93 100486840.21 2.90 115
upercontrof
62] 7] 48 2231 1006.880459 16 [M+NH4]+ TG(18:1_22:2_22:4) Bisex_Supercontrol | C65H11206 | 988.845891 | 1006.879717 0.74 271183258.43 | 144897193.33 |  148166362.77 1.87 1.02
62] 6] 50 22.49 1008.896549 16 [M+NH4]+ TG(18:1_20:4_24:1) Bisex_Supercontrol | C65H11406 | 990.861541 | 1008.895367 117 291074046.89 | 155141783.67 |  134400497.90 1.88 0.87
64[13] 38 21.75 1022.818413 16 [M+NH4]+ TG(20:4_22:4_22:5) Bisex_Supercontrol | C67H10406 | 1004.783291 | 1022.817117 127 24785655.05 0.00 1564763.44 #DIV/0!| #DIV/O!
63 4] 55 22.81 1026.944751 16 [M+NH4]+ TG(18:2_20:2_25:0) Supercontrol_Bisex | C66H12006 | 1008.908492 | 1026.942317 237 14682053.36 23300173.82 13956582.46 0.63 0.60
64]10] 44 2212 1028.865883 16 [M+NH4]+ TG(20: Bisex_Supercontrol | C67H11006 | 1010.830241 | 1028.864067 177 57678260.70 4983404.00 10940324.61 1157 2.20
&
64| 9| 46 2229 1030.879784 TG [M+NH4]+ TG(20: Bisex_Singlesex C67H11206 | 1012.845891 | 1030.879717 005 | o 'Sex-‘ ' 97325160.60 30779754.10 35186460.14 3.16 114
upercontrof
¥ B
64| 8| 48 2235 1032.897302 6 [M+NH4]+ TG6(20:3_22:1_22:4) Bisex_Singlesex C67H11406 | 1014.861541 | 1032.895367 187 | 'Sex-t ' 149469217.96 | 45892843.81 49371049.44 3.26 1.08
upercontrof
64| 7| 50 22552 1034.912119 16 [M+NH4]+ TG(18:1_22:5_24:1) Bisex_Singlesex C67H11606 | 1016.877191 | 1034.911017 106 | B'Sexft ' 139444940.53 | 60753255.60 50486189.12 230 0.83
upercontrof
64] 5] 54 2278 1038.943148 16 [M+NH4]+ TG(18:0_22:4_24:1) Bisex_Supercontrol | C67H12006 | 1020.908492 | 1038.942866 0.27 90244197.95 41424115.39 38581674.44 218 0.93
66| 6| 54 22.78 1064.958708 6 [M+NH4]+ TG(20:1_22:4_24:1) Bisex_Singlesex C69H12206 | 1046.924142 | 1064.957967 0.70 Bisex_ 29133071.60 7331655.96 8557483.83 3.97 117

Supercontrol

* only identified by head group fragments
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ABSTRACT: Bovine besnoitiosis is a disease caused by the obligate infected control
intracellular parasite Besnoitia besnoiti. During its chronic stage, the {‘
3
4

parasite forms large, thick-walled cysts of up to 600 ym in diameter in
the skin and other tissues. To assess an overview of parasite-induced
metabolic changes during chronic infection, B. besnoiti-infected skin
samples were analyzed by high-resolution atmospheric-pressure
scanning microprobe matrix-assisted laser desorption/ionization
mass spectrometry imaging (AP-SMALDI MSI). Overall, infection-
driven, significant changes of 467 lipids and metabolites were found in
comparison to noninfected control samples. Most of them belong to
the group of phosphatidic acids (PAs), phosphatidylserines (PSs), phosphatidylcholines (PCs)/phosphatidylethanolamines (PEs),
triacylglycerides (TGs), phosphatidylinositols (PIs) and phosphatidylglycerols (PGs). When these quantitative data were combined
with analyses on the lateral distribution of respective infection markers, MS images of significantly changed ion signals with specific
lateral distributions were generated, matching with typical biological structures as observed in Hematoxylin and eosin (H&E)-
stained tissue sections. Ultrahigh-resolution MALDI MSI with a pixel size of 2 ym and 3-dimensional reconstruction gave further
insights into cyst construction.

cysts

cyst walls
unaffected
tissue

MALDI MSI

KEYWORDS: Besnoitiosis, AP-SMALDI, Ultrahigh-resolution mass spectrometry imaging, Host—parasite interaction, Besnoitia besnoiti,
Apicomplexa

H INTRODUCTION Besnoitia besnoiti is a cyst-forming and obligate intracellular
apicomplexan parasite that causes bovine besnoitiosis, a
chronic and debilitating disease manifested by cutaneous and
systemic alterations in cattle.”” Bovine besnoitiosis is endemic
in Asia and Africa and re-emerging in European countries.”"?
Besnoitiosis significantly impacts the individual welfare of
infected bovine and causes considerable financial losses in the
cattle industry,'>'* especially because it can cause sterility in
infected bulls."*'®. Besnoitiosis includes subacute, acute, and
chronic phases.'® Outbreaks of cattle besnoitiosis are
characterized by nonspecific symptoms such as fever in the
acute phase and typical clinical signs such as severe skin
alterations or scleroderma in the chronic phase of the disease.
As a relevant consequence of the disease, infections of male
reproductive tissues (e.g., testicles) may result in bull
sterility.'”'® Acute infection is characterized by the presence
of fast-proliferating tachyzoites that mainly replicate in vascular

For 30 years, matrix-assisted laser desorption/ionization mass
spectrometry imaging (MALDI MSI) has been an established
method for the (untargeted) analysis of biological tissue while
maintaining the topological information on the sample.' The
matrix-coated sample is analyzed in a rasterized fashion, which
allows for the coregistration of MS spectra and the
corresponding laser spot coordinates. The matrix is carefully
selected based on acidic/basic properties, crystal size, and
analyte solubility.

Over the recent years, MALDI MSI instrumentation has
significantly improved, now achieving a lateral resolution below
2 um” in dedicated workflows. Furthermore, mass analyzers
based on orbital trapping or ion cyclotron resonance (ICR)
provide accurate m/z determination with mass errors below
+1 ppm when applying adequate internal calibration
measures.” Therefore, natural compounds in biological
specimens can be assigned based on elemental composition
and, in the case of sufficient signal intensity, can also be
structurally characterized using on-tissue MS/MS.

Using new software approaches, several mass spectrometry
data sets being recorded on adjacent tissue sections can be
stitched together, resulting in 3-dimensional MS images,
reflecting structures of interest.’
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endothelial cells, causing vascular lesions. In contrast, in the
chronic phases of besnoitiosis, slow-replicating bradyzoites
proliferate in mesenchymal cells forming large thick-walled
tissue cysts mainly in dermis, sclera, and mucosa.'” Due to
their large size, tissue cysts are macroscopically detectable and,
when being localized in the sclera or vaginal mucosa, may even
serve for inspective diagnostics in living animals.'”

B. besnoiti tissue cysts are large and show an average
diameter of 200 um. Cystic tissues often present pericystic
inflammatory reactions, depending on the duration of infection
and the affected tissue type.”’ Mature cysts can reach 600 ym
in diameter.'®'” Hence, these tissue cysts are easily
demonstrated in skin sections of infected cattle experiencing
the chronic phase of disease."® Tissue cysts consist of a
hypertrophied host cell with enlarged nuclei, an intra-
cytoplasmic parasitophorous vacuole (PV) with bradyzoites,
a sometimes vacuolated inner cyst wall, and an outer cyst wall
(outermost acellular layer) in more developed/mature
cysts.'®! The outer cyst wall comprises multiple layers of
collagen fibrils, arranged in a circular way most probably
collagen type I fibers, while the inner cyst wall is made up of
elements of the extracellular matrix.'® Cysts contain only a
small rim of host cell cytoplasm, which surrounds the PV, and
present a hypertrophic host cell nuclei at their periphery.'®**

Bradyzoites typically have a diameter of approximately 2 ym
and are 7.5 pm long. Currently, morphological aspects of cysts
containing bradyzoites have been described in detail,'”"*
and there is also reported data on the proteome of the different
life stages of B. besnoiti.”* Moreover, some data on relevant B.
besnoiti tachyzoite-driven changes of key metabolic pathways
and selected metabolites have been repcnrted,zs'26 e.g.,
transcriptomic data showin% altered pathways related to lipid
metabolism in bradyzoites."

To date, serological tests for besnoitiosis diagnostics are
established,'””’™* but major knowledge of parasite-driven
host cell alterations or even of major steps of the life cycle
(currently unknown definitive hosts) is still lacking.'> Addi-
tionally, neither treatments nor licensed vaccines are currently
available in Europe.'”

MALDI MSI has been used in various cases to study
parasites’*>* and host—parasite interactions.*>™*” Therefore,
it was the method of choice to gain further insights into
Besnoitia besnoiti bradyzoite cysts and their host—parasite
interactions, especially in the field of lipidomics.

B MATERIALS AND METHODS

Chemicals. A list of all chemicals used can be found in
Table S1.

Tissue Samples. Natural B. besnoiti infection was
confirmed via a polymerase chain reaction investigation of a
suspected infected cow from the South of France. The animal
was euthanized due to severe clinical conditions. At necropsy,
bovine besnoitiosis in the scleroderma phase was confirmed as
multiple whitish punctuated cysts were observed in sclera and
in mucocutaneous junctions of the mouth and anus. Skin
biopsies were collected from the neck, elbow, and shoulder
regions. Skin samples were maintained at 4 °C and
immediately sent to the Institute of Parasitology at Justus
Liebig University Giessen, where they were conserved frozen at
—80 °C until further analysis.

For noninfected control samples, neck skin samples were
collected from the local abattoir near Giessen, Germany, from
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cows originating in farms without any history of besnoitiosis
and were treated as previously stated.

Sample Preparation. Before sample preparation, hair was
removed from skin samples, and sections of 20 ym thickness
from different parts of the sample (see Figure 2) were prepared
at —25 °C using a Cryostat Microm HM 525 (Thermo Fisher
Scientific, Dreieich, Germany). Sections were thaw-mounted
onto glass slides. Microscopic images were recorded with a
digital microscope (VHX-5000, Keyence, Neu-Isenburg,
Germany) before matrix application and after staining.

For 3D-imaging experiments, smaller pieces of the skin
samples were embedded in 10% gelatin solution. After the
samples were frozen, consecutive sections of 14 ym thickness
were prepared as previously stated.

Matrix application was performed with an ultrafine
pneumatic sprayer (SMALDIPrep, TransMIT GmbH, Giessen,
Germany) as described elsewhere.** For positive-ion mode,
100 pL of 2,5-dihydroxybenzoic acid (DHB) solution (30 mg/
mL, acetone/H,O/trifluoroacetic acid (49.95:49.95:0.1,
viv:w)) was applied. Flow rate was set to 10 uL/min, and
nitrogen pressure was set to 1 bar. For negative-ion mode, 400
UL of 1,5-diaminonaphthalene (DAN) solution (3.3 mg/mL,
H,O/methanol (0.1:0.9, v:v)) was applied with a flow rate of
30 pL/min.

Atmospheric-Pressure Scanning Microprobe Matrix-
Assisted Laser Desorption/lonization Mass Spectrome-
try Imaging (AP-SMALDI MSI) Analysis. For AP-SMALDI
MSI analyses, an orbital trapping mass spectrometer (Q
Exactive HF, Thermo Fisher Scientific, Bremen, Germany) was
used in combination with a high-resolution MS imaging ion
source (AP-SMALDI® AF, TransMIT GmbH, Giessen,
Germany). Instrumental settings are described in Table S2.
Pixel size was set to 5 pum. The instrument was freshly
calibrated prior to each measurement. Therefore, a blank glass
slide spray coated with DHB solution was used. Matrix-cluster
ions used for mass calibration are listed in Table S2.
Measurements were performed in triplicate for each sample
type (infected neck, infected shoulder, infected elbow,
controll, control2).

Ultrahigh-Resolution AP-SMALDI MSI Analysis. For
ultrahigh-resolution experiments (2 ym pixel size), a prototype
ion-source from TransMIT, coupled to a Q Exactive mass
spectrometer, was used. The same settings as those for higher
pixel sizes were chosen.

On Tissue MS/MS Analysis. On tissue MS/MS experi-
ments were performed with the same instrument settings on an
Orbitrap Exploris 480 mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany) equipped with an AP-SMALDI®
AF ion source. To achieve sufficient signal intensity, pixel sizes
were increased from S to 20 ym and the so-called full-pixel
mode was used to ablate the whole pixel area. Ions were
chosen after statistical processing (see below) and loaded via
an inclusion list into the method. Top S ions were
fragmentated, and the normalized collision energy was set to
20.

Hematoxylin and Eosin (H&E) Staining. Tissue sections
were rinsed with ethanol to wash off the matrix. Afterward,
sections were gradually rehydrated in 100%, 70%, and 40%
ethanol and deionized water (2 min, each). Then, samples
were stained with hematoxylin solution for 12 min, blued for
10 min in tap water, and washed in deionized water for 5 min.
After 1 min of incubation in eosin y solution, samples were
dehydrated in deionized water, 40%, 70%, and 100% ethanol

https://doi.org/10.1021/jasms.Ac00466
J. Am. Soc. Mass Spectrom. 2025, 36, 1017-1026
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and xylene for 2 min each. Finally, samples were covered with
Eukitt and a glass coverslip. H&E staining was used for
infection confirmation.

Data Analysis. For quick visualization and annotation, data
were uploaded to Metaspace.”” All annotated signals (FDR =
10%, found in at least one of these databases: HMDB,*" Lipid
Maps,"' SwissLipids,"”> Core Metabolome Database) were
exported and used to compute summed signal intensity lists
with Mirion.** Subsequently, summed signal intensities of the
three groups (infected, controll, and control2) were compared
using MetaboAnalyst.** No filtering was applied. Data were
normalized row-wise to a constant sum and transformed by
logl0 normalization. Then, principal component analysis
(PCA) was performed. In order to find statistically significant
differences, analysis of variance (ANOVA) with p < 0.05
followed by Tukey’s post hoc test was conducted.

MS Image Generation. Infection markers, significantly
altered in signal intensities, were selected to create MS images
with Mirion. Respective distribution patterns were examined
manually, and red-green-blue (RGB) overlay images were
created.

3D Reconstruction. For three-dimensional reconstruction,
measurements of 28 consecutive tissue sections were
performed in positive-ion mode on the same instrument with
the same settings as those for the 5 ym pixel size experiments.
However, according to a section thickness of 14 um, a pixel
size of 14 um was chosen, creating cubic voxels. Each
measurement consisted of 50 X 50 pixels, leading to an
analyzed area of 700 X 700 um* and being large enough to
contain several cysts while keeping the measurement time in an
affordable scope. All data were loaded into M2aia software.”
According to previous measurements, the ion signal at m/z
824.56, annotated as either phosphatidylethanolamine (PE)
[PE P-42:7 + Na]" or more probably phosphatidylcholine
(PC) [PC 36:2 + K]*, was chosen for cyst visualization
because it was found in the whole tissue but with higher
intensities inside the cysts. After TIC normalization, all 28
individual ion images were created and stacked as well as
aligned in M2aia, leading to a three-dimensional reconstruc-
tion.

Parasite Stage Comparison. Lipids and metabolites,
significantly altered in signal intensities due to the presence of
B. besnoiti bradyzoites, were compared with tachyzoite markers
derived from an in vitro study, described in a previous
publication.** Measurements from three tachyzoite replicates
were stitched using Mirion and uploaded to Metaspace. Since
the tachyzoite samples consisted of isolated parasites, all
detected signals were regarded as marker signals for
tachyzoites. A list containing all annotations (FDR = 10%,
HMDB) was generated and compared manually with the
bradyzoites markers.

B RESULTS AND DISCUSSION

Visualization of Large Intradermal B. besnoiti-Tissue
Cysts. Based on an average diameter of 200 um,*® most
intradermal cysts are macroscopically visible without any
further visual aids. In the current study, skin cryosections of
naturally B. besnoiti-infected cattle were H&E stained prior to
any further analysis to assess cyst burden and quality. As
illustrated in Figure 1, this animal was severely infected with B.
besnoiti tissue cysts which were highly abundant in the skin
sample, remained intact, and did not show any artifactual loss
of content due to sample processing or tissue degeneration.
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Figure 1. H&E-stained freshly prepared cryosection. Besnoitia besnoiti
bradyzoite-containing skin cysts of different sizes and shapes are easily
recognizable (examples indicated by orange arrowheads). Other
relevant structures, used for comparison of optical and corresponding
MS images, are hair follicles (examples indicated by green
arrowheads) and the epidermis (yellow arrowheads). Scale bar is 1
mm.

H&E staining also verified that the two control animals showed
no tissue cysts (see Figure S1) and were noninfected with B.
besnoiti.

We used skin samples from three different parts of one
naturally B. besnoiti-infected animal: from the neck, the
shoulder, and the elbow (see Figure 2). While the neck and
shoulder samples had a high cyst burden, only a few cysts were
found in the elbow sections. Results among these three groups
were comparable. This is reasonable because they all originated
from the same animal, allowing for comparison between high
and low cyst-burden areas.

MSI analysis of B. besnoiti-infected bovine skin tissue and
statistical analysis of signal intensities in comparison to control
tissue revealed several infection-induced changes with
statistical significance. PCA plot and dendrogram can be
found in Figure S2. Since MSI preserves the spatial
information, detected ions can be attributed to either host
tissue, cyst walls, or cyst content. Overall, 552 ions affected by
B. besnoiti infection were found, 273 of which were detected in
positive-ion mode and 279, in negative-ion mode. However,
some species were found in both positive- and negative-ion
modes due to adduct formation. For example, LysoPE (18:1)
contributed four times to the total number of relevant ions: it
was found in positive-ion mode as +H", +K* and +Na* adducts
and additionally in negative-ion mode as a deprotonated ion.
In total, 36 molecules were detected as several positive
adducts, and 23 molecules were detected in positive- as well as
negative-ion mode. By correcting this artifact, a total of 467
unique compounds were found that are influenced by parasitic
infection, with most of them being lipids. We analyzed all 552
ions without further differentiation of adduct-related dupli-
cates. A list of all annotated analytes can be found in an
additional data sheet in the Supporting Information (color
coding: green, individual compounds; yellow, adduct- or both-
ion-mode-related duplicates); few examples with interesting
lateral distributions are in Table 1. There were no statistically
significant differences in the lipid level between the infected
samples from three different parts of the animal. With on-tissue
MS/MS, we were able to identify 18 ions, 9 in positive- and 9
in negative-ion mode, by detecting at least the headgroup of
the phospholipid, enabling the differentiation between
isomeric phospholipids such as PCs and PEs. An example

https://doi.org/10.1021/jasms.Ac00466
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Figure 2. Scheme of the sample origin and resulting ion images of selected markers. B. besnoiti-infected samples originated from three different
parts of one infected animal: the neck, shoulder, and elbow. Cryosections of 20 m thickness were prepared from three different sections per skin
part, as illustrated with dotted green lines. For comparison, neck samples from two healthy control animals were analyzed in the same manner. MS
experiments were performed in positive- and negative-ion mode. For positive-ion mode, m/z 786.600S, annotated as PC 36:2, [C,,HgNOgP +
H]*, shown in red, m/z 842.5540, annotated as GlcCer 41:6, [C,;HgNOy + K]*, shown in green, and m/z 725.5566, annotated as SM 34:1,
[C3H79N,O4P + Na]*, shown in blue, were overlaid. For negative-ion mode, m/z 781.4868, annotated as PI 30:0, [C3yH;50,;P — H]~, shown in
red, m/z 915.5949, annotated as PI 40:3, [C4HgyO,3P — H] ™, shown in green, and m/z 303.2329, annotated as FA 20:4, [ C,0H3,0, — H] ™, shown
in blue, were overlaid. Intensities were adjusted to the same intensity levels for all of the MS images shown. Scale bar applies to all MS images.

Table 1. Examples of Ions Found with Significantly Different Signal Intensities When Comparing Infected Samples with

Control Samples with Characteristic Lateral Distributions

exemp. annotation mol. class formula add.
Glucose phosphate COH CgH,30,P [M - H]”
FA(18:1) FA Cy5H3,0, [M - H]
Acetylglucosamine sulfate COH CgH sNOoS M - H]™
FA(20:4) FA CyoH30, M - H]-
Fructose bisphosphate COH C¢H,,0,,P, [M - H]”
Oleoylcarnitine carnitine C,sH,;NO, [M + H]*
LysoPC(18:1) LysoPC  CuHoNO,P  [M + HJ*
DG(14:0_18:1_0:0) DG CasHeeOs M + KJ*
SM(d18:1_14:0) SM CyH,N,OP  [M+HJ*
PC(14:0_18:1) PC CyH,NOP  [M + HJ*
PC(14:0_20:1) PC CoHENOP M+ HJ
PI(16:0_14:0) PI CioH50,P M - H]-
PC(18:1_18:1) PC CyHuNOP  [M +HJ*
PC(14:0_20:1) PC CoHENOP M +KJ*
PC(18:1_18:1) PC C,HuNOP  [M+K]*
GlcCer(iso-t17:0_24:6) GlcCer CyHg NOy [M + K]
PI(18:3_22:0) PI CioHyyO1sP [M - H]

m/z meas. structure MS/MS found in Tachyzoites?
259.0224 higher in cysts phosphate group
281.2486 higher in cysts

300.0395 walls

303.2330

surrounding tissue

338.9888 cysts

426.3578
522.3554

higher in walls
higher in cysts yes

6054542 cysts

675.5436 surrounding tissue

732.5538 higher in cysts PC 32:1 yes
760.5851 higher in cysts PC 34:1 yes
781.4873 cysts Kadesch: PI

786.6007 higher in cysts PC 36:2 yes
798.5410 higher in walls PC 34:1

824.5566 higher in cysts PC 36:2

842.5543 higher in walls

915.5968 walls Kadesch: PI

can be seen in Figure S3, identifying m/z 671.4654 as
phosphatidic acid (PA) (16:0_18:2). However, potential in-
source fragmentation cannot be excluded. Therefore, the
headgroup might have also lost an ethanolamine or serine
group prior to intentional fragmentation. For corresponding

fragment ions, see Table S3.
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Interpretation of our data is challenging since little is known
about B. besnoiti infection and host—parasite interaction on the
lipidomic and metabolic level. However, other parasites from
the same family Sarcocystidae (e.g, Toxoplasma gondii and
Neospora caninum) and the same subphylum Apicomplexa
(e.g,, Plasmodium falciparum) that have been studied in more
detail can serve as a basis for careful speculation. It is well-

https://doi.org/10.1021/jasms.Ac00466
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known that apicomplexan parasites scavenge several molecular
classes from their host cells for intracellular development. For
example, Apicomplexa are generally considered as defective in
cholesterol synthesis and have to scavenge cholesterol from
their host cells for successful replication.* Consequently, most
of the altered lipids identified here likely originated from the
host and were not produced by the parasite itself. Due to its
obligatory intracellular lifestyle within a PV and enclosed by a
cyst wall, the parasite has no direct access to extracellular
molecule sources and therefore satisfies its need from the host
cell.*** Besides other molecule classes, apicomplexan parasites
scavenge host lipids, as reported for phospholipids, fatty acids,
and cholesterol in T. g(mdii.4 "7 Likewise, B. besnoiti
tachyzoites were recently shown to drive host cellular
cholesterol biosynthesis and to profit from enhanced
availability of exogenous lipid sources.”” Therefore, we here
expected to detect parasite-infection-driven changes in lipid
signals. On the other hand, related apicomplexan parasites like
T. gondii and P. falciparum synthesize PCs by themselves
during intracellular development,sn'Sl which aligns well with
our results since several PCs were found inside the parasitic
cysts.

Figure 2 nicely reflects that we were able to visualize B.
besnoiti-formed cysts inside the tissue using AP-SMALDI MSI.
By using simple statistics, we also found differences in signal
intensities: Except for the sphingomyelin (SM) 34:1 (blue ion
channel in positive-ion mode), all ions shown in Figure 2 were
found to have significant intensity changes when comparing
infected samples to controls. However, results can only be
tentative, since only one infected animal was studied (n = 1),
as it is extremely difficult to access fresh samples from infected
animals in Germany. Cyst burden was different in the three
regions (higher cyst load in the neck and shoulder samples
than in the elbow sample), but there were no significant
differences in the lipid level between these three groups.

Additionally, Figure 2 shows that some of the lipids and
metabolites varied not only in signal intensities but also in
lateral distribution. For example, the red ion channel was
chosen to represent an ion mainly found inside the cysts, while
the green ion channel was chosen to represent an ion mainly
found in the cyst walls or the outer part of the cysts. In
contrast, the ion shown in blue was barely found inside the
cysts, more reflecting the surrounding tissue. In total, the ion
distribution patterns differed based on presence or absence and
increase or depletion in the cyst center, the cyst walls, or the
surrounding tissue. Some additional examples for positive- and
negative-ion modes are shown in Figure 3.

Taking a deeper look into these ion signals reveals
interesting findings. For example, the ion shown in Figure
3C was annotated as fructosebisphosphate (or other isomers,
like glucosebisphosphate). It was found only inside the cysts
and is an intermediate in glycolysis. Taubert et al. showed that
B. besnoiti tachyzoite infection led to upregulation of glycolysis
in host cells to fulfill the high energy needs of the replicating
parasite.”> Even when bradyzoites are the slow-replicating stage
of the parasite, it is interesting to see that they seem to perform
glycolysis on their own, since the intermediate is not found in
the host tissue but only in the parasitic tissue. Also, another
intermediate of glycolysis, glucose phosphate, was found in the
MS imaging experiments. This metabolite was found to be
present in the whole tissue but with higher intensities inside
the cysts.

1021
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Figure 3. Morphological structures induced by B. besnoiti parasite
infection, as represented by selected ion signals in the MS images in
comparison with the microscopic images. (A, G) Corresponding light
microscopic images taken prior to the measurements. (B) m/z
300.0395, annotated as acetylglucosaminesulfate, [CgH;sNOgS —
H]", representing the walls of the parasite-induced cysts; (C) m/z
338.9887, annotated as fructosebisphosphate, [CsH,0,,P, — H]™,
representing the contents of the parasite-induced cysts; (D) m/z
419.2567, annotated as PA P-18:1, [C,;H,,O4P — H]™, being present
in the whole tissue section but depleted inside the cysts; (E) m/z
259.0223, annotated as glucose phosphate, [C¢H,30,P — H]™, being
present in the whole tissue section but enriched inside the cysts; (F)
m/z 2812486, annotated as FA 18:1, [C4H;,0, — H]", being
present in the whole tissue section but enriched in the cyst walls; (H)
m/z 426.3575, annotated as oleoylcarnitine, [C,,H,,;NOP + H]",
representing the walls of the parasite-induced cysts; (I) m/z 605.4541,
annotated as DG 32:1, [C33HgOs + K], representing the content of
the parasite-induced cysts; (J) m/z 675.5435, annotated as SM d32:1,
[C3;H;sN,O¢P + HJ*, being present in the whole tissue section but
depleted inside the cysts; (K) m/z 522.3553, annotated as LysoPC
18:1, [C,¢Hs,NO,P + H], being present in the whole tissue section
but enriched inside the cysts; (L) m/z 760.5849, annotated as PC
34:1, [C4,HgNOgP + H]J", being present in the whole tissue section
but enriched in the cyst walls. Scale bars: 200 ym.

The enrichment of the fatty acid (FA) 18:1 in the cyst walls
(Figure 3F) and also FA 16:1 (not shown) can be a hint that
these fatty acids are needed by the parasite for proliferation.
However, the ions detected there can also be an artifact of the
ionization process. We cannot exclude that they are
fragmentation products, originating from phospholipids
containing these fatty acid chains. Phospholipids in general
are the main compounds of cell membranes, and parasitic cysts
are mainly composed of one extremely enlarged host cell.
Therefore, at least the outer parts of the cyst walls are
composed of the former host cell membrane. On the other
hand, FA 20:4 was mainly found in the surrounding tissue, but
neither inside the cysts nor the cyst walls (see blue ion channel
of negative-ion MS images in Figure 2).

https://doi.org/10.1021/jasms.Ac00466
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Figure 4. Improvement of the image quality when changing from S to 2 um pixel size. m/z 732.5539, identified as PC 32:1 [CyH;,NOgP + HJ*,
shown in red; m/z 798.5408, identified as PC 34:1 [C,,Hg,NOgP + K]*, shown in green; and m/z 725.5566, annotated as SM 34:1 [C3yH;oN,O4P
+ Na]*, shown in blue. (A) B. besnoiti-infected skin tissue, measured with a S um pixel size. (B) B. besnoiti-infected skin tissue, measured with 2 ym
pixel size. The same ion channels were used to generate both images; however, signals are not adjusted to the same intensity scale. (C, D)

Corresponding optical images. Scale bars are 200 gm.

Ultrahigh-Resolution MS Imaging. Given the fact that,
especially the cyst walls are thin structures of only a few
micrometer thickness, we conducted ultrahigh-resolution MS
imaging experiments on infected tissue samples. One example
is shown in Figure 4. The left-hand side (A) shows infected
tissue measured with S ym pixel size, and the right-hand side
(B) shows a neighboring section measured with 2 ym pixel
size. Both images show the same ions with the same color
code. We did not find any additional metabolites specifically
located in the cyst walls using a higher lateral resolution. This
might be due to the lower signal intensities resulting from the
smaller ablation spot size. Observed signal intensities were 20
to 40 times lower when reducing the laser spot area.
Additionally, with smaller laser ablation spots, the total
number of spots per analyzed area also increased. To visualize
an appropriate area, we moved from 150 X 150 pixels (S ym)
to 300 X 300 pixels (2 gm). Therefore, the measurement time
increased from 4 h (5 ym) to 15.5 h (2 um) per sample. Also,
we were not able to differentiate further between the different

1022

layers of the cyst walls. However, we were still able to detect
known signals with sufficient signal intensities. As can be seen,
the resulting images have a higher image quality in terms of
structural details than the ones with S um pixel size.
Additionally, slight differences in ion distributions were
found. While the ions of the red channel seem to be
distributed nearly uniformly inside the cysts in Figure 4A,
the higher resolution reveals slightly different distributions in
Figure 4B. They do not seem to be uniformly spread but are
more scattered. Looking at the corresponding optical image,
the cysts seem to contain some cracks and might have shrunk
during storage at —80 °C, resulting in inhomogeneous parasite
and ion signal distributions.

The ultrahigh-resolution images better resolved the
connecting area between the cyst content and the cyst wall.
In Figure 4, the cyst content is mainly represented by the ion
shown in red, while the cyst walls are represented by the ion
shown in green. If both ions are found in one pixel, the overlap
of the red and green ion channels results in a yellow pixel. In

https://doi.org/10.1021/jasms.Ac00466
J. Am. Soc. Mass Spectrom. 2025, 36, 1017-1026



3.1

Mass spectrometry imaging of lipid and metabolite distributions in cysts of Besnoitia
besnoiti-infected bovine skin

93

Journal of the American Society for Mass Spectrometry

pubs.acs.org/jasms

the less resolved ion image in Figure 4A (S pm pixel size),
many pixels on the cyst borders are yellow, indicating an
overlap of green and red. In contrast, the ultrahigh-resolution
ion image in Figure 4B (2 ym pixel size) contains only a few
yellow pixels, while most pixels of the borders are clearly
dedicated to either green or red.

Both filled and empty cysts are visible in the optical images.
The empty cysts are thought to be preparational artifacts
created during the cryosection process. We assume that only
the outer cyst wall remained in the tissue section in these cases,
and imperfect sample preparation leading to artifacts, in fact,
gave us the opportunity to further study the composition of the
walls. B. besnoiti-cyst walls are of high importance when it
comes to studying new drug targets, since they are the
connection between host and parasite stages (i.e., bradyzoites).
One example, also found in the cyst walls of filled cysts but
especially in the remainders of empty cysts, is the potassium
adduct of PC(34:1), shown in green in Figure 4. Other
examples for possible enrichment in the cyst walls can be
found in Figure S4. One of these examples is the signal
annotated as glucosyl ceramide (GlcCer) 41:6 in Figure S4B.
Glucosyl ceramides as well as galactosyl ceramides are known
to be present in the outer part of the lipid bilayer of cell
walls,*® so it is reasonable to find them in the leftovers of a
cyst.

3D Reconstruction. To gain deeper insights into the
three-dimensional structures of the cysts inside the skin, two
3D reconstructions of m/z 798.5 and m/z 824.5 were created
(Supporting Information Videos 1 and 2, respectively). This is
especially helpful to examine the orientation of the cysts
relative to each other. As already seen in the skin sections, the
cysts seem to be grouped together. This is confirmed by the
3D view acquired from a set of 28 consecutive section
measurements, each of them having a thickness and pixel size
of 14 ym. Whether the cysts interact with each other has to be
examined in further studies.

Parasite Stage Comparison. The life cycle of B. besnoitia
includes two different parasite stages in the intermediate host
(for example, bovines). As such, during acute besnoitiosis,
tachyzoite stages rapidly proliferate intracellularly, while the
chronicity of infection is characterized by a slow replication
process of bradyzoites within tissue cysts. Overall, it is well
documented that apicomplexan tachyzoite and bradyzoite
stages differ significantly in their antigenic>**® and metabolic
repertoire.‘""57 Hence, the differential replication behavior of
the parasite stages is also reflected in their metabolic activities.
As such, T. gondii switches from aerobic respiration to mostly
anaerobic metabolic <pagthw::\ys when converting from tachy-
zoites to bradyzoites.”>"’

The current study revealed a total of 552 ion signals
significantly changed in ion abundance in B. besnoiti cyst-
infected skin tissue considering a mass range of m/z 250—
1000. It is very difficult to isolate a sufficient number of
bradyzoites from the cysts for MSI measurements. It relies on
separation from the freshest skin samples directly after
collection of the samples, which was impossible in this case.
However, the conservation protocol used for the samples
allowed us to analyze bradyzoites inside their cysts and within
the host tissue. This is as close as possible to the in vivo
situation and opened the opportunity to study host—parasite
interactions in addition to the lipid profile of bradyzoites alone.

In a previous study, Kadesch et al. analyzed primary bovine
endothelial host cell cultures infected with tachyzoite stages by
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AP-SMALDI MSI in a mass range from m/z 500 to 2000.**
They applied a pixel size of 10 gm and DHB as a matrix in
positive-ion mode. Referring to these MSI data, we here
compared changes driven by tachyzoite (Kadesch et al.) and
bradyzoite (current study) infections. Overall, 82 ions that
were found to be significantly changed in signal intensity in
bradyzoite-containing skin measurements were also detected in
tachyzoite-infected cell layers. Overall, there was no distinct
lipid group found, being specific either for bradyzoite or
tachyzoite infection. Many overlapping markers were found
enriched in B. besnoiti cysts, suggesting that these compounds
may either be needed for parasite development or metabolism
and that related pathways may therefore be preserved.
Interestingly, in negative-ion mode, there were also seven
ions ((phosphatidylinositols (PI) PI(38:2), PI(38:4),
PI(38:5), PE(38:4), PE-Cer(d44:1), CerP(d44:2), and PC-
(dO-36:4), all deprotonated) found in the tachyzoite measure-
ments, present only outside the cysts or maybe in the cyst
walls, but none found in the cyst content in the bradyzoite
measurements.

All cyst-content-related markers in the m/z range of 500—
1000 were also present in pure tachyzoites, except for the
phosphatidylserine (PS) PS44:10. The almost perfect overlap
between tachyzoite and bradyzoite infection-derived signals
may result from the fact that the tachyzoite stage converts into
the bradyzoite stage and vice versa; thus, the chemical
composition of lipids and smaller metabolites may grossly be
preserved. At least for T. gondii, tachyzoites and bradyzoites do
not differ much in their structural composition;SS therefore, for
B. besnoiti stages, molecular compositions should also be quite
similar.

Overall, the most abundant lipid species found in B. besnoiti
cyst-infected skin were PAs, PSs, PCs/PEs, TGs, PIs, and
phopsphatidylglycerols (PGs) (see Figure S5). While little is
known about B. besnoiti-mediated lipid requirements or
compositions, data on Plasmodium erythrocyte infection also
indicated elevated levels of PC, PE, and PA compared to
noninfected cells.”' In T. gondii tachyzoites, PCs, PEs, PSs, and
Pls were the most abundant phospholipids.*” Also, Welti et al.
found PCs, PE-Cers, and PAs enriched in T. gondii compared
to host cells.*” Additionally, Kadesch et al. mainly found PCs
and Pls as infection markers for T. gondii and B. besnoiti
tachyzoites,* fitting well to our recent data.

Bl CONCLUSION

‘We were able to study the cyst-forming parasite B. besnoiti and
its host in parallel using AP-SMALDI MSI. With database
annotation and statistical analysis, we discovered 552 B.
besnoiti infection-related ion signatures in the skin of cattle.
The comparison of deduced MS images with corresponding
light microscopic images allowed for the direct assignment of
molecules to characteristic biological structures such as cyst
compartments. Only minimal sample preparation had to be
applied, enabling the analysis of delicate material, such as
bradyzoites. In this study, we analyzed B. besnoiti cyst-infected
skin tissue ex vivo and therefore addressed the chronic phase of
disease with bradyzoite stages. To the best of our knowledge,
this is the first ex vivo study of B. besnoiti bradyzoites using the
MALDI MSI methodology. As expected, a plethora of
metabolites matched previous data from B. besnoiti tachyzoite
stages, which were obtained from in vitro cultures. Additionally,
we employed ultrahigh-resolution MSI to further differentiate
between biological structures. Also, we were able to identify

https://doi.org/10.1021/jasms.Ac00466
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some of the annotated ions by on-tissue MALDI MS/MS.
Finally, we created a 3D reconstruction, showing the cysts
inside the skin and their spatial orientation to each other.

Expanding the method to other substance classes and
metabolites will further broaden our knowledge of the
metabolism and composition of this neglected parasite.

In summary, we successfully implemented a novel AP-
SMALDI MS-based method and applied it to a host—parasite
tissue model. Further analyses are needed to elucidate the
stage-specific substance requirements of this understudied
parasite species.

Limitations of the Study. Please note that most
compounds were only annotated based on their accurate
mass and thus might in fact be structural isomers with the same
elemental composition. For unambiguous identification, liquid
chromatography combined with tandem mass spectrometry
from homogenized neighboring tissue sections is needed in
future experiments, further supported by comparison to
reference standards.

Validation of results from different individuals (n > 1) was
not yet possible due to unavailability of material. We are
convinced, however, that the generated data are nevertheless a
useful basis for future research on B. besnoiti-infected skin.
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Chemicals

Table S1: Used chemicals and their suppliers.

Chemical name Quality grade manufacturer

1,5-diaminonaphthalene 97% Thermo Fisher, Kandel, Germany

2,5-dihydroxybenzoic acid for synthesis Merck, Darmstadt, Germany

acetone HiPerSolv VWR International, Fontenay-sous-
Bois, France

Eosin Y solution Sigma-Aldrich, Steinheim, Germany

ethanol Uvasol Merck, Darmstadt, Germany

Eukitt quick hardening
medium

Sigma-Aldrich, Steinheim, Germany

gelatin

VWR International, Leuven, Berlgium

Mayer's hematoxylin
solution

Sigma-Aldrich, Steinheim, Germany

methanol

Rotisolv HPLC
gradient grade

Carl Roth, Karlsruhe, Germany

trifluoro acetic acid Uvasol Merck, Darmstadt, Germany

water HiPerSolv VWR International, Fontenay-sous-
Bois, France

xylene for analysis Merck, Darmstadt, Germany

Table S2: Settings used for data acquisition with MALDI MSI.

Parameter Setting
m/z 250-1000
Resolution 240,000 at m/z 200
lon injection time 500 ms
Scan rate 1.6 pixel /s
Spray voltage 3 kv
Capillary temperature 250°C
Lock mass m/z 585.06396 [4 DHB - 3 H,O + Na]* in positive-ion mode; m/z
313.14587 [2DAN - H - H;]™ in negative-ion mode
Calibration Positive-ion mode:
m/z 273.03936 [2 DHB + H -2 H,0]*
m/z 409.05541 [3 DHB + H — 3 H,0]*
m/z 545.07145 [4 DHB + H — 4 H,0]*
m/z 681.08750 [5 DHB + H — 5 H,0]*
m/z 817.10354 [6 DHB + H — 6 H,0]*
m/z953.11958 [7 DHB + H - 7 H,0]*
Negative-ion mode:
m/z 289.03538 [2 DHB — H — H,0]"
m/z329.02789 [2 DHB—2 H + Na]
m/z 465.04393 [3 DHB — 2 H + Na — H,0]"
m/z 579.07803 [4 DHB — H- 2 H,0]"
m/z 715.09407 [5 DHB — H — 3 H,0]
Pixel size 5um
Mode 2D pixel mode
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Figure S1: Representative H&E-stained tissue sections of the two different control animals. Both showed neither clinical
symptoms nor tissue cysts. Scale bars are 1 mm.
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Figure S2: Results of statistical analyses. PCA (A) shows a clear separation of control
samples and infected ones. Additionally, control samples cluster together, even when
originating from different animals. This is also shown in the dendrogram (B).
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Figure S3: On-tissue tandem mass spectrum of m/z 671.4654, fragmented with a normalized collision energy of 20 and
identified as [PA(16:0_18:2)-H]-.

Table S3: Annotation of fragment ions in spectrum Figure 4.

Mass detected | Fragmention Theoretical mass | Deviation / ppm Fragment
671.4654 [C37HesPOs-H] 671.4652 +0.30 Precursor ion
433.2372 CaiH3sPO7" 433.2355 +3.92 Loss of FA 16:0

chain as ketene
415.2261 C21H36PO6 415.2250 +2,65 Loss of FA 16:0
Loss of FA 18:2

409.2359 CisH3sPO7 409.2355 +0,98 :

chain as ketene
391.2256 CisH36POs" 391.2250 +1,53 Loss of FA 18:2
279.2329 [C1eH320,-H]" 279.2324 +1,79 FA 182
255.2329 [C16H320,-H]" 255.2324 +1,96 FA 16:0
152.9960 CsHePOs™ 152.9953 +4,58 PA he‘;d grc’“p

-2

78.9591 POs" 78.9585 +7,60 POs
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Figure S4: Examples of lipids mainly found inside the skin cysts with possible enrichment in the cyst walls. A) m/z 744.4942,
identified as PC 30:0 [C3sH;6NOgP + K]*. B) m/z 842.5543, annotated as GlcCer 41:6 [C47HsiNOs + K]*. C) m/z 728.5202,
identified as PC 32:3 [C4oH7sNOgP + H]*. D) m/z 716.4628, annotated as PC 28:0 [C3sH7;2NOsP + K]*. Imaging experiments
were performed with 2 um pixel size, scale bars are 100 um. Please note that for clearness only the most probable
annotation was mentioned here. All possible annotations can be found in the supplementary excel sheet (“altered
ions.xlsx”). However, PC 30:0 and PC 32:3, shown in A and C, respectively, were identified by on-tissue MS/MS.
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Figure S5: Substance class distribution of signals significantly changed in intensities in B. besnoiti-infected skin (substance
class; number of species). Only one adduct was considered per species, so that species were not counted multiple times
when they occurred as different adducts. MG: monoacylglycerol, DG: diacylglycerol, TG: triacylglycerol, PA: phosphatidic
acid, PC: phosphatidylcholine, PE: phosphatidylethanolami PG: phosphatidylglycerol, PS: phosphatidylserine, PI:
phosphatidylinositol, IPC: ceramide phosphoinositol, SM: sphi yelin, Cer: ceramide, GlcCer: glucosylceramide, FA:
fatty acid, COH: carbohydrate.
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I lecul A found i
exam;?e molecule sum formula | add. m/z m/z / p.value[-LOG10(p)| FDR Tukey's HSD structure MSMS ound in
annotation* class theor. meas. | ppm Tachyz.?
infected-control1;
Methoxybrassitin | other | C12H14N202s | M+H | 251,0849|251,0849| 0,00 |0,0013| 2,8828 |0,0125| "™ ccrec-contro ;
infected-control2
infected-controll;
Didesmethyl doxepin| other C17H17NO | M+H |252,1383(252,1383| 0,00 |0,0034| 2,4683 |0,0270| '™ cCtec-cOntro ;
infected-control2
infected-control1; higher in
FA 16:1 FA C16H3002 | M-H |253,2162|253,2173| -4,33 [0,0008| 3,0811 [0,0053| "
infected-control2 cysts
Thiamylal other | C12H18N202S | M+H | 255,1162 | 255,1162] 0,00 |0,0085| 2,0692 |0,0498| infected-controll ;
infected-controll; | higher i hosphat
Glucose phosphate | COH C6H1309P | M-H |259,0213|259,0224| -4,23 [0,0000| 5,4330 [0,0000| "MECtEC-CONrO lgherin | phosphate
infected-control2 cysts group
Urolithin D other C13H806 M-H | 259,0237|259,0248( -4,24 |0,0113| 1,9456 |0,0372| infected-control2 -
Fluorouridine other C9H11FN206 | M+H |263,0674(263,0674| 0,00 [0,0081| 2,0940 |0,0486| infected-controll -
(Tetradecadienyl)- | =\ C18H300 | M+H | 263,2369|263,2369| 0,00 |0,0082| 2,0875 |0,0a86| Mfected-controll; ;
cyclobutanone infected-control2
Glyceric acid infected-control1;
yceric act other | C3H8010P2 | M+H |266,9665|266,9665| 0,01 |0,0046| 2,3419 |0,0327| "M Ected-contro ;
biphosphate infected-control2
) . surrounding
Inosine other C10H12N405 | M-H [267,0724|267,0735| -4,11 |0,0038| 2,4240 |0,0175| infected-control2 tissue
Adenosine nucleosid | C10H13N504 | M+H | 268,1040| 268,1040| 0,00 |0,0017| 2,725 |0,0154| Mfected-controll; ;
infected-control2
Sotalol other | C12H20N203S | M+H | 273,1267|273,1267| 0,00 [0,0029| 2,5442 |0,0233 Controlz-controll; ;
infected-controll
FA 18:3 FA C18H3002 | M-H | 277,2162]277,2173] -3,96 [0,0050] 2,3038 | 0,0213| infected-control2 | _ dermis
Glutaminyl- infected-control1;
utaminy peptide | CLOH19N304S | M+H | 278,1169(278,1169| 0,00 |0,0027| 2,5630 |0,0229] "M ectec-coONtrol ;
methionine infected-control2
infected-control1;
Murrayacine other | C18H15NO2 | M+H [278,1176(278,1176| 0,00 [0,0036| 2,4402 |0,0283| 'MECtec-contro ;
infected-control2
Levosimendan other | C14H12N60 | M+ |281,1145|281,1145| 0,00 [0,0036| 2,4419 |0,0283| Mfected-controlL; ;
infected-control2
infected-control1; higher in
FA 18:1 FA C18H3402 | M-H |281,2475|281,2486| -3,90 |0,0000| 5,8858 [0,0000] "
infected-control2 cysts

*for lack of space only one possible annotation is shown
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example molecule m, m, A found in

X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt

annotation* class theor. meas. | ppm Tachyz.?

. infected-control1;

Dinoseb acetate other | C12H14N206 | M+H |283,0925|283,0925| 0,00 [0,0019| 2,7290 |o0,0164| " ;
infected-control2
infected-controll;

Guanosine nucleosid | C10H13N505 | M+H | 284,0989|284,0989| 0,00 |0,0002| 3,6295 |0,0033| "M cCteC-CONtTO ;
infected-control2
infected-control1;

Avocadyne other C17H3203 M+H | 285,24241285,2424| 0,00 |0,0002| 3,6334 |0,0033 I_ cysts
infected-control2

Histidinyl- . .

ainy peptide | C11H18N403S | M+H |287,1172|287,1172| 0,00 |0,0082| 2,0884 |0,0486| infected-controll ;
Methionine
trol2-control1;

Mesquitol other C15H1406 | M-H |289,0707|289,0718| -3,80 |0,0106| 1,9735 |0,0358| <ON o< controly ;
infected-controll

Aminooxo-

trihyd I)- infected-control1;

(trihydroxypropyl)- 1 oo | coM1sN506 | M+H |290,1005]290,1005| 0,00 |0,0012| 2,9172 |0,0119| Mected-contro ;

diquinoid- infected-control2

dihydroxypterin
infected-control1;

Piscidic acid other C11H1207 | M+K |295,0215(295,0215| 0,00 |0,0068| 2,1698 |0,0442| " ;
infected-control2

Phenylalanyl- . . .

Methionine peptide | C14H20N203S | M-H | 295,1111]295,1122]| -3,72 (0,0130| 1,8867 |0,0402| infected-controll [lower in cysts

Hydroxyoleate other C18H3403 M-H | 297,2424]297,2435| -3,69 |0,0130| 1,8876 |0,0402| infected-control2 tissue

N-Acetylglu- infected-control1;

cetylglu COH C8H15NO9S | M-H |300,0384|300,0395| -3,66 |0,0000| 4,9869 |0,0001| "M CCeccontro walls

cosamine sulfate infected-control2
infected-control1; di

FA 20:4 FA C20H3202 | M-H [303,2319(303,2330{ -3,62 |0,0043| 2,3684 |0,0190| "M CCeC-CONtTOIL | surrounding
infected-control2 tissue

surroundin

FA 20:3 FA C20H3402 | M-H |305,2475|305,2486| -3,59 | 0,0108| 1,9678 |0,0359| infected-control2 | " tis‘;ue' &
control2-controll;

FA 20:2 FA C20H3602 | M-H |307,2632307,2643| -3,57 | 0,0000| 5,4577 |0,0000| infected-control1; walls
infected-control2
infected-control1;

FA 20:1 FA C20H3802 | M-H |309,2788[309,2799] -3,55 |0,0000| 7,4499 |0,0000| MECteO-CONTOIL cysts

infected-control2

*for lack of space only one possible annotation is shown
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
Hyd -
yaroxyepoxy other C18H3204 | M-H |311,2217|311,2228| -3,53 |0,0155| 1,8088 |0,0459| infected-control2 ;
octadecenoate
Geranyl diphosphate| other C10H2007P2 | M-H [313,0601(313,0612| -3,500,0038| 2,4204 [0,0176| infected-controll tissue

PE(6:0) PC/PE | C11H24NO7P | M+H |314,1363|314,1363| 0,00 |0,0056] 2,2522 |0,0379| infected-controll ;

trol2-control1;

Melanin other | C18H10N204 | M-H [317,0557|317,0568| -3,46 [0,0006| 3,2059 |0,0042| OMTO'<cONrolL ;
infected-controll
infected-control1;

Phytosphingosine | other | C18H39NO3 |M+H |318,3003|318,3003| 0,00 |0,0056| 2,2488 [0,0379| M CCted-cONrOlL -
infected-control2
Henicosanoate other C21H4202 | M-H |325,3101(325,3112] -3,37 |0,0065| 2,1867 |0,0262| Mfected-controll; ;
infected-control2
_dimethyl- | 2- I1;
O-dimethyl-nonanoyll Lo | c18H3sNO4 | M-H | 328,2482(328,2493 -3.34 [0,0025| 2,5099 |0,0132| control2-controll; ;
carnitine infected-control2
tin dimethyl
Q“ercee't;er'me YUl other C17H1407 | M-H [329,0656|329,0667| -3,33 [0,0049| 2,3127 |0,0211] infected-control1 ;
Tr'hyd:’c’i(ftea”c other C18H3605 | M-H [331,2479|331,2490| -3,31 |0,0171| 1,7663 |0,0494| infected-control1 tissue
Glycerophospho- | | coM19011P | M-H |333,0581333,0592| 3,29 |0,0008| 3,1103 |0,0050| Mfected-controll; tissue
myoinositol infected-control2
Docosatriencicacid | FA C22H3802 | M-H |333,2788|333,2799] -3,29 | 0,0000| 6,5997 |0,0000| Mfected-controll; walls
infected-control2
Glucosebis- infected-controll;
COH | C6H14012P2 | M-H |338,9877|338,9888] -3,23 |0,0000| 7,7919 |0,0000| " cysts
phosphate infected-control2
infected-control1; higher in
MG(P-18:2) MG C21H3803 | M+H |339,2894(339,2894| 0,00 |0,0001| 4,0083 |0,0017| " lgher
infected-control2 cysts
Hydroxyunde-canoyl . control2-controll;
¢ carnitine | C18H35NO5 | M-H |344,2431|344,2442| -3,19 |0,0000| 5,8701 |0,0000| ;
carnitine infected-control2
Hydroxydode-cenoyl . control2-controll;
» carnitine | C19H35NO5 | M-H |356,2431|356,2442| -3,08 |0,0000| 5,6657 |0,0000| ;
carnitine infected-control2

*for lack of space only one possible annotation is shown
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example molecule m m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
- 2- 1;
Hydroxydode-canoyl | oo | c1oM37N05 | M-H | 358,2588|358,2599| -3,06 [0,0000| 5,0246 |0,0001| COMtrolZ-controll; ;
carnitine infected-control2
Dihyd tetra-
':O:::I‘éizlra other C23H3603 | M+H |361,2737|361,2737| 0,00 [0,0030| 2,5200 |0,0242| infected-control1 tissue
Hvdroxvtri-decanovl control2-controll;
¥ c:rnitine ¥ carnitine C20H39NO5 M-H (372,27441372,2755( -2,95 | 0,0001| 3,8631 [0,0012| infected-controll; [ hair follicles
infected-control2
Tetrad - infected-control1;
etragecanoy other | C17H3507P | M-H |381,2037|381,2048| 2,87 |0,0000| 5,9140 |0,0000| "M CCtECTCONIOM cysts
glycerophosphate infected-control2
infected-control1;
Nonyl palmitate other C25H5002 | M-H |381,3727|381,3738| -2,88 [0,0090| 2,0441 |0,0321| "M cCreecontro -
infected-control2
Farnesyl diphosphate| other C15H2807P2 | M+H [383,1383|383,1383| 0,01 |0,0054| 2,2692 |0,0368| infected-controll -
control2-controll;
Sphingofungin B other C20H39NO6 M-H | 388,2694|388,2705| -2,83 [ 0,0000| 6,4507 |0,0000| infected-controll; tissue
infected-control2
infected-control1;
Ketodeoxycholic acid| other C24H3804 | M+H |391,2843(391,2843| 0,00 [0,0024| 2,6175 |0,0207| "M cCreeCONrOIL -
infected-control2
Isodeoxycholate other C24H4004 M+H | 393,2999]393,2999( 0,00 |0,0065| 2,1898 |0,0425| infected-control2 -
Hydroxymethyltetra-| = ., C25H5003 | M-H |397,3676|397,3687| -2,76 | 0,0004| 3,4501 |0,0026| Mfected-controll; ;
cosanoic acid infected-control2
infected-control1;
Palmitoylcarnitine | carnitine | C23H45NO4 | M+H |400,3421|400,3421| 0,00 [0,0075| 2,1230 |0,0467| "M cCeOcoNtro cysts
infected-control2
Hydroxy-cholesterol |cholesteroll C27H4602 M-H |401,3414]401,3425| -2,73 (0,0062| 2,2061 |0,0254| infected-control2 -
infected-control1;
PA(16:1) PA C19H3707P M-H [407,2193|407,2204( -2,69 |0,0000| 5,5412 |0,0000| . cysts
infected-control2
infected-controll; higher in
PA(P-18:2) PA C21H3906P M-H (417,2401|417,2411( -2,63 |0,0000| 6,0849 |0,0000| .
infected-control2 cysts
. surrounding
PA(P-18:1) PA C21H4106P M-H | 419,2557]419,2568| -2,61 |0,0169| 1,7724 |0,0489| infected-controll tissue cPA 18:0?

*for lack of space only one possible annotation is shown
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example molecule m m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt

annotation* class theor. meas. | ppm Tachyz.?
) infected-control1;

Palmityl laurate other C28H5602 M-H (423,4197|423,4208( -2,59|0,0104| 1,9818 |0,0352| . -
infected-control2

" " infected-controll; higher in

Oleoylcarnitine carnitine C25H47NO4 M+H [ 426,3578|426,3578| 0,00 {0,0008] 3,1183 |0,0082| .
infected-control2 walls

Bipindogenin other C23H3406 M+Nal 429,2248]429,2248| 0,00 |0,0081| 2,0889 |0,0486| infected-control2 -

Hyd ti -

v Srf::;:ima other | C29H4802 | M+H |429,3727|429,3727| 0,00 |0,0046| 2,3396 |0,0327| infected-control2 -
Octadecatrienoyl- | | 5113707p | M-H |431,2193]431,2204] -2,54 |0,0012| 2,9355 |0,0070| Mfected-controll; tissue
glycerophosphate infected-control2

trol2-controll; higher i

CerP(d21:1) Cer | C21H42NO6P | M-H |434,2666|434,2677| -2,52 [0,0003| 3,4853 |0,0024| COMTO'47CONTO IBNEFIN
infected-controll cysts
control2-controll; higher in

PA(18:1) PA C21H4107P M-H | 435,2506|435,2517| -2,52 [0,0001| 4,2895 |0,0005| infected-controll; ists
infected-control2 ¥
. surrounding

PE(P-16:0e) PE C21H44NO6P | M-H |436,2823]436,2833( -2,51|0,0024| 2,6138 |0,0129| infected-controll tissue

Hydroxyocta- other C28H5603 | M-H |439,4146|439,4157| 2,50 |0,0010| 2,9842 |0,0064| Mfected-controll; ;

cosanoate infected-control2
control2-controll; . .

O-geranylgeranyl- . higher in
other C23H4106P M-H | 443,25571443,2568| -2,47 | 0,0000{ 4,6485 |0,0002| infected-controll;
glycerol phosphate . cysts
infected-control2
. surrounding

PA(P-20:1) PA C23H4506P M-H | 447,2870)|447,2881| -2,45(0,0162| 1,7908 |0,0474| infected-control2 tissue

Teasterone other C28H4804 M-H [447,3469|447,3480( -2,45 10,0030 2,5226 |[0,0151| infected-control2 -
infected-control1;

LysoPE(16:1) LysoPE | C21H42NO7P | M-H |450,2615450,2626| -2,43 |0,0003| 3,5654 |0,0021| " walls
infected-control2
infected-controll;

CerP(d22:1) Cer | C22H44NO6P | M+H |450,2979|450,2979| 0,00 [0,0005| 3,3388 |0,0054| "M ECrECCONTrOLL cysts
infected-control2
infected-controll;

Myristyl palmitate | other C30H6002 | M-H |451,4510{451,4521| -2,43 |0,0073| 2,1374 |0,0279| M cCteC-cONtrOlL ;

infected-control2

*for lack of space only one possible annotation is shown
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example molecule m, m, A found in

X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt

annotation* class theor. meas. | ppm Tachyz.?
control2-controll; higher in

LysoPE(16:0) LysoPE | C21H44NO7P | M-H |452,2772|452,2783| -2,42 |0,0000| 4,4051 |0,0004| infected-control1; ists
infected-control2 ¥

PA(20:4) PA C23H3907P M-H | 457,2350]457,2361| -2,40 |0,0026| 2,5926 |0,0133| infected-control2 tissue
control2-controll; higher in

PE(P-18:2) PE C23H44NO6P | M-H | 460,2823|460,2833| -2,38 |0,0001| 3,8282 |0,0012| infected-control1; fsts
infected-control2 4
infected-controll; higher in

PA(20:2) PA C23H4307P | M-H |461,2663|461,2674 -2,38 |0,0000| 5,1987 |0,0001| "
infected-control2 cysts

Dehydrocholeste- infected-control1;

CNYCArocholeste= | 1 olestero|  C27H4404s | M-H | 463,2877|463,2888| 2,37 [0,0103| 1,9891 |0,0350| "M cCrec oMo dermis

rolsulfate ester infected-control2
infected-controll;

N-Oleoyl tyrosine | other | C27H43NO4 |M+Na|468,3084|468,3084| 0,00 |0,0000| 4,5551 |0,0007| "M cCcocontro cysts
infected-control2
infected-control1;

LysoPC(14:0) lysoPC | C22H46NO7P | M+H |468,3085|468,3085| 0,00 [0,0000| 4,5551 |0,0007| "Moo co-con cysts
infected-control2

trol2-control1; di

PE(18:2) LysoPE | C23H44NO7P | M-H |476,2772|476,2783| -2,30 [0,0119| 1,9243 |0,0379| ONTO'o-controlLs | surrounding

infected-control2 tissue
trol2-control1; | higher i

PE(18:1) PC/PE | C23H46NO7P | M-H |478,2928|478,2939| -2,29 [0,0001| 4,0688 |0,0008| OMTOISCONTOML ‘gherin
infected-controll walls
infected-control1;

Palmityl palmitate | other C32H6402 | M-H |479,4823|479,4834| -2,29 | 0,0043| 2,3669 |0,0190] M cCteC-CONTO ;
infected-control2
. surrounding

LysoPE(18:1) LysoPE | C23H46NO7P | M+H |480,3085|480,3085| 0,00 [0,0076| 2,1216 |0,0467| infected-control2 e

Hyd ta- di

yaroxyoctas 1 onitine | C25H47NOS | M+K | 480,3086 | 480,3086| 0,00 |0,0075| 2,1233 [0,0467| infected-control2 | *"TOU""8

decenoyl carnitine tissue
infected-control1;

CITICOLINE other |C14H26N4011P2| M+H |489,1146|489,1146| 0,01 [0,0001| 3,9147 |0,0020| "M cC eCCONTOLY tissue Citicolin
infected-control2
infected-control1;

LysoPC(14:0) lysoPC | C22H46NO7P |M+Na|490,2904|490,2904| 0,00 |0,0000| 4,7806 |0,0005| M cCtec-cONtrolL cysts

infected-control2

*for lack of space only one possible annotation is shown
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?

Hydroxy-leukotri

ydroxy :4“ OeNe | other | c23H37NO6S | M+K |494,1973|494,1973| 0,00 [0,0076| 2,1183 |0,0468| infected-control1 ;

PE(18:0) PC/PE C23H46N0O8P | M-H |494,2877]1494,2888( -2,22 |0,0155| 1,8088 |0,0459| infected-control2 -

. . infected-control1;

Cervonyl carnitine | carnitine C29H45N04 |M+Na|494,32411494,3241| 0,00 |0,0004| 3,4426 (0,0044| . cysts
infected-control2
infected-control1;

LysoPC(16:1) lysoPC | C24H48NO7P | M+H |494,3241(494,3241| 0,00 |0,0004| 3,4395 |0,0044| " cysts
infected-control2

Yuccaol A other C29H2008 | M-H | 495,1074|495,1085| -2,22 | 0,0002| 3,8004 |0,0013| "fected-controll; -
infected-control2
control2-controll;

Methyltetra- .

et other | C20H25N706 | M+K |498,1498|498,1498| 0,00 |0,0000| 4,9065 |0,0004] infected-control1; ;

hydrofolic acid .
infected-control2
. surrounding

LysoPE(20:4) LysoPE | C25H44NO7P | M-H |500,2772|500,2783| -2,19 |0,0047| 2,3289 |0,0205| infected-control2 s
control2-controll; .

LysoPE(18:1) LysoPE | C23H46NO7P |M+Nal502,2904502,2904| 0,00 |0,0018| 2,7398 |0,0163| © tissue
infected-controll

trol2-control1;

LysoPE(20:4) LysoPE | C25H44NO7P | M+H |502,2928|502,2928| 0,00 |0,0009| 3,0541 |0,0090| OMTO'<7COMTOIL tissue
infected-controll
. surrounding

LysoPE(20:3) LysoPE | C25H46NO7P | M-H [502,2928|502,2939] -2,18 |0,0032| 2,4990 |0,0155| infected-control2 oo

trol2-control1; di

LysoPE(20:2) LysoPE | C25H48NO7P | M-H |504,3085|504,3096| -2,17 |0,0088| 2,0539 |0,0318| CONo<-coNrols | surrounding
infected-control2 tissue
infected-control1;

PC(P-18:2) lysoPC | C26HS0NO6P | M+H |504,3449|504,3449| 0,00 [0,0008| 3,1172 |0,0082| "M cCee-contro cysts
infected-control2
infected-controll; | surroundin

dcTP other | COH16N3013P3 | M+K |505,9528|505,9528| 0,01 |0,0050| 2,3026 |0,0353| " urrounding
infected-control2 tissue
infected-control1;

LysoPC(14:0) lysoPC | C22H46NO7P | M+K | 506,2643|506,2643| 0,00 |0,0000| 6,0202 |0,0001| M CCteE-CONTOIL cysts
infected-control2
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example molecule m m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
control2-controll; higher in
LysoPE(20:1) LysoPE C25H50NO7P | M-H [506,3241|506,3252| -2,16 | 0,0000( 4,7863 |0,0002| infected-controll; ists
infected-control2 ¥
infected-controll; . e
CITICOLINE other |C14H26N4011P2[M+Na|511,0966(511,0966( 0,01 |0,0001| 4,1895 (0,0012]| . tissue Citicolin
infected-control2
control2-controll; .
L . surrounding
Taurocholic acid other C26H45N0O7S | M-H [514,2833(514,2844] -2,13 10,0000| 5,9351 |0,0000| infected-controll; tissue
infected-control2
infected-controll;
PE(20:3) PE C25H44NO8P | M-H |516,2721|516,2732| 2,12 |0,0017| 2,7665 |0,0005| "M < cocONtrOl% tissue
infected-control2
infected-controll;
LysoPC(16:1) lysoPC | C24H48NO7P |M+Na|516,3061|516,3061| 0,00 [0,0041| 2,3910 |0,0310| M cCre@-cONtro cysts
infected-control2
. surrounding
LysoPE(18:1) LysoPE C23H46NO7P | M+K | 518,2643]518,2643| 0,00 |0,0020| 2,6919 |0,0177| infected-control2 tissue
infected-control1;
DG(P-30:2) DG C33H6004 M+H | 521,4564|521,4564( 0,00 |0,0002| 3,7526 |0,0027]| . cysts
infected-control2
infected-controll; higher in
LysoPC(18:1) LysoPC C26H52NO7P | M+H [ 522,3554|522,3554( 0,00 (0,0000{ 4,3241 |0,0010( . yes
infected-control2 cysts
. surrounding
LysoPE(20:4) LysoPE C25H44NO7P |M+Na|524,2748]524,2748( 0,00 |0,0014| 2,8686 |0,0128| infected-controll tissue
infected-controll; .
PE(22:6) PE C27H44NO7P | M-H |524,2772|524,2783| -2,09 |0,0003| 3,4868 |0,0024| " < co cONtrO tissue
infected-control2
infected-controll; .
CITICOLINE other |C14H26N4011P2[ M+K |527,0705(527,0705( 0,01 |0,0000| 4,6265 |0,0006]| . tissue
infected-control2
infected-control1; .
Raffinose other C18H32016 ([M+Na|527,1583|527,1583| 0,00 |0,0000| 4,5045 |0,0007 I_ tissue
infected-control2
infected-controll;
LysoPC(16:1) lysoPC | C24H48NO7P | M+K |532,2800|532,2800| 0,00 |0,0003| 3,5982 |0,0034| M CCteccONTrOIL cysts
infected-control2
Eurysterol B sulfonic infected-controll;
other C27H4407S |M+Na|535,2700|535,2700| 0,00 {0,0025| 2,5970 |0,0214 -

acid

infected-control2
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
LysoPE(20:4) LysoPE | C25H44NO7P | M+K | 540,2487|540,2487] 0,00 |0,0011] 2,9478 |0,0114| infected-controll tissue
PE(22:4) PE C27H46N0O8P | M-H |542,2877|542,2888( -2,02 |0,0090| 2,0463 |0,0321| infected-control2 tissue
infected-controll; .
Raffinose other | C18H32016 | M+K |543,1322|543,1322| 0,00 |0,0003| 3,5192 |0,0039| M cCtec-cONtro tissue
infected-control2
infected-control1; .
PS(19:2) Ps | c25H44NO10P | M-H |548,2619|548,2630| -2,00 [0,0012| 2,9287 |0,0071] " tissue
infected-control2
infected-control1;
DG(P-32:2) DG C35H6404 | M+H | 549,4877|549,4877| 0,00 |0,0002| 3,7608 |0,0026| M CCteCCONTOIL cysts ves
infected-control2
infected-controll; higher in
LysoPC(18:1) LysoPC | C26H52NO7P | M+K |560,3113|560,3113| 0,00 |0,0004| 3,4433 |0,0044| "
infected-control2 cysts
infected-control1;
Protoporphyrin IX | other | C34H34N404 | M+H |563,2653|563,2653| 0,00 |0,0001| 3,8688 |0,0022| "M cCeCCONO ;
infected-control2
control2-controll; higher in
PI(16:0) Pl C25H49012P | M-H |571,2878|571,2889| -1,92 |0,0000| 6,7408 |0,0000| infected-control1; ists ves
infected-control2 4
. . infected-controll; higher in
Phenolic phthiocerol other C37H6804 M+H | 577,5190|577,5190| 0,00 |0,0018| 2,7447 |0,0163| . yes
infected-control2 cysts
control2-controll; higher in
PI(P-18:2) Pl C27H49011P | M-H |579,2929(579,2940] -1,89 | 0,0000| 8,3848 |0,0000| infected-control1; ists
infected-control2 4
infected-control1;
DG(30:0) DG C33H6405 | M+K |579,4385|579,4385| 0,00 |0,0002| 3,8115 |0,0024| M cCeeCONTO cysts
infected-control2
infected-control1;
DG(32:1) DG C35H6605  |M+Nal589,4802 [589,4802| 0,00 |0,0000| 4,7922 |0,0005| "M cCteeCONtTO cysts yes
infected-control2
infected-control1;
DG(34:4) DG C37H6405 | M+H | 589,4827589,4827| 0,00 |0,0001| 4,2733 |0,0011| " cysts
infected-control2
infected-control1;
PA(28:0) PA C31H6108P | M-H |591,4020(591,4031| -1,85 |0,0000| 7,2828 |0,0000| "MCCteC-CONTOML cysts ves

infected-control2
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
control2-controll; higher in
PI(18:1) Pl C27H51012P | M-H |597,3034|597,3045( -1,83 10,0000 9,0882 [0,0000]| infected-controll; ists yes
infected-control2 ¥
infected-control1; di
CerP(d33:1) Cer | C33H66NO6P | M-H |602,4544|602,4555| -1,82 [0,0030| 2,5183 |0,0151| M o oo cONtrolt; | surrounding
infected-control2 tissue
infected-control1;
PS(30:1) Ps | c26H48NO10P | M+k | 604,2647|604,2647| 0,00 [0,0000| 4,4741 |0,0008] " cysts
infected-control2
infected-control1;
PS(23:3) Ps | C29H50NO10P | M+H | 604,3245|604,3245| 0,00 [0,0000| 4,5345 |0,0007| "M cC e CONtrOL cysts
infected-control2
infected-control1;
PC(0-24:1) PC/PE | C32H64NO7P | M-H |604,4337|604,4348| -1,81 [0,0092| 2,0347 |0,0325| "M cCreecONtro ;
infected-control2
infected-controll;
PA(29:0) PA C32H6308P | M-H |605,4177|605,4188| -1,81 | 0,0000| 7,9656 |0,0000| "M cCteCCONTO cysts yes
infected-control2
infected-control1;
DG(32:1) DG C35H6605 | M+K | 605,4542 | 605,4542| 0,00 |0,0000| 7,1811 |0,0000| M CCteeCOn cysts
infected-control2
Pelargonidin other | C28H33014 |M+Na|616,1763|616,1763| 0,00 |0,0000| 4,8046 |0,0004| Mfected-controll; ;
sophoroside infected-control2
infected-control1;
PA(30:1) PA C33H6308P | M-H |617,4177|617,4188| -1,77 |0,0000| 7,3925 |0,0000| "MCCteCCONTOML cysts ves
infected-control2
infected-control1;
DG(34:1) DG C37H7005  |M+Na|617,5115|617,5115| 0,00 |0,0009| 3,0505 |0,0090] M cCteC-CONTO cysts yes
infected-control2
infected-controll;
DG(36:4) DG C39H6805 | M+H | 617,5140{617,5140| 0,00 |0,0018| 2,7339 |0,0163| M e CONO cysts
infected-control2
Digl ltri- infected- I1;
lglucopyranosyltri- | = 1 27432015 |M+Na| 619,1633|619,1633| 0,00 [0,0008| 3,1199 |0,0082| Mected-control; ;
hydroxyflavanone infected-control2
infected-control1l; | higheri
PA(30:0) PA C33H6508P | M-H |619,4333|619,4344| -1,77 |0,0000| 7,3141 |0,0000| "M ECteCCONTOIL 'gher in ves
infected-control2 cysts
DG(P-38:5) DG C41H7004 | M+H | 627,5347(627,5347] 0,00 |0,0068| 2,1650 |0,0443| infected-controll tissue
PC(P-261) PC/PE | C34H66NO7P | M-H |630,4493]630,4504| -1,74 [0,0162| 1,7904 |0,0474| infected-controll tissue
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
. surrounding
CerP(d35:1) Cer | C35H70NO6P | M-H |630,4857|630,4868| -1,74 [0,0072| 2,1453 |0,0277| infected-control1 e
infected-controll;
PA(31:1) PA C34H6508P | M-H |631,4333631,4344| -1,74 | 0,0000| 5,6608 |0,0000| "M CCeeCONTO cysts yes
infected-control2
DG(34:2) DG C37H6805 | M+K | 631,4698|631,4698| 0,00 |0,0072| 2,1450 |0,0453| infected-controll Cysts
infected-control1;
PE-Cer(d32:1) SM | C34H69N206P | M-H |631,4810|631,4820| -1,74 |0,0051| 2,2911 |0,0218| "M ectec-controlt; walls
infected-control2
infected-control1;
PE(28:2) PE C33H62NO8P | M+H | 632,4286|632,4286| 0,00 [0,0000| 4,7954 |0,0005| "M cC e CONrO cysts
infected-control2
PC(0-26:1) PC/PE | C34H68NO7P | M-H |632,4650|632,4661| -1,73 |0,0118| 1,9283 |0,0378| infected-control2 dermis
control2-controll;
PA(31:0) PA C34H6708P M-H |633,4490|633,4501| -1,73 | 0,0000| 4,5561 |0,0003| infected-controli; cysts yes
infected-control2
infected-control1;
DG(34:1) DG C37H7005 | M+K | 633,4855|633,4855| 0,00 |0,0000| 5,5930 |0,0002| "M CCteeeOn cysts
infected-control2
lysoPC(26:0) lysoPC | C34H70NO7P | M-H | 634,4806|634,4817| -1,73 | 0,0028| 2,5487 |0,0144| infected-control2 ;
=
Oxidized glutathione | other [C20H32N601252|M+Na| 635,1412|635,1412| 0,00 [0,0070| 2,1532 |0,0447| infected-control1 Sur:’;s‘:’emg
infected-control1;
PA(30:1) PA C33H6308P |M+Nal641,4153|641,4153| 0,00 |0,0000| 5,5286 |0,0002| "M CCteCCONTO cysts
infected-control2
PA(32:2) PA C35H6508P | M-H | 643,4333643,4344] -1,70 |0,0012| 2,9310 |0,0071| infected-controll Cysts ves
infected-controll;
DG(36:2) DG C39H7205  |M+Nal 643,5272|643,5272| 0,00 |0,0000| 4,9349 |0,0004| M CCECCONTO cysts ves
infected-control2
infected-control1;
DG(38:5) DG C41H7005 | M+H | 643,5296|643,5296| 0,00 |0,0000| 5,1196 |0,0003| " cysts
infected-control2
. surrounding
CerP(d36:1) Cer | C36H72NO6P | M-H |644,5014|644,5024| -1,70 [0,0038| 2,4246 |0,0175| infected-control2 o
trol2-control1;
Cer(d40:1) Cer C40H79NO3  |M+Na|644,5952|644,5952| 0,00 |0,0070| 2,1524 |0,0447| COMO'<7CONION ;

infected-controll
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example molecule m m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
infected-control1; higher i
PA(32:1) PA C35H6708P | M-H |645,4490|645,4501| -1,70 |0,0000| 7,4149 |0,0000| "M CCteCCONTO 'gherin yes
infected-control2 cysts
. . . surrounding
Rhizochalinin D other C35H70N208 | M-H |645,5048]|645,5059( -1,70|0,0115| 1,9393 |0,0374| infected-control2 tissue
infected-control1;
Heme other C34H32FeN404 | M+K | 655,1405|653,1451 | #####|0,0015| 2,8283 |0,0138]| . -
infected-control2
infected-control1;
PE(28:2) PE C33H62NO8P |M+Nal 654,4105|654,4105| 0,00 |0,0006| 3,2352 [0,0067| "™ co cONtrol% cysts ves
infected-control2
infected-controll;
PA(30:1) PA C33H6308P | M+K | 657,3892657,3892| 0,00 |0,0000| 6,6056 |0,0000| M CCtEACONTONL cysts
infected-control2
infected-control1; higher in
PS(27:4) PS C33H56N0O10P | M+H | 658,3715|658,3715( 0,00 |0,0001| 3,9156 |0,0020( .
infected-control2 cysts
. surrounding
PC(P-28:1) PC/PE C36H70NO7P | M-H | 658,4806|658,4817| -1,66 10,0122 1,9124 |0,0385| infected-control2 tissue
Cer(d41:1) Cer C41H81INO3 |M+Na|658,6109|658,6109| 0,00 (0,0067| 2,1747 |0,0438| infected-controll -
PA(33:1) PA C36H6908P M-H | 659,4646|659,4657| -1,66 [ 0,0002| 3,7818 |0,0013| control2-controll; higher in yes
infected-controll;
PA(P-34:1) PA C37H7107P M+H | 659,5010(659,5010( 0,00 |0,0000| 5,3474 |0,0002 I_ cysts
infected-control2
infected-controll;
DG(36:2) DG C39H7205 | M+K |659,5011|659,5011| 0,00 [0,0000| 5,3474 |0,0002| "M cCrECCONrOL cysts
infected-control2
infected-controll;
PE(30:1) PE C35H68NO8P | M-H | 660,4599|660,4610| -1,66 [0,0005| 3,3155 [0,0034| "M cCreeCONtrO cysts
infected-control2
. surrounding
PE(P-31:0) PC/PE C36H72NO7P | M-H | 660,4963]|660,4974| -1,66 |0,0121| 1,9189 |0,0382| infected-control2 tissue
infected-controll;
PE(30:0) PC/PE C35H70NO8P | M-H [662,4755|662,4766( -1,65 [0,0000|{ 6,8027 |0,0000( . cysts yes
infected-control2
infected-control1;
PE(30:0) PE C35H70NO8P | M+H | 664,4912|664,4912| 0,00 |0,0000( 4,7408 |0,0005 I_ -
infected-control2
Glycogen COH C24H42021 M-H | 665,2135]665,2146| -1,65 |0,0034| 2,4739 |0,0161| infected-control2 -
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
infected-control1;
PA(32:2) PA C35H6508P |M+Nal 667,4309|667,4309 0,00 |0,0001| 3,9803 |0,0018| " cysts
infected-control2
infected-controll;
PA(32:1) PA C35H6708P |M+Nal 669,4466 | 669,4466| 0,00 |0,0000| 6,5887 |0,0000| "M CCECCONTO cysts yes
infected-control2
infected-control1;
PA(34:4) PA C37H6508P | M+H | 669,4490|669,4490| 0,00 |0,0000| 7,0634 |0,0000| " cysts
infected-control2
infected-control1;
PE(28:2) PE C33H62NO8P | M+K | 670,3845|670,3845| 0,00 |0,0000| 4,3745 |0,0009| M CCtEC-CONTOIL cysts
infected-control2
. surrounding
CerP(d38:2) Cer | C38H74NO6P | M-H |670,5170|670,5181| -1,63 |0,0101| 1,9937 |0,0348| infected-control2 o
Trihydroxy-
({hydroxymethyl
[(tetrahydroxy-
oxanyl)methoxy]- infected-control1;
, other | C24H40020 |M+Nal|671,2005|671,2005| 0,00 |0,0000| 4,7632 |0,0005| " walls
[(trihydroxymethyl- infected-control2
oxanyl)oxy]oxanyl}ox
y)oxanecarboxylic
acid
trol2-controll; | higher i PA
PA(34:2) PA C37H6908P | M-H |671,4646|671,4657| -1,63 |0,0063| 2,2024 |0,0255| CONroecontros 'gherin ves
infected-controll cysts 16:0_18:2
infected-control1;
PE(0-32:2) PC/PE | C37H72NO7P | M-H |672,4963|672,4974| -1,63 [0,0000| 4,4236 |0,0004| "M CCrETCONO walls
infected-control2
. higher in PA
PA(34:1) PA C37H7108P | M-H |673,4803|673,4814/ 1,63 |0,0008| 3,1109 |0,0050] infected-control1 ves
walls 16:0_18:1
infected-controll; | surroundin
SM(d32:1) SM | c37H75N206P | M-H |673,5279|673,5290] -1,63 [0,0016| 2,8011 |0,0089] " urrounding
infected-control2 tissue
infected-control1;
CE(18:1) cholestero|  C45H7802  |M+Nal 673,5894|673,5894| 0,00 |0,0002| 3,6405 |0,0033| "M e coCONtTOLY cysts yes
infected-control2
infected-control1;
SM(iso-t31:1) sM | c36H73N207P | M-H |675,5072|675,5083| -1,62 [0,0005| 3,3108 |0,0034| "M ECTECCONrO tissue

infected-control2
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
trol2-control1; di
SM(d32:1) sSM | C37H75N206P | M+H | 675,5436|675,5436| 0,00 [0,0036| 2,4394 |0,0283| COMTOISTCONITONL | surrounding
infected-control2 tissue
SM(d32:0) SM_ | C37H77N206P | M-H | 675,5436|675,5446| -1,62 |0,0010| 2,9935 |0,0063| infected-control2 ;
infected-control1;
PS(P-29:1) PS C35H66NO9P | M+H | 676,4548|676,4548| 0,00 [0,0000| 5,4094 |0,0002] " cysts
infected-control2
infected-control1;
PC(28:0) PC/PE | C36H72NO8P | M+H |678,5068|678,5068| 0,00 [0,0000| 6,0016 |0,0001] " cysts ves
infected-control2
PA(35:4) PA C38H6708P | M-H | 681,4490|681,4501] -1,61|0,0028] 2,5501 |0,0144| infected-control2 ;
infected-control1;
PA(32:2) PA C35H6508P | M+K | 683,4049683,4049| 0,00 |0,0000| 4,6724 |0,0006| "M CCECCONTOIL cysts
infected-control2
trol2-controll;
PA(35:3) PA C38H6908P | M-H |683,4646683,4657| -1,60 |0,0020| 2,6896 |0,0110| ONoeconro tissue
infected-control2
infected-control1;
PA(P-35:6) PA C38H6307P |M+Nal 685,4204685,4204| 0,00 |0,0000| 81375 |0,0000| "M CCtEeCONTO cysts
infected-control2
infected-control1;
PA(32:1) PA C35H6708P | M+K | 685,4205|685,4205| 0,00 |0,0000| 8,1302 |0,0000] " cysts ves
infected-control2
PG(P-31:3) PG C37H6709P | M-H | 685,4439685,4450] -1,60 |0,0030] 2,5276 |0,0150| infected-control2 ;
trol2-control;
PA(35:2) PA C38H7108P | M-H |685,4803|685,4814| -1,60 |0,0119| 1,9251 |0,0379| CON o controls tissue ves
infected-control2
trol2-controll; .
DG(42:11) DG C45H6605 | M-H | 685,4827|685,4837| -1,60 |0,0117| 1,9332 |0,0377| €M o< contro tissue
infected-control2
infected-controll;
Cer(d32:2) Cer C42H8INO3 | M+K | 686,5848686,5848| 0,00 |0,0075| 2,1242 |0,0467| "M cCeOcONTO ;
infected-control2
control2-controll; .
PG(P-31:2) PG C37H6909P | M-H |687,4595|687,4606] -1,59 |0,0137| 1,8631 |0,0418| © tissue
infected-control2
trol2-controll; | higheri
PA(35:1) PA C38H7308P | M-H |687,4959|687,4970| -1,59 |0,0007| 3,1680 |0,0045| SOTOlocONtrOL | higherin
infected-controll walls
trol2-controll; | higheri
DG(42:10) DG C45H6805 | M-H | 687,4983|687,4994| -1,60 |0,0007| 3,1605 |0,0045| CONroecontroly; 'gherin
infected-controll walls
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
infected-control1;
PE(32:1) PC/PE | C37H72N08P | M-H |688,4912|688,4923| -1,59 [0,0000| 4,4352 |0,0004] " cysts yes
infected-control2
infected-controll;
CE(18:1) cholesterol|  C45H7802 | M+K | 689,5633|689,5633| 0,00 |0,0015| 2,8295 |0,0138| M c e OO cysts
infected-control2
infected-control1;
PE(32:1) PC/PE | C37H72NO08P | M+H |690,5068|690,5068| 0,00 [0,0044| 2,3580 |0,0326] " cysts
infected-control2
infected-controll; higher in
PE(32:0) pc/PE | C37H74NO8P | M-H |690,5068]690,5079| -1,59 [0,0000| 6,3353 |0,0000] " ves
infected-control2 walls
infected-control1;
PS(29:1) Ps | C35H66NO10P | M+H | 692,4497|692,4497| 0,00 |0,0000| 4,9739 |0,0004| "M ECTECCONTrOLL cysts
infected-control2
infected-control1;
PE(32:0) PC/PE | C37H74NO8P | M+H |692,5225]692,5225 0,00 [0,0000| 4,9137 |0,0004| "M CCrECTCONO cysts yes
infected-control2
infected-control1;
PA(34:2) PA C37H6908P |M+Nal 695,4622|695,4622| 0,00 |0,0004| 3,4043 |0,0047| "M CCtECCONTO cysts yes
infected-control2
infected-control1;
PA(36:5) PA C39H6708P | M+H | 695,4646|695,4646| 0,00 |0,0004| 3,4350 |0,0044| " cysts
infected-control2
. surrounding
PA(36:4) PA C39H6908P | M-H |695,4646|695,4657| -1,58 |0,0078| 2,1089 |0,0289| infected-control2 o
infected-control1;
PS(30:4) ps | c36H62NO10P | M-H | 698,4028|698,4039| -1,57 [0,0068| 2,1683 |0,0268| "M cC CONO cysts
infected-control2
infected-controll; higher in
PS(P-29:1) PS C35H66NO9P |M+Na| 698,4367|698,4367| 0,00 [0,0008| 3,0861 |0,0086] "
infected-control2 cysts
trol2-control1; di
PE(P-34:2) PC/PE | C39H74NO7P | M-H |698,5119]698,5130| -1,57 [0,0013| 2,9023 |0,0074| COMTOI47CONITOIL | surrounding
infected-controll tissue
control2-controll;
PIP3(7:0) PIP | c16H32022P4 | M-H |699,0252|699,0263 -1,56 |0,0074| 2,1306 |0,0281| © ;
infected-control2
infected-control1;
DG(40:10) DG C43H6405 | M+K | 699,4385|699,4385| 0,00 |0,0006| 3,2140 |0,0069| "M e CONTOIL cysts
infected-control2
infected-control1;
PC(28:0) PC/PE | C36H72NO8P |M+Na|700,4888|700,4888| 0,00 [0,0000| 5,5689 |0,0002| M CC ECCONtrOlY cysts yes

infected-control2
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
infected-control1;
PE(33:3) PE C38H70NO8P | M+H |700,4912|700,4912| 0,00 |0,0000| 5,5647 |0,0002| " cysts
infected-control2
trol2-controll; .
PC(30:2) PC/PE | C38H72NO8P | M-H |700,4912|700,4923| -1,56 [0,0074| 2,1293 |0,0281| COMTOI4CONO tissue
infected-controll
control2-controll; | surroundin
PE(P-34:1) PC/PE | C39H76NO7P | M-H |700,5276|700,5287| -1,56 [0,0001| 3,9763 |0,0009| © urrounding
infected-controll tissue
infected-control1;
PG(31:4) PG C37H65010P | M+H | 701,4388|701,4388| 0,00 |0,0041| 2,3924 |0,0310| "MECteC CONTOIL ;
infected-control2
Demethyl- other C50H7002 | M-H | 701,5292|701,5303| -1,56 |0,0001| 4,0457 |0,0008| CONtrOI2-controll; | surrounding
menaquinone infected-controll tissue
infected-control1; di
SM(d34:1) sM | C39H79N206P | M-H | 701,5592|701,5603 | -1,56 [0,0004| 3,4169 |0,0028| "M CCrECCONtrOL; | surrounding
infected-control2 tissue
infected-control1;
PE(30:0) PE C35H70NO8P | M+k | 702,4471|702,4471| 0,00 [0,0000| 4,6632 |0,0006| " co OO cysts
infected-control2
infected-control1;
Cer(d44:0) Cer C44H8INO3 |M+Na| 702,6735|702,6735| 0,00 |0,0000| 4,8973 |0,0004| " cysts
infected-control2
trol2-control1;
PIP(19:2) PIP | c28H50016P2 | M-H |703,2490|703,2501| -1,56 | 0,0103| 1,9863 |0,0350| OMTOISCONTOIL ;
infected-controll
trol2-controll;
PG(31:2) PG C37H69010P | M-H |703,4545703,4556| -1,56 |0,0013| 2,8795 |0,0076| €OM O'<7CONrO ;
infected-control2
. . surrounding
SM(iso-t33:1) SM | C38H77N207P | M-H |703,5385|703,5396| -1,56 | 0,0081| 2,0920 [0,0299| infected-control2 e
infected-controll;
PC(30:1) PC/PE | C38H74NO8P | M+H |704,5225(704,5225| 0,00 |0,0001| 4,2560 |0,0011] " cysts ves
infected-control2
SM(t33:0) SM_ | C38H79N207P | M-H | 705,5541705,5552| -1,55 | 0,0058| 2,2342 | 0,0243| infected-control2 tissue
infected-controll, | higher i
PC(30:0) PC/PE | C38H76NO8P | M+H |706,5381|706,5381| 0,00 [0,0000| 8,5979 |0,0000| M CC e CONrOY 'gherin ves
infected-control2 cysts
trol2-control1; di
PC(32:5) PC/PE | C40H72NO7P | M-H |708,4963|708,4974| -1,55 [0,0013| 2,8908 |0,0076| COMrO-controlL | surrounding
infected-control2 tissue
PE(34:4) PE C39H70NO8P | M-H | 710,4755|710,4766 -1,54 |0,0117| 1,9315 |0,0377| infected-control2 tissue
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
infected-control1;
PA(34:2) PA C37H6908P | M+K |711,4362(711,4362| 0,00 |0,0000| 4,3043 |0,0010| " cysts
infected-control2
PG(0-33:4) PG C39H7109P M-H | 713,4752|713,4763| -1,54 |0,0027| 2,5749 |0,0138| infected-control2 tissue
. higher in
PA(37:2) PA C40H7508P | M-H |713,5116|713,5127| -1,54 | 0,0040| 2,3962 |0,0183| infected-control1 s
. higher in
DG(44:11) DG C47H7005 M-H | 713,5140] 713,5150| -1,54 [ 0,0040| 2,4000 |0,0183| infected-controll
cysts
infected-controll; | higher i
PS(P-29:1) PS C35H66NO9P | M+K | 714,4107|714,4107| 0,00 [0,0003| 3,5633 |0,0036| ' C o TCONIO 'gherin
infected-control2 cysts
infected-control1;
PS(29:1) Ps | C35HE6NO10P |M+Na|714,4317(714,4317| 0,00 |0,0014| 2,8652 |0,0129] "M co co OO cysts
infected-control2
infected-controll;
PC(28:1) PC/PE | C36H70NO8P | M+k |714,4471|714,4471| 0,00 [0,0007| 3,1260 |0,0082| "M cCrECTCONrO cysts
infected-control2
. surrounding
SM(d35:1) SM | C40H81N206P | M-H | 715,5749|715,5759| -1,53 [0,0022| 2,6508 |0,0119] infected-control2 fooe
infected-controll, | higher i
PE(34:6) PE C39H68NO7P |M+Na|716,4626|716,4626| 0,00 |0,0000| 6,4285 |0,0000| "M CCteC-CONTOIL 'gherin
infected-control2 cysts
infected-controll; | higher i
PC(28:0) PC/PE | C36H72N08P | M+Kk | 716,4627|716,4627| 0,00 [0,0000| 6,4281 |0,0000| "M CC e CONrOLL 'gherin
infected-control2 walls
infected-controll; | higher i PE
PE(34:1) PE C39H76NO8P | M-H |716,5225|716,5236| -1,53 [0,0000| 4,5933 [0,0003| "M cC e CONrO igherin yes
infected-control2 cysts 18:1_16:0
infected-controll;
PG(i-30:0) PG C36H71010P |M+Na|717,4677|717,4677 0,00 |0,0000| 6,0948 |0,0001| "Moo o CONtrO cysts
infected-control2
infected-control1;
PE(34:1) PC/PE | C39H76NOSP | M+H |718,5381|718,5381| 0,00 |0,0070| 2,1574 |0,0445] " cysts ves
infected-control2
PC(0-32:0) PC/PE | CAOH82NO7P | M-H |718,5745(718,5756| -1,52 |0,0111| 1,9547 |0,0366| infected-control2 ;
infected-control1;
PG(32:1) PG C38H73010P | M-H |719,4858|719,4869| -1,52 |0,0001| 3,8830 |0,0011| "Moo oo cOMrolt walls
infected-control2
infected-control1; di
PA(38:4) PA C41H7308P | M-H |723,4959(723,4970| -1,51 |0,0005| 3,2692 |0,0036| "M cCteC CONtTOIL | surrounding yes

infected-control2

tissue
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
PC(32:4) PC/PE | C4OH72NOSP | M-H | 724,4912724,4923| -1,51|0,0031] 2,5099 |0,0153| infected-control2 tissue
Tetradecanyl-
(ladderaneoctanyl)gl control2-controll; | surrounding
other | C42H8ONO6P | M-H |724,5640|724,5650| -1,51 [0,0109| 1,9641 |0,0361| © ,
ycerophospho- infected-controll tissue
choline
infected-control1; Kadesch:
PC(30:1) PC/PE | C38H74NO8SP |M+Na|726,5044|726,5044| 0,00 [0,0001| 4,1131 |0,0014] " cysts ves
infected-control2 PC
infected-control1;
PC(32:4) PC/PE | C4a0H72NO8P | M+H |726,5068]726,5068| 0,00 [0,0001| 4,0767 |0,0015| "M o cecOntrOlY cysts
infected-control2
trol2-controll; .
PC(32:3) PC/PE | caoH74NO8P | M-H |726,5068|726,5079| -1,51 [0,0070| 2,1553 |0,0274| COMTOISTCONTO tissue
infected-control2
trol2-control1; di
PE(0-36:3) PC/PE | C41H78NO7P | M-H |726,5432|726,5443| -1,51 [0,0002| 3,6497 |0,0018| COMTOI4TCONITONL | surrounding
infected-controll tissue
PG(33:4) PG C39H69010P | M-H | 727,4545|727,4556 -1,51 |0,0089 2,0521 |0,0318| infected-control2 ;
infected-control1;
PE(P-35:6) PE C40H68NO7P |M+Na| 728,4626|728,4626| 0,00 [0,0054| 2,2696 |0,0368] " cysts
infected-control2
infected-control1;
PE(32:1) PC/PE | C37H72NO8P | M+K |728,4627(728,4627| 0,00 |0,0053| 2,2728 |0,0368| "Moo oo oMo cysts
infected-control2
infected-controll; | higher i Kadesch:
PC(30:0) PC/PE | C38H76NO8P |M+Na|728,5201|728,5201| 0,00 [0,0000| 5,0568 |0,0003| "M ECTCONO Enerin adesc ves
infected-control2 cysts PC + PE
infected-controll; | higher i
PC(32:3) PC C40H74NO8P | M+H |728,5225|728,5225| 0,00 [0,0000| 5,6972 |0,0002| "M cCree-cONtro IBNETIN | pe3p3
infected-control2 walls
trol2-control1; di
PE(0-36:2) PC/PE | C41H8ONO7P | M-H |728,5589|728,5600| -1,50 [0,0059| 2,2271 |0,0245| COMTOI47CONITOIL | surrounding
infected-controll tissue
infected-controll; | surroundin
CerP(d42:1) Cer | Ca2H84NOGP | M-H |728,5953|728,5963| -1,50 [0,0066| 2,1782 |0,0265] " urrounding
infected-control2 tissue
infected-control1;
PG(33:3) PG C39H71010P | M-H |729,4701[729,4712| -1,50 |0,0013| 2,8831 |0,0076| M c e CONTOIL ;
infected-control2
. surrounding
SM(d36:1) SM | C41H83N206P | M-H |729,5905|729,5916| -1,50 | 0,0084| 2,0782 |0,0302| infected-control2

tissue

*for lack of space only one possible annotation is shown
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
infected-control1;
PS(29:1) ps | c3sHe6NO10P | M+k | 730,4056|730,4056| 0,00 [0,0003| 3,5619 |0,0036] " cysts
infected-control2
infected-controll;
PE(32:0) PC/PE | C37H74NO8P | M+k | 730,4784|730,4784 0,00 [0,0000| 5,5027 |0,0002| "M CCrECTCONO cysts
infected-control2
PG(33:2) PG C39H73010P | M-H | 731,4858|731,4869| -1,50 | 0,0049| 2,3088 |0,0212| infected-control2 tissue
infected-control1; higher in
PC(32:1) PC C40H78NO8P | M+H | 732,5538|732,5538| 0,00 [0,0000| 4,6487 |0,0006| " 'gherl PC32:1 ves
infected-control2 cysts
PE(0-36:0) PC/PE | CA1H84NO7P | M-H |732,5902|732,5913| -1,50 |0,0123| 1,9094 |0,0386| infected-control2 ;
infected-control1;
PE(36:6) PE C41H70NO8P | M-H | 734,4755|734,4766| -1,49 |0,0015| 2,8148 |0,0087| "M o e CONtrol% ;
infected-control2
. surrounding
PC(34:5) PC/PE | C42H76NO7P | M-H |736,5276|736,5287| -1,49 [0,0075| 2,1275 |0,0281| infected-control2 e
infected-controll; .
PG(P-35:5) PG C41H7109P | M-H |737,4752|737,4763] -1,49 |0,0043| 2,3639 |0,0190| " tissue
infected-control2
PA(39:4) PA C42H7508P | M-H | 737,5116|737,5127] -1,49 | 0,0137| 1,8630 |0,0418| infected-control2 tissue
Di-O-myristoyl-O- higher in
(sulfoquinovo- other C37H70012S | M+H | 739,4661|739,4661| 0,00 |0,0082| 2,0838 |0,0487| infected-control2 ists yes
pyranosyl)glycerol ¥
higher i
PA(36:2) PA C39H7308P | M+K |739,4675|739,4675| 0,00 |0,0083| 2,0834 |0,0487| infected-control2 'iy:trs'n
infected-control1; _
PG(0-35:5) PG C41H7309P | M-H |739,4908|739,4919] -1,48 |0,0011| 2,9413 |0,0070| "M cCteC-cONtTO tissue
infected-control2
infected-control1;
PE(P-36:6) PE C41H70NO7P |M+Na|742,4782|742,4782| 0,00 [0,0000| 4,5383 [0,0007| "M cocONtrO cysts
infected-control2
infected-control1; Kadesch:
PC(30:1) PC/PE | C38H74NOSP | M+K |742,4784(742,4784| 0,00 |0,0000| 24,5339 |0,0007] " cysts
infected-control2 PC
PS(33:2) PS | C39H72NO10P | M-H | 744,4810|744,4821| -1,47 [0,0122] 1,9151 |0,0384| infected-control2 tissue
infected-controll; | higheri
PE(P-36:5) PC/PE | C41H72NO7P |M+Na|744,4939|744,4939| 0,00 [0,0000 7,2384 |0,0000| "M cC eCcoNtrols; 'gherin ves
infected-control2 cysts
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
infected-control1; higher in
PC(30:0) PC C38H76NO8P | M+K | 744,4940|744,4940| 0,00 |0,0000| 7,2386 |0,0000 " PC30:0
infected-control2 walls
infected-controll; | higheri
PC(dO-36:4) PC C43H70NO7P | M+H | 744,4963|744,4963| 0,00 [0,0000| 7,2841 |0,0000| "M cC ee-cONtrO 'gherin
infected-control2 cysts
. higher in PE
PE(36:1) PE C41H8ONOSP | M-H |744,5538|744,5549| -1,47 [0,0075| 2,1239 |0,0282| infected-control1
walls 18:1_18:0
infected-controll; higher in
PG(32:0) PG C38H75010P |M+Na| 745,4990|745,4990| 0,00 |0,0000| 7,9590 |0,0000| "
infected-control2 cysts
infected-control1; di PE P-
PE(P-38:4) PE C43H78NO7P | M-H | 750,5432|750,5443| -1,46 [0,0003| 3,4809 |0,0024| "M cCreccONtrolt; | surrounding
infected-control2 tissue 18:0_20:4
. surrounding
PA(40:4) PA C43H7708P | M-H |751,5272|751,5283| -1,46 |0,0144| 1,8418 |0,0434| infected-control2 e
. surrounding
PC(34:4) PC/PE | C42H76NO8SP | M-H |752,5225|752,5236| -1,46 [0,0155| 1,8100 |0,0459| infected-control2 s
Hexadecanyl-
ladd tanyl)gl di
(ladderaneoctanyllgl | -\ | cqanganoep | M-H | 752,5053|752,5963 -1,46 |0,0153| 1,8167 [0,0456| infected-controi | *UTOUNCINE ves
ycerophospho- tissue
choline
trol2-controll;
GlcCer(d36:0) GlcCer | C42H83NO8 |M+Na|752,6011[752,6011| 0,00 |0,0077| 2,1137 |0,0472| OO cONTO ;
infected-controll
infected-control1;
PI(28:0) Pl C37H71013P | M-H | 753,4549|753 4560/ -1,45 |0,0000| 8,5683 |0,0000| "M cC e CONTO cysts
infected-control2
infected-control1; higher in
PC(32:1) PC/PE | C40H78NOSP |M+Na|754,5357|754,5357| 0,00 [0,0002| 3,8154 |0,0024 " yes
infected-control2 cysts
infected-control1; higher in
PC(34:4) PC/PE | C42H76NO8P | M+H |754,5381(754,5381| 0,00 |0,0001| 3,8447 |0,0023] " ghert
infected-control2 cysts
control2-controll;
PE(P-38:2) PE C43H82NO7P | M-H | 754,5745|754,5756| -1,45 [0,0000| 5,6125 |0,0000] infected-control1; walls

infected-control2
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example molecule m m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
. surrounding
CerP(d44:2) Cer C44H86NO6P | M-H | 754,6109|754,6120( -1,45|0,0129| 1,8910 |0,0401| infected-controll tissue yes
Diadenosine L ] control2-controll;
. nucleosid 20H27N10016P3 M-H | 755,0736|755,0747( -1,45 | 0,0020| 2,7089 (0,0106]| -
triphosphate infected-control2
infected-control1;
PG(35:4) PG C41H73010P | M-H | 755,4858|755,4869| -1,45|0,0005| 3,3233 |0,0034 I_ -
infected-control2
infected-control1;
PE(P-37:6) PE C42H72NO7P |M+Nal 756,4939|756,4939| 0,00 |0,0051| 2,2898 [0,0359| "M eccontrolt cysts
infected-control2
infected-control1;
PE(34:1) PC/PE | C39H76NO8P | M+K | 756,4940|756,4940| 0,00 [0,0051| 2,2900 |0,0359| M ECCONtrOLY cysts
infected-control2
PS(P-35:2) PS C41H76NO9P | M-H | 756,5174]756,5185( -1,45|0,0107| 1,9715 |0,0358| infected-control2 tissue
control2-controll; .
PC(34:2) PC C42H80NO8P | M-H |756,5538|756,5549( -1,45(0,0101| 1,9946 |0,0348| . tissue yes
infected-control2
infected-control1;
PG(35:3) PG C41H75010P | M-H |757,5014|757,5025| -1,45 [0,0015| 2,8163 |0,0087| "o oo " ;
infected-control2
. surrounding
SM(d38:1) SM C43H87N206P | M-H | 757,6218|757,6229( -1,45|0,0032| 2,4953 |0,0155| infected-control2 tissue
infected-control1;
PS(34:2) Ps | caoH74NO10P | M-H | 758,4967|758,4978| -1,44 [0,0004| 3,3686 |0,0031| "M CC EecontrOlL tissue
infected-control2
higher i
PC(34:1) PC C42H82NO8P | M+H | 760,5851|760,5851| 0,00 |0,0017| 2,7715 [0,0154| infected-control2 'iy:trs'n PC34:1 | vyes
PC(34:0) PC/PE C42H84NO8P | M-H | 760,5851]760,5862( -1,44 |0,0138| 1,8590 |0,0420| infected-controll cysts yes
. surrounding
PC(P-36:4) PC C44H80ONO7P | M-H | 764,5589|764,5600( -1,43 |0,0164| 1,7853 |0,0477| infected-control2 tissue
. higher in
PA(38:3) PA C41H7508P M+K | 765,4831(765,4831| 0,00 |0,0074| 2,1297 [0,0467| infected-control2 cysts
infected-controll; .
PG(P-37:5) PG C43H7509P M-H | 765,5065] 765,5076| -1,43 10,0103 1,9861 |0,0350| . tissue
infected-control2
infected-controll; | surrounding PE
PE(38:4) PE C43H78N0O8P | M-H |766,5381|766,5392( -1,43 ({0,0002| 3,7962 |0,0013| . . yes
infected-control2 tissue 20:4_18:0
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
di PE
PE(38:3) PE C43H8ONO8P | M-H | 768,5538|768,5549| -1,43 [0,0076| 2,1173 |0,0285| infected-control2 | S OUN¢!N8 yes
tissue 20:3_18:0
infected-controll;
PIP2(16:0) PIP | C25H49019P3 |M+Nal|769,1973|769,1973| 0,01 |0,0005| 3,2878 |0,0060| "o o COMTO ;
infected-control2
. . surrounding
SM(iso-d39:2) SM | caaH87N206P | M-H | 769,6218|769,6229| -1,42 [0,0056| 2,2538 |0,0235| infected-control1 fooe
infected-controll; | higher i
PE(0-38:7) PE C43H74NO7P |M+Na|770,5095|770,5095| 0,00 |0,0000| 4,4656 |0,0008| "M cC e CONrO 'sherin ves
infected-control2 cysts
infected-controll; | higher i
PC(32:1) PC C40H78NO8P | M+K | 770,5097|770,5097| 0,00 [0,0000| 4,4656 |0,0008] "M CCEdTCONION IBNETIN | pe3pg
infected-control2 cysts
infected-controll; | higher i
PG(34:1) PG C40H77010P |M+Na|771,5147|771,5147| 0,00 |0,0000| 4,4924 |0,0008| "M CCeC-CONTO 'gherin
infected-control2 cysts
infected-control1; di
SM(d39:1) SM | caaH89N206P | M-H | 771,6375|771,6385| -1,42 [0,0063| 2,1975 |0,0257| "M cocONtrOlt; | surrounding
infected-control2 tissue
infected-control1;
PS(33:0) Ps | c39H76NO10P |M+Na|772,5099|772,5099| 0,00 [0,0000| 4,3106 |0,0010 " cysts
infected-control2
PS(35:2) PS | C41H76NO10P | M-H |772,5123|772,5134] -1,42 |0,0066| 2,1837 |0,0263| infected-control2 ;
PE(P-407) PE CA5H76NO7P | M-H | 772,5276|772,5287| -1,42 | 0,0053| 2,2730 | 0,0226| infected-control2 tissue
PA(40:5) PA C43H7508P |M+Na| 773,5092|773,5092| 0,00 |0,0043| 2,3619 |0,0325| infected-control2 Cysts
PA(42:8) PA CA5H7308P | M+H | 773,5116|773,5116] 0,00 |0,0033| 2,4789 |0,0264| infected-control2 Cysts
trol2-control1; di
PS(35:1) ps | ca1H78NO10P | M-H | 774,5280|774,5291| -1,41 [0,0067| 2,1750 |0,0265| COMTOI4TCONTOIL | surrounding
infected-control2 tissue
. surrounding
PG(36:1) PG C42H81010P | M-H |775,5484|775,5495| -1,41 [0,0084| 2,0781 |0,0302| infected-control1 oo
infected-control1;
PPA(36:2) PA | C39H74011P2 | M-H |779,4623|779,4634| -1,40 |0,0007| 3,1715 |0,0045| " cysts
infected-control2
infected-control1;
PI(30:1) Pl C39H73013P | M-H |779,4705|779,4716| -1,41 |0,0000| 87813 |0,0000( "M  cC cONrolY cysts

infected-control2
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
control2-controll;
PS(36:5) PS C42H72NO10P | M-H | 780,4810]780,4821( -1,40 |0,0000| 4,6512 |0,0002| infected-controll; -
infected-control2
PS(0-37:5) PS C43H76NO9P | M-H | 780,5174]780,5185( -1,40 |0,0091| 2,0403 |0,0323| infected-control2 tissue
surroundin
PC(36:4) PC C44H8ONOSP | M-H | 780,5538|780,5549| -1,40 [0,0097| 2,0148 |0,0338| infected-control2 “tiszue' g
trol2-control1;
PE(0-40:4) PE C45H84NO7P | M-H | 780,5902|780,5913| -1,40 [0,0100| 1,9615 |0,0362| OMTOI4CONTOIL walls
infected-controll
infected-control1;
PI(30:0) Pl C39H75013P | M-H | 781,4862|781,4873| -1,40 | 0,0000| 11,4130 |0,0000| "M CCteC-CONTOIL cysts  |Kadesch: PI
infected-control2
PS(P-37:3) PS C43H78NO9P | M-H | 782,5330| 782,5341| 1,40 | 0,0037| 2,4333 | 0,0173| infected-control2 tissue
infected-controll;
PE(P-40:2) PE C45H86NO7P | M-H | 782,6058|782,6069] -1,40 [ 0,0000| 5,0417 |0,0001| "M cC e cONTO walls
infected-control2
infected-control1;
SM(iso-t39:2) sSM | caaH87N207P | M-H |785,6167785,6178| -1,39 [0,0000| 6,3491 |0,0000] Mo eoCOn cysts
infected-control2
trol2-control1; di
SM(d40:2) SM | C45H89N206P | M+H | 785,6531|785,6531| 0,00 |0,0000| 5,1547 |0,0003| CONOI4TCONITOI% | surrounding
infected-control2 tissue
infected-control1; di
SM(d40:1) SM | ca5H91N206P | M-H | 785,6531|785,6542| -1,39 [0,0048| 2,3199 |0,0208| M cCrECCONtrOlL; | surrounding
infected-control2 tissue
infected-controll; | higher i
PC(36:2) PC C44H84NO8P | M+H | 786,6007|786,6007| 0,00 [0,0016| 2,7999 |0,0146| "M cC e CONrO 'BNETIN | e 360 yes
infected-control2 cysts
trol2-control1; di PS
PS(36:1) ps | ca2H8ONO10P | M-H | 788,5436|788,5447| -1,39 [0,0083| 2,0789 |0,0302| COMTOISTCONITONL | surrounding
infected-control2 tissue 18:1_18:0
SM(t39:0) SM_ | C44H91N207P | M-H | 789,6480|789,6491| -1,39 | 0,0082| 2,0851 |0,0302| infected-control2 ;
3sulfo)- trol2-control1;
(3"sulfo) other | C41H79NO11S | M-H |792,5290|792,5301| -1,38 [0,0040| 2,3971 |0,0183| OMTO'<7CONOL | ticsue
GalCer(d35:1) infected-control2
. surrounding
PE(40:4) PC/PE | C45H82NOSP | M-H |794,5694(794,5705| -1,38 |0,0032| 2,5007 [0,0155| infected-control2 o
PS(P-36:1) PS C42HBONO9P | M+Na| 796,5463 | 796,5463| 0,00 |0,0028| 2,5476 |0,0233| infected-control2 ;
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
. surrounding
PE(40:3) PC/PE | C45H84NOSP | M-H |796,5851|796,5862| -1,38 |0,0009| 3,0225 [0,0060| infected-control2 e
PC(P-36:0) PC C44H88NO7P |M+Na| 796,6191]796,6191| 0,00 |0,0018| 2,7384 |0,0163| infected-controll ;
PC(P-38:3) PC CA6H86NO7P | M+H | 796,6215]796,6215| 0,00 |0,0018| 2,7430 | 0,0163| infected-controll ;
infected-control1; higher in
PE(P-40:6) PE C45H78NO7P |M+Na| 798,5408|798,5408| 0,00 [0,0078| 2,1093 |0,0473] " 'gherl yes
infected-control2 cysts
infected-controll; | higher i
PC(34:1) PC C42H82NO8P | M+K | 798,5410|798,5410| 0,00 [0,0078| 2,1093 |0,0473| "M CCrECCONION IBNETIN | pe3gq
infected-control2 walls
PS(0-36:1) PS C42H82NO9P |M+Na| 798,5619|798,5619| 0,00 |0,0055| 2,2612 | 0,0373| infected-control2 ;
infected-control1;
PC(P-38:1) PC/PE | ca6HOONO7P | M-H |798,6371|798,6382| -1,37 [0,0000| 5,2125 |0,0001| "M ECTCONO cysts
infected-control2
infected-controll;
PI(P-33:4) Pl C42H73012P | M-H |799,4756(799,4767| -1,37 |0,0019| 2,7261 |0,0103| "M cCteC-CONtTO cysts
infected-control2
higher i
PG(36:1) PG C42H81010P |M+Nal|799,5460799,5460| 0,00 |0,0069| 2,1636 |0,0443| infected-control2 'iy:trs'”
infected-control1; di
SM(d41:1) SM | C46H93N206P | M-H | 799,6688|799,6698| -1,37|0,0032| 2,4936 |0,0155| "M CCteccontrolL | surrounding yes
infected-control2 tissue
(3"sulfo)- other | C42H75NO11S | M-H |800,4977|800,4988| -1,37 [0,0013| 2,8809 |0,0076| infected-control1 tissue
GalCer(d36:4)
infected-controll; higher in
PS(35:0) PS | C41H8ONO10P |M+Na|800,5412[800,5412| 0,00 |0,0012| 2,9103 |0,0120] "
infected-control2 cysts
PE(40:2) PC/PE C45H86NO8P | M+H | 800,6164]800,6164( 0,00 |0,0039| 2,4035 |0,0304| infected-control2 cysts yes
infected-control1;
PC(P-38:0) PC C46H92NO7P | M-H |800,6528|800,6539| -1,37 [0,0003| 3,4954 |0,0024| "M cCrEeCONrO ;
infected-control2
infected-control1; higher in
PA(42:5) PA C45H7908P  |M+Nal|801,5405[801,5405| 0,00 |0,0012| 2,9253 |0,0118] "
infected-control2 cysts
infected-controll; | higher i
PA(44:8) PA C47H7708P | M+H | 801,5429(801,5429| 0,00 |0,0012| 2,9252 |0,0118| "M CCteCCONTOIL 'gherin
infected-control2 cysts
trol2-control1;
PS(37:1) ps | ca3H82NO10P | M-H |802,5593|802,5604| -1,37 [0,0073| 2,1378 |0,0279| OMTOISCONTONL tissue yes

infected-control2

*for lack of space only one possible annotation is shown
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example molecule m, m, A found in

X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt

annotation* class theor. meas. | ppm Tachyz.?

PI(32:2) Pl C41H75013P | M-H | 805,4862|805,4873| -1,36 | 0,0156] 1,8082 |0,0459| infected-controll Cysts
infected-controll; | higher i

PI(32:1) Pl C41H77013P | M-H | 807,5018|807,5029] -1,36 |0,0000| 9,1447 |0,0000| "M CCteC-CONTO BNErIN 1y adesch: PI|  yes
infected-control2 cysts
. surrounding

SM(d40:2) SM | C45H89N206P |M+Na|807,6350(807,6350| 0,00 |0,0035| 2,4582 |0,0275| infected-control2 oo

PI(32:0) Pl C41H79013P | M-H |809,5175|809,5186| -1,35 |0,0057| 2,2461 |0,0238| infected-controll |  dermis
infected-control1;

PS(0-39:4) PS C45H82NO9P | M-H |810,5643|810,5654| -1,35 [0,0021| 2,6819 |0,0111| "M cC e CONrol tissue
infected-control2
infected-control1; di

PS(38:3) ps | caaHsONO10P | M-H |812,5436|812,5447| -1,35 [0,0000| 4,3670 |0,0004| "M CCIECTCONrOLL; | surrounding
infected-control2 tissue

trol2-controll;

PC(36:0) PC C44H88NO8P |M+Na| 812,6140|812,6140| 0,00 |0,0008| 3,0754 |0,0086| SON > < ONtrO tissue
infected-controll
control2-controll; .

PC(38:3) PC C46H86NOSP | M+H | 812,6164|812,6164| 0,00 |0,0008| 3,0758 |0,0086| © tissue
infected-controll
. surrounding

SM(d42:1) SM C47H95N206P | M-H | 813,6844]813,6855( -1,35|0,0143| 1,8448 |0,0433| infected-control2 tissue
infected-control1;

GlcCer(iso-t39:6) | GlcCer | casH77NO9 | M+k |814,5230|814,5230| 0,00 |0,0000| 6,4140 |0,0000| "M ECtEE-CONIOM cysts
infected-control2
infected-control1;

Thyroxine other | CI5H1114NO4 | M+K |815,6498|815,6498| -0,01 [0,0001| 4,2377 |0,0011| " oo o CONtrO cysts
infected-control2
infected-control1;

TG(0-49:7) TG C52H8805  |M+Nal815,6524|815,6524| 0,00 |0,0001| 4,2559 |0,0011| Moo co OO cysts
infected-control2
infected-control1;

PA(44:1) PA C47H9108P | M+H | 815,6524815,6524| 0,00 |0,0001| 4,2559 |0,0011| "M CCteeCONtTO cysts
infected-control2
infected-control1;

TG(46:1) TG C49H9206 | M+K |815,6525|815,6525| 0,00 |0,0001| 4,2587 |0,0011] " cysts
infected-control2
infected-control1;

PE(P-40:5) PE C45HSONO7P | M+K | 816,5304|816,5304| 0,00 [0,0001| 3,8739 |0,0022| "M ECrEC-CONtrol% cysts
infected-control2

trol2-control1; di

PS(38:1) ps | caaHsaNO10P | M-H |816,5749|816,5760| -1,34 [0,0042| 2,3778 |0,0188| COMTOISTCONTONL | surrounding

infected-control2

tissue

*for lack of space only one possible annotation is shown
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
infected-control1;
PC(38:0) PC C46H92NO8P | M-H | 816,6477|816,6488 -1,34 | 0,0000| 7,3093 |0,0000| " cysts
infected-control2
PC(P-383) PC C46H86NO7P |M+Na| 818,6034]818,6034| 0,00 |0,0030| 2,5245 |0,0242| infected-controll ;
PC(P-40:6) PC C48HB4NO7P | M+H | 818,6058|818,6058| 0,00 |0,0037| 2,4360 |0,0283| infected-controll ;
(3'-sulfo)- control2-controll;
th C43H83NO11S | M-H |820,5603|820,5614| -1,34 [0,0043| 2,3638 |0,0190] © t
GalCer(d37:1) other infected-controll cysts
infected-control1;
PI(33:1) Pl C42H79013P | M-H |821,5175[821,5186| -1,33 |0,0000| 6,1747 |0,0000| "M CCteC CONTOIL cysts
infected-control2
infected-control1;
PS(39:5) PS | C45H78NO10P | M-H |822,5280(822,5291| -1,33 |0,0000| 5,2280 |0,0001| "M CCeCCONtOY cysts ves
infected-control2
infected-control1; di
SM(d40:2) sM | casH8IN206P | M+k | 823,6090|823,6090| 0,00 [0,0002| 3,6522 |0,0033| M CCrECTCONtrOlL; | surrounding
infected-control2 tissue
infected-control1;
PS(39:4) Ps | casH8ONO10P | M-H |824,5436|824,5447| -1,33 [0,0005| 3,3197 |0,0034| "M cCETCONO cysts
infected-control2
3"sulfo)Galbeta- infected-controll, | higher i
(3"sulfo)Galbeta other | C42H81INO12S | M+H |824,5552|824,5552| 0,00 [0,0028| 2,5484 |0,0233| "M cCrec-coNtroly 'gherin
Cer(d36:1(20H)) infected-control2 cysts
infected-controll; | higher i
PE(P-42:7) PE C47HSONO7P |M+Na|824,5565|824,5565| 0,00 [0,0028| 2,5484 |0,0233| "M cCrec-coNtrols 'gherin
infected-control2 cysts
infected-controll; | higher i
PC(36:2) PC C44H84NO8P | M+K | 824,5566|824,5566| 0,00 [0,0028| 2,5484 |0,0233| "M CCEeTCONtrO IBNETIN | e 360
infected-control2 cysts
PS(P-38:1) PS CA44HB4NO9P |M+Na| 824,5776|824,5776| 0,00 |0,0015| 2,8235 | 0,0139| infected-control2 ;
. surrounding
PE(40:1) PE C45H8SNOSP |M+Na| 824,6140|824,6140| 0,00 [0,0022| 2,6588 |0,0189| infected-control2 e
infected-control1; higher in
PG(38:2) PG C44H83010P |M+Nal| 825,5616|825,5616| 0,00 |0,0029| 2,5384 |0,0235| " lgher
infected-control2 cysts
SM(is0-d43:2) SM_ | C48H95N206P | M-H | 825,6844825,6855| -1,33 |0,0163| 1,7887 |0,0475| infected-controll |  dermis
infected-control1;
PS(39:3) ps | casH82NO10P | M-H |826,5593|826,5604| -1,33 [0,0010| 3,0011 |0,0062| "M e e CONrOL cysts
infected-control2
infected-control1;
PA(44:6) PA C47H8108P |M+Na|827,5561[827,5561| 0,00 |0,0002| 3,6213 |0,0033| Mo ceTCONrOY cysts

infected-control2
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
infected-control1;
TG(48:1) TG C51H9606  |M+Nal| 827,7099(827,7099| 0,00 |0,0064| 2,1957 |0,0423| " cysts ves
infected-control2
infected-controll;
TG(50:4) TG C53H9406 | M+H | 827,7123[827,7123| 0,00 |0,0062| 2,2059 |0,0415] "M cCeeCONtTO cysts
infected-control2
PS(39:2) PS | C45H84NOIOP | M-H | 828,5749|828,5760| -1,32 |0,0114| 1,9440 |0,0372| infected-controll Cysts
PE(42:1) PE C47H92NO8P | M-H | 828,6477|828,6488| -1,32 [0,0145| 1,8379 |0,0436] infected-control2 dermis
PC(P-38:3) PC C46H86NO7P | M+K | 834,5774|834,5773| 0,00 |0,0060| 2,2234 |0,0400| infected-controll -
infected-controll; | higheri
PI(34:1) Pl C43H81013P | M-H | 835,5331835,5342| -1,31 |0,0000| 9,0790 |0,0000| "MECtEC-CONTOIL 'gher in ves
infected-control2 cysts
18:0-Glc-Cholesterol |cholesterol] C51H9007 M+Na| 837,6579|837,6579| 0,00 [0,0085| 2,0717 |0,0497| infected-controll -
infected-controll;
PE(44:10) PE C49H78NO8P | M-H |838,5381|838,5392| -1,31 [0,0000| 9,6280 |0,0000] " cysts yes
infected-control2
infected-control1;
PE(42:7) PE C47H8ONO8P |M+Na|840,5514|840,5514| 0,00 [0,0002| 3,6093 [0,0033| Mo cocOn cysts
infected-control2
infected-control1;
PE(44:10) PE C49H78NO8P | M+H | 840,5538|840,5538| 0,00 |0,0004| 3,4543 |0,0044| "M ECtECCONTOIL cysts
infected-control2
trol2-control;
Cer(iso-t55:4) Cer | C55H103NO4 | M-H |840,7803|840,7814| -1,30 [0,0115| 1,9376 |0,0374| COMO'<TCONrO ;
infected-control2
. infected-controll; higher in
GlcCer(iso-t41:6) | GlcCer | C47H81INO9 | M+k |842,5543|842,5543| 0,00 [0,0000| 7,3915 |0,0000 "
infected-control2 walls
infected-controll;
TG(0-51:7) TG C54H9205  |M+Nal 843,6837|843,6837| 0,00 |0,0001| 4,2249 |0,0011| M cCreCCONtTO cysts
infected-control2
infected-control1;
PA(46:1) PA C49H9508P | M+H | 843,6837|843,6837| 0,00 |0,0001| 4,2249 |0,0011] " cysts yes
infected-control2
infected-control1;
TG(48:1) TG C51H9606 | M+K | 843,6838|843,6838| 0,00 |0,0001| 4,2250 |0,0012| "MECteCCONTOIL cysts
infected-control2
infected-control1;
PI(32:1) Pl C41H77013P | M+K | 847,4733|847,4733| 0,00 |0,0000| 4,6320 |0,0006| "M CCtECCONTOIL cysts

infected-control2
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
infected-control1; .
PI(35:1) Pl C44H83013P | M-H | 849,5488849,5499] -1,29 |0,0000| 4,4199 |0,0004| " tissue
infected-control2
infected-controll;
PE(42:6(20H)) PE | ca7H82NO10P | M-H |850,5593|850,5604| -1,29 | 0,0000| 9,8605 |0,0000] "M ETCONO cysts yes
infected-control2
infected-control1;
PS(41:4) Ps | ca7H84NO10P | M-H |852,5749|852,5760| -1,29 [0,0000| 6,6311 |0,0000] " cysts
infected-control2
TG(50:2) TG C53H9806 |M+Na| 853,7256|853,7256| 0,00 |0,0045| 2,3453 |0,0327| infected-controll Cysts ves
TG(52:5) TG C55H9606 | M+H | 853,7280853,7280] 0,00 |0,0046 2,3403 |0,0327| infected-controll Cysts
infected-control1;
PS(38:1) Ps | caaHsaNO10P | M+k | 856,5464|856,5464| 0,00 [0,0005| 3,2658 |0,0063| M CC ceCONtrOLL cysts
infected-control2
. surrounding
PI(36:4) Pl C45H79013P | M-H |857,5175|857,5186| -1,28 |0,0019| 2,7265 |0,0103| infected-control1 thaoe © [Kadesch: PI|  yes
infected-control1;
PI(34:1) Pl C43H81013P |M+Nal 859,5307859,5307| 0,00 |0,0000| 5,1505 |0,0003| " cysts ves
infected-control2
. surrounding
PI(36:3) Pl C45H81013P | M-H [859,5331(859,5342| -1,27 |0,0041| 2,3902 [0,0184| infected-controll tissue Kadesch: PI
trol2-control1;
PS(42:6) ps | casH82NO10P | M-H |862,5593|862,5604| -1,27 [0,0037| 2,4376 |0,0173| COMTOISTCONTOIL ;
infected-controll
infected-control1;
IPC(d40:1) IPC | casHo0NO11P | M-H |862,6168|862,6179| -1,27 |0,0000| 7,3112 |0,0000| "M CCIEETCONTO cysts
infected-control2
trol2-controll;
PC(40:3) PC C48HI0NO8P |M+Na|862,6296|862,6296| 0,00 [0,0043| 2,3657 |0,0325| OMT'<CONtrO ;
infected-control2
. control2-controll;
GlcCer(iso-t45:4) | GlcCer | C51H93NO9 | M-H |862,6767|862,6778| -1,27 [0,0133| 1,8777 |0,0409] © ;
infected-control2
infected-controll; | surroundin
PI(36:1) PI C45H85013P | M-H |863,5644863,5655| -1,27 [0,0000| 5,3385 |0,0001| " urrouncing |- ) 36.1
infected-control2 tissue
infected-control1; di
PI(36:0) Pl C45H87013P | M-H | 865,5801865,5812| -1,27 |0,0000| 6,7687 |0,0000| M cCiEA-CONrOLL | surrounding
infected-control2 tissue
infected-control1;
PA(46:0) PA C49H9708P |M+Nal 867,6813|867,6813| 0,00 |0,0002| 3,6223 |0,0033| "M CCteCCONTOL cysts
infected-control2
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example molecule m m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
infected-control1;
TG(0-53:9) TG C56H9205 M+Na| 867,6837|867,6837| 0,00 |0,0002| 3,6324 [0,0033| . cysts
infected-control2
infected-controll;
PA(48:3) PA C51H9508P | M+H | 867,6837|867,6837| 0,00 [0,0002| 3,6324 |0,0033| M cCca-contro cysts
infected-control2
infected-control1;
TG(50:3) TG C53H9606 M+K | 867,6838|867,6838| 0,00 |0,0002] 3,6324 |0,0033 I_ cysts
infected-control2
infected-controll; higher in
TG(0-53:8) TG C56H9405 M+Na| 869,6993869,6993| 0,00 |0,0007| 3,1388 [0,0080| .
infected-control2 cysts
infected-control1; higher i
PA(48:2) PA C51H9708P | M+H | 869,6994 |869,6994| 0,00 |0,0007| 3,1388 |0,0080| M cCteeCONTOIL 'gherin ves
infected-control2 cysts
infected-control1; higher in
TG(50:2) TG C53H9806 M+K | 869,6995|869,6995| 0,00 |0,0007| 3,1383 |0,0080| .
infected-control2 cysts
infected-control1; higher in
TG(0-55:11) TG C58H9205 M+H [ 869,7018|869,7018| 0,00 [0,0007| 3,1486 |0,0080(
infected-control2 cysts
infected-control1;
PI(O-38:4) Pl C47H85012P M-H [871,5695|871,5706( -1,26 | 0,0009| 3,0405 |[0,0058 I_ -
infected-control2
PC(40:6) PC C48H84NOS8P | M+K | 872,5566|872,5566( 0,00 |0,0084| 2,0748 |0,0495| infected-control2 tissue
infected-control1;
PI(34:1) PI C43H81013P | M+K |875,5046|875,5046| 0,00 [0,0000| 6,0549 |0,0001| "M cCreOCONrOlL cysts
infected-control2
infected-controll; higher in
PI(37:2) Pl C46H85013P M-H | 875,5644]875,5655| -1,25 |0,0004| 3,3990 |0,0029| .
infected-control2 walls
(3'-sulfo)Galbeta- .
other C46H89NO12S | M-H | 878,6022|878,6033| -1,25|0,0018| 2,7334 |0,0102| infected-controll -
Cer(d40:1(20H))
control2-controll;
PC(40:3) PC C48H90ONO8P | M+K | 878,6036]878,6036| 0,00 [0,0006| 3,2145 |0,0069( . -
infected-control2
infected-control1;
IPC(t40:1) IPC | C46H9ONO12P | M-H |878,6117|878,6128] -1,25 | 0,0000| 8,3252 |0,0000] "M c o ce-CONTrOLL cysts
infected-control2
infected-controll;
TG(52:3) TG C55H10006 |M+Nal|879,7412(879,7412| 0,00 |0,0003| 3,4872 |0,0041| "M CCteCCONTOIL cysts ves

infected-control2
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
infected-control1;
TG(54:6) TG C57H9806 | M+H | 879,7436|879,7436| 0,00 |0,0003| 3,4893 |0,0041| " cysts
infected-control2
infected-controll;
PS(42:9) Ps | casH76NO10P |M+Na|880,5099|880,5099| 0,00 [0,0003| 3,5146 |0,0039| "M ETCONO cysts
infected-control2
infected-control1;
PI(36:4) Pl C45H79013P |M+Na|881,5151|881,5151| 0,00 |0,0002| 3,6826 |0,0031| " cysts yes
infected-control2
infected-control1; di
PI(38:6) Pl C47H79013P | M-H | 881,5175|881,5186| -1,24 |0,0000| 4,7167 |0,0002| M cCteC-CONrOLL | surrounding
infected-control2 tissue
PC(40:1) PC C48H94NO8P | M+K | 882,6349(882,6349 0,00 [0,0076] 2,1214 |0,0467| infected-control2 -
control2-controll; .
. surrounding
PI(38:6) Pl C47H81013P | M-H | 883,5331883,5342| -1,24 |0,0002| 3,3081 |0,0013| infected-control1; oo yes
infected-control2
. surrounding
PI(38:4) Pl C47H83013P | M-H | 885,5488885,5499| -1,24 |0,0016| 2,8088 |0,0088| infected-control2 oo yes
infected-control1;
PS(42:5) Ps | ca8H84NO10P |M+Na|888,5725|888,5725| 0,00 [0,0001| 4,0129 |0,0017] " ;
infected-control2
infected-control1;
PS(44:8) Ps | C50H82NO10P | M+H | 888,5749|888,5749| 0,00 [0,0002| 3,8121 |0,0024| "M ECtECCONTrOLL ;
infected-control2
(3'-sulfo)- control2-controll;
other | C48H91NO11S | M-H |888,6229|888,6240 -1,23 |0,0035| 2,4560 |0,0167| © ;
GalCer(d42:2) infected-control2
infected-control1;
PI(36:0) Pl C45H87013P |M+Nal 889,5777(889,5777| 0,00 |0,0001| 3,9052 |0,0021| "M cCteCONO ;
infected-control2
infected-control1;
PI(38:3) Pl C47H85013P | M+H | 889,5801|889,5801| 0,00 |0,0001| 3,8466 |0,0023| M cCeeCONTO ;
infected-control2
PC(DIMe(11,3 infected-control1;
(DiMe(11,3)/ PC | casH85SNO10P |M+Na| 889,5803|889,5803| 0,00 [0,0001| 3,8303 |0,0023| MECtEccONtrO ;
DiMe(11,3)) infected-control2
infected-control1l; | higheri
PI(38:2) Pl C47H87013P | M-H | 889,5801|889,5812| -1,23 |0,0000| 4,4986 |0,0003| "M CCtECCONTOIL 'gher in ves
infected-control2 walls
(3'-sulfo)- infected-controll;
other | C48H93NO11S | M-H |890,6386(890,6397| -1,23 |0,0002| 3,7846 |0,0013 cysts

GalCer(d42:1)

infected-control2
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example molecule m, m, A found in

X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt

annotation* class theor. meas. | ppm Tachyz.?
infected-control1;

IPC(d42:1) IPC | ca8H94NO11P | M-H |890,6481|890,6492| -1,23 |0,0000| 10,4340 |0,0000| "M cCECTCONO cysts
infected-control2

. control2-controll;
GlcCer(iso-t47:4) | GlcCer | C53H97NO9 | M-H |890,7080|890,7091| -1,23 [0,0072| 2,1439 |0,0277] © ;

infected-control2

infected-control1;

PG(P-46:5) PG C52H9309P | M-H |891,6473|891,6484 -1,23 | 0,0000| 10,3060 |0,0000| " cysts
infected-control2
infected-control1;

TG(56:13) TG C59H8806 | M-H | 891,6497|891,6508| -1,23 | 0,0000| 10,6460 |0,0000| M ECtECCONTOIL cysts
infected-control2
infected-control1;

PA(48:2) PA C51H9708P |M+Nal|891,6813(891,6813| 0,00 |0,0026| 2,5824 |0,0220| "M CCteCCONTOL cysts
infected-control2

TG(0-55:11) TG C58H9205  |M+Na| 891,6837|891,6837| 0,00 |0,0053| 2,2721 |0,0368| infected-controll Cysts

TG(52:5) TG C55H9606 M+K [891,6838|891,6838| 0,00 |0,0051| 2,2890 |0,0359| infected-controll cysts
infected-control1;

22:1-Gle-cholesterol [cholesteroll  C55H9607  |M+Nal 891,7048|891,7048| 0,00 |0,0003| 3,5256 |0,0039] M cCteC-CONTO ;
infected-control2
infected-control1;

PA(48:1) PA C51H9908P  |M+Nal 893,6970|893,6970| 0,00 |0,0008| 3,0812 |0,0086| " cysts
infected-control2
infected-control1;

TG(0-55:10) TG C58H9405  |M+Nal 893,6993[893,6993| 0,00 |0,0008| 3,1107 |0,0082| "M ECteCCONTOIL cysts
infected-control2
infected-control1;

TG(42:4) TG C55H9806 | M+K | 893,6995[893,6995| 0,00 |0,0008| 3,1107 |0,0082| M cCteCONtTO cysts
infected-control2
infected-control1;

PA(48:0) PA C51H10108P |M+Nal|895,7126|895,7126| 0,00 |0,0000| 4,8064 |0,0005| "M cCeC-CONTO cysts
infected-control2
infected-control1;

TG(0-55:9) TG C58H9605  |M+Nal 895,7150{895,7150| 0,00 |0,0000| 4,7834 |0,0005| "M cCeeCONtTO cysts
infected-control2
infected-control1;

PA(50:3) PA C53H9908P | M+H | 895,7150|895,7150| 0,00 |0,0000| 4,7834 |0,0005| " cysts
infected-control2
infected-control1;

TG(52:3) TG C55H10006 | M+K | 895,7151(895,7151| 0,00 |0,0000| 4,7834 |0,0005| "M e CONTOIL cysts
infected-control2
infected-control1;

PI(36:4) Pl C45H79013P | M+K | 897,4890(897,4890| 0,00 |0,0000| 4,3859 |0,0009| M ECtECCONTOIL cysts

infected-control2
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
trol2-controll;
PI(0-40:5) Pl C49H87012P | M-H |897,5851(897,5862| -1,22 |0,0060| 2,2210 |0,0247| COMO'<cONtro ;
infected-control2
TG(0-55:8) TG C58H9805 M+Na| 897,7306|897,7306| 0,00 [0,0045| 2,3455 |0,0327| infected-controll cysts
PA(50:2) PA C53H10108P | M+H |897,7307|897,7307| 0,00 |0,0045| 2,3455 [0,0327]| infected-controll cysts
TG(52:2) TG C55H10206 | M+K |897,7308[897,7308] 0,00 |0,0045| 2,3455 |0,0327| infected-controll Cysts ves
TG(0-57:11) TG C60H9605 | M+H |897,7331|897,7331| 0,00 |0,0044 2,3535 |0,0327| infected-controll Cysts
PI(39:4) Pl C48H85013P | M-H | 899,5644]899,5655 -1,22 [0,0032 2,4997 |0,0155| infected-controll walls
infected-control1;
PI(39:3) Pl C48H87013P | M-H | 901,5801[901,5812| -1,22 |0,0000| 4,5160 |0,0003| "M CCteC-CONTOIL walls
infected-control2
infected-control1;
TG(54:5) TG C57H10006 |M+Nal|903,7412|903,7412| 0,00 |0,0081| 2,0907 |0,0486| "M cCteCCONTO cysts
infected-control2
infected-controll;
7G(56:8) TG C59H9806 | M+H | 903,7436|903,7436 0,00 |0,0046| 2,3338 |0,0330| "o o OO cysts
infected-control2
infected-control1;
PG(46:6) PG C52H91010P | M-H |905,6266|905,6277| -1,21 | 0,0000| 11,7240 | 0,0000| " <o e@cOn cysts
infected-control2
infected-control1;
TG(54:4) TG C57H10206 |M+Nal905,7569|905,7569| 0,00 |0,0013| 2,8879 |0,0124| "M CCeC oMo cysts ves
infected-control2
infected-control1;
PS(44:10) Ps | C50H78NO10P |M+Na|906,5256|906,5256| 0,00 [0,0025| 2,6047 |0,0212| M cCrEcCoNtrOlY cysts
infected-control2
infected-control1;
PC(46:11) PC C54H86NO8P | M-H | 906,6007|906,6018] -1,21 [0,0069| 2,1580 |0,0273| "M cCreccontro ;
infected-control2
"sulfo)Galbeta- infected- i1,
(3"sulfo)Galbeta other | C48H93NO125 | M-H | 906,6335|906,6346 -1,21 |0,0000| 5,6073 |0,0000| Mfected-controll; cysts
Cer(d42:1(20H)) infected-control2
infected-control1;
IPC(t42:1) IPC | cagH94NO12P | M-H |906,6430|906,6441] -1,21 | 0,0000| 12,1070 |0,0000| " cysts
infected-control2
infected-control1;
PG(46:5) PG C52H93010P | M-H |907,6423|907,6434| -1,21 | 0,0000| 9,6370 |0,0000| "M c o eC-cONroY cysts
infected-control2
infected-control1;
TG(54:3) TG C57H10406 |M+Nal|907,7725(907,7725| 0,00 |0,0001| 4,2360 |0,0012| "M CCteC oML cysts ves

infected-control2
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
infected-control1;
TG(56:6) TG C59H10206 | M+H |907,7749[907,7749| 0,00 |0,0001| 4,2465 |0,0011] " cysts ves
infected-control2
trol2-control1; di
PI(40:6) Pl C49H83013P | M-H | 909,5488(909,5499| -1,20 |0,0001| 4,2352 |0,0005| COMO/<7CONHOLL | SUTTOUNCING |\ - osch: PI
infected-controll tissue
control2-controll; | surroundin
PI(40:5) PI C49H85013P | M-H |911,5644|911,5655| -1,20 [0,0005| 3,2738 |0,0036| © urrounding
infected-controll tissue
PS(P-46:1) PS | C52H100NO9P | M-H |912,7052[912,7063| -1,20 |0,0027| 2,5720 |0,0138| infected-control2 ;
trol2-control1; di
PI(40:4) Pl C49H87013P | M-H |913,5801[913,5812| -1,20 |0,0003| 3,5457 |0,0022| COMOI<7CONOLL | SUTTOUNCING |\ - esch: PI
infected-controll tissue
PG(0-45:0) PG C51H10309P |M+Na|913,7232]913,7232| 0,00 |0,0064] 2,1919 |0,0425| infected-control2 ;
TG(45:7) TG C58H9806  |M+Na| 913,7256]913,7256| 0,00 |0,0068| 2,1655 |0,0443| infected-control2 ;
TG(57:10) TG C60H9606 | M+H | 913,7280[913,7280] 0,00 |0,0081| 2,0889 |0,0486| infected-control2 -
infected-control1;
PIP(34:1) PIP | ca3Hs2016P2 | M-H |915,4994]|915,5005| -1,20 |0,0000| 7,0825 |0,0000] "M CCECTCONO cysts yes
infected-control2
infected-control1;
PI(40:3) Pl C49H89013P | M-H |915,5957|915,5968] -1,20 | 0,0000| 10,7290 | 0,0000| " walls | Kadesch: PI
infected-control2
trol2-control1;
PI(38:0) Pl C47H91013P |M+Na|917,6090(917,6090| 0,00 |0,0022| 2,6671 |0,0186| SO O'< COMrO% ;
infected-controll
infected-control1;
PI(40:2) Pl C49H91013P | M-H |917,6114|917,6125| -1,19 |0,0001| 3,8472 |0,0012] "M c o cOcONtrO walls
infected-control2
infected-control1;
PG(0-38:7) PG C54H9509P | M-H |917,6630(917,6641| -1,19 | 0,0000| 10,0880 |0,0000| "M CCteC-CONTO cysts
infected-control2
infected-control1;
PA(50:3) PA C53H9908P |M+Nal|917,6970(917,6970| 0,00 |0,0030| 2,5198 |0,0242| "M cCteCCONtTO cysts
infected-control2
infected-control1;
IPC(d44:1) IPC | c50H98NO11P | M-H |918,6794|918,6805] -1,19 | 0,0000| 8,7278 |0,0000] " cysts
infected-control2
infected-control1;
PG(0-48:6) PG C54H9709P | M-H |919,6786[919,6797| -1,19 |0,0000| 10,6670 |0,0000| "M  cC oMo cysts
infected-control2
infected-control1;
TG(58:13) TG C61H9206 | M-H |919,6810[919,6821| -1,19 |0,0000| 10,2250 | 0,0000| "M ECte-CONTOIL cysts
infected-control2
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example molecule m, m, A found in

X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt

annotation* class theor. meas. | ppm Tachyz.?

PA(50:2) PA C53H10108P |M+Na| 919,7126]919,7126| 0,00 |0,0052| 2,2876 |0,0359| infected-controll Cysts

TG(0-57:11) TG C60H9605 M+Na| 919,7150]919,7150| 0,00 |(0,0045| 2,3444 |0,0327| infected-controll cysts

TG(54:5) TG C57H10006 M+K [919,7151|919,7151| 0,00 |0,0043| 2,3641 |0,0325| infected-controll cysts
infected-control1;

PA(40:1) PA C53H10308P |M+Na| 921,7283[921,7283| 0,00 |0,0000| 5,4344 |0,0002| " cysts
infected-control2
infected-control1;

TG(0-57:10) TG C60H9805  |M+Na| 921,7306[921,7306| 0,00 |0,0000| 5,3662 |0,0002| " cysts
infected-control2
infected-control1;

TG(54:4) TG C57H10206 | M+K | 921,7308(921,7308| 0,00 |0,0000| 5,3663 |0,0002| "M CCtECCONTOIL cysts
infected-control2
infected-control1;

PS(44:10) ps | csoH78NO10P | M+k |922,4995]|922,4995| 0,00 [0,0070| 2,1578 |0,0445| M CCETCONO ;
infected-control2
infected-controll;

PA(50:0) PA C53H10508P |M+Nal| 923,7439(923,7439| 0,00 |0,0000| 5,2359 |0,0003| "M CCECCONTO cysts ves
infected-control2
infected-control1;

TG(0-57:9) TG C60H10005 |M+Nal 923,7463(923,7463| 0,00 |0,0000| 5,2301 |0,0003| "M cCteeeOn cysts
infected-control2
infected-control1;

PA(52:3) PA C55H10308P | M+H |923,7463[923,7463| 0,00 |0,0000| 5,2301 |0,0003| "M cC e CONrOY cysts
infected-control2
infected-control1;

TG(54:3) TG C57H10406 | M+K | 923,7464(923,7464| 0,00 |0,0000| 5,2301 |0,0003| "M ECteCCONTOIL cysts
infected-control2
infected-control1;

T6(0-59:12) TG C62H9805 | M+H | 923,7487(923,7487| 0,00 |0,0000| 5,2524 |0,0003| M CCteCCONTO cysts
infected-control2
infected-controll; higher in

PE(P-38:7) PE C53H92NO7P | M+K | 924,6243|924,6243| 0,00 [0,0012| 2,9165 |0,0119] "
infected-control2 cysts
control2-controll;

IPC(t42:0(20H)) IPC | C48H96NO13P | M-H |924,6536|924,6547| -1,19 [0,0000| 9,8460 |0,0000]| infected-control1; cysts
infected-control2

PS(DiMe(11,3 infected-control1;

(DiMe(11,3)/ Ps | cagH82NO12P |M+Na|930,5467|930,5467| 0,00 |0,0004| 3,3550 |0,0052[ "M CCrECCONtrOL cysts

MonoMe(13,5)) infected-control2
infected-control1;

PG(48:6) PG C54H95010P | M-H | 933,6579(933,6590] -1,17 | 0,0000| 10,7570 | 0,0000| "M CCteC-CONTOIL cysts
infected-control2
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
infected-control1;
IPC(t44:1) IPC | c50H98NO12P | M-H |934,6743|934,6754| -1,17 | 0,0000| 9,7946 |0,0000| " cysts
infected-control2
infected-controll;
PG(48:5) PG C54H97010P | M-H | 935,6736|935,6747| -1,17 |0,0000| 6,2794 |0,0000| "M cCECCONTO cysts
infected-control2
TG(56:3) TG C59H10806 |M+Na| 935,8038935,8038] 0,00 |0,0043| 2,3667 |0,0325| infected-controll ; ves
infected-control1;
Azl other | C48H74018 | M-H |937,4791|937,4802|-1,17|0,0000| 84316 |0,0000] " cysts ves
infected-control2
infected-control1;
PIP(34:2) PIP | ca3HB0016P2 |M+Na|937,4814|937,4814| 0,00 |0,0000| 4,6453 |0,0006] "M ECTCONOM cysts
infected-control2
infected-control1;
PA(52:4) PA C55H10108P |M+Nal| 943,7126|943,7126| 0,00 |0,0020| 2,7005 |0,0174| "M cCteCONTO cysts
infected-control2
infected-controll;
PG(P-50:6) PG C56H9909P | M-H | 945,6943|945,6954| -1,16 |0,0000| 9,3493 |0,0000| "M CCteCCONTO cysts
infected-control2
infected-control1;
PA(52:3) PA C55H10308P |M+Na| 945,7283|945,7283| 0,00 |0,0005| 3,2637 |0,0063| " oo oo On cysts
infected-control2
IPC(t42:1) IPC_ | C48H94NO12P | M+K | 946,6145|946,6145| 0,00 |0,0013| 2,8920 |0,0124| infected-controll tissue
infected-control1;
IPC(d46:1) IPC | C52H102N011P | M-H |946,7107|946,7118| -1,16 | 0,0000 6,0929 |0,0000| "M CCtECTCONION cysts
infected-control2
infected-control1;
PG(0-50:6) PG C56H10109P | M-H | 947,7099|947,7110{ -1,16 |0,0000| 8,9221 |0,0000| "M cCteC-CONTO cysts
infected-control2
infected-control1;
TG(50:13) TG C63H9606 | M-H |947,7123|947,7134| -1,16 | 0,0000| 8,0313 |0,0000] "M CCECCONTO cysts
infected-control2
PS(0-49:5) PS | C55H100NO9P | M-H | 948,7052|948,7063| -1,16 |0,0083] 2,0790 |0,0302| infected-control2 ;
PI(40:6) Pl C49H83013P | M+K | 949,5203[949,5203| 0,00 |0,0056| 2,2483 |0,0379| infected-control2 walls
infected-control1;
PE(52:10) PE C57H94NO8P | M-H | 950,6633|950,6644| -1,15 [ 0,0000| 11,2870 | 0,0000] " cysts
infected-control2
PA(52:0) PA C55H10908P |M+Na| 951,7752|951,7752| 0,00 |0,0013| 2,8967 |0,0123| infected-controll Cysts
infected-control1;
TG(0-59:9) TG C62H10405 |M+Nal|951,7776(951,7776| 0,00 |0,0003| 3,5707 |0,0036| "M c e CONTOIL cysts
infected-control2
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example molecule m, m, A found in
X p " sum formula | add. /2 /2 / p.value|-LOG10(p)| FDR Tukey's HSD structure MSMS undt
annotation* class theor. meas. | ppm Tachyz.?
infected-control1;
TG(56:3) TG C59H10806 | M+K | 951,7777|951,7777| 0,00 |0,0003| 3,5712 |0,0036] " cysts
infected-control2
control2-controll;
IPC(t44:0(20H)) IPC C50H100NO13P| M-H |952,6849]952,6860] -1,15|0,0000| 7,8125 |0,0000| infected-controll; cysts
infected-control2
infected-control1;
PG(50:6) PG C56H99010P | M-H | 961,6892|961,6903| -1,14 | 0,0000| 11,8900 |0,0000| " cysts
infected-control2
infected-control1;
IPC(t46:1) IPC | C52H102N012P | M-H | 962,7056|962,7067| -1,14 |0,0000] 9,5152 |0,0000] "M CCECTCONOM cysts
infected-control2
infected-control1; _
PIP(38:5) PIP | ca7H82016P2 | M-H |963,4994]|963,5005| -1,14 |0,0071| 2,1500 |0,0276] "M cC e TCONO tissue yes
infected-control2
infected-controll;
PG(50:5) PG | C56H101010P | M-H |963,7049|963,7060| -1,14 [0,0000| 7,2561 |0,0000| "M cC eo-contro cysts
infected-control2
ontrol2-controll;
PS(0-50:4) Ps | C56H104NO9P | M-H | 964,7365|964,7376| -1,14 [0,0059| 2,2327 |0,0243] © con ;
infected-control2
PC(P-50-2) PC | C58H112NO7P | M-H | 964,8093|964,8104] -1,14 |0,0101| 1,9964 |0,0348| infected-control2 ;
infected-control1;
TG(62:14) TG C65H9806 | M-H |973,7280[973,7291| -1,13 |0,0000| 7,1634 |0,0000| "M CCtECCONTOIL cysts
infected-control2
infected-control1;
PE(54:10) PE C59H98NO8P | M-H |978,6946|978,6957| -1,12 [0,0000| 10,0570 |0,0000| "M cC EC"CONrO cysts
infected-control2
infected-control1;
IPC(t46:0(20H)) IPC | Cc52H104NO13P | M-H |980,7162]|980,7173 -1,12 |0,0000| 8,1621 |0,0000] "M CCEETCONO cysts

infected-control2
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