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ABSTRACT 
 

Neospora caninum and Cryptosporidium parvum belong to the phylum Alveolata (Subphylum 
Apicomplexa) are two very widespread parasites. Cryptosporidiosis, caused by C. parvum, is a zoonosis. 
This is not the case with neosporosis, which is caused by N. caninum. However, there is growing 
concern that N. caninum may eventually become a threat to humans, as clinically manifest neosporosis 
has also been reported in two rhesus monkeys.1,2 Affecting more than 1 billion people worldwide, 
human cryptosporidiosis remains a neglected poverty-related disease (PRD) that can be fatal in already 
weakened patients, especially young children.3-5 N. caninum has a significant economic impact on the 
livestock industry as it is a major cause of reproductive disorders not only in cattle but also in other 
small ruminant species.6 The spread of both parasites and associated diseases is increasing due to 
climate change and the global movement of people and transport of goods. Both parasites have a 
demonstrable negative impact on people's quality of life and should therefore be the focus of scientific 
research. But there is still a lot of catching up to do, especially in the area of basic research in regard 
to the biomolecular composition of the two parasites and their influence on the metabolism of their 
hosts. This deficiency could be counteracted in this work. 

The parasites were studied using matrix-assisted laser desorption/ionisation (MALDI) mass 
spectrometry (MS) combined with high performance liquid chromatography (HPLC). MALDI was used 
as MS and MS imaging (MSI) method. The MALDI experiments were performed using the SMALDI 
(scanning microprobe matrix-assisted laser desorption/ionisation) ion source, which operates at 
atmospheric pressure. It is suitable for the analysis of complex 3D surfaces with a low sample amount 
requirement. MS instrumentation has improved considerably over recent years, allowing detailed 
mass analysis to determine compounds from their very precise molecular masses.7-9 It is possible to 
annotate and subsequently identify analytes. For the structural verification of the markers, HPLC-
MS/MS experiments were combined with database search. Identifying molecular biomarkers of 
parasite-infected host cells and further elucidating their functions were among the main objectives of 
this study. 

The statistically relevant biomarkers, with the focus on lipids, that were found by MS, annotated by 
database and identified by HPLC-MS/MS measurements, were also found and visualized with 
AP-SMALDI MSI in infected monolayers and host tissue. There is an overlap of the identified markers 
between N. caninum and C. parvum as well as between the two parasites and other parasites from the 
literature. PI (36:1) has been identified as a marker of host cell infection by N. caninum, C. parvum, T. 
gondii and B. besnoiti. Phosphatidylinositol is found in cell membranes and is essential for anchoring 
proteins to the membrane. They play a role in the transition of the parasite (T. gondii) between its 
stages (tachyzoites and bradyzoites).10 Overall, the present approach provides new metabolic insights 
into both diseases that have been neglected by science.
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ZUSAMMENFASSUNG 
 

Die beiden stark verbreiteten Parasiten Neospora caninum und Cryptosporidium parvum gehören zum 
Stamm Alveolata sowie dem dazugehörigen Unterstamm Apicomplexa. Bei der durch C. parvum 
verursachten Kryptosporidiose handelt es sich um eine Zoonose. Die durch N. Caninum verursachte 
Neosporose fällt dagegen nicht in diese Kategorie. Allerdings wächst die Sorge, dass N. caninum 
letztendlich zu einer Bedrohung für den Menschen werden könnte, da auch bei Rhesusaffen über eine 
klinisch manifeste Neosporose berichtet wurde.1,2 Weltweit sind mehr als eine Milliarde Menschen von 
Kryptosporidiose betroffen, welche nach  wie vor als eine vernachlässigte und armutsbedingte 
Krankheit gilt, die bei bereits geschwächten Patienten, insbesondere kleinen Kindern, tödlich sein 
kann.3-5 Dagegen hat N. caninum erhebliche wirtschaftliche Auswirkungen auf die Viehwirtschaft, da 
es eine Hauptursache für Fortpflanzungsstörungen bei Rindern sowie anderen kleinen 
Wiederkäuerarten ist.6 Die Verbreitung von Parasiten und damit verbundenen Krankheiten nimmt 
aufgrund des Klimawandels und des globalen Personen- und Güterverkehrs stetig zu. Beide Parasiten 
haben eine nachweislich negative Auswirkung auf die Lebensqualität der Menschen auf unserer Welt 
und sollten daher im Fokus der wissenschaftlichen Forschung stehen. Doch insbesondere im Bereich 
der Grundlagenforschung zur biomolekularen Zusammensetzung der beiden Parasiten und ihrem 
Einfluss auf den Stoffwechsel ihrer Wirte besteht noch großer Nachholbedarf. Diesem Mangel konnte 
in dieser Arbeit entgegengewirkt werden. 

Die Parasiten wurden mittels Matrix-unterstützter Laser-Desorption/Ionisation (MALDI)-
Massenspektrometrie (MS) in Kombination mit Hochleistungsflüssigkeitschromatographie (HPLC) 
untersucht. MALDI wurde als einfache MS-Methode sowie bildgebend (MSI) verwendet. Für die 
MALDI-Experimente wurde die SMALDI (scanning microprobe matrix-assisted laser 
desorption/ionisation) Ionenquelle, welche unter Atmosphärendruck arbeitet, eingesetzt. Sie eignet 
sich dank ihres Autofokus-Systems für die Analyse komplexer 3D-Oberflächen und benötigt dabei nur 
geringe Probenmengen. Die instrumentelle Entwicklung im Bereich der Massenspektrometrie hat in 
den letzten Jahren erhebliche Fortschritte erzielt. Eine detaillierte Massenanalyse zur Bestimmung von 
Verbindungen anhand ihrer höchst präzisen Molekülmassen ist möglich.7-9 Analyten können nicht nur 
annotiert, sondern auch identifiziert werden. Zur eindeutigen strukturellen Verifizierung der Marker 
wurden HPLC-MS/MS-Experimente mit einer Datenbanksuche kombiniert. Zu den Hauptzielen dieser 
Studie gehörten die Identifizierung molekularer Biomarker parasiteninfizierter Wirtszellen und die 
weitere Aufklärung ihrer Funktionen. 

Die statistisch relevanten Biomarker mit Schwerpunkt auf Lipiden, wurden mit Hilfe von 
MS-Experimenten gefunden, durch Datenbanken annotiert, durch HPLC-MS/MS-Messungen 
identifiziert und schlussendlich mit AP-SMALDI MSI in infizierten Monolagen sowie Wirtsgewebe 
gefunden und visualisiert. Eine Überschneidung der identifizierten Biomarker von N. caninum und 
C. parvum sowie zwischen den beiden Parasiten und anderen Parasiten aus der Literatur wurde 
aufgezeigt. PI (36:1) wurde als Biomarker für eine Infektion der Wirtszellen mit N. caninum, C. parvum, 
T. gondii und B. besnoiti identifiziert. Phosphatidylinositol kommt in Zellmembranen vor und ist für die 
Verankerung von Proteinen an der Membran unerlässlich. Weiterhin spielen sie eine Rolle beim 
Übergang des Parasiten (T. gondii) zwischen seinen Stadien (Tachyzoiten und Bradyzoiten).10 Die 
vorliegende Forschungsarbeit ist in der Lage, neue metabolische Erkenntnisse zu beiden aus 
wissenschaftlicher Sicht vernachlässigten Krankheiten zu liefern. 
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CHAPTER 1 
 
Introduction and Motivation 
 

Parasites are found in every organism of every species on earth. The term parasite has its origins in the 
royal courts of ancient Greece. This expression referred to pre-tasters who were given food for no 
apparent consideration. The Greek παράσιτος (parasitos) means “one who eats at the table of 
another”. That's exactly what we now call parasitism, because a parasite uses its host for its own 
benefit, regardless of what happens to the host. However parasitic infection and parasitic disease are 
two very different situations that have arisen from a single process. That means, that the presence of 
a parasite is a necessary but not sufficient condition for the onset of a parasitic disease.11 A large 
phylum of predominantly parasitic alveolates known to cause a variety of diseases, including malaria 
and toxoplasmosis, are the so-called Apicomplexa. Most of them have a unique form of organelle, used 
to invade a host cell, which consists of an apicoplast and an apical complex structure. Apicomplexa are 
a heterogeneous group that contains organisms such as Piroplasms, Haemogregarines, Coccidia, 
Gregarines and Plasmodia.12 This work focuses on two parasites that pose a serious threat to their 
unwilling hosts. Both parasites belong to the phylum Alveolata (Subphylum Apicomplexa). These are 
specifically Neospora caninum and Cryptosporidium parvum. Cryptosporidiosis, caused by C. parvum, 
is a zoonosis. Human cryptosporidiosis affects more than 1 billion people worldwide and remains a 
neglected poverty-related disease (PRD). It can be fatal in already weakened patients, especially young 
children.3-5 It should be noted, however, that the death of the host is the exception rather than the 
rule. Unlike cryptosporidiosis, neosporosis, caused by N. caninum is not a zoonosis. It mainly affects 
livestock, especially on large farms. However, as clinically manifest neosporosis has also been reported 
in two rhesus monkeys, there is growing concern that N. caninum may eventually become a risk to 
humans.1,2 N. caninum is a major cause of reproductive disorders not only in cattle but also in other 
small ruminant species and has a significant economic impact on the livestock industry. These two 
parasites should be the focus of scientific research because they have a proven negative impact on the 
quality of life of people. However, research at the molecular level is particularly lacking. But this is 
particularly important, for example to identify possible targets for active substances. 

In this context, lipids are of particular interest. Lipids are substances of biological origin that are soluble 
in non-polar solvents. According to IUPAC, these include “saponifiable lipids, such as glycerides (fats 
and oils) and phospholipids , as well as nonsaponifiable lipids, principally steroids”.13 They are a major 
class of constituents of both the parasites and their hosts, however, there is limited information on its 
precise biochemical composition. Lipids are fundamental components of structural and functional 
categories of cells - among other things through the generation of lipid (bi)layers (see Figure 1). In cell 
membranes, lipids separate functional domains and are involved in different aspects of signalling. 
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Figure 1: Phospholipids are a group of lipids with a phosphate group and belong to the polar lipids (A). They are composed of 
a hydrophilic head and two hydrophobic hydrocarbon tails (B). They are involved in building the lipid bilayer of many 
biomembranes and are therefore found in all animal and plant cells (C). 

The spatial distribution and abundance of lipids is therefore of great interest. Mass spectrometry is a 
tool that enables to fundamentally understand such parasites and thereby offers possibilities to 
combat these parasites. MS instrumentation has undergone major improvements in recent years, 
allowing detailed mass analysis of compounds by very precise molecular masses.7-9 It is possible to 
annotate and subsequently identify analytes. Analyte distribution in tissues and cells can be visualised 
using MSI. AP-SMALDI MSI is able to provide high performance, especially with regard to the spatial 
resolution in the micrometre range and thanks to an autofocus system, it can also handle even the 
most challenging surfaces. This is also necessary given the small size of the parasites, for example, 
N. caninum tachyzoites are about 6 x 2 µm in size as well as the complex surface of intestinal samples, 
which are particularly demanding in terms of height differences. 

 

Neospora Caninum and Cryptosporidium Parvum 
 

Neospora caninum is an obligate intracellular parasite (phylum Alveaolata and subphylumn 
Apicomplexa) that infects canids as its definitive host and a broad range of intermediate hosts including 
goats, bovine, sheep, wild cervids and new world camelids.14 N. caninum is a tissue cyst-forming 
coccidian, like the closely related parasite Toxoplasma gondii.15 Prior to 1984, N. caninum was 
misidentified as T. gondii because of strong similarities in life cycle, morphology, genome and 
transcriptome.16-21 Intermediate hosts for N. caninum infections can also be canid species [i.e. dogs 
(Canis familiaris), wolves (Canis lupus) and coyotes (Canis latrans)]. This commitment to canines is also 
reflected in the name, as neo is Latin for "new", spora for seed and canis for dog. Neosporosis is 
concentrated in the United States, South America, Central America, Australia and Europe and is 
considered to be a globally spreading disease. It causes significant economic losses, especially in 
bovine, goat, sheep and alpaca/llama industries.22,23 Diagnosis of N. caninum infection is serological, 
using blood tests for either parasite-specific antibodies or antigens, immunohistochemistry or 
molecular diagnostic tools, are also possible, but underrepresented due to their complexity and 
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associated costs.24-27 The offspring of infected bitches can develop severe dermal and neuromuscular 
symptoms caused by multisystemic lesions based on N. caninum infection.14 There are three stages in 
the life cycle: rapidly replicating tachyzoites, slowly proliferating bradyzoites within tissue cysts and 
sporozoites in sporulated oocysts. In intermediate hosts, only two of these stages, tachyzoites and 
tissue cysts, are found and both show obligate intracellular development.22 In general, the 
transmission can take place in a number of different ways. As an example, canids acquire infection by 
ingestion of infected host tissue or by ingestion of sporulated oocysts from contaminated 
environments. The other way around, in bovine, transplacental transmission of tachyzoites appears to 
be the most common route of infection compared with ingestion of oocysts, making vertical 
transmission the main route for the spread of bovine neosporosis.27,28 The purchase of infected bovine 
or the shedding of oocysts by farm dogs is the initial infection of a bovine herd. Depending on the type 
of host, the symptoms of this disease vary greatly. Infected dogs can become paralysed and debilitated 
by nerve and organ inflammation.29 In bovine, N. caninum is a major threat to the livestock industry 
because it can infect the reproductive system of both sexes. One of the most common infectious 
causes of abortion or mummification of the foetus is due to neosporosis.6,30,31 In male bovine infected 
with N. caninum, sperm concentration, viability and motility are significantly reduced.32 The 
consequences of the spread of bovine neosporosis are having a significant economic impact 
worldwide, with financial losses running into billions of dollars.23 Vaccines against N. caninum are rare 
and ineffective in the prevention of abortion in cattle.33 Clinically manifest neosporosis has also been 
reported in two rhesus macaques, raising concerns that N. caninum may eventually become a threat 
to humans.1,2 In addition, there have been reports of the presence of IgG anti-N. caninum antibodies 
in pregnant women and in carriers of the human immunodeficiency virus.34,35 In addition to the final 
hosts mentioned above, N. caninum has a variety of intermediate hosts. This includes various wild 
birds as well as the pigeon, which is closely related to humans, domestic chickens and its eggs, farmed 
red deer or even camels. 36-40 The number of known intermediate hosts is increasing and underlines 
the potential danger of this parasite. 

Like N. caninum, Cryptosporidium parvum belongs to the phylum Alveolata (Subphylum Apicomplexa) 
and is the major zoonotic etiology of human cryptosporidiosis. It is an enteropathogenic parasite not 
only infecting humans, but also a variety of vertebrates, including pets and wildlife.3 C. parvum-thick-
walled oocysts are highly resistant exogenous stages in the life cycle and are transmitted orally in two 
ways. The first option is the uptake by drinking contaminated water or eating food washed with 
contaminated water.41 The second option is the ingestion by a new host after the oocysts are released 
through faeces of infected humans or animals.41 When ingested, these thick-walled oocysts of C. 
parvum rupture in the gastrointestinal tract of the vertebrate host. In order for the parasite to continue 
to multiply, free-living sporozoites must infect small intestinal epithelial cells (IEC). A second type of 
oocyst develops, which is thin-walled and has little resistance to environmental influences. However, 
these thin-walled oocysts can lead to endogenous autoinfection and are considered to be the main 
contributor to persistent infection and disease in immunocompromised patients.3 Another special 
feature of this species compared to other apicomplexans is the epicytoplasmic intracellular localization 
of the C. parvum sporozoites with their basal adhesion zones (feeding layers). Sporozoites inside the 
IEC then undergo asexual merogony, giving rise to first-generation merozoites, which then undergo a 
second merogony, giving rise to second-generation merozoites. Sexual gamogony, resulting in 
syngamy and final oocyst production, is performed by the second generation of merozoites. The life 
cycle is then completed by the excretion of resistant, thick-walled oocysts from the host through faecal 
material. 

Affecting more than 1 billion people worldwide, human cryptosporidiosis remains a neglected poverty-
related disease (PRD).4 In low-income countries, the burden of enteric PRD is currently very high.42 The 
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most common symptoms of human cryptosporidiosis are abdominal pain, nausea, anorexia, fever, 
profuse watery diarrhea and severe pediatric diarrhea.3,5 The disease can be fatal in already weakened 
patients, especially young children.3,5 Globally, 9% of child morbidity and mortality is caused by 
diarrhoeal diseases.43 Clinically manifest cryptosporidiosis can also affect the growth of children.42 
There is no such thing as truly effective medicine - only preventive medicine is effective, and hygiene 
is particularly well proven. 

 
Mass Spectrometry 
 

Mass spectrometry (MS) has become an indispensable tool in industry, clinical laboratories and 
academic research. The development of mass spectrometry began at the end of the 19th century. 
Wilhelm Wien, investigated the deflection of "canal rays" in electric fields in 1898 and received the 
Nobel Prize in Physics in 1911 “for his discoveries regarding the laws governing the radiation of heat”.44 
Already in 1906, Joseph John Thomson had received the Nobel Prize in Physics for “in recognition of 
the great merits of his theoretical and experimental investigations on the conduction of electricity by 
gases” (1899).45 More than ten years later, the 1922 Nobel Prize in Chemistry went to Francis William 
Aston “for his discovery, by means of his mass spectrograph, of isotopes, in a large number of non-
radioactive elements, and for his enunciation of the whole-number rule” (1920).46 The field of MS is 
characterized by technical developments. William E. Stephens laid the foundation for time-of-flight 
(TOF) MS around 1946.47 The development of the double-focusing mass spectrometer by Johnson and 
Nier in 1953 is another milestone.48 In 1953, Hans G. Dehmelt and Wolfgang Paul developed the ion 
trap and received the Nobel Prize in Physics in 1989.49 The use of MS to characterize organic molecules 
by J.H. Beynon and the interpretation of the fragmentation of these by Fred W. McLafferty anchored 
MS in the oil industry.50 The impetus for new developments in MS over the last few decades have 
primarily been from the life sciences. These require an ever-increasing mass range with ever-increasing 
molecular weights and the possibility of examining even more sensitive molecules. John B. Fenn 
developed electrospray ionization (ESI) in 1984.51 Matrix Assisted Laser Desorption/Ionization (MALDI) 
was developed by Karas and Hillenkamp in 1985.52,53 Two years later Koichi Tanaka developed a similar 
method called Soft Laser Ionization (SLD).54 Fenn and Tanaka received the Nobel Prize in Chemistry 
”for their development of soft desorption ionisation methods for mass spectrometric analyses of 
biological macromolecules” in 2002.55 In the late 1990s, Alexander A. Markarov developed the Orbitrap 
based on the Kingdon trap (1923). The technology was commercialized in 2005 and has been 
pioneering ever since.56 In 1994, Bernhard Spengler expanded MALDI into an imaging method, called 
MALDI MS imaging.57 Using the combination of Orbitrap and MALDI MS imaging is the starting point 
of my research. 

The basis of MS is the fact that atoms can be identified by their specific mass defect, which means that 
atoms have a lower mass than they should have based on the masses of their components. The only 
exception is by definition 12C. The aim of MS is thus always the identification of a compound from the 
molecular and atomic masses of its components. The identification of molecules with the help of exact 
mass determination and the associated database assignments is not the only effective way. Likewise, 
the identification can also be achieved by carrying out fragmentation experiments and comparing the 
fragmentation spectra with a reference. In conventional mass spectrometers, the fragmentation step 
allows ions with very similar m/z values to be identified and separated. It can be understood as an 
analogue of fingerprint comparison in the justice system. In mass spectrometry, however, these 
fingerprints must first be generated, and this is done by breaking bonds in the molecule of interest, 
called precursor ion. 
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In MS, ions are generated, separated according to their mass to charge number ratio (m/z) and finally 
detected. For historical reasons, the term mass-to-charge (m/z) ratio has prevailed. In the mass 
spectrum, the (relative) signal intensity is plotted against m/z. The signal intensity is proportional to 
the concentration, which enables quantification. The ions can be separated by static or dynamic 
electric or magnetic fields, but also - as in the case of the TOF (time-of-flight) - without a field and with 
a defined kinetic energy. 

Ionization can take place in a variety of ways, including electron impact or photon irradiation. The 
ionization processes can be subdivided, among other things, according to whether the ionization takes 
place under soft or hard conditions, or whether the ionization takes place under atmospheric pressure 
or not. The transfer of ions from condensed phase into the state of isolated ions in the gas phase takes 
place under atmospheric pressure, whereby the high vacuum of the mass analyzer is gradually 
reached.58 Soft ionization methods that work under atmospheric pressure have the advantage that 
they offer the best possible access to intact biomolecules. Two of the most popular methods, which 
work under atmospheric pressure and belong to the soft ionization methods, were used in this 
endeavour. These are ESI and MALDI. 

When using ESI (see Figure 2), a liquid solution containing the analyte is pumped through a stainless-
steel capillary at a flow rate of several microliters per minute. Between the capillary and the MS inlet, 
an electrostatic field is applied. At the open end of the capillary, the escaping liquid is exposed to the 
previously generated electrical field. The electric field leads to charge separation in the electrolyte 
solution and finally to the deformation of the meniscus towards the so-called Taylor cone. When the 
surface tension is overcome by the electrostatic forces, a fine jet of liquid begins to emit from the tip 
in the direction of the counter-electrode. However, this jet of liquid does not last for a long time stable, 
but breaks up into many small droplets, the so-called electro-spray. There are two model mechanisms 
for how the droplets ultimately become ions. These are the residue model (CRM) on the one hand and 
the ion emission model (IEM) on the other. With CRM, the solvent evaporates, charge carriers and 
analyte remain. IEM assumes that the electrostatic repulsion is so high that ions are ejected from the 
droplets. CRM applies to large ions and IEM to small ones.  

 

Figure 2: Scheme of ESI in positive ion mode: at high voltage, the Taylor cone emits a jet of liquid droplets. 
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As a soft ionization method working under atmospheric pressure, ESI is perfectly suited for coupling 
with chromatographic methods such as HPLC. By linking these two techniques, it is possible to separate 
complex samples and then ionize and detect them sequentially. HPLC is a common analytical technique 
for the separation and quantification of constituents in liquid samples. The mobile phase (or first 
phase) is the solvent used to separate components in a liquid sample. The mobile phase is delivered 
to a separation column, which contains a packing of small porous particles (the second or stationary 
phase) at a stable flow rate. The choice of the solvent composition, the column and the flow rate have 
a decisive influence on the separation of the sample. The stronger the affinity of the analyte with the 
column, the slower the analyte moves through the column. Conversely, the stronger the affinity of the 
analyte with the solvents, the faster the analyte moves through the column. The coupling of ESI and 
chromatographic devices can then be used to perform tandem MS (also MS/MS or MS2) experiments 
to identify molecules by their specific fingerprint. Just as two people sit one behind the other in a 
tandem, two MS steps take place one after the other in tandem MS. The molecules of a certain sample 
are ionized, and these ions are separated in the first analyzer according to their m/z value. Ions of a 
given m/z value coming from MS1 are selected again and split into smaller fragments, for example 
through collision-induced dissociation. These fragments are in turn separated and detected based on 
their m/z value using the second analyzer (MS2). 

With MALDI, a pulsed laser beam instead of a spray is used (see Figure 3). The difference to laser 
desorption/ionization (LDI) is the combination of the sample with a matrix, strongly absorbing the laser 
wavelength (typically λ=337nm for N2 lasers). The matrix consists of crystallised small organic 
molecules, of which the three most widely used are 2,5-dihydroxybenzoic acid (DHB), α-cyano-4-
hydroxycinnamic acid (α-CHCA, alpha-cyano or alpha-matrix) and sinapinic acid.59 For all analyses and 
analytes, no single matrix or sample preparation protocol is suitable. The matrix is the factor that 
makes MALDI a soft ionization method, because it absorbs the energy of the LASER and transmits it 
more gently to the sample. The matrix must therefore be chosen according to the ion mode, the 
wavelength of the laser and the analytes to be examined. Isolation, purification, energy uptake, 
propulsion and ionization are the five key functions of a working matrix. MALDI is used with pulsed 
mass analyzers such as TOF-MS, OrbitrapTM and Fourier transform ion cyclotron resonance mass 
spectrometers (FTICR-MS). 
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Figure 3: Scheme of the ionisation in the MALDI process (positive ion mode). The LASER shoots at the analytes embedded in 
the matrix, desorption and ionization occur. 

Theoretically, MALDI can be used for quantification, and the number of corresponding publications is 
increasing. However, the main challenge with quantification using MALDI are matrix and ion 
suppression effects. They can have an effect on the relationship between the analyte concentration 
and its corresponding signal.60 

 
Mass Spectrometry Imaging 
 

There is a wide range of imaging techniques that are used to study parasites. Light microscopy is 
strongly represented in all its facets. Intrinsic optical signals are used for polarisation microscopy or 
quantitative phase imaging (QPI).61,62 On the other hand, it is possible to use exogenous labelling 
agents if they do not interfere with the study. However, it is time-consuming and usually requires 
animal experiments to produce customised, novel antibodies for immunostaining. Bright field 
microscopy in combination with staining is commonly used to identify and study blood parasites, such 
as malaria.63 A very high spatial resolution down to the nanometer range can be achieved with electron 
microscopy, electron probe X-Ray microanalysis, soft x-ray microscopy or atomic force microscopy. 
However, none of these methods can provide as good information about the chemical composition 
and the spatial structure of the sample as mass spectrometry can. MSI is able to rapidly detect a large 
variety of molecules in a complex sample without labelling. Each individual mass spectrum is linked to 
location information, allowing the distribution of ions to be visualized. This allows multiple analytes in 
a single sample to be visualised using different colour channels (RGB being the most meaningful to the 
human eye). 

MALDI-MSI and desorption electrospray ionisation (DESI) are the most commonly used MSI 
techniques.64 MALDI and DESI are soft ionization techniques that work under atmospheric pressure 
and thus also offer access to biomolecules. DESI is the imaging variant of ESI and accordingly also uses 
a spray, but exclusively with charged solvent particles. As a result, analyte molecules are dissolved and 
desorbed. The advantage of DESI is that multiple charging is achieved and no matrix needs to be 
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added.65 A clear disadvantage is the low lateral resolution, which is typically in the range of 150 to 250 
µm.66 Just like LDI, MALDI can also be used for imaging and is then referred to as MALDI-MSI (see Figure 
4). Non-imaging MALDI involves mixing the analyte with an excess of matrix. In the case of imaging, 
the matrix is sprayed onto the sample in the form of a thin layer. In a MALDI-MSI experiment, the 
pulsed laser beam is rasterized over the tissue surface. Due to the improvement in MSI 
instrumentation, lateral resolutions of 1-2 µm became accessible with MALDI, which implies that 
assembled or even individual cells can be examined by this method.67 This technique is therefore 
ideally suited for studying Apicomplexa in cell systems and host tissues. MALDI sources are often 
combined with TOF instruments. This combination makes it possible to analyze very large molecules 
such as proteins. This benefit, however, comes at the expense of reduced mass resolution and 
accuracy, which is essential when studying smaller molecules such as lipids. As already mentioned, this 
work relies on a unique combination of two leading systems, namely the Q Exactive™ Orbitrap (Thermo 
Fisher Scientific (Bremen) GmbH, Bremen, Germany) and the AP-SMALDI5 AF (TransMIT GmbH, 
Giessen, Germany). 

 

Figure 4: Scheme of MALDI-MSI: A sample is placed on a target and scanned by a LASER (A). The resulting ions enter the mass 
spectrometer, and a mass spectrum is generated (B). Each individual LASER spot can be linked to an individual mass spectrum, 
and a distribution image is created (C). 

The Q ExactiveTM HF is a hybrid quadrupole Orbitrap mass spectrometer. It includes an outer barrel-
shaped electrode and a coaxial inner spindle-shaped electrode that traps ions in an orbital motion 
around the spindle. The real highlight is the so-called c-trap, which directs the ions into the Orbitrap 
mass analyzer. The mass range is from m/z 50-6000. Mass accuracy is 3 ppm when externally calibrated 
and 1 ppm using an internal standard. The absolute mass resolution is 240,000 (FWHM) at m/z = 200.68 

The AP-SMALDI5 AF is an atmospheric-pressure ion source with an autofocus system for highest 
performance under semi-physiological conditions. It can provide high-speed imaging of up to 18 
pixels/s (depending on the mass resolution selected) on a Q Exactive™ HF instrument and offers a 
lateral resolution of 5µm without the risk of oversampling (laser spot size 5 µm). A special mode, which 
was also used in the case of C. parvum, offers improved signal intensities by analyzing the entire sample 
pixel area. 
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Results and discussion 
 

MSI of Neospora caninum-infected cell monolayers 
 

In order to represent as closely as possible an in vivo scenario of rapidly replicating tachyzoites in the 
vessel endothelium during the acute phase of bovine neosporosis, primary bovine umbilical vein 
endothelial cells (BUVEC), which are highly immunoreactive, have been used as a model system. 
Permanent kidney epithelial cells from the African green monkey (MARC-145) were in addition to 
BUVEC used to provide a system of comparison as well as to promote extensive intracellular replication 
of the parasite, as a large number of viable tachyzoites were obtained, which were later required for 
the infection of primary BUVEC. Permanent cell lines provide a consistent sample and reproducible 
results because they are easy to handle and provide a pure cell population. They are quick to reproduce 
and never stop growing, guaranteeing an endless supply. Both primary and permanent cells undergo 
a cycle of cell division, which may have an effect on the metabolism of the cells in vitro. However 
regarding MARC, there are clear disadvantages to these advantages, as permanent cell lines are either 
genetically engineered or of tumour origin, may not reflect physiological responses as in primary cells, 
and may therefore give different results.69  Based on their different cell-derived responses to parasitic 
infection, the two different cell lines were compared.70-73 To identify potential markers, consecutive 
thin sections of N. caninum-infected and uninfected host cell pellets were examined. The samples were 
prepared and stored under identical conditions. All cell pellet measurements were made with a 10µm 
step size, while monolayers were imaged at 5µm with respect to parasite size (tachyzoites are about 
6 x 2 µm in size). A larger step size together with the subsequent defocused laser beam resulted in 
larger spot sizes. With this procedure, more material is removed by the laser beam and 
correspondingly ionized. With regard to the cell pellets, three biological and three technical replicates 
were measured. The measurement of technical replicates is necessary to avoid possible errors in 
sample preparation or to reduce possible heterogeneities within the cell pellets. To minimise variability 
in results due to individual differences in the metabolic response of animals to infection, biological 
replicates are required. In the case of MARC-145, biological replicates cannot be measured as it is a 
permanent cell line. The Mirion software (TransMIT GmbH, Giessen, Germany) in combination with 
the Perseus software platform (MPI of Biochemistry, Martinsried, Germany) was used to find potential 
biomarkers within these cell sections.74 In Perseus, the data sets were categorised into those that were 
infected with N. caninum and those that were not. Two standardisations followed by multiple-sample 
tests (ANOVA; permutation-based false-discovery rate, FDR = 0.05, number of randomizations = 250) 
were the next step. Corresponding values from the previous step were filtered and mismatches 
rejected. Post-hoc tests were performed on the remaining values in the final step. All subsequent 
experiments were based on the biomarkers found in these experiments. In positive-ion mode, 582 
markers with significantly increased signal intensities were detected in case of infection of BUVEC. 48 
signals in positive-ion mode, on the other hand, were significantly reduced in their signal intensity 
which could indicate that the parasite has metabolized them. In the negative-ion mode, 659 marker 
signals were significantly increased, respectively 411 significantly reduced. The MARC-145 samples 
were measured in positive-ion mode only. For MARC-145, only 50 significantly increased signals were 
found in the positive-ion mode in case of infection. The number of overlaps with BUVEC was 26. This 
may indicate that these signals are coming directly from the parasite. There were 24 significantly 
downregulated signals with no overlap to BUVEC. This again supports the assumption that the overlap 
of significantly upregulated signals originated directly from the parasite. In line with expectations, the 
results of the two models were very different.69 
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To annotate these specific markers for N. caninum infection of BUVEC, the LIPID MAPS® database of 
computationally-generated “bulk” lipid species was used. This is a virtual database that consists of the 
most important classes of lipid species.75 Not every signal recognised as a marker was annotated due 
to the restriction to lipids (database and subsequent extraction for HPLC-MS/MS). In order to obtain 
meaningful annotations, the LIPID MAPS search criteria were selected to include appropriate ion 
adducts with the corresponding polarity. Only species with a single charge were selected. In positive-
ion mode, ions of types [M+H]+, [M+H-H2O]+, [M+Na]+, [M+NH4]+ and [M+K]+ and in negative-ion mode 
[M-H]-, [M+Cl]-, [M+HCOO]-, [M+OAc]- and [M-CH3]- were taken into account. In LIPID MAPS, a mass 
tolerance of m/z ±0.05 was chosen. Then, the values with a calculated deviation of more than 5 ppm 
between the theoretical value and the measured value were discarded. Annotations that differed from 
the annotation by more than 1 ppm were discarded if several different annotations were found for the 
same m/z value. The results of this procedure can be seen in Figure 5. Because more than one 
annotation can meet the criteria described above, the number of annotations is greater than the 
number of m/z values. In positive-ion mode, 116 different m/z values were significantly upregulated 
in infected cell pellets, to which 982 annotations could be assigned. In negative-ion mode, the ratio 
was 357 different m/z values to 1654 annotations. 90 annotations (39 different m/z values) were 
determined for the positive-ion mode and 68 (49 different m/z values) for the negative-ion mode in 
the case of significantly downregulated signals. 

  

 

Figure 5: Abundances of categories of detected BUVEC markers (fractions of signal numbers (in [%])). Left: positive-ion mode; 
Right: negative-ion mode; Upper part: upregulated in infected samples; Lower part: higher signal intensities in control 
samples – downregulated in infected cells. All annotations can be found in the supplementary information of the corresponding 
paper. 

Additionally, the proportions of signal numbers (in [%]) of all annotated lipid categories are shown in 
Figure 5. In the positive-ion mode, the N. caninum infected samples showed a lower percentage 
change in phosphatidylserines (PS) and phosphatidylinositols (PI) composition compared to the control 
samples. It can be seen that the relative phosphatidylserines (PS) and phosphatidylinositols (PI) 
composition decreases in positive-ion mode in infected samples. In infected samples, increased levels 
of phosphatidylethanolamine (PE) and especially phosphatidic acids (PA) were found. Sterols are 
difficult to ionise in positive-ion mode without derivatisation, therefore they were only annotated in 
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negative-ion mode.76-79 The absolute number of annotated sterol signals in the samples infected with 
N. caninum was more than three times as high as in the control samples (104 vs. 31). Sterol levels are 
known to be upregulated in host cells infected with other apicomplexan parasite species.80 The 
proportion of lysolipids was almost halved in infected samples with high PI in the negative-ion mode. 

Inclusion lists for the HPLC-MS/MS measurements were generated using the annotations obtained 
from the database searches. In this context, high-resolution full MS and MS/MS spectra were recorded. 
LipidMatch software (SECIM, Gainesville, USA) in combination with ProteoWizard (MSConvertGUI) and 
Mzmine were used to identify the molecular markers detected.81-83 The specific settings can be found 
in the supplementary information of the corresponding paper. Twelve annotations for upregulated 
signals in case of N. caninum-infected samples were confirmed by MS/MS analysis in positive-ion 
mode. As observed in infections with other Apicomplexa, the PC lipid class was highly abundant.84 
Three downregulated signals in the positive-ion mode were also identified. MS/MS experiments in 
negative-ion mode confirmed 28 of the annotations for significantly upregulated signals. Here, the 
most abundant class of lipids were phosphatidylinositols, which are components of cell membranes. 
They play a crucial role in trafficking, membrane dynamics  and cellular signalling.85 This is in line with 
our hypothesis that the markers are a cell response to infection. Almost all of the markers identified 
contained a short-chain fatty acid, regardless of the ion mode. This observation is also typical for the 
zoonotic T. gondii as described in the literature.84 

For MSI of monolayers, a lateral resolution of at least 5 µm is required to visualise the small tachyzoites 
(< 10 µm) within cells. MALDI imaging of N. caninum-infected and control monolayers in positive-ion 
mode can be seen in Figure 6. The infected BUVEC layers are shown on the left-hand side of each panel 
and the control samples are shown on the right-hand side. The total ion count (TIC) is represented by 
the green channel. The red channel shows the distribution of different infection markers. The markers 
were identified by LC-MS/MS with a mass tolerance of ± 5 ppm. As anticipated, only cell layers infected 
with N. caninum showed these signals, or they were significantly more pronounced. Other markers 
that illustrate the infection in the same way (positive- and negative-ion mode) are visualized in the 
associated paper. While in Figure 6A the optical image is shown,  Figure 6B displays the distribution of 
an infection-specific signal at m/z 468.3087, assigned to LPC(14:0) as [M + H]+ and Figure 6C the 
distribution of the signal m/z 836.5461, which was previously assigned to PS(40:6) as [M + H]+. 
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Figure 6: On each panel, the infected monolayer is on the left and the control monolayer on the right. A: Optical image; B&C: 
MALDI MSI measurements of two BUVEC monolayers measured with 5 µm laser focus diameter and step size in positive-ion 
mode. B: The green channel represents the TIC. The red channel shows the distribution of an identified infection marker 
(±5 ppm mass tolerance) at m/z 468.3087, identified as LPC(14:0) as [M+H]+. C: The green channel represents the TIC. The 
red channel shows the distribution of an identified infection marker (±5 ppm mass tolerance) at m/z 836.5461, identified as 
PS(40:6) as [M+H]+. 

The next step was to examine the correlations between the structures observed in high-resolution light 
microscopy images and the measured MS images (see Figure 7). Infected and control monolayers are 
shown on the left and right of each panel, respectively. In Figure 7A, intracellular tachyzoites of 
N. caninum, encircled in yellow, can be seen in infected cell layers as typical 'banana' shaped structures 
in the microscopic image. The corresponding MS image of the monolayer in positive-ion mode is shown 
in Figure 7B, the overlay in Figure 7C. The TIC is represented by the green colour channel. The red and 
blue channels show the distribution of two identified signals, which were significantly upregulated in 
case of infection, with a mass tolerance of ±5 ppm. The red and the blue colour channel overlap almost 
perfectly, resulting in pink pixels. The red channel represents an infection marker at m/z 692.5225, 
identified as PC(29:0) as [M+H]+, the blue channel represents an infection marker at m/z 704.5225, 
identified as PC(30:1) as [M+H]+. 
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Figure 7: On each panel, the infected monolayer is on the left and the control monolayer on the right. A: Optical image - 
Intracellular tachyzoites can be recognized as banana-shaped structures (outlined in red) exclusively in the infected monolayer, 
as part of a rosette-like meront. Two particularly noticeable areas with N. caninum meronts are circled in yellow; B&C: 
MALDI MSI measurements of two BUVEC monolayers measured with 5 µm laser focus diameter and step size in positive-ion 
mode. B: The green channel represents the TIC. The red and blue channel show the distribution of two identified infection 
markers (±5 ppm mass tolerance). The two markers overlap to pink pixels. The red channel represents an infection marker at 
m/z 728.5201, identified as PC(29:0) as [M+H]+ and the blue channel represents an infection marker at m/z 704.5225, 
identified as PC(30:1) as [M+H]+.C: Overlay of panels A and B. Infection marker signals overlap well with the banana-shaped 
(tachyzoites) and rosette-like (meronts) structures in the yellow circles. 

 

MSI of in vitro Cryptosporidium parvum-Infected Cells and Host Tissue 
 

As a suitable in vitro host cell system, human ileocecal adenocarcinoma cells (HCT-8), in the form of 
cell pellets and monolayers, were used. It is the most established in vitro system for C parvum studies. 
In addition, artificially and naturally infected bovine neonatal intestinal mucosa was prepared and 
made accessible for MALDI imaging. Similar to the procedure for N. caninum, statistically significant 
biomarkers were determined using sections from infected and control cell pellets. Three technical 
replicates were used, no biological ones, since HCT-8, like MARC-145, is a permanent cell line. In 
contrast to the mass spectrometric investigations of N. caninum, however, the normal spot mode, 
where laser pulses are applied to a single spot in the centre of the pixel, was not sufficient to ensure 
satisfactory ion signal intensities. For this reason, cell pellet measurements were performed using a 
signal-enhancing mode of the ion source, the Full Pixel mode, where a larger number of laser pulses is 
used to ablate the pixel area in a meandering motion leading to more material being removed from 
the area of the pixel as well as from the depth of the sample (see Figure 8).86 However, the lateral 
resolution is lower than in spot mode. However, this is only a limitation with MALDI imaging, but not 
in this application. In contrast to the cell pellets, monolayers and host tissue were imaged with MALDI-
MSI at a lateral resolution of 5 µm in spot mode. 
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Figure 8: The Full Pixel mode can be seen on the left, the spot mode on the right. The pixel area is outlined in black, and the 
laser ablation profiles are shown in red. In spot mode, a single laser pulse is applied to the sample in the middle of the pixel. 
In Full Pixel mode, a larger number of laser pulses within the pixel are applied to the sample in a meandering movement.  

As with N. caninum, the annotations were made using the LIPID MAPS® database of computationally-
generated “bulk” lipid species. The procedure was identical, and the results can be viewed in Figure 9. 
There was little change in the proportions of lipid categories in infected and control samples in the 
positive-ion mode. 

 

Figure 9: Abundances of categories of detected HCT-8 markers (fractions of signal numbers (in [%])). Left: positive-ion mode; 
Right: negative-ion mode; Upper part: upregulated in infected samples; Lower part: higher signal intensities in control 
samples – downregulated in infected cells. All annotations can be found in the supplementary information of the corresponding 
paper. 
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In the case of downregulation caused by the parasite invasion, 2333 annotations were determined for 
721 different m/z values in positive-ion mode and 1036 annotations for 380 different m/z values in 
negative-ion mode. There was little change in the proportions of lipid categories in infected and control 
samples in the positive-ion mode. Within the group of glycerophospholipids, the proportions of lipid 
classes slightly changed. Higher levels of phosphatidylserine (PS) and phosphatidylinositol (PI) were 
found in the C. parvum-infected samples. In contrast to that, the proportion of 
phosphatidylethanolamines (PE), phosphatidylcholines (PC) and in particular lysolipids (Lyso) was 
found to be decreased in C. parvum-infected samples. The proportions of lipid classes changed 
significantly in the negative-ion mode. With parasitic infection, the proportion of glycerophospholipids 
increased. At class level, there was a decrease in the proportions of PC and PE and an increase in the 
proportions of PI, PA and lysolipids. 

The annotated markers were identified in the same way as for N. caninum, but LipidMatch software 
(SECIM, Gainesville, USA)  was replaced by LipidMatch Flow (SECIM, Gainesville, USA).81 All 
identifications can be found in the supplementary information of the corresponding paper. In 
summary, 37 of the annotations in positive-ion mode for upregulated lipids in samples infected with 
C. parvum were verified by HPLC-MS/MS experiments. The PC lipid class was highly abundant. PC lipids 
are a major structural component of membrane bilayers and are known to be the dominant 
phospholipid class for C. parvum.87 In T. gondii and Plasmodium falciparum, PC is known to be the most 
abundant phospholipid class in membranes and is crucial for the replication of both parasite’s blood 
and liver stages.88-92 In infections with other apicomplexans, PCs are also significantly increased.84 In 
positive-ion mode, 15 downregulated lipid annotations were confirmed in infected samples. Using 
negative-ion mode, 15 of the previously annotated biomarkers were identified for up- and 20 for 
downregulation. It has also been shown that this apicomplexan infection affects the composition of 
lysolipids independently of the ion mode. It is known that this lipid species are ubiquitous 
intermediates in a wide variety of metabolic and signalling pathways in eukaryotic cells.93 In the case 
of P. falciparum, there is evidence that it utilizes lysolipids already present in the parasitized host for 
the synthesis of PC.94 Our observations regarding changes in PC and lysolipid abundances in C. parvum-
infected host cells and the intestinal mucosa are thus confirmed by the literature. 

For MSI of monolayers and host tissue, a lateral resolution of at least 5 µm is required to visualise the 
small parasites (3-5 µm) attached to the cells. In Figure 10, an MS image shows a C. parvum-infected 
HCT-8 monolayer at the top, and a control sample at the bottom. The green channel represents the 
TIC. The red and the blue channel show the distribution of two biomarkers obtained by LC-MS/MS 
analysis (mass tolerance of ±5 ppm) and identified as being upregulated in case of infection. In the 
C. parvum-infected monolayer, these signals were found exclusively or with significantly higher signal 
intensities, as expected. 
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Figure 10: MALDI MSI measurements of monolayers in positive-ion mode, measured with 5 µm laser focus diameter and step 
size. The green channel represents the TIC, used for visualization purposes only. The red and blue channels show the 
distribution of two different infection markers (±5 ppm mass tolerance) identified earlier by LC-MS/MS measurements of cell 
pellets or host tissue. Red: Infection marker signal at m/z 770.6058, identified as plasmanyl-PC(O-36:3) as [M+H]+; Blue: 
infection marker signal at m/z 811.6687, identified as SM(O2-42:3) as [M+H]+. 

Cryosections of C. parvum-infected neonatal bovine intestinal tissue were analysed in addition to cell 
monolayer measurements. The naturally infected intestinal samples were fixed in formalin (Figure 
11A). Small pieces were cut out of these with the help of a scalpel and frozen in blocks of gelatine. 
These blocks could then be processed in the cryotome. The consistency of these formalin-fixed samples 
are similar to that of leather, making it possible to produce sections of 20 to 40 µm thickness (see 
Figure 11B). 

 

Figure 11: A: Formalin-fixed gut pieces; B: Section of A with a thickness of 20 µm; C: High resolution image of an infected area 
from B - The parasite is indicated by the red markings. 

Figure 12 shows the analysis of a naturally infected intestine. An optical image of the entire intestinal 
section is shown in Figure 12A. The area of infection (wrinkles and villi) is outlined in red. MS images 
of this neonatal bovine intestinal section are shown in Figure 12B and C. The green channel in B 
represents an ion channel at m/z 756.5513, which is used for visualization purposes only and shows 
the entire section of the intestine. In addition, the infection marker signals at m/z 536.3711, identified 
as LPE (22:1) as [M+H]+ and m/z 766.5745, identified as plasmanyl PC(O-36:5) as [M+H]+, were 
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visualized in red and blue. These can also be seen without the green colour channel in Figure 12C. The 
markers for the infection are upregulated in the inner or luminal area of the small intestine (outlined 
in white). It is here that C. parvum replicates, giving rise to the trophozoite, meront, gamont and oocyst 
stages.  

 

Figure 12: MALDI MSI measurements of C. parvum-infected neonatal bovine intestine in positive-ion mode, measured with 10 
µm laser focus diameter and step size in Full Pixel mode. The red and blue channels show the distribution of two infection 
markers (±5 ppm mass tolerance) identified earlier by LC-MS/MS measurements of cell pellets or host tissue. (A) Optical image 
of the whole intestine section. The area of infection (wrinkles and villi) is outlined in red (B) The green channel represents an 
ion signal at m/z 756.5513, used for visualization purposes only. Infection marker signal at m/z 536.3711, identified as LPE 
(22:1) as [M+H]+ in red, and m/z 766.5745, identified as plasmanyl-PC(O-36:5) as [M+H]+in blue. (C) Infection marker signal at 
m/z 536.3711, identified as LPE (22:1) as [M+H]+ in red, and m/z 766.5745, identified as plasmanyl-PC(O-36:5) as [M+H]+in 
blue. 

Subsequently, MSI was used to study intestinal samples from experimentally infected neonatal calves. 
The cryosections were made in such a way that the inner part of the intestine, where the infection is 
most prevalent, is located exclusively on the right-hand side (see Figure 13). In Figure 13 an optical 
image of the whole intestine section can be seen. The corresponding MS image is shown in Figure 13B, 
the red channel shows the distribution of an infection marker (±5 ppm mass tolerance) at m/z 
504.3057, identified as LPE (20:3) as [M+H]+. The fact that the marker is actually upregulated 
exclusively in that area which is assigned to the infection, can be seen in Figure 13C in the form of an 
overlay. 
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Figure 13: MALDI MSI measurements of bovine intestine in positive-ion mode, infected with C. parvum and measured with 
12 µm laser focus diameter and step size. The green channel represents an ion signal at m/z 726.5603, used for visualization 
purposes only. A optical image of the whole intestine section; B The red channel shows the distribution of an infection marker 
(±5 ppm mass tolerance) at m/z 504.3057, identified as LPE (20:3) as [M+H]+; C Overlay of the optical image (A) and the MS 
image (B); Further MS images can be found in the associated paper. 

 

Conclusions and Future Perspectives 
 

As Apicomplexa progress through their life cycle, they undergo a cascade of developmental changes. 
Appropriate stages can then be used to infect cells or host tissue. N. caninum- and C. parvum -infected 
cell systems and corresponding host tissues were studied in this work. 

The N. caninum infection markers identified were compared with previously published Toxoplasma 
gondii and Besnoitia besnoiti markers.95 25% of the markers that were upregulated during N. caninum 
infection were also identified as markers for T. gondii and B. besnoiti endothelial host cell infections. 
A comparison can be found in the supplementary information of the corresponding paper. 
Phosphatidylinositols were about 80% of these commonly identified markers. As noted above, these 
molecules play critical roles in cellular signalling, membrane dynamics and trafficking, supporting the 
hypothesis that these markers are a common response of infected host cells to apicomplexan 
infection.85 The C. parvum biomarkers were compared with the same data sets as already N. caninum. 
All four parasites belong to the taxonomic subphylum Apicomplexa.  However, only one biomarker 
common to all four parasites, namely PI (36:1) as [M-H] −, was found. 

As already described, both MALDI and ESI are soft ionization methods that work under atmospheric 
pressure. Both therefore offer good access to biomolecules. Nevertheless, both are different ionization 
techniques in which not all molecules are ionized equally well. This means that it is not possible from 
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the outset to subsequently identify all markers found with MALDI using ESI. This is certainly a topic for 
future work. 

For high-resolution 3D-surface AP-SMALDI MSI experiments, cell layers infected with both parasites as 
well as natural and experimentally C. parvum-infected host intestinal tissues were analyzed and found 
markers were imaged. In this way, infected cells or intestinal tissue of the host could be distinguished 
from uninfected cells and healthy tissue. This allowed to visualize the parasitic infections with a lateral 
resolution of 5 to 12 µm. 

Theoretically, there is the possibility that the biomarkers found for infection with N. caninum and 
C. parvum can be used to detect such parasites or at least they could provide strong evidence of 
infection. In recent years, small mass spectrometers, some of which are portable, have been 
developed.96-98 An application directly on site would be conceivable. In the case of C. parvum and the 
resulting cryptosporidiosis, however, this is rather unlikely because it is a poverty-related disease and 
there is therefore a clear lack of financial resources. 

This type of research is of a fundamental nature. With the help of the presented research and the novel 
lipid data, it might be possible to identify alternative metabolic pathways for novel drug targets. These 
could then be used not only against N. caninum and C. parvum, but also against other apicomplexan 
parasites of veterinary and health relevance.  
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