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Abstract

Spatial metabolomics is an emerging field of research and provides deep insight into
biochemical pathways and transport processes for low-molecular-weight chemical
compounds in tissues and cells. Yet, current approaches predominantly focused on
analyzing a limited number of previously known molecules of interest in mammalian
tissues. In the first part of this thesis, we set out to apply mass spectrometry imaging
(MSI)-based spatial metabolomics for investigating complex metabolic networks in the
delicate sample system of insects. Specifically, we acquired spatially-resolved
metabolomes related to plant toxin sequestration in milkweed butterflies. Despite being
famous for sequestering milkweed steroidal glycosides (i.e. cardenolides), the underlying
mechanism of uptake and toxin distribution in caterpillars of the monarch butterfly
(Danaus plexippus) is still unknown. We revealed cardenolide distributions at
unprecedent detail across the whole body of monarch caterpillars and the closely related
nonsequestering common crow butterfly (Euploea core) to determine at which
physiological scale quantitative and qualitative differences between both species
manifest: while monarchs retain and accumulate cardenolides above plant
concentrations, the toxins are degraded in the gut lumen of E. core. We visualized
cardenolide transport over the monarch midgut epithelium at the low-micrometer-scale
and identified integument cells as the final site of storage to provide chemical defenses
against predators. Collectively, these results provided novel insight into the selectivity
and the mechanism of cardenolide sequestration. Yet, we encountered significant
challenges in terms of visualizing and identifying the complex metabolic network of
steroid glycosides. In the second part of this thesis, we therefore enhanced our spatial
metabolomic approach with liquid chromatography mass spectrometry (LC-MS)-based
computational metabolome mining and on-tissue chemistry to counteract the absence of
respective databases and low intrinsic ionization efficiency for steroidal glycosides. We
conducted feature-based molecular networking in combination with artificial intelligence
(Al)-driven molecular characterization to characterize and annotate 32 different
cardenolides. This comprehensive database guided matrix-assisted laser
desorption/ionization (MALDI) MSI of cardenolide sequestration in D. plexippus. We
developed a spatial-context preserving on-tissue chemical derivatization (OTCD)
protocol, which improved ion yields for cardenolides by at least 1 order of magnitude
compared to untreated samples. Empowered by this approach, we visualized previously
inaccessible cardenolide distributions with 2 pm and 5 pm pixel size across complex
insect organs, such as Malpighian tubules. In addition to unraveling intricate details
regarding cardenolide sequestration, the results underscore the potential of OTCD

MALDI MSI for deeper spatial metabolomic research.
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Zusammenfassung

Die raumlich aufgeléste Metabolomik ist ein aufstrebendes Forschungsfeld, welches
umfassende Einblicke in biochemische Wege und Transportprozesse von
niedermolekularen chemischen Verbindungen in Geweben und Zellen ermdglicht.
Gegenwartige Ansatze konzentrieren sich jedoch vorwiegend darauf, eine begrenze
Anzahl bereits bekannter Molekile in S&dugetiergewebe zu analysieren. Der erste Teil
dieser Arbeit beschaftigt sich daher mit der Anwendung der massenspektrometrie-
basierten rdumlich aufgelésten Metabolomik zur Untersuchung komplexer
Stoffwechselnetzwerke fir das anspruchsvolle Probensystem von Insektengewebe.
Obwohl Monarchfalter (Danaus plexippus) bekannt flr die Sequestrierung von
Herzglykosiden sind, ist der zugrunde liegende Mechanismus hinsichtlich Aufnahme und
Lokalisierung der Toxine noch unbekannt. Der verwendete Ansatz ermdglichte die
Visualisierung von Herzglykosiden im gesamten Korper der Raupen des Monarchfalters
und den direkten Vergleich hinsichtlich qualitativen and quantitativen Unterschieden zur
nicht-sequestrierenden Krahenraupe (Euploea core). Wahrend die Toxine im Darm von
E. core abgebaut wurden, akkumulierten die Raupen des Monarchfalters Herzglykoside
im Darm Uber dem Konzentrationsniveau der Wirtspflanze (Asclepias curassavica). Des
Weiteren konnte mit Hilfe von hochauflésenden Analysen der Transport von
Cardenoliden Uber das Mitteldarmepithel visualisiert und Integumentzellen als finalen
Speicherort der Toxine identifiziert werden. Zusammenfassend lieferte dieser Ansatz
erstmalig umfangreiche Informationen bezlglich Selektivitat und Mechanismus
hinsichtlich der Sequestrierung von Herzglykosiden. Nichtsdestotrotz wurde aufgrund
der molekularen Komplexitat, eine signifikante Herausforderung fir die Visualisierung
und Identifizierung von Herzglykosiden festgestellt. Dementsprechend wurde im zweiten
Teil dieser Arbeit das experimentelle Design durch die Integration von
computergestltzter Metabolomik-Analyse basierend auf FlUssigkeitschromatographie
mit Massenspektrometrie-Kopplung (LC-MS) und chemischer Derivatisierung am
Gewebe (OTCD) weiterentwickelt. Dies diente dazu, die fehlende Datenbank und der
niedrigen lonisierungseffizienz von Herzglykoside entgegenzuwirken. Die erstellten
molekularen Netzwerke ermdglichten die Charakterisierung von 32 verschiedenen
Herzglykosiden. Diese umfassende Datenbank unterstiitze die rdumliche Analyse von
Herzglykosid-Sequestierung in D. plexippus mittels bildgebender Massenspektrometrie.
Das entwickelte OTCD Protokoll verbesserte die lonenausbeute fir Herzglykoside um
mindestens eine GrdéBenordnung und bewahrte dabei die rdumliche Verteilung im
Gewebe. Diese Verbesserung ermdglichte die Visualisierung von Herzglykosiden in
komplexen Gewebestrukturen mit einer PixelgréBe von 2 und 5 um und demonstriert das

Potenzial von OTCD MSI fir tiefere raumlich aufgeléste Metabolomik.
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1.1 Introduction

Metabolic networks describe interconnected pathways of biochemical reactions and
transport processes of low-molecular-weight chemical species (e.g. metabolic
intermediates, hormones, secondary metabolites) within living organisms.™? Spatial
metabolomics is a rapidly emerging field of omics research focused on the mapping and
interpretation of low-molecular-weight chemical species in their native spatial context of
cells, tissues, organs and organisms.® However, the identification and spatial
characterization at the cellular level in an untargeted fashion remains challenging.
Traditional methods, such as immunofluorescence, require the labelling of analytes of
interest with fluorophores, which can be time-consuming, inefficient and restricted to
individual compounds.* In addition, labelling of molecules can alter their physiochemical
properties and hence influence their native tissue distributions.® In contrast, mass
spectrometry imaging (MSI) emerged as one of the fastest growing mass spectrometry
(MS) fields over the past decade providing for spatially-resolved, qualitative and semi-
quantitative analysis of molecular species in tissues and cells.® Importantly, not only the
analytes of interest but also thousands of other chemical species can be detected,
visualized, and identified simultaneously — thereby aiming to link chemical structures to
biological functions and origins. The following introduction covers the fundamentals of
mass spectrometry and describes the biological context required for interpreting the MSI
research presented in this thesis.

Mass Spectrometry

Mass spectrometry is a central bioanalytical technique in life sciences due to its
unprecedented characteristics in limits of detection, depth of information, accuracy, time
of acquisition and broad applicability. The general principle is to generate ions from either
inorganic or organic compounds, utilizing a suitable ionization technique, and to detect
these ions qualitatively and quantitatively by their respective mass-to-charge-number
ratio (m/z) and abundance. In general, a mass spectrometer consists of an ion source,
a mass analyzer and a detector. Whereas the ion source can be operated at atmospheric
pressure or under various vacuum conditions, mass analyzer and detector are generally

operated under high vacuum conditions.”

The fundamental work for mass spectrometry was conducted in 1898 by analyzing anode
rays via magnetic deflection and determining their respective positive charges.? In 1912,
the first mass spectrometer (called parabola spectrograph) was constructed and mass
spectra of Oz, N2, CO, CO. and COCI. were obtained.® Further early developments
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included the electron ionization source coupled to a spectrometer with a sector-shaped
magnet with direct focusing in 1918'° and the first mass spectrometer with velocity
focusing to measure mass defects in 1919'".

In the ion source, molecular species are volatilized and ionized prior to mass analysis in
the mass spectrometer. A plethora of ionization techniques were developed, which can
be differentiated into hard (very energetic, extensive fragmentation) and soft ionization
(generating intact ions of the molecular species) based on the internal energy transfer
during the ionization process and the physico-chemical properties of the analyte.'%-12-1°
Electron ionization, chemical ionization and field ionization allow for gas-phase
ionization, thus, are restricted to compounds that are sufficiently volatile and thermally
stable. In contrast, chemical compounds that are thermally labile or do not have sufficient
vapor pressure have to be extracted directly from the condensed to the gas phase via a
direct ion source. These direct ion sources can be divided into two types: liquid-phase
ion sources and solid-phase ion sources. For liquid-phase ion sources (e.g. electrospray
ionization (ESI)), the analyte is in solution and introduced by nebulization into the ion
source and subsequently, ions are generated at atmospheric pressure and focused into
the mass spectrometer.'? In contrast, for solid-phase ion sources (e.g. matrix-assisted
laser desorption/ionization (MALDI)), analytes are deposited in an involatile matrix (that
can be native or applied), which is irradiated by energetic particles or photons. Next, the
analytes of interest are desorbed and ionized and can be extracted by an electric field or
gas stream and focused towards the inlet of the mass spectrometer.’ For both types,
ion production is based on the ionization of neutral molecules in the gas phase including
processes such as electron ejection, electron capture, protonation, deprotonation,
adduct formation or by the transfer of charged species from a condensed phase into the
gas phase, or by combinations of both.2°

In the next step, the mass-to-charge-number ratio (m/z) of the generated ions is
measured and determined via the mass analyzer. Several types of mass analyzers (e.g.
Quadrupole?!, time-of-flight (TOF)?2, Fourier transform ion cyclotron resonance (FT-
ICR)?324 and orbital trapping devices (Orbitrap)?-27) have been developed, each having
their own advantages and limitations for the main performance characteristics of mass
range, acquisition speed, ion transmission, mass accuracy and mass resolution. For this
thesis, orbital trapping mass spectrometers were employed. The general principle of an
electrostatic axially-harmonic orbital trap (“Orbitrap”) that utilizes Fourier transformation
to obtain mass spectra was introduced in 2000.%” The Orbitrap consists of an outer barrel-
shaped electrode, split into two equal parts with a small interval and of a central electrode
that has a spindle-like shape. While the outer electrode remains at ground potential, an

electrostatic potential is applied to the inner electrode resulting in an electrostatic field
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with a quadro-logarithmic potential distribution, based on the DC voltage and the specific
geometry of the trap. The ions are injected off-axis and start to rotate on stable
trajectories around the central electrode and oscillate in axial direction. The frequency of
axial oscillation is directly linked to the m/z ratio while being independent of the kinetic
energy of the injected ions. The electric current (induced by the oscillating ions) at the
outer electrode is measured and converted by a Fourier transformation to the individual
frequencies and intensities — thereby yielding the mass spectra.?’

The generated mass spectrum is a two-dimensional plot of the relative abundance
(ordinate) versus the scale of atomic mass per number of elementary charges (abscissa),
which is called mass-to-charge number ratio m/z (as often called “mass-to-charge ratio”).
Since 1961, the unified atomic mass [u] has been defined as '/12 of the mass of one single
atom of the nuclide '2C, which by definition has been set to exactly 12 u.

Depending on the ionization method and experimental conditions (e.g. large molecules),
doubly, triply or highly charged ions can be generated. Importantly, there are different
ways to define and to calculate the mass of an atom, molecule or ion. For instance, in
chemical stoichiometry, the weighted average of the atomic masses of the different
isotopes of each element in the molecule is utilized. However, in mass spectrometry, the
monoisotopic mass is used, which is calculated based on the exact mass of the most
abundant isotope of each constituent element.” The obtained mass spectra are
normalized to the base peak, which is the signal with the highest abundance for the
corresponding spectrum (100% relative intensity). The individual peak intensities in
absolute values can be determined by extracting the area under peak (AUP).

Mass Spectrometry Imaging

Mass spectrometry imaging (MSI) is a powerful method, which provides for the
untargeted spatially-resolved analysis of molecular species in the spatial context of, for
example, cells, tissues or organs. In contrast to microscopy-based methods (e.g.
immunofluorescence microscopy), no prior knowledge or labeling of the analytes of
interest is required.524%® Since its introduction in 19943, matrix-assisted laser
desorption/ionization (MALDI) MSI is the predominant bioanalytical MSI method in life
sciences due to its applicability for a wide range of chemical classes and molecular
masses while providing lateral resolutions at the low-micrometer-scale.®®' The general
experimental design for a MALDI MSI experiment is a multi-step process involving
sample preparation, analyte desorption, mass analysis and image generation. Notably,
sample preparation is one of the most crucial steps and has to be robust and reproducible
for the analytical success of MALDI MSI experiments. To obtain snap-shots for in vivo

biochemical processes, samples (e.g. complete organs) have to be flash-frozen or
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chemically-fixed (e.g. FFPE preparation = “Formalin Fixed Paraffin Embedded”) to stop
enzyme activity and to reduce degradation and delocalization of molecular species. Next,
cryo-sectioning is performed to obtain thin tissue sections. These protocols have to
consider sample stabilization, section thickness, orientation of fixation and optimized
temperature and cutting-angle. In particular, for fragile and delicate sample specimens,
embedding material (e.g. carboxymethyl cellulose, gelatin) is necessary to preserve
tissue morphology. Next, analytes of interest are exiracted from the tissue and
embedded in a matrix of highly light absorbing, low-molecular-weight molecules.
Typically, matrix-analyte crystallization is performed via pneumatic spraying or
sublimation. Despite causing larger matrix crystal-sizes, the solvent of the sprayed matrix
solution significantly improves analyte extraction and the development of automated
sprayer systems enabled reproducible matrix application methods of high quality.3?
Importantly, the physico-chemical properties of MALDI matrices have to enable strong
absorbance at the laser wavelength (typically UV, 337-344 nm), vacuum stability,
solubility in solvents compatible to analytes of interest, low chemical reactivity and the
potential to promote analyte ionization.®® However, the large degree of molecular
heterogeneity in bioanalytical research (e.g. metabolites, peptides, proteins) precludes
an universal MALDI matrix. Instead, the experimental design, including the choice of
matrix and analyte extraction process, has to be developed and optimized for the
individual bioanalytical framework. The development of rationally-designed MALDI
matrices represents an active field of research. Yet, the first generation archetype MALDI
matrices 2,5-dihydroxybenzoic acid (DHB)*, alpha-cyano-4-hydroxycinnamic acid
(CHCA)® for positive-ion mode and 9-aminoacridine (9-AA)%¢, 1,5-diaminonaphthalene
(DAN)®" for negative-ion mode are still the most utilized compounds due to their relatively
broad applicability regarding molecular coverage.

In the next step, analyte-doped matrix crystals are irradiated by intense laser pulses of
nanosecond duration resulting in rapid heating, localized ablation and subsequent
sublimation of matrix crystals with intact analytes ejecting in the expanding matrix plume.
The ejected material contains both, neutral and charged molecular species and although
the MALDI ionization mechanism is not completely elucidated, several chemical- and
physical ionization pathways, such as gas-phase photoionization, excited state proton
transfer, ion-molecule reactions and the desorption of preformed ions (e.g. proton-
transfer in the solid phase) are suggested.** Notably, the intrinsic ionization efficiency
and matrix/analyte integration efficiency varies for different chemical classes and
molecular structures. As a consequence, very abundant and/or easily ionizable analyte
molecules (e.g. phosphatidylcholine-lipids) are predominantly formed and detected. %'

Yet, various strategies can be applied to overcome and to limit the effect of “suppression
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effects” (e.g. on-tissue chemical derivatization, which is described later in this
introduction). In the last step of the measurement, ions are accelerated and focused by
an electrostatic field (and/or a gas pressure gradient) towards the inlet of the mass
spectrometer, followed by the transmission and the analysis in the mass analyzer.

For conventional MALDI, the ionization process takes place under vacuum conditions.
However, various developments in 2000 led to the advent of atmospheric pressure (AP)
MALDI ion sources with ionization occurring at atmospheric pressure conditions outside
the vacuum of the mass spectrometer.#?** To assist the ion transport from the
atmospheric pressure ionization region towards the high vacuum of the mass
spectrometer, a high voltage (3-4 kV) is applied on the MALDI probe (e.g. metal target
plate). AP-MALDI allows for experimental flexibility by enabling the analysis of vacuum-
sensitive samples, volatile compounds and does not require sample fixation and/or -
drying. In addition, low-energy collisions of analyte ions with residual gas molecules
result in a reduction of internal energy, thus preventing fragmentation and making it a
softer ionization technique relative to conventional vacuum MALDI. In particular,
atmospheric-pressure scanning microprobe matrix-assisted laser desorption/ionization
(AP-SMALDI) MSI emerged as the high end in MALDI MSI instrumentation due to its
unmatched performance regarding mass resolution, spatial resolution, sensitivity and
experimental flexibility.*>-*¢ Moreover, the implemented pixel-wise autofocusing method
utilizes laser-triangulation to keep the MALDI focus, fluence and ablation spot-size
constant for the whole MSI experiment. This technical feature enables 3D-surface
analysis and improves the sensitivity for decreasing sampling areas (subsequently
reduced numbers of desorbed/ionized analytes of interest) of MSI experiments

performed with pixel-sizes at the low-micrometer-scale (< 10 um).#

For typical MSI experiments, the region of interest (i.e. grid in x- and y-dimension) is
analyzed with a defined step size between each measurement event. A mass spectrum
is obtained for each separate measurement event and by utilizing computational
software, individual m/z values can be extracted with their corresponding intensities (i.e.
relative abundancies). Next, the chemical information is combined with the spatial
information (based on the x,y-grid) into a heat map image depicting the relative
distribution of the selected ion for the analyzed region of interest.

Molecular identification and structural elucidation of specific ions remains as one of the
key challenges for MSI. Recently, methods for automated data-dependent acquisition of
structurally diagnostic MS? data in parallel with MSI data were reported.*>5° However
these approaches were restricted to highly abundant lipids while providing a spatial
resolution of 40 um. Also, performing on-tissue MALDI MS? experiments of lowly
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abundant chemical species or various metabolite classes (e.g. steroids, carboxylic acids)
is challenging due to low intrinsic ionization efficiencies, thus, require additional method
development to selectively improve the ion yield (e.g. on-tissue chemical derivatization).
As an alternative that does not rely on MS? data, METASPACE®!, a community-
populated knowledge base for annotating high-mass-resolution MSI| data was
developed. The applied bioinformatic framework performs database-driven annotation at
the sum-formula level combined with metabolite-signal match scoring (integrating
spectral and spatial isotopic information), and target-decoy false-discovery-rate (FDR)
estimation — thereby providing automated and high-confidence annotation of MSI data.>?
Yet, the most prominent approach relies on separate LC-MS? analysis of the respective
tissue homogenate for the targeted structural characterization and confirmation of
annotations related to the MSI experiment. In particular for untargeted workflows,
thousands of MS? spectra can be acquired within a single LC-MS? experiment. The
complexity of these datasets hinders manual analysis and, instead, fuels the
development of various computational tools, which are discussed in the next chapter
‘Computational Metabolome Mining”.

Computational Metabolome Mining

To comprehensively explore and interpret metabolic networks, the corresponding
individual chemical species have to be discovered and identified. As a highly sensitive
and precise analytical platform, LC-MS enables routine analysis of these complex
metabolic mixtures with the omission of spatial information. Notably, a single LC-MS
experiment can collect thousands of MS' and MS? spectra, resulting into data sets which
are too large for manual analysis. Also, decomposing complex metabolic networks into
chemical compound classes and molecular identifications remains a major bottleneck
due to the absence of repository-scaled databases. Instead, the majority of mass
spectrometric reference data in spectral libraries are based on commercially available
chemicals.>*%° To tackle the chemical complexity, advances in bioinformatics tools have
enhanced the field of MS-based metabolomics over the last decade by efficiently
speeding up the discovery process of novel metabolites and their corresponding
chemical structures.®®%” For example, Global Natural Products Social Molecular
Networking (GNPS) is a data-driven infrastructure for the storage, analysis, and
knowledge dissemination of MS? spectra that enables community sharing of raw spectra,
continuous annotation of deposited data, and collaborative curation of reference spectra
and experimental data.®® The integrated molecular networking workflow has become an
essential tool to organize, annotate and visualize the chemical space for untargeted
mass spectrometry data and, uniquely, goes beyond spectral matching against reference
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spectra. In detail, each MS? spectrum is simplified as a vector in a multidimensional
space with each dimension correlating to the m/z value of a fragment ion and its peak
abundance. Next, for comparison, the angle between two spectral vectors in the
multidimensional space is calculated and the similarity is determined via a cosine score.
Importantly, fragment peaks between two spectra are not only aligned and compared
based on their original m/z ratio, but also based on m/z shifts according to the difference
in the precursor m/z of the two molecules (e.g. water loss which results in A(m/z) of
18.0105 for a subset of fragment peaks). The resulting matrix of spectral similarities can
be visualized as molecular networks with each node representing an MS2 spectrum, and
edges between nodes displaying the calculated cosine score (which is above the user-
defined threshold).%¢°%% In nature, similar molecular building blocks are often reused to
form increasingly complex structures. Thus, metabolites of the same molecular family
share common substructures, which transpires into similar spectral patterns. Therefore,
related molecules form molecular networks and spectral library annotations can be
propagated to facilitate the process of structural elucidation and to discover novel

metabolites of similar molecular families.5¢

Chemical compound classes represent molecular species with similar sub-structural
features and biological activities (e.g. flavonoids, polyketides, peptides). Over the last
five years, various approaches have been developed to annotate metabolite features at
the chemical-compound-class level for large-scale metabolomics analyses. In particular,
the introduction of chemical ontologies allowed to train machine- and deep-learning
methods for recognizing the links between MS? spectra and chemical classes.®' For
instance, the computational tool class assignment and ontology prediction using mass
spectrometry (CANOPUS) uses a deep neural network to predict 2,497 compound
classes (including all biologically relevant classes) from MS? spectra. Remarkably,
CANOPUS does not rely on annotated candidate structures and, instead, can assign
compound classes to molecular species that are not recorded in any spectral- or

structural database.t%63

The annotation of MS? spectra at the structural level remains the biggest challenge and
is generally restricted to compounds present in spectral libraries. Introduced in 2015,
Compound Structure Identification (CSl):FingerID tackles this major bottleneck and
emerged as the state-of-the-art tool for in silico annotation of MS? spectra.® In the first
step, putative fragmentation pathways (i.e. fragmentation trees) based on small chemical
modifications are calculated, which subsequently form the input to a machine learning
method for molecular fingerprint prediction. For this process, multiple support-vector
machines (SVM) classifiers predict the presence or absence of several thousand

fingerprint elements (e.g., aromatic ring, hydroxyl-function, nitrogen atom) resulting in a
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vector of the probabilities regarding the presence of each fingerprint element. Next, the
experimental molecular fingerprint is compared to calculated fingerprints based on
molecular structure databases (which are substantially larger compared to spectral
databases) and putative annotations are listed according to the similarity of the

respective fingerprint vectors.%6:64

On-tissue Chemical Derivatization

To detect and visualize the spatial distribution of molecular species directly from tissue
sections and other samples via MALDI MSI, the analytes of interest have to be present
at concentrations relevant to MALDI MSI and must be ionized efficiently. However, not
all molecules are amenable to ionization, for example because of the absence of
chargeable chemical functions or because of intrinsically low ionization efficiencies (e.g.
steroids, carboxylic acids).®® In addition, the problem of generally low MALDI ionization
efficiencies (ion yields of 10 for various chemical classes*®*!) is exacerbated by the
decreasing amount of ablated molecular material in high-resolution MSI. To increase the
MALDI ion yield, multiple approaches have been reported, including optimized MALDI
laser wavelength®®” and laser-induced post-ionization.®® For example, the analytical
sensitivity for phospho- and glycolipids was improved by post-ionization by several
orders of magnitude with pixel sizes of 1 um to 2 um.® However, this approach requires
novel and complex instrumentation and the limited availability of commercial MALDI MSI
instruments capable of post-ionization prevents broader applicability.”®

In 1997, chemical derivatization (CD) was performed to increase the sensitivity and to
facilitate sequence analysis of peptides by post-source decay MALDI mass
spectrometry.”" In 2005, CD has been used to improve the detection of poorly ionizable
molecules in the context of ESI-LC-MS experiments.’>”® Both approaches utilized pre-
charged derivatization reagents that selectively reacted with functional chemical groups
(e.g. amines) in the sample solution — thereby increasing the intrinsic ionization of
analytes of interest. On-tissue chemical derivatization (OTCD) describes the transfer of
CD to biological tissues. Therefore, in the context of MALDI MSI experiments, OTCD
provides for counteracting low intrinsic ionization efficiencies, ion suppression and
isobaric matrix interferences. Nevertheless, OTCD methods have to be specifically
developed in accordance with the analytes of interest and desired spatial resolution of
the MSI experiment. First, the choice of reagent, matrix compatibility and optimal
application method has to be determined. In general, the OTCD reagent is applied to the
sample surface before matrix application, using the same technique (e.g. pneumatic
spraying). Hence, experimental parameters, such as reagent concentration, solvent

composition, coverage density and physical parameters, including flow rate, velocity,
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ambient temperature and distance to the sample surface, have to evaluated. Next,
incubating the sample for several hours at increased humidity and temperature increases
the ion yield with the drawback of potentially causing analyte delocalization.®® Therefore,
all the additional sample preparation steps have to be optimized to selectively increase
the ion yield while preserving the spatial information.

As an alternative, recent developments also include reactive matrices, which combine
the properties of derivatization reagents and physico-chemical MALDI matrix
characteristics into one compound — thereby overcoming undesired side effects or
additional sample preparation steps.”"®

Utilizing different reagents, various different functional groups can be targeted via OTCD,
such as aliphatic alcohols™, phenols”, alkenes™78, carboxylic acids™, amines®®8!,
ketones and aldehydes®-24. For instance, Girard’s T (GirT) and Girard’s P (GirP) are
hydrazine-based reagents that form stable hydrazones with aldehyde- and carbonyl
groups. In 2013, GirT was utilized for the first time to detect substrate and product of
glucocorticoid-amplifying enzyme 11B-HSD1 in rat adrenal gland and mouse brain.® In
the following, GirT enabled the spatially-resolved analysis of various other steroidal
compounds in mouse, rat and human tissue.®28 All of these studies demonstrated that
OTCD is a powerful method to selectively enhance ion yields for MSI-based bioanalytical
research. Yet, limitations in sample preparation (that cause analyte diffusion) and
instrumentation hindered the visualization of metabolite distributions with pixel sizes

below 20 pum.

Danaus plexippus, Sequestration and Cardenolides

Over the course of the co-evolutionary arms race, plants evolved a plethora of defense
traits against herbivorous insects and other antagonists. These traits include the
production of low-molecular-weight chemicals (i.e. secondary plant metabolites), which
affect herbivores directly, impair their growth and development, or lower the digestibility
of the plant diet.25-8% Remarkably, insects have developed sophisticated morphological,
behavioral, and physiological adaptions to overcome plant defense mechanisms.
Sequestration is the most complex phenomenon of insect adaptions and represents the
selective accumulation of plant toxins in the insect body for defense against natural
predators.®-% Monarch butterflies (Danaus plexippus) and its host plant milkweed
(Asclepias spp., Apocynaceae) serve as royal representatives in deciphering insect-plant
coevolution and are famous for the sequestration of cardenolides (i.e. steroid
glycosides).%-1% Cardenolides are specific inhibitors of Na*/K*-ATPase, a ubiquitously
expressed animal enzyme that is involved in various essential physiological

functions.?"192 Remarkably, the monarch butterfly has evolved resistant Na*/K*-ATPase
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based on amino acid substitutions, which increase the target site insensitivity to
cardenolides (i.e. lowering the binding-potential to the enzyme).%81%3-107 |nterestingly,
other milkweed butterfly species (e.g. Euploea core) can tolerate dietary-cardenolides
but are not able to cope with these steroidal glycosides once dispersed in the hemolymph
of the caterpillar.81%81%° This finding suggests that the Na*/K*-ATPase resistance to
cardenolides for monarch butterflies represents an adaption, which is linked to the ability
to sequester these plant toxins as chemical defense.

The general structure of cardenolides consists of a steroidal core composed of 23 carbon
atoms linked to a five-membered lactone ring at carbon 17 and exist either as glycosides
(mostly mono-,bi- and triglycosides) or as free genins.'®" For Asclepias curassavica (A.
curassavica), which represents a critical host plant for monarch butterflies, 21 different
cardenolides were identified using nuclear magnetic resonance spectroscopy (NMR),
infrared spectroscopy (IR) and LC-MS.'" Yet, insect-plant studies of cardenolide
sequestration in monarchs are restricted to the predominant toxic glycosides calotropin,
calactin, uscharidin and voruscharin. Despite being already described in the 1960s, the
molecular- and physical mechanisms underlying sequestration are still largely unknown.
This gap of knowledge originates from the lack of analytical methods that enable the
comprehensive analysis of the metabolome with its spatial and temporal details for

complex sample systems, such as insects.

Aims of the Thesis

Most spatially-resolved metabolomic approaches have focused on mammalian tissues
and were rarely employed to delicate sample systems, such as insect tissues. Taking
advantage of recent technical developments for mass spectrometry imaging (MSI), we
here set out to acquire spatially-resolved metabolomes related to cardenolide
sequestration in D. plexippus and E. core caterpillars. First, we developed an MSI-
compatible sample preparation protocol to obtain high-quality tissue sections while
taking snap-shots of in-vivo biochemical processes. Next, we revealed cardenolide
distributions across the whole body and demonstrate that quantitative differences
between both species already manifest in the gut lumen. While monarchs retain and
accumulate cardenolides above plant concentrations, the toxins are degraded in the gut
lumen of E. core. Utilizing dedicated sample preparation in conjunction with maximized
analytical performance by the employed instrumental setup, we visualized cardenolide
transport across the monarch midgut epithelium at unprecedent detail and identified
integument cells as the final site of storage. This work is described in publication 1
(Chapter II).
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Furthermore, we expanded our experimental design to tackle the two major bottlenecks
for the spatially-resolved analysis of cardenolide sequestration and other metabolic
networks: the absence of repository-scaled databases and low intrinsic ionization
efficiencies of steroidal compounds. Therefore, we integrated an LC-MS-based
computational metabolomics pipeline into our MSI workflow to generate a
comprehensive ‘in-house” metabolomic database. This database guided subsequent
MSI analysis of cardenolide sequestration in tissues and cells of D. plexippus. We
developed a spatial-context-preserving OTCD method to mitigate the problem of low
intrinsic ionization efficiencies by the selective chemical tagging of carbonyl-containing
cardenolides with pre-charged moieties. This approach increased the molecular
coverage and enabled the visualization of previously inaccessible (sub)-cellular
cardenolide distributions in Malpighian tubules, epithelial cells and fat body tissue.
Therefore, we demonstrated that expanding experimental designs for MSI studies with
advanced computational and chemical tools allows to acquire even further biochemical
insight and ultimately enhances spatially-resolved metabolomic research for complex
sample systems. This work is described in publication 2 (Chapter Ill).
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1.2 Results and Discussion

Spatial metabolomics reveal divergent cardenolide processing in the
monarch (Danaus plexippus) and the common crow butterfly (Euploea

core) (Publication 1)

The monarch butterfly (D. plexippus) is famous for the sequestration of toxic
cardenolides from its host plant milkweed. However, the mechanism of sequestration
and the location of cardenolides in the caterpillar body tissues are still unknown. Yet,
technical- and methodical limitations hindered accurate and nontargeted analysis of
molecular species in the spatial context of insect tissues and cells. Utilizing recent
developments in AP-SMALDI MSI, we followed a spatial metabolomics approach to
study cardenolide sequestration in D. plexippus and the closely-related species E. core
(Fig. 1). First, we established an MSI-compatible sample preparation protocol to obtain
transversal- and longitudinal tissue sections of final instar D. plexippus and E. core
caterpillars with excellent quality regarding tissue morphology, allowing to snapshot in-
vivo biochemical processes in their native environment. Next, we performed whole-body
AP-SMALDI MSI (20 um to 45 um step size) to reveal the presence of cardenolides in
body tissues of D. plexippus and E. core caterpillars.

Sampling Embedding Cryo-sectioning Microscopy

R —

Data analysis AP-SMALDIMSI

Whole-body High-resolution Feeding experiments

Figure 1. Overview of the spatial metabolomics workflow to investigate cardenolide sequestration in
D. plexippus and E. core via AP-SMALDI MSI
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D. plexippus
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Magnification of E. core gut lumen
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Figure 2. AP-SMALDI MSI of transversal sections of caterpillars of D. plexippus and E. core. (a) Optical
image of the transversal section of a fifth instar caterpillar of D. plexippus (left) and E. core (right) before
matrix application. P: plant material, EP: ectoperitrophic space, ME: midgut epithelium, FB: fat body, I
integument. (b) Corresponding RGB overlay images obtained with 35 um (D. plexippus) and 20 um (E. core)
step size, showing the spatial distribution of the cardenolide calotropin and/or its isomer calactin ([M+K]*,
red) at m/z571.2304, the chlorophyll derivative pheophytin a at m/z909.5288 ([M+K]*, green) as a chemical
marker for plant tissue, and the animal lipid PE(36:3) ([M+K]*, blue) as a chemical marker for animal tissues.
Both RGB overlay images are normalized to the same intensity scale. The D. plexippus gut epithelium was
damaged at two areas (highlighted in the optical image), causing potential analyte delocalization in the
corresponding hemolymph area. (c) Magnification of the optical image and RGB overlay image for the
highlighted area of the E. core gut lumen. For this ion image, the intensity scale of calotropin/calactin was
adjusted to highlight the cardenolide distribution at the fringes of leaf pieces in the gut lumen of E. core.
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To overcome the technical challenges of the delicate and heterogeneous sample
characteristics of caterpillar sections (e.g. fragile integument, various tissue types and
ingested plant material), we utilized the recently implemented pixel-wise autofocusing
method (3D-surface mode) of the AP-SMALDI® AF ion source to keep the laser focus,
fluence and ablation spot-size constant for the whole MSI experiment. Due to the high
mass resolution and mass accuracy provided by the Orbitrap mass analyzer, we were
able to assign and annotate cardenolides, lipids and other metabolites based on accurate
mass measurements, which were subsequently confirmed by complementary HPLC-
MS/MS experiments.

Utilizing whole-body MSI, we were able to reveal diverging strategies of the two closely-
related milkweed butterfly species regarding the processing and uptake of plant toxins in
the gut as well as the storage of sequestered compounds for defense. In particular, our
data demonstrated that the gut lumen was the first physiological layer, mediating
selectivity and playing a vital role in coping with a toxic diet in both species. For D.
plexippus, cardenolides were distributed in the entire body, including the integument as
the location of storage, fat body, hemolymph and gut lumen including the ectoperitrophic
space (i.e. the region between the peritrophic envelope surrounding the food bolus and
the midgut epithelium) (Fig. 2b). In contrast, for E. core caterpillars, cardenolides were
absent from body tissues (i.e. no sequestration) and exclusively detected at the fringes
of A. curassavica leaf pieces and not in the liquid phase in the gut lumen (Fig. 2c).

In addition to transversal sections, we performed whole-body MSI (45 um step size) of
longitudinal sections and found similar patterns of cardenolide distributions along the
entire gut passage (Fig. 3a,b). According to the visual differences (in Figs. 2,3), we
determined that cardenolides were up to 6.8 times more abundant (for comparable
regions at leaf fringes) in the gut lumen of D. plexippus. For the in-depth quantitative
analysis of the entire gut passage, we conducted complementary HPLC-MS and HPLC-
DAD experiments based on freeze-dried gut segments (foregut: FG, four sequential
midgut portions: MG1-4, and hindgut: HG) and determined heterogeneous total
cardenolide concentrations along the gut passage of D. plexippus (Fs3s = 8.312, p <
0.001; n = 7-9) with higher cardenolide concentrations in midgut portions 2 and 3
compared to milkweed leaves (Fs32 = 5.622, p = 0.002) (Fig. 3c). In contrast, total
cardenolide concentrations were constant across all gut regions of E. core caterpillars
(Fs25=1.044, p = 0.414, n = 6) and lower than in plant material except for midgut portion
4 (plantvs. FG, MG1, MG2, MG3, MG4, HG: p = 0.046; 0.023; 0.029; 0.01; 0.228; 0.005;
Tukey HSD) (Fig. 3c). In addition, the stereoisomer ratio of calotropin/calactin in E. core
gut lumen (24:1) differed significantly from the isomer ratio found in monarch gut lumen
(1.2:1) and A. curassavica leaves (1.6:1).
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Figure 3. Whole-body AP-SMALDI MSI of fifth instar D. plexippus and E. core caterpillars. (a) Optical image
of longitudinal D. plexippus (left) and E. core (right) sections before matrix application. H: head, I: integument,
TL: thoracic legs, SG: probably salivary gland, VN: probably ventral nerve code, ML: abdominal prolegs, AL:
anal prolegs, R: rectum, T: testis, GL: gut lumen, FB: fat body, ME: midgut epithelium. (b) Corresponding
RGB overlay images obtained with 45 um step size, showing the spatial distribution of calactin/calotropin
(IM+K]*+, at m/z 571.2304 (red), pheophytin a ([M+K]*, green) at m/z 909.5292 to highlight ingested A.
curassavica plant material, and PE(36:3) ([M+K]*, blue) at m/z 780.4941 serving as a marker for insect
tissue, such as gut epithelium and fat body. Both RGB overlay images are normalized to the same intensity
scale. (¢) Schematic representation of total cardenolide concentrations across the gut passage in caterpillars
of D. plexippus and E. core relative to the total cardenolide concentration in A. curassavica leaves based on
means of six (E. core) and nine (D. plexippus) dissected caterpillars and milkweed leaves. Horizontal lines
indicate the cardenolide concentration in plant material (i.e. 100%).

Previous studies showed that calactin is > 3x more toxic for E. core than its stereocisomer
calotropin.”" Hence, we suggested that E. core prevents cardenolide intoxication by
minimizing the concentration of calactin. Taking together, by revealing the absence of
cardenolides in the liquid phase combined with the overall lower cardenolide
concentration (relative to D. plexippus gut lumen and A. curassavica plant material) and
striking differences of the stereoisomer ratio in E. core gut lumen, our data indicated
immediate degradation and/or conversion of toxic steroid glycosides extracted from the
plant material.
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In contrast, for D. plexippus, our results suggested that cardenolides were selectively
retained in the monarch gut lumen, resulting in higher local concentrations of
preferentially-sequestered cardenolides (e.g. calotropin/calactin, frugoside, calotoxin) to
create a steep concentration gradient that supports efficient sequestration. To further
address the hypothesis of cardenolide retention in the midgut lumen of D. plexippus
caterpillars, we conducted MSI experiments with caterpillars raised on A. curassavica
but fed with the cardenolide-free diet O. coeruleum before sampling. Remarkably, even
after several rounds of purging with cardenolide-free plant material, preferentially-
sequestered cardenolides, such as calotropin/calactin, calotoxin, and frugoside were still
located in the interstices between O. coeruleum leaf particles with 2.7 x, 1.1 x, 2.1 x lower
abundance (t-test, p < 0.001 for all comparisons) compared to previous MSI experiments
(Fig. 4). Notably, the dominant A. curassavica leaf cardenolides voruscharin, uscharin
and asclepin were not detected anymore. Thus, we demonstrated that preferentially-
sequestered cardenolides were retained in the gut lumen and were not moving linearly
along with the gut contents. Our MSI data revealed that the spatial distribution of retained
cardenolides resembles the shape of the O. coeruleum leaf particles (Fig. 4a). Therefore,
we propose a mechanism analogous to adsorption chromatography to retain
cardenolides in the gut lumen while the food contents are passing by and are defecated.
Whether the observed selectivity is related to the retention mechanism and/or enzymatic

activities in the gut environment remains an open question.

D. plexippus

Figure 4. AP-SMALDI MSI (25 um step size) of D. plexippus and E. core fed with the non-toxic plant
Oxypetalum coeruleum before sampling. Optical image, RGB overlay and magnified view of transversal (a)
D. plexippus and (b) E. core section. P: O. coeruleum plant material, EP: ectoperitrophic space, PM:
peritrophic matrix, ME: midgut epithelium, T: testis, FB: fat body, I: integument. Both RGB overlay images
and magnified views show calactin/calotropin ([M+K]*, red) at m/z 571.2304, pheophytin a ([M+K]*, green)
at m/z 909.5292 as a chemical marker for plant tissue and PE(36:3) ([M+K]*, blue) at m/z 780.4942 as a
chemical marker for insect tissue.
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In contrast to previous MSI experiments based on caterpillars actively feeding on A.
curassavica before sampling, we did not detect cardenolides in the ectoperitrophic space
and body cavity of D. plexippus caterpillars, thus, suggesting rapid clearance once the
supply from the gut lumen is halted (Fig. 4a). For E. core, we did not detect any
cardenolides after purging the gut lumen overnight with O. coeruleum (Fig. 4b).

We complemented our whole-body MSI with high-resolution AP-SMALDI MSI
experiments (5 um and 10 um step size) of particular regions of interest (e.g. epithelia of
the midgut and integument) for in-depth analysis of the selectivity of sequestration as
well as transportation and storage of cardenolides in D. plexippus (Fig. 5). Despite being
lowly abundant compounds in A. curassavica leaves (Fig. 5a), calotropin/calactin,
frugoside and calotoxin were the most abundant cardenolides in the gut lumen and
integument of monarch caterpillars (Fig. 5a-c). In contrast, the predominant cardenolides
in A. curassavica leaves, uscharidin, asclepin, voruscharin and uscharin did not belong
to the preferentially-sequestered steroid glycosides of the monarch. In particular,
asclepin being 5.8 times more abundant in A. curassavica leaves relative to calotropin
(Fig. 5a), was not sequestered and by utilizing the high spatial resolution (5 um pixel
size) provided by the AP-SMALDI MSI platform, we were able to reveal that asclepin was
exclusively abundant at fringes of ingested A. curassavica leaf material (Fig. 5d).
Considering the high structural similarity to calotropin/calactin (i.e. acetoxy-group (-OAc)
instead of hydroxyl-group (-OH) in the sugar moiety), it seems puzzling that the molecular
mechanism underlying sequestration prohibits the uptake of asclepin. Based on our high-
resolution MSI data, we hypothesized that asclepin was rapidly converted into calactin
and/or calotropin instead of being not sequestered (Fig. 5e). Similar observations
regarding the metabolic conversion of structurally-related cardenolides into
calotropin/calactin by D. plexippus were already made for uscharidin and
voruscharin.'?-'"* Notably, uscharidin occurred at similar concentration (compared to
asclepin) in A. curassavica leaves (Fig. 5a), but was very abundant in the monarch gut
lumen (Figure 5f). Hence, we hypothesized that the conversion rate of asclepin into
calotropin/calactin is significantly higher compared to uscharidin, suggesting a passive
mechanism (e.g. gut pH; similar to the observations for voruscharin) and not an
involvement of enzymes as it was shown for uscharidin.

Previous studies showed that for the thiazolidine-ring containing cardenolide
voruscharin, monarch Na*/K*-ATPases was less than twofold more resistant compared
to non-adapted porcine Na*/K*-ATPases (for other cardenolides, monarch Na*/K*-
ATPases showed 50- to 94-fold higher resistance) and was also not detected in D.
plexippus caterpillar bodies via LC-MS.1""114
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Figure 5. Bulk quantification of cardenolides for A. curassavica leaf and D. plexippus integument and high-
resolution AP-SMALDI MSI (5 pm step size) of a transversal D. plexippus section. (a) HPLC-MS-based
quantification for 10 detected cardenolides in Asclepias curassavica leaf material and D. plexippus
integument. Each bar represents the mean of three biological replicates and error bars indicate standard
deviation. The area under peak (AUP) was normalized to the internal standard (digitoxin). Note that
quantities between leaf material and caterpillar tissue may not be compared in absolute terms since sample
dry masses were different. (b) Optical image of the analyzed region of interest. C: cuticle, EC: epidermal
cells, HL: hemolymph, FB: fat body, ME: midgut epithelium, GL: gut lumen, P: A. curassavica plant material.
(c,d) RGB overlay images showing the spatial distribution of (¢) calactin/calotropin ([M+K]*, red) at m/z
571.2304, (d) asclepin ([M+K]*, red) at m/z 613.2427, and (c,d) pheophytin a ([M+K]*, green) at m/z
909.5290 and PE(36:3) ([M+K]*, blue) at m/z 780.4940. (e) Putative degradation pathway of asclepin in D.
plexippus gut. (f,g) RGB overlay images showing the spatial distribution of (f) uscharidin ((M+K]*, red) at m/z
569.2146, (g) voruscharin ([M+H]*, red) at m/z 590.2770, and (f,g) pheophytin a ([M+K]*, green) at m/z
909.5290 and PE(36:3) ([M+K]*, blue) at m/z 780.4940.
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Consequently, the results were interpreted as an adaption to avoid toxicity. However,
due to the high sensitivity of the employed MSI system, we were able to detect and
visualize low amounts of voruscharin in the gut lumen and epidermal cells of the
integument (Fig. 5g; LC-MS-based quantification revealed 160 x lower concentration
compared to calotropin in the integument). Hence, our data indicated that rapid
degradation of voruscharin in the caterpillar gut results in reduced sequestration and
limited resistance by not exerting selection pressure on monarch Na*/K*-ATPase.

To investigate the role of the midgut epithelium as the transport organ for sequestered
toxins mediating selectivity, we also analyzed the distribution of cardenolides at the
interface gut lumen, midgut epithelium, and hemolymph. We were able to detect
calotropin/calactin with low abundance in the midgut epithelium tissue of transversal
monarch sections (Fig. 6a). To address the molecular transport process in a larger
spatial environment, we also performed high-resolution AP-SMALDI MSI (10 um pixel
size) of longitudinal sections. In line with the previous results, we were able to reveal
calotropin/calactin and other dominant sequestered cardenolides (calotoxin and
frugoside) within the epithelial tissue of the monarch gut (Fig. 6b,c). In contrast, the
cardenolides uzarin and asclepin, which were absent from the body cavity (i.e. not
sequestered), were also not detected within the layer of midgut cells (Figs. 6d and 7b).
For uzarin, metabolism can be ruled out as a factor preventing sequestration due to being
extensively abundant in the gut lumen and being in direct contact with the apical surface
of the midgut epithelium. Hence, our MSI data provided proof that the midgut epithelium
discriminates against individual compounds with molecular size and/or polarity being
important determinants (uzarin had the highest mass out of all detected cardenolides).
To this point, the phenomenon of plant toxin sequestration, involving various chemical
classes, is described for more than 275 insect species.® Yet, the underlying mechanism
of how plant toxins are transported across the insect gut epithelium (i.e. from the gut
lumen into the body cavity) is still largely unknown. Our high-resolution MSI data
revealed a discrete granular pattern of cardenolides in the midgut epithelial tissue
(Fig.6¢), which might indicate a vesicular transport via transcytosis, similar to albumin
uptake in the midgut of the silkworm (Bombyx mori).''® In addition, other secondary plant
metabolites, such as polysaccharides, and flavonoids, as well as primary metabolites
(e.g. guanosine) appeared in the same granular pattern, thus suggesting that vesicular
uptake is a universal mode of uptake for various metabolites (Fig. 7c-f). Micelles, formed
by the aggregation of phospholipids, galactosyl glycerides, long chain fatty acids, and
other amphiphilic and lipophilic compounds, are known to represent the primary

constituents of the non-aqueous phase of the midgut fluid in insect herbivores.'®
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High-resolution AP-SMALDI MSI (5 um step size) of transversal D. plexippus section
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Figure 6. High-resolution AP-SMALDI MSI of the interface gut lumen, midgut epithelium and hemolymph for
transversal and longitudinal D. plexippus sections. (a) Optical image of the analyzed region of interest and
corresponding single ion image for calactin/calotropin ([M+K]*, red) at m/z571.2304. P: A. curassavica plant
material, GL: gut lumen, ME: midgut epithelium, HL: hemolymph. (b) Optical image of the analyzed region
of interest and magnified view (3.5x) of the outlined region in ¢,d. (c,d) RGB overlay images and magnified
view of the outlined region showing the spatial distribution of calactin/calotropin ([M+K]*, red) at m/z
571.2304 in (c), uzarin ([M+K]*, red) at m/z 737.3149 in (d), pheophytin a ([M+K]*, green) at m/z 909.5290
and PE(36:3) ([M+K]*, blue) at m/z780.4940.
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High-resolution AP-SMALDI MSI (10 pm step size) of longitudinal D. plexippus section
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High-resolution AP-SMALDI MSI (10 um step size) of longitudinal E.core section
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Figure 7. High-resolution AP-SMALDI MSI (10 pm step size) of midgut epithelium tissue for longitudinal
D.plexippus and Euploea core section to investigate the transport of cardenolides and other primary- and
secondary metabolites. (a) Optical image of the analyzed region of interest for D. plexippus. GL: gut lumen,
ME: midgut epithelium tissue, HL: hemolymph. (b-f) RGB overlay images showing the spatial distribution for
(b) asclepin ([M+K]*, red) at m/z613.2415, (c) kaempferol-glucopyranoside ([M+Na]*, red) at m/z471.0898,
(d) malvidin-glucoside ([M+Na]*, red) at m/z 515.1160, (e) guanosine ([M+K]*, red) at m/z 322.0548, (f)
disaccharide ([M+K]*, red) at m/z 381.0793. (g) Optical image of the analyzed region of interest for E. core.
(h-j) RGB overlay images showing the spatial distribution for (h) calotropin/calactin ((M+K]*, red) at m/z
571.2305, (i) guanosine ([M+K]*, red) at m/z 322.0547, (j) disaccharide ([M+K]*, red) at m/z 381.0792. For
all RGB images, pheophytin a ((M+K]*, green) at m/z909.5290 and PE(36:3) ([M+K]*, blue) at m/z780.4940
were used to highlight ingested plant tissue and midgut epithelium tissue.
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Previous studies showed that amphiphilic allelochemicals are expected to be absorbed
into micelles in the fluid phase of the insect’s gut.''® Therefore, we hypothesized that the
observed granular distribution was related to micelles, composed of plant lipids and
cardenolides, crossing the midgut epithelium by diffusion — thereby representing the
mode of transport by which cardenolides were sequestered.

We followed the same experimental design for E. core, and found comparable patterns
for various metabolites but remarkably, cardenolides were not detected in the midgut
epithelium (Fig. 7g-j). Therefore, it is unclear, how caterpillars of E. core discriminated
against the uptake of cardenolides while apparently taking up other metabolites in a
similar fashion compared to D. plexippus. The peritrophic membrane (i.e. semi-
permeable, non-cellular structure surrounding the food bolus) of grasshoppers prevents
the uptake of micelles containing various plant toxins (including the cardenolide digitoxin)
by ultrafiltration.'"® However, our MSI data showed that cardenolides were able to cross
the peritrophic membrane and were in close contact with the midgut epithelium.
Therefore, our study suggests that degradation of cardenolides in the fluid-phase of the

gut prevents the sequestration of cardenolides in E. core.
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Molecular Networking and On-Tissue Chemical Derivatization for Enhanced
Identification and Visualization of Steroid Glycosides by MALDI Mass
Spectrometry Imaging (Publication 2)

First, we utilized non-targeted LC-MS? experiments of A. curassavica leaf extracts to
acquire an ‘in-house’ metabolomic database of the host plant (Fig. 8a). However,
molecular identification and elucidation of chemical structures is generally restricted to
compounds for which mass spectrometric reference data are archived in spectral
databases (e.g. commercially available chemicals). Thus, the metabolomics-related
aspects of our workflow are built in state-of-the-art molecular networking tools as well as
in silico molecular characterization methods based on machine learning and deep
learning. We performed feature-based molecular networking (FBMN) from the GNPS
ecosystem to push the boundaries of database search. The underlying idea of molecular
networking utilizes spectral similarity to group metabolites with the implicit assumption
that similar molecular structures will generate similar MS? fragmentation spectra. Thus,
spectral library annotations can be propagated throughout the molecular network and
facilitate structural elucidation of unknown chemical compounds. In total, our FBMN
results for A. curassavica consisted of 1175 mass spectral nodes (MS? spectra), which
were organized into 89 independent molecular families (Fig. 8b). By utilizing 145 spectral
library hits, we were able to classify the corresponding molecular networks, such as fatty
acids, phosphatidylcholines, sphingomyelins, flavonoid glycosides, carotenoids,
polysaccharides and cardiac glycosides, which are potent inhibitors for Na+/K+-ATPase,
a cation carrier ubiquitously expressed in animal cells. Figure 8c shows the enlarged
steroidal glycoside molecular networks with the node size proportionally representing the
LC-MS feature abundance (i.e. peak area) and increased edge thickness correlating to
higher spectral similarity. In addition, our Al-driven molecular characterization approach
classified 12 additional nodes (MS? spectra) as cardiac glycosides, which were not part
of the molecular networks due to different fragments in the MS? spectra. In total, 32
different cardiac glycosides were identified based on eight GNPS spectral library hits
(red nodes) and 24 in-silico annotations (grey nodes), which were evaluated by analysing
the respective fragmentation spectra. Compared to most recent studies regarding
steroidal glycoside composition in A. curassavica, we, therefore, found 20 additional
cardiac glycosides that were also absent from mass spectral libraries. Computational
substructure predictions facilitated detailed structural characterization — thereby
revealing structural diversity along cardiac glycosides in A. curassavica. Besides
digitoxin and two derivatives, all cardiac glycosides were 19-oxosteroids with either an

aldehyde or hydroxyl group at C19.
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Figure 8. Feature-based molecular networking and Al-driven molecular classification, substructure
prediction and annotation of cardiac glycosides in A. curassavica. (a) Overview of the workflow for
generating an ‘in-house’ metabolomic database. (b) Comprehensive FBMN results consisting of 1175 mass
spectral nodes, that were organized into 89 independent molecular families. In total, 145 spectral library hits
(red nodes) were obtained allowing to classify the corresponding molecular networks. For instance, the
molecular networks | to Ill (MN I-lll) were composed of fatty acids, phosphatidylcholines (PC),
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sphingomyelins (SM) and arachidonoylthio-PCs; MN IV contains flavonoid glycosides, MN V contains
phosphatidylethanolamines (PE), MN VI contains carotenoids, MN VII contains cardiac glycosides, MN VIII
contains flavonoids, MN IX contains polysaccharides and MN X contains isoflavonoids. (¢) Magnified view
of the molecular networks related to cardiac glycosides. Node size proportionally represents the LC-MS
feature abundance (peak area) and increased edge thickness corresponds to higher cosine similarity (0.7
to 1.0). Al-driven molecular classification and compound annotation was utilized to discover additional
steroid glycosides that were not part of the original molecular network. In total, 32 different cardiac glycosides
were identified based on 8 GNPS spectral library hits (red nodes) and 24 in silico annotations (grey nodes).

In addition, we determined differences regarding the linkage between the glycoside unit
and the steroidal-backbone, which either consisted of ether-bond linkage or 1,4-dioxane
linkage. Furthermore, the highlighted spectral library annotations in Figure 8c
demonstrate different chemical subgroups (e.g. thiazolidine-/thiazoline-, acetyloxy- and
hydroxy-/ketone-group) in the glycoside unit. In contrast to classical molecular
networking, the feature-based molecular networking workflow (including pre-processing
of chromatographic features) resolved structural isomers for m/z 533.2741, m/z
549.2693 and m/z 591.2803 and enables quantitative analysis, thus, showing that
asclepin, acetoxyasclepin, uscharidin and voruscharin are the most abundant cardiac
glycosides in A. curassavica (Fig. 8c).

Next, we used our metabolomic ‘in-house’ database to guide the spatial characterization
of metabolic networks related to cardiac glycoside sequestration in D. plexippus.
However, previous studies showed that a broad range of metabolite classes, including
steroids®285, show low intrinsic ionization efficiencies in MSI experiments, thus restricting
the spatial characterization of metabolic networks in the context of tissues and cells.
Thus, sensitivity is a significant barrier in spatial metabolomics research, in particular for
high-resolution MSI experiments (i.e. decreasing amount of ablated material for smaller
spot sizes). Therefore, we developed an ultrafine OTCD method using Girard’s reagent
T (GirT) to selectively increase the ion yield for steroidal glycosides. Importantly, OTCD
methods have to overcome several challenges including incomplete derivatization,
interferences due to excess of derivatization reagents and analyte delocalization caused
by additional spraying- and incubation steps. Hence, we optimized the sample
preparation protocol to achieve high sensitivity for derivatized molecular species at (sub)-
cellular resolution. In summary, the solvent composition of methanol/water (7:3) v/v
enabled high GirT reagent concentration (15 mg/mL), which subsequently allowed a low
spray volume (35 pL), preventing analyte delocalization. Between OTCD and matrix
application, the sample tissue was transferred into a desiccator for two hours at room
temperature to increase reaction yield (Fig. 9a) and to prevent spatial artefacts due to
hydroscopic properties of the GirT reagent. Any further incubation step that included
increased humidity and temperature resulted in analyte delocalization and wash-out
effects and was thus avoided (Fig. 9b).
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Figure 9. Method development for high-resolution OTCD MALDI MSI of steroid glycosides. (a) Dried-
droplet MALDI MSI experiments of two derivatized cardiac glycoside standards (calotropin and calotoxin). A
volume of 1 L cardiac glycoside standard was spotted into reaction holes of a PTFE-coated glass slide.
Subsequently, 1 uL of GirT-reagent (15 mg/mL) was added. After specific time intervals, the reaction was
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quenched by adding 1 pL of DHB-matrix solution (30 mg/mL). The highest reaction yield was obtained after
120 minutes of incubation. After 8 hours, uscharidin was detected for the calotropin standard measurement,
indicating oxidation of the respective species. Note that all reaction holes were measured simultaneously
after the longest incubation time interval (8 hours). Thus, our data suggests that the chemical reaction is
successfully quenched by adding the DHB matrix solution, which subsequently provides chemical
preservation and inhibits the oxidation of derivatized cardiac glycosides (see time incubation intervals of <
2 hours). (b) OTCD MALDI MSI of derivatized cardiac glycosides in D. plexippus. After GirT-reagent
application (10 mg/ml in MeOH/water 7:3 v/v, 50 pL spray volume, 10 pyL/min flowrate), the sample was
incubated in a cell culture incubator (38°C, 100% relative humidity) for 2 hours. Optical image of transversal
D. plexippus section before OTCD and matrix application and the corresponding RGB overlay image
obtained with 25 pm step size shows the spatial distribution of calotropin/calactin in red ((M+GirT]* at m/z
646.3699), pheophytin a ((M+K]* at m/z909.5291) in green and PS(18:1/18:2) ([M+K]* at m/z 810.5046) in
blue. The extensive and leaked-out cardiac glycoside distribution at the integument indicates wash-out
effects and analyte delocalization. (c¢) Optical images of longitudinal D. plexippus section (a) after OTCD
and (b) after OTCD and matrix application. The optimized sample preparation protocol for OTCD (15 mg/ml
GirT in MeOH/water 7:3 v/v, 35 pL spray volume, 7 pL/min flowrate) and matrix application (30 mg/ml DHB
in MeOH/water 1:1 v/v, 100 uL spray volume, 5 pL/min flowrate) provides a homogenous matrix layer with
crystal sizes of < 10 um, which is demonstrated for different surface characteristics including integument (1)
plant material (P), gut lumen (GL) and gut epithelium (GE).

Using an ultrafine pneumatic spraying protocol for DHB as the MALDI matrix with
methanol/water (1:1) v/v as solvent showed excellent results regarding homogenous
matrix crystallization (crystal sizes < 10 um) for different surface characteristics of D.
plexippus tissue sections, including fat tissue, digested plant material and integument
(Fig.9c).

The applied workflow for OTCD MALDI MSI of cardiac glycosides for longitudinal D.
plexippus sections is depicted in Figure 10a. As previously determined in the process of
structural elucidation, the majority of detected cardiac glycosides are 19-oxosteroids
having an aldehyde function at C19. Girard’s reagent T is a quaternary ammonium salt
that reacts with carbonyl-functions, resulting in hydrazine formation (Fig.10b).
Subsequently, the derivatized analyte of interest contains a positively charged
trimethylamine, which facilitates MSI analysis by increasing the ion yield and, thus, the
sensitivity. To analyze and demonstrate the ion signal boost in detail, we also performed
MSI experiments without OTCD, but with identical experimental parameters of the
adjacent section. Figure 10c displays the optical images of the analyzed area consisting
of gut lumen (GL) that contains A. curassavica plant material, surrounded by the gut
epithelium (GE), fat tissue (FT), and integument (l). The corresponding MSI results for
three selected ion signals are shown in red-green-blue (RGB) overlay images obtained
with 25 um step size. The toxic cardiac glycosides isomers calotropin and calactin are
shown in red ([M+K]* for control, [M+GirT]* for OTCD). The green color channel
highlights pheophytin a ([M+K]*), which is characterized as a chlorophyll A molecule
without the central Mg?* cation and is serving as a marker for plant material in the gut
lumen. The spatial distribution of PS(36:3) ([M+K]*) is shown in blue to highlight the gut
epithelium and fat body tissue of the caterpillar. For OTCD, no additional adducts
(H*,Na*,K*) of cardiac glycosides were detected and derivatized ions were exclusively
detected as GirT-carrying ions. Both RGB images are normalized to the same intensity
scale to demonstrate that the average signal intensity of calotropin/calactin ([M+GirT]*)
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was increased by 16-fold relative to the [M+K]+ adduct, which was the dominant adduct

for the control MSI experiment.
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Figure 10. High-resolution OTCD MALDI MSI of cardiac glycosides in longitudinal D. plexippus
sections. (a) Overview of the workflow for OTCD MALDI MSI (b) Schematic of the reaction between
calotropin/calactin and GirT reagent. (¢) Optical images of the analysed area showing the analysed area for
conventional MALDI (left) and OTCD MALDI MSI (right). The corresponding RGB overlay images are
normalized to the same intensity scale and show the spatial distribution of calotropin/calactin in red as [M+K]*
at m/z571.2306) for control (left) and [M+GirT]* at m/z 646.3699 for OTCD (right), pheophytin a as [M+K]*
at m/z 909.5291) in green and PS(36:3) as [M+K]+ at m/z 810.5046) in blue. (d) Magnified view for the
integument area of the OTCD experiment highlighting the accumulation of the toxin in the epithelial cells of
the integument. Corresponding OTCD MALDI MS? spectrum of calotropin/calactin as [M+GirT]* at m/z
646.3699) acquired from a single pixel at the D. plexippus integument. Six characteristic fragments are

highlighted.
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Consequently, OTCD MALDI MSI lowered the limit of detection for calotropin/calactin
and increased the pixel coverage to 58% (14% for control). Therefore, OTCD MALDI
MSI significantly improved the extracted biological information and vividly revealed that
cardiac glycosides are extracted from the ingested plant material, absorbed into the gut
epithelium and stored in the integument of the caterpillar. Importantly, derivatized cardiac
glycosides preserved their spatial integrity, thus, allowing us to spatially resolve the fine
distribution of the accumulated toxin in the single layer of epithelial cells in the integument
(Fig. 10d). The enhanced ion signal intensities also enabled in situ identification of
chemically derivatized cardiac glycosides via on-tissue single pixel MALDI MS? (Fig.
10d). By utilizing our ‘in-house’ metabolomic database, we annotated and visualized the
spatial distribution for 19 derivatized cardiac glycosides — thus, demonstrating that our
LC-MS-based molecular networking/Al-classification approach successfully guided and
facilitated the spatial molecular characterization using MALDI MSI. The majority of
cardiac glycosides are taken up and stored in the integument of the caterpillar (Fig. 11a-
e). However, asclepin and hydroxyasclepin, which belong to the most abundant steroid
glycosides in A. curassavica host plants, were not sequestered and instead were
exclusively found in the gut lumen (Fig.11f,g). Thus, by utilizing OTCD MALDI MSI, we
were able to comprehensively analyze cardiac glycoside distributions in D. plexippus,
thereby demonstrating that small incremental changes in the chemical structure directly
correlate to the selectivity of the underlying uptake- and transport mechanism.

hydroxy- hydroxy-
uscharidin uscharidin gofrugoside calotoxin calotropagenin asclepin asclepin

Figure 11. OTCD MALDI MSI for cardiac glycosides that were annotated based on the ‘in-house’
metabolomic database. RGB overlay images showing additional derivatized cardiac glycosides in red. (a)
uscharidin ([M+GirT]*, m/z 644.3541), (b) hydroxyuscharidin ([M+GirT]*, m/z 660.3489), (c) gofrugoside
(IM+GirT]*, m/z 648.3828), (d) calotoxin/hydroxycalactin/hydroxycalotropin ([M+GirT]*, m/z 662.3648), (e)
calotropagenin ([M+GirT]*, m/z 518.3233), (f) asclepin ([M+GirT]*, m/z 688.3806), (g) hydroxyasclepin
([M+GirT]*, m/z704.3756). Scale bars, 1 mm.

To reveal specific molecular events and transport processes involved in cardiac
glycoside sequestration, the spatially-resolved analysis has to approach (sub)-cellular
resolution. However, using a smaller on-tissue laser focus diameter substantially
decreases the ablated tissue volume, thus resulting in reduced ion numbers. Utilizing
laser-induced post-ionization (MALDI-2) has been shown to enhance ion yields
predominantly for lipids and various metabolite classes by several orders of magnitude

over those of the used non-post-ionizing instrumentation. Yet, this approach requires
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additional instrumentation, and no commercial instrument allows MALDI-2 MSI
experiments performed with <5 ym step size. Therefore, our ultrafine OTCD MALDI MSI
method serves as a powerful alternative for visualizing (sub)-cellular metabolite
distributions by selectively increasing the ion yield and preserving spatial fidelity. We
conducted OTCD MALDI MSI experiments with 5 um step size of Malpighian tubules,
which are multifunctional tissues involved in osmoregulation, renal excretion and the
elimination of xenobiotics and metabolic waste from the hemolymph (i.e. body fluid of
the caterpillar).'”

Figure 12. OTCD MALDI MSI of derivatized cardiac glycosides, nucleotides and lipids at sub-cellular
resolution in Malpighian tubules of D. plexippus. (a) Simplified schematic showing the morphology of D.
plexippus malpighian tubules. The principal cells fold upon itself to form a tubule lumen. PrC: principal cell;
PN: principal cell nucleus; TL: tubule lumen. (b) Optical image of H&E-stained Malpighian tubules after MSI
analysis. (¢) Corresponding green-blue overlay image obtained with 5 pm step size showing the spatial
distribution of thymidine 3',5’-hydrogen phosphate ([M+K]*, m/z 343.0092, green) in the tubule lumen and
GlcCer(47:5;02) ([M+H]*, m/z 874.7130, blue) in the principal cell of the tubule. (d) Magnifications of the
highlighted areas displaying the morphology for transverse-sectioned Malpighian tubules and their
corresponding red-green overlay images obtained with 5 um step size, showing the spatial distribution of
calotropin/calactin ([M+GirT]*, m/z 646.3699, red) and thymidine 3’,5’-hydrogen phosphate ([M+K]*, m/z
343.0092, green). Scale bars, (¢) 100 um, (d) 25 pm.
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Malpighian tubules consist of several principal cells (PrC) that fold upon itself to form a
tubule lumen (TL) (Fig. 12a). The optical image of H&E-stained Malpighian tubules after
MSI analysis is displayed in Figure 12b. The morphology of transverse-sectioned
tubules can be reproduced by the OTCD MALDI MSI green-blue overlay image, showing
the spatial distribution of thymidine 3’,5’-hydrogen phosphate ([M+K]* at m/z 343.0092)
in green and GlcCer(47:5) ((M+H]* at m/z 874.7130) in blue (Fig. 12¢). The nucleotide
derivative was primarily located in the tubule lumen and the surrounding tissue, whereas
a broad variety of lipids from different lipid classes (e.g. PC, PE, PI, SM) were exclusively
detected in the principal cells. Figure 12d displays detailed OTCD MALDI MSI results
for individual Malpighian tubules (highlighted in Fig. 12b) with the red color channel
showing the spatial distribution of derivatized calotropin/calactin ([M+GirT]* at m/z
646.3699). Interestingly, the cardiac glycoside was exclusively detected in the principal
cells and not in the lumen of the tubules. However, the osmotic gradient in the Malpighian
tubules causes water-soluble xenobiotics and metabolic waste from the hemolymph to
diffuse. Therefore, our data suggests that cardiac glycosides are not part of the excretion
pathways and instead are actively transported back to the hemolymph, which
subsequently allows accumulation in the integument.

We next analyzed different physiological layers regarding cardiac glycoside uptake with
2 um step size (Fig. 13). The analyzed region of interest consisted of the gut lumen (GL),
peritrophic membrane (PM), ectoperitrophic space (EP), gut epithelium (GE) fat body
(FB) and hemolymph (HL) (Fig. 13a). To highlight the fat body and gut epithelium, we
utilized the lipid [PE(44:1)+H]* at m/z 858.6927, shown in green. Depicted in blue, we
also found various sphingomyelin species (e.g. SM(29:5;05)) showing specific lipid
microdomains, which would most likely remain hidden with higher step sizes. In line with
our previous MSI experiments, our data demonstrates that the majority of cardiac
glycosides are sequestered (Fig. 13b), whereas dominant plant toxins, such as
hydroxyasclepin are not taken up by the caterpillar (Fig. 13c). However, utilizing 2 pm
step size, we were able to spatially-resolve the ectoperitrophic space (i.e. space between
the peritrophic membrane and gut epithelium) to demonstrate that the peritrophic
membrane, which was shown to restrict cardiac glycosides to the gut lumen of locusts'®,
has no function regarding selectivity of cardiac glycosides in D. plexippus. In contrast to
conventional MALDI MSI experiments, we were able to visualize sequestered cardiac
glycosides in the fat body with increased accumulation in the outer layer of fat tissue
(Fig. 13d,e). This observation was not made for other derivatized metabolites that have
different chemical origin but similar polarities (Fig. 13f), thus, suggesting that these
specific patterns along with other (sub)-cellular cardiac glycoside distributions were not

caused by analyte delocalization during sample preparation.
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No sequestration

futalosine derivative

Figure 13. OTCD MALDI MSI of derivatized metabolites and lipids at (sub)-cellular resolution to
analyze cardiac glycoside uptake in D. plexippus. (a) Optical image of the region of interest showing the
hemolymph (HL), fat body (FB), gut epithelium (GE), ectoperitrophic space (EP), peritrophic membrane (PM)
and gut lumen (GL). (b,c) Corresponding RGB overlay images obtained with 2 um step size showing the
spatial distribution of calotropin/calactin ([M+GirT]*, m/z 646.3699, red) for (b), hydroxyasclepin ([M+GirT]*,
m/z 704.3754, red) for (c) and PE(44:1) ([M+H]*, m/z 858.6927, green) and SM(29:5;05) ([M+Nal*, m/z
695.3991, blue) for (b,c). (d) Single ion images for the chemical compounds shown in the RGB overlay. (e,f)
Red-green overlay images showing the spatial distribution for the derivatized isomers
calotoxin/hydroxycalotropin/hydroxycalactin ((M+GirT]*, m/z 662.3648) and calotropagenin ([M+GirT]*, m/z
518.3233) in red and dehypoxanthine futalosine ((M+GirT]+, m/z 411.1986) in red; PE(46:3) ((M+H]*, m/z
882.6922) in green. In contrast to cardiac glycosides, the derivatized futalosine species is not accumulated
in the outer layer of the fat body tissue of the caterpillar. Scale bars, (b-d) 60 um, (e,f) 70 um.
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1.4 Conclusion

Our spatially-resolved metabolomics approach exhibited diverging strategies regarding
cardenolide processing in D. plexippus and E. core. By utilizing recent developments of
the AP-SMALDI MSI technology, we revealed cardenolide distributions at
unprecedented detail to provide novel insight into the selectivity and the mechanism of
cardenolide sequestration. However, we encountered low intrinsic ionization efficiencies
for cardenolides (i.e. steroid glycosides) and the absence of repository-scaled databases
hindered comprehensive analysis of the complex metabolic network underlying
cardenolide sequestration. We therefore combined LC-MS-based computational
metabolome mining with sophisticated on-tissue chemistry MALDI MSI in a robust
workflow to comprehensively explore and reveal spatial metabolomes at the cellular
level. Our ‘in-house’ metabolomic database included 32 different cardiac glycosides. To
the best of our knowledge, this is the highest number of detected cardiac glycosides for
this milkweed species. Hence, we demonstrated the enormous potential of
computational metabolomic approaches to decompose metabolic networks into
molecular annotations and to successfully guide subsequent MSI analysis. To enhance
MSI, we developed a spatial-context-preserving OTCD MSI method, enabling the
visualization of previously inaccessible (sub)-cellular cardenolide distributions in various
tissues of D. plexippus. Although primarily described here for carbonyl-containing steroid
glycosides, many functional groups, such as phenols, thiols, amines, carboxylic acids,
phosphate monoesters and alkenes can be targeted with different OTCD reagents to
achieve increased ion yields and to force specific fragmentation patterns. Hence, our
generic workflow represents a customizable method that can be applied to a wide range
of spatially-resolved small molecule studies. Collectively, this thesis reports vital
conceptual and methodological advances for applying MSI to investigate spatial
biochemistry in insects and other complex tissues — thereby paving the way for a plethora
of innovative applications, ranging from pharmacokinetic analysis of xenobiotics (e.g.
insecticides) to other insect-plant or host-parasite interactions.

1.5 Future Work

Spatially-resolved isotope tracing allows to reveal the spatial organization of metabolic
activities in tissues.'® For our experimental design, integrating the spatially-resolved
analysis of isotope-labeled cardenolides into the MSI workflow can provide detailed
information regarding metabolic activities (e.g. reduced abundance of asclepin in the gut
lumen) in monarch caterpillars. For E. core, this approach allows to elucidate molecular
mechanisms of cardenolide detoxification in qualitative and quantitative fashion by

determining degraded molecular products in the gut lumen of the caterpillar. In this
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context, open-source software packages to analyze spectral variations of isotopic
patterns based on MSI data were recently described.''®

Developing a new acquisition mode for AP-SMALDI MSI, which enables MSI analysis to
be performed in parallel with data-dependent acquisition (DDA) MS2 would deliver deep
molecular information for every pixel. Advanced data pre-processing tools, such as
MZmine 3'"° already enable multimodal feature detection for DDA MS2 data. Therefore,
feature-based molecular networking combined with Al-driven chemical classification and
-annotation can be integrated into MSI workflows to significantly increase the analytical
depth while retaining spatial information.

In this context, our OTCD method selectively increased the sensitivity and enabled the
acquisition of high-quality on-tissue MALDI MS? spectra for toxic steroid glycosides
based on individual 25 pm? pixels. Thus, OTCD may facilitate these in situ molecular
networking approaches (that rely on spectral similarity) not only by acquiring more MS?
spectra of high quality, but also due to forcing specific fragmentation pathways that are
characteristic for derivatized analytes of interest.

In conclusion, the additional work described above not only allows further interrogation
of the complex biochemistry underlying plant toxin sequestration, but will also allow
molecular identification solely based on MSI data for generating region-specific
metabolomic atlases — therefore pushing MSI-based spatial metabolomics closer to the
dimension of large-scale, shotgun-based omics approaches.
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1 | INTRODUCTION

As a product of reciprocal coevolution, plants possess a plethora of
defences against herbivorous insects and other antagonists. These
traits include the production of toxic secondary piant metabolites,

This is an open access article under the terms of the Creative C Attribution-NonC:

Abstract

Although being famous for sequestering milkweed cardenolides, the mechanism of se-
questration and where cardenolides are localized in caterpillars of the monarch butter-
fly (Danaus plexippus, Lepidoptera: Danaini) is still unknown. While monarchs tolerate
cardenolides by a resistant Na*/K*-ATPase, it is unclear how closely related species such
as the nonsequestering common crow butterfly (Euploea core, Lepidoptera: Danaini)
cope with these toxins, Using novel atmospheric-pressure scanning microprobe matrix-
assisted laser/desorption ionization mass spectrometry imaging, we compared the
distribution of cardenolides in caterpillars of D. plexippus and E. core. Specifically, we
tested at which physiological scale quantitative differences between both species are
mediated and how cardenolides distribute across body tissues. Whereas D. plexippus
sequestered most cardenolides from milkweed (Asclepias curassavica), no cardenolides
were found in the tissues of E. core. Remarkably, quantitative differences already mani-
fest in the gut lumen: while monarchs retain and accumulate cardenolides above plant
concentrations, the toxins are degraded in the gut lumen of crows. We visualized card-
enolide transport over the monarch midgut epithelium and identified integument cells
as the final site of storage where defences might be perceived by predators. Our study
provides molecular insight into cardenolide sequestration and highlights the great po-
tential of mass spectrometry imaging for understanding the kinetics of multiple com-
pounds including endogenous metabolites, plant toxins, or insecticides in insects,

KEYWORDS

[ Danaus
metabolomics

MALDI mass spectrometry imaging, sequestration, spatial

which protect plants by poisoning or deterring herbivores directly
(Dussourd & Hoyle, 2000; Narberhaus et al,, 2005), impair their
growth and development (Ayres et al., 1997; Cresswell et al,, 1992),
or lower the digestibility of the piant diet (Fraenkel, 1959; Koiwa
et al., 1997). Remarkably, many insects are not only able to cope
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with a toxic diet, but also sequester (i.e., accumulate and store) plant
toxins in their body tissues to defend themselves against predators
and parasitoids (Beran & Petschenka, 2022; Duffey, 1980; Opitz &
Milller, 2009). Although idespread ph

non among herbivorous insects including several important pests
(Beran et al., 2014; Kazana et al., 2007; Robert et al., 2017; Yang
etal., 2021), the underlying physiological mechanisms and especially
the transport of toxins across the gut epithelium or the spatial dis-
tribution of plant toxins within insect bodies are largely unk

ation is a

based on their molecular masses. MALDI MSI allows for the simulta-
neous and semi-quantitative mapping of hundreds of molecules (e.g.,
metabolites, lipids, proteins) in tissues and cells, Data are acquired
by a laser beam scanning across a matrix-covered tissue section, re-
leasing ionized molecules for subsequent mass spectrometry anal-
ysis while also recording their spatial information (Spengler, 2015).
By converting spatial signals of selected molecular masses into co-
loured pixels, images are generated displaying the distribution of

ds of interest. In addition, colour intensities correlate with

The monarch butterfly (Danaus plexippus) Is an import-
ant model for insect-plant coevolution (Agrawal et al, 2021;
Karageorgi et al, 2019; Petschenka & Agrawal, 2015) and is fa-
mous for the sequestration of toxic cardenolides from its host
plant milkweed (Asclepias spp., Apocynaceae; Brower et al., 1968;
Frick & Wink, 1995; Parsons, 1965; Von Reichstein et al., 1968).
Cardenolides are potent inhibitors of Na'/K'-ATPase (Agrawal
et al, 2012; Schatzmann, 1953), an essential cation carrier ubig-
uitously expressed in animal cells. Remarkably, monarch larvae
sequester these toxins in high amounts as a defence against preda-
tors and can tolerate them by means of a modified Na*/K"-ATPase,
carrying a few amino acid substitutions in the cardenolide binding
site of the enzyme (Dobler et al., 2012; Holzinger & Wink, 1996;
Vaughan & Jungreis, 1977).

Despite feeding on cardenolide producing plants as well, the
closely-related milkweed butterfly Euploea core (the common crow
butterfly) possesses a nonresistant Na*/K*-ATPase and does not

cardenolides (Mal & Rothschild, 1983; Petschenka &
Agrawal, 2015), Although it is not yet understood how caterpillars of
E. core cope with dietary cardenolides, tolerance is potentially medi-
ated on the level of the caterpillars' gut and may involve degradati

the local abundance of a molecule.

Among MALDI MSI instr ion
scanning-microprobe matrix-assisted laser desorption/ionization
(AP-SMALDI) MSI is ane of the most advanced technologies re-
garding spatial resolution and sensitivity and therefare is of special
interest for the spatial metabolomic characterization of complex
molecular systems in the fields of chemistry, biology and medicine
(Koestler et al,, 2008; Kompauer et al., 2017a, 2017b; Spengler
etal., 1994; Spengler & Hubert, 2002). For example, metabolite, lipid
and peptide distributions were successfully visualized with spatial
resolutions of up to Sum on various biological surfaces and within
native organisms, thereby linking molecular structures to biological
functions and origins (Geier et al,, 2020, 2021; Iwama et al., 2021;
Kadesch et al,, 2019; Kadesch, Hollubarsch, et al,, 2020; Kadesch,
Quack, et al,, 2020; Kompauer et al,, 2017b).

In contrast to vact ionization MSI hods such as con-
ventional MALDI and secondary ion mass spectrometry (SIMS),
AP-SMALDI MSI allows experiments to be performed under near-
physiological conditions (i.e., physiological temperature and pres-
sure), Therefore, AP-SMALDI MSI overcomes vacuum-induced
sample d loss of volatile compounds and does not require

heark
1eric-pressu

of the compounds (Petschenka & Agrawal, 2015) or epithelial barri-
ers (Dobler et al., 2015).

Cardenolides consist of a 23-carbon four-ring steroid skeleton
bearing a five-membered lactone ring bound to C17 and are fre-
quently attached to a sugar moiety. Approximately 200 cardeno-
lides are known from various milkweed species (Zist et al., 2019),
and 21 different cardenolides were identified in Asclepias curassavica
{Zhang et al., 2014), one of the two most important host plants of
the monarch butterfly (Agrawal et al., 2021). Although sequestration
in monarch butterflies was already described in the 1960s (Brower
et al,, 1968; von Reichstein et al., 1968), it is still largely unknown
how seq ion is mediated h ically and where cardeno-
lides are localized in the caterpillar body. However, a comprehen-
sive view on the spatial distribution and abundance of cardenolides
across caterpillar body tissues is a prerequisite to understand the
molecular mechani of seq ration and the function of stored
defences in ecological interactions with predators and parasitoids.
Along these lines, comparisons to closely related but nonsequester-
ing species such as E. core, are mandatory to reveal specific adapta-
tions related to cardenolide sequestration in the monarch butterfly.

A promising approach to analyse the distribution of plant tox-
ins in insects is matrix-assisted laser desorption/ionization mass
spectrometry imaging (MALDI MSI), a method visualizing molecules

sample fixation and/or sample drying. The most recent instrumental
approach in AP-SMALDI MS| eliminates height-related measurement
artefacts by utilizing laser triangulation for pixel-wise autofocusing
(Kompauer et al., 2017b), thereby enabling the spatially-resolved
molecular analysis of delicate and nonplanar sample surfaces, such
as the fragile epithelium of the caterpillar integument and heteroge-
neous tissue types of insects. To this date, the experimental bottle-
necks described above had limited the application of high-resolution
MSI in the field of insect research (Yang et al., 2020).

Taking advantage of recent AP-SMALDI MSI developments, we
here set out to study the distribution of ingested and sequestered
cardenolides within their native, spatial context in caterpillars of D.
plexippus and E. core. Using a comparative approach involving cater-
pillars of both species raised on the same species of milkweed, we
tested on which physiological scale the differences in toxin distribu-
tion are mediated. Since both caterpillar species are closely related,
can be raised on the same host plant, and can cope with the same
class of plant toxins (i.e.. cardenolides) while p ing diverging
ecological strategies | q ing), they rep-
resent a suitable framework to test mechanistic hypothesis about
sequestration,

We followed an MSi-based spatial metabolomics approach to
study the fate of 10 cardenolides in tissue sections of bath species

ing vs. r

] A0S K301, T | AT AQ LT RAGO-SEL LT LT 0D S e adisy sy papeeplaeg) B ey |

Aoy

) e ) ) 305

P w0} 2N SyFEN|dde M) G POBIAST 2aw DI V() D Jo Dy 3y Suagry Jeg £y



Chapter Il

N
\l

DREISBACH £1 AL

JLECULAR ECOLOGY

at high lateral resolution, thus providing novel molecular insight

into the process of ¢ ation in D. and
cardenolide tolerance in E. core. We visualized the chlorophyll de-
rivative pheophytin as a marker for plant material (green), an animal

hospholipid {phosphatidylethanolamine; blue) as a marker for ani-

mal tissue, and various cardenolides of interest (red). In contrast to

previous work on cardenolide sequestration in monarch caterpillars
that relied on the extraction of whole individuals or dissected body
parts, our approach preserves spatial information and revealed the
distribution of individual cardenolides in unprecedent detail across
different tissues involved in the process of sequestration, such as
the midgut epithelium and the caterpillar integument. We found
that, while cardenolides are degraded in the gut lumen of E. core
caterpillars, they accumulate in the gut lumen of monarch caterpil-
lars representing a novel mechanism of processing plant toxins in
herbivorous insects.

Besides providing insight into the process of sequestration in the
monarch butterfly and revealing mechanistic differences between
two closely related caterpillars coping with the same class of plant
toxins but having divergent ecological strategies, our study high-
lights the potential of high-resolution AP-SMALDI MSl emergingasa
powerful platform for researchers to in situ visualize the distribution
and kinetics of metabolites in the spatial context of insect tissues
and cells, with applications ranging from chemically-mediated plant-
insect interactions to insecticide research,

2 | MATERIALS AND METHODS
2.1 | General experimental design

Our spatial metabolomics approach to study cardenclide seques-
tration in D. plexippus and E. core consisted of three major steps.
First, we performed whole-body MSI (20um to 45 um pixel size) of

se- and longitudinal caterpillar tissue sections to obtain a
comprehensive overview of cardenolide distributions in both spe-
cies. Guided by this overview, we selected particular regions of in-
terest for in-depth analysis of cardenolide composition, transport,
and storage and carried out high-resolution MS| experiments (5-
10pum pixel size) of these areas using adjacent histological sections.
To facilitate and confirm the interpretation of our MS| data (e.g.,
selectivity of sequestration by comparing cardenolide concentra-
tion profiles in the host plant and insects), we conducted comple-
mentary HPLC-MS/MS and HPLC-DAD experiments for structural
identification and absolute quantification of cardenolides in various
caterpillar- and plant tissues.

2.2 | Chemicals, plants and insects

If not stated otherwise, all chemicals were purchased from Sigma-
Aldrich. Colonies of D. plexippus (origin Portugal) and E. core (origin
Southeast Asia) were maintained in cages in a g h under

ambient conditions, Caterpillars from both species were raised on
potted A. curassavica plants (grown from seeds of commercial origin),
grown in the same greenhouse and watered, fertilized and pruned as
needed. For MS| experiments, actively feeding final-instar larvae of
D. plexippus and E. core were directly collected from the plants and
stored at ~80°C for no longer than 2weeks until sample preparation.
For regional gut dissection experiments, caterpillars of E. core were
raised in the greenhouse as well, while caterpillars of D. plexippus
were raised in a climate chamber (Fitotron SGC 120, Weiss Technik)
at 26°C (day) and 22°C (night) under a 16:8 hday/night cycle at 60%
humidity. Caterpillars for these experiments were raised on indi-
vidual plants and leaf samples from each plant were taken for card-
enolide quantification.

To test the hypothesis of cardenolide retention, we performed
feeding experiments with cardenolide-free plants. Monarch cater-
pillars (harvested from A. curassavica plants in the greenhouse) were
fed with the cardenclide-free Apocynaceae Oxypetalum coeruleum
(Warashina & Shirota, 2021) for 3h before sampling. In a preliminary
trial, we fed flowers of A. curassavica (red and yellow) to a last-instar
caterpillar of D. plexippus under ambient conditions and coloured
faecal pellets observed after 1h indicated a full gut passage. Since
caterpillar feeding activity on O. coeruleum was reduced compared
to A. curassavica, three additional D. plexippus caterpillars of similar
size were allowed to feed on O. coeruleum for 3h under the same
conditions. Caterpillars of E. core were quite hesitant to feed on O.
coeruleun and only one of three caterpillars finally accepted O. coe-
ruleum and was left on the leaves overnight. After the trials, caterpil-
lars were frozen at -80°C and treated as described above, Although
the time of O. coeruleum feeding was different for both caterpillar
species, only leaf particles of O. coeruleum were visible in the his-
tological sections indicating complete replacement of A. curassavica
plant material by O. coeruleum tissue,

For the LC-MS analyses of isolated caterpillar integuments, we
used actively feeding D. plexippus caterpillars raised on potted A. cu-
rassavica plants in the greenhouse under ambient conditions.

2.3 | Sample preparation for MALDI mass
spectrometry imaging

A schematic overview of the workflow is depicted in Figure S1.
Before cryosectioning, caterpillars of D, plexippus and E. core were
transferred to a cryomicrotome (HM525, Thermo Fisher Scientific)
and allowed to warm up to -25°C for 60 min. For transverse sec-
tioning, each caterpillar was cut in half and fixed onto a metal tar-
get using freezing water as an adhesi di Sub 1
transverse sections with 40 um thickness were obtained at -25°C,
thaw-mounted onto glass slides and stored at ~80°C until MSI
analysis. All transverse sections were obtained between the first
and the second pro-leg of the caterpillar to sample the midgut
region,

Whole-insect sectioning (i.e., longitudinal sections) is chal-

ging due to the large size of final instar D. plexippus and E.core
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caterpillars (3 to Scm in length). Thus, an MSI-compatible sam-
ple preparation protocol to obtain longitudinal sections of ex-
cellent quality was developed. First, a -made cry Id
(24 x50 x 30 mm) was filled to one-third of its volume with aque-
ous gelatin solution (8% (w/v) for D. plexippus, 6% (w/v) for E, core)
and transferred to -25°C for 20 min. Then, frozen caterpillars were
placed onto the solidified gelatin block, covered with fresh gelatin
solution and immediately snap-frozen in liquid nitrogen to prevent

potential analyte delocalization and tissue damage induced by hot
gelatin (45°C).

For sectioning, frozen gelatin blocks were transferred to ~25°C
for 60min, subsequently taken out of the cryomold and fixed onto
the metal target using freezing water as described above (see
Figure S1). Longitudinal sections with 40um thickness were ob-
tained at -25°C for D. plexippus and -18°C for E. core, thaw-mounted
onto glass slides and stored at ~-80°C until MSI analysis. Before ma-
trix application, tissue sections were brought to room temperature
in a desiccator for 30 min to avoid condensation of water at the sam-
ple surface. Optical images of tissue sections were obtained using
a Keyence VHX-5000 digital microscope (Keyence Deutschland
GmbH).

Among the MALDI matrices tested (positive-ion mode:
2,5-dihydroxybenzoic acid [2,5-DHB|, a-cyano-4-hydroxycinnamic
acid [CHCA], 2-mercaptobenzothiazol [MBT]; negative-ion mode:
9-aminoacridine [9-AA]. bis{dimethylamino)naphthal [DMAN]),
cardenolides were exclusively detected using 2,5-DHB in positive-
ion mode. Before each MS| experiment, a matrix solution of 30mg/
mL 2,5-DHB (2,5-DHB, for synthesis, Merck) in acetone/water at
1:1 (v/v) with 0.1% trifluoroacetic acid (TFA, for spectroscopy,
AppliChem GmbH) was freshly prepared. A volume of 100uL DHB
matrix solution for transverse sections, 130l for longitudinal sec-
tions and 70uL for high-resolution MSI experiments (s10um pixel
size) was sprayed onto the sample surface at a flow rate of 10uL/
min (5uL/min for high-resolution MSI experiments) using an ultraf-
ine pneumatic sprayer system (SMALDIPrep, TransMIT GmbH). The
nebulizing nitrogen gas pressure was 1bar and the rotation was set
to 500rpm. Crystal sizes {<10um) and homogeneity of the matrix
layer on the sample surface were controlled under the microscope

before MSI analysis. In total, seven biological replicates of D. plexip-
pus and 5 biclogical replicates of E. core were analysed via MSI (see
Table S1 for an overview),

After MSI measurement, specific tissue sections were washed
for 2min with ethanol {100%) to remove the matrix layer and stained
with haematoxylin and eosin stain (H&E) for histological evaluation
(Figure S2).

2.4 | Collection of regional gut samples,
integuments, and sample preparation for
HPLC analysis

For comparison with our whole-body MSI analyses, we assessed the
in the food bolus of both caterpillar

. Ty

conc ion of ¢

species along the gut passage by HPLC-DAD and HPLC-MS analy-
ses. To this end, we developed a protocol for dissecting gut portions
from freeze-dried caterpillars. Actively feeding last-instar caterpil-
lars (= fifth instar) of D. plexippus (n=9) and E. core (n=6) were col-
lected from A. curassavica plants and immersed in crushed ice for
10min. In addition, a mature leaf was collected from each plant (n=9
for D. plexippus and n=6 for E. core), frozen at -80°C and freeze-
dried. After chilling, caterpillars were pinned into a dish lined with
Sylgard 184 (Dow Corning) under ice-cold PBS (phosphate buffered
saline; Roti-CELL, Carl Roth). After decapitation, the integ was
opened by a dorsal median cut using microscissors and fixed at both
sides. Tissues adhering to the gut or floating in the body cavity were

d (i.e., Malpighi; bules, salivary glands). Subsequently, the
preparation was washed with ice-cold PBS while keeping the tissue
submersed permanently, frozen at -80°C and eventually freeze-

dried for 3days. Precipitated salts were carefully removed using a
soft brush and the caterpillar gut including its contents was sepa-
rated into foregut, four equally sized portions of mid-, and hindgut
(see Figure S3).

Gut portions were weighed and extracted for HPLC-DAD and

HPLC-MS analysis. Dry gut portions (l.e.. the surrounding epi-
helium and the gut ¢ ) were transferred into 2mL screw-
cap vials (Sarstedt AG & Co. KG) and 1mL methanol containing
0.02mg/mL of the internal standard digitoxin (Sigma-Aldrich) was
added. After the addition of c. 900mg zirconia beads (e 2.3mm,
BioSpec Products, Inc.), les were h 8 d in a Fast Prep
homogenizer (MP Biomedicals) for two 45-s cycles at a speed of
6.5m/s. After centrifugation at 16,1004, supernatants were trans-
ferred into fresh vials. Extraction of the samples was repeated
once using 1 mL pure methanal and first and second supernatants
were combined. After evaporation under a stream of N,, dry res-
idues were dissolved in 200uL methanol by agitation in the Fast-
Prep-24 instrument. Before HPLC-DAD analysis, samples were
filtered via Rotilabo-syringe filters (nylon, 0.45um pore size, o
13mm, Carl Roth GmbH & Co.).

Leaf samples of A. curassavica from the experiment with D.
plexippus were processed in the same fashion as described for the
gut portions using a subset of roughly 50mg of leaf material for
extraction (49.4-52.8mg). For leaf samples from the experiment
with E. core, whole freeze-dried leaves were homogenized in 15mL
tubes containing two ceramic sphere beads (MP Biomedicals).
We added 2mL of methanol, containing 0.2mg/mL of the in-
ternal dard digitoxin and were h d in the
Fast-Prep-24 instrument as described above. After centrifugation
(10min at 1000g) and removal of the supernatant, the extraction
procedure was repeated with 2mL pure methanol. Pooled super-
natants were dried in a vacuum centrifuge and transferred into a
2-ml tube by washing the original tube with 3x500uL methanol.
Finally, the samples were processed as described above for HPLC
analysis.

For the analyses of D. plexippus caterpillar i
final-instar caterpillars were chilled on ice for 10min, Subsequently,
integuments were dissected, quickly rinsed in PBS, and adhering

three
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PBS was removed by pulling the samples over the edge of a glass
beaker. Integument sampies were stored at ~80°C and extracted as
described above for gut portions but resuspended in 100 L meth-
anol instead.

2.5 | Instrumentation for MALDI mass
spectrometry imaging

All MSI measurements were performed using an autofocusing AP-
SMALDIS5 AF ion source (TransMIT GmbH) coupled to a Q Exactive
HF Orbitrap mass spectrometer (Thermo Fisher Scientific), For de-
sorption/ionization, 50 laser pulses per pixel at 343nm and a pulse
rate of 100Hz were focused perpendicular to the sample surface to
an effective ablation spot diameter of 5pm (Figure S4). Whole-body
and high-resolution (5pm to 10um pixel size) MSI experiments were
performed using the 3D-surface mode (“pixel-wise autofocusing”) to
keep the MALDI laser focus, fluence and ablation spot size constant
for varying sample surface characteristics (Figure S5) and to han-
dle the sample tilt for the longitudinal caterpillar sections (~4cm in
length). The pixel size of the XYZ sample stage was set to the desired
pixel size.

For all AP-SMALDI MSI experiments, the mass spectrometer was
operated in positive-ion mode in a mass-to-charge-ratio (m/z) range
of 250-1000 at a mass resolution of 240,000 at m/z 200. Internal
lock-mass calibration was performed by using the ion signal from
the DHB matrix cluster at m/z 716.12451 ([SDHB-4H,0+NHJ"),
resulting in @ mass accuracy of less than 2ppm root mean square
error (RMSE) for the whole image (Figure Sé). The scan speed for
MSI experiments was about 1.4 pixel/s. The acceleration voltage
was set to 3kV. The ion injection time was set to 500ms, The cap-
illary temperature was 250°C, and the S-lens level was set to 100
arbitrary units.

2.6 | Instrumentation for HPLC-DAD and HPLC-
MS

All HPLC-MS experiments were performed using a Dionex
UltiMate 3000 HPLC instrument (Thermo Fisher Scientific) cou-
pled to a Q Exactive HF-X Orbitrap mass spectrometer (Thermo
Fisher Scientific). Analytes were separated on a Kinetex C18
reversed-phase column (2.6pm, 100x2.1mm, Phenomenex).
Detailed experimental parameters are provided in Supporting
Information Note S1. In total, three biological replicates of every

ple type were d (regional gut from D. plexip-
pus and E. core; D. plexippus midgut tissue, integument; A. curas-
savica leaf),

All HPLC-DAD experiments were performed using an Agilent
1100 series HPLC (Agilent Technol ) and ¢ ds were sep-
arated on an EC 250/4.6 NUCLEODUR C18 Gravity column (3um,

2.7 | Data processing

Xcalibur (Thermo Fisher Scientific) was used to display mass spec-
tra. lon images of selected m/z values were generated using MIRION
imaging software (Paschke et al., 2013) (TransMIT GmbH, Giessen,
Germany). The general principle for image generation Is displayed
in Figure S7. The ion-selection bin width (A(m/z)) of the images,
generated from the MS data was set to Alm/z)=0.01. Images were
normalized to the base pixel (highest intensity of m/z bin) per image
if not stated differently. No further data manipulation steps, such
as hing or inter were used. RGB MS images were
obtained by selecting and overlaying three different images for
the red-green-blue ch Is, For ¢ y in data visualizati
selected cardenolides are always displayed in red, the chlorophyll
derivative pheophytin a is shown in green to indicate plant tissue,
and phosphatidylethanolamine PE (36:3) is depicted in blue as a
chemical marker for animal tissue. The resulting images were ad-
Jjusted in brigh forop | visuali MSiReader (Robichaud
et al,, 2013) was used to extract the fon intensities of specific m/z
bins for defined regions of interest in the image. Metabolites and
lipids were assigned and identified based on accurate mass meas-
urements with a mass tolerance of less than 2ppm RMSE for the
whole image, MS/MS experiments and database matches (Palmer
et al, 2017). For instance, calotropin/calactin ([M+K]*) at m/z
571.2304 was detected with a mass error of 0.5ppm, and a root
mean square error (RMSE) of 1.6 ppm (Figure S6a).

For relative quantification of cardenolides based on MSI| data,

we defined seven regions of interest in silico (focused on A, curassa-
vica leaf material and surr ding cardenolide signals) per biological
replicate and extracted the ion intensities for calotropin/calactin,
calotoxin, uscharidin, frugoside and asclepin. Throughout all MSI
experiments, tin a was h 8 ly distributed and only
marginal variation of intensity across A. ¢ leaf pieces in the
D. plexippus and E. core gut lumen was observed. Thus, for better
comparability, we utilized the plant tissue marker pheophytin a as
an internal standard and normalized the ge cardenolide signal
abundance to the average pheophytin a signal abundance for the
respective region of interest,

For HPLC-MS based quantification, MZmine 2 (Pluskal
et al, 2010) was used for preprocessing and extracting the area
under the peak (AUP) of cardenolide features in the chromatogram.
Sub: tly, the respective c lide AUP was normalized to
the AUP of the internal dard (i and the corresponding
extracted tissue weight.

Data from HPLC-DAD analyses were evaluated using Agilent
ChemStation (Rev. B.04.03, Agilent Technologies). Peaks with sym-
metrical absorption maxima between 216 and 222nm (Malcolm &
Zalucki, 1996) were interpreted as cardenolides and i at
218nm. For gut samples obtained from dissections of freeze-dried
caterpillars, we gquantified cardenolides based on the peak area of
the known concentration of the internal standard digitoxin. For leaf

o hoti

a

250x4.6mm, Macherey-Nagel). Detailed experi par
are provided in Supporting Information Note 51,

les of A. ¢ ica, digitoxin was coeluting with an

nous cardenolide peak. Th , we used the mean of all digitoxin
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peak areas from the E. core gut samples (n=36) which were run in

including the ectoperitrophic space (i.e., the region between the

the same batch for calibration of the leaf les. Leaf les col-
lected during our experiment with D. plexippus were measured sev-
eral months after the D. plexi gut les. Hence, cardenolids

in these leaf samples were quantified using a digitoxin calibration
curve which was measured shortly after the leaf samples were anal-
ysed. Cardenolide concentrations of all leaf samples were corrected
for the known amount of digitoxin which had been added initially
as an internal standard. For caterpillar gut samples and leaf samples
of A. curassavica, only peaks were considered which were present
and had a clear cardenolide spectrum in at least 50% of all samples,
The observed pattern of results (see Results section) did not change,
when all peaks showing a clear cardenolide spectrum in each sample
were considered for quantification,

2.8 | Statistical analysis

We compared the cardenolide concentrations of dissected gut por-
tions and leaf material using the standard least squares model in
JMP Pro 15 (SAS Institute) including caterpillar individual as a model

peritrophi pe surr the food bolus and the midgut
epithelium). In midguts of E, core, in contrast, they were exclusively
detected at the fringes of A, curassavica leaf pieces (Figure 1c;
Figure S8b) and were absent in the liquid phase of the gut lumen,
In addition to transverse sections, we carried out whole-body MSI
(45um pixel size) on longitudinal sections of final instar caterpillars
and found according patterns of cardenolide distributions along the
entire gut passage (Figure 2; Figure 515).

We compared relative quantities of the five most abundant
cardenolides (the isomers calotropin/calactin counted as one) based
on MSI data in silico. For this purp we selected seven parable
regions of interest (ROI) in se and longitudinal sections of D.
plexippus and E. core caterpillars and analysed cardenolide intensities
at the fringes of leaf pieces in the gut. According to the visual dif-

ferences apparent in Figures 1 and 2, the in silico analysis revealed
that calotropin/calactin was 6.8x, calotoxin 2.1x, frugoside 2.6x,
and uscharidin 1.8x more abundant in D. plexippus compared to E.
core (p<.001, p=.031, p=.005, p=.02, no difference for asclepin:
1.15%, p=.2; n=4, that is, two transverse and two longitudinal
sections from individual caterpillars per species; all t-tests assum-

effect. For the D. plexippus data set, data were log, formed
to achieve normality of residuals and homogeneity of variance. For
comparing intensities of cardenolide signals in silico, we calculated
means of all seven ROIs for each cardenolide in each caterpillar.
Means for each cardenolide were caterpillar
species using t-tests assuming unequal variances in JMP Pro 15. p-
values < .05 were considered statistically significant,

d h

3 | RESULTS

3.1 | Spatial distribution of cardenolides in D.
plexippus and E. core

AP-SMALDI MSI experiments (20 and 35um pixel size) conducted
on transverse caterpillar sections (Figure 1: Figure 58) revealed the
p e of cardenolides throughout the body tissues of D. plexippus
caterpillars (i.e., cardenolides are d), including the midgut
epithelium, fat body and haemolymph, and especially the integu-
ment from where we obtained the strongest cardenalide signals. In
contrast, cardenolides were entirely restricted to the gut lumen in
E. core caterpillars and were absent from its body tissues (i.e., card-

lides are not seq d). Remarkably, cardenolides appeared
at much higher intensities in guts of D. plexippus compared to guts
of E. core when images were adjusted to the same scale. This pattern
was not restricted to the isomers calotropin/calactin but also appar-
ent for uscharidin and voruscharin (Figures 58 and S9, not all carde-
nolides were compared). In total, we found 10 different cardenolides
in both caterpillar species and leaves of A. curassavica (Table 1 and
Figure $10-514),

Notably, cardenolides (Figure 1b at the example of [calotropin/
calactin+K]") were visible across the entire gut lumen of D. plexippus

ing qual variances, Figure S16a). Notably, the analysed regions
of interest (see Materials and Methods and Figure S16b) included
leaf particles and their fringes where cardenolides were detectable.
More distantly from the leaf fragments, the difference between the
liquid phase of D. plexippus and E. core would certainly have been
even more pronounced.

Besides local quantitative differences between caterpillar spe-
cies, our total cardenolide estimate based on HPLC-DAD analyses

(i.e.. all cardenolide peaks integrated) of dissected freeze-dried
gut regions (foregut, four seg of the midgut and hindgut)
r led a h 8 itative distribution of carde-

nolides along the gut passage in D. plexippus but not in E. core.
Total cardenolide concentrations were constant across all gut re-
gions of E. core caterpillars (foregut: FG, four sequential midgut
portions: MG1-4, and hindgut: HG; F, ,;=1.044, p=.414, n=6;
Figures $17 for HPLC-DAD and 518 for HPLC-MS), Contrastingly,
in caterpillars of D. plexippus, cardenolide concentrations across all
gut regions differed substantially (F, ,,=8.312, p<.001; n=7-9,
see legend of Figure 517) and the cardenolide concentration in
the hindgut was lower compared to all other gut regions except
of foregut and midgut region 1 (FG vs. HG: p=.577; MG1 vs.
HG: p=.085; MG2-4 vs. HG: p <.001; Tukey HSD; Figure 517).
Concentrations of gut cardenolides differed across different cat-
erpillar individuals in both species (E. core: F, ,,=22.015, p <.001;
D. plexippus: Fy ., =2.352, p<.037).

When comparing total cardenolide concentrations only across
midgut portions (i.e., foregut and hindgut excluded) of monarch cat-
erpillars and leaves of A. curassavica. we found higher cardenolide
concentrations compared to milkweed leaves in midgut portions 2
and 3 (F, 4,=5.622, p=.002) and a trend of cardenolide accumula-
tion in the central region of the midgut with concentrations of mid-
gut portion 2 and 3 being twice as high compared to midgut portion
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FIGURE 1 AP-SMALDI MSI of
transverse sections of caterpillars of

Danaus plexippus (biological replicate

1) and Euploea core (biological replicate
1). (a) Optical image of the transverse
section of a fifth instar caterpillar of D.
plexippus (left) and E. core (right) before
matrix application. P, plant material;

EP, ectoperitrophic space; ME, midgut
epithelium; FB, fat body; |, integument
(b) Corresponding RGB overlay images
obtained with 35 um (D. plexippus) and
20um (E. core) pixel size, showing the
spatial distribution of the cardenolide
calotropin and/or its isomer calactin
(IM+K]*, red) at m/z 571.2304, the
chlorophyll derivative pheophytin a

at m/z 909.5288 ((M+K]’, green)as a
chemical marker for plant tissue, and the
animal lipid PE(36:3) (IM+K]", blue) as a
chemical marker for animal tissues. Both
RGB overlay images are normalized to
the same intensity scale. The D. plexippus
gut epithelium was damaged at two
areas (highlighted in the optical image),
causing potential analyte delocalization
in the corresponding haemolymph area
(c) Magnification of the optical image and
RGB overlay image for the highlighted
area of the E. core gut lumen. For this ion
image, the intensity scale of calotropin/
calactin was adjusted to highlight the
cardenolide distribution at the fringes of
leaf pieces in the gut lumen of E. core.

1(F54,=5121, p=.007; MG1 vs. MG2: p=018; midgut 1 vs. mid-
gut 3: p=.01; Tukey HSD; Figure 517). In contrast, cardenolide con-
centrations in gut portions of E. core were constantly lower than in
plant material except for midgut portion 4 (plant vs. FG, MG1, MG2,
MG3, MG4, HG: p=.046; .023; .029; .01; .228; .005: Tukey HSD).
Relatively constant toxin concentrations across guts of E. core and a
heterogeneous distribution in D. plexippus were also observed based
on absolute quantification of individual cardenolides via HPLC-MS
(Figure 518)

Notably, the ratio of the stereoisomers calotropin and calactin
in the gut passage differed substantially between both caterpillar
species. Across the whole gut passage of D, plexippus, ratios of calot
ropin and calactin concentrations were rather constant (calotropin
calactin=1.35; t-test, p=.15; Figure 519). Contrastingly, in the gut
material of E core, the concentration of calotropin had an B.15x

higher concentration relative to calactin (t-test, p <.001) (Figure S19)

D. plexippus

Regionally, the largest difference in the calotropin/calactin ratio be-
tween both species was determined in the first portion of the midgut
(Figure S20). For comparison, we also analysed the content of both
stereoisomers in leaf tissue of the host plant A. curassavica (1.61-fold
for calotropin relative to calactin, t-test, p=.05) and for integument
tissue of D. plexippus (4.50-fold of calotropin relative to calactin, t-

test, p<.001; n=3 for all comparisons; Figure 520)

3.2 | Retention of cardenolides in the gut lumen of
D. plexippus

Based on our observation on cardenolide accumulation in guts of
D. plexippus, we tested the hypothesis that cardenolides are re
tained in the midgut lumen of D. plexippus caterpillars, For this pur-

pose, we analysed last instar caterpillars of D. plexippus which were
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TABLE 1 Overview of the 10 different cardenolides (Figure S3 for chemical structures) detected in Asclepias curassavica leaves, gut
content and various tissue types of Danaus plexippus and Euploea core (MG: midgut) using AP-SMALDI MS| and complementary LC-MS

experiments,
D. plexippus gut
Compound A. curassavica leaf content
Calotropagenin Fd Ve
Uscharidin 7 /i
Calotropin 7 7
Calactin 7 i
Frugoside 7! M
Calotoxin 7/ M
Asclepin 7 H
Uscharin 7 14
Voruscharin 7 i
Uzarin 7 4

E.coregut D, plexippus MG D.plexippus  E.core
v v s At
/1.2 /? /t-t e
/!.t /1-1 /fd e = 4
st st At 13
At Ve st b
At st s e
A4 s St -t
s il Wi o~
7! /' Wi =~
il -t ot 1t

Note: Native A. curassavica leaves were not analysed via AP-SMALDI MSI. Cardenolides detected exclusively with HPLC-MS are marked with v and
detected with HPLC-MS and AP-SMALDI MS| are marked with /', Cardenolides that were not detected with HPLC-MS and AP-SMALDI MS| are

marked with =",

raised on A. curassavica but were fed with the cardenclide-free plant
Oxypetalum coeruleum for 3h before sampling using AP-SMALDI MSI,
Remarkably, even after several rounds of purging with cardenolide-
free O. coeruleum, we still detected cardenolides in the gut lumen,
The pref ially d cardenolides calotropin/calactin
(Figure 3b), calotoxin (Figure 3c), calotropagenin (Figure $21a) and fru-
goside (Figure S21b), as well as uscharidin (Figure $21¢), which is the
domis cardenolide in A. ¢ ica leaves, were still present in the
interstices between the O, coeruleum leaf particles in the gut although
at lower abundance compared to a caterpillar freshly harvested from
A. curassavica (see Figure 1; Figure 522; representative MSl-based
relative quantification between biological replicate 1 and biological
replicate 5 showed 2.7x, 1.1x, 2.1x reduction for calotropin/calactin,
calotoxin, and frugoside, respectively; t-test, p<.001 for all compari-
sons; see legend of Figure 522 for details regarding in silico relative
quantification). Notably, the domi A.c ica leaf cardenolid
voruscharin, uscharin and asclepin were no longer detected. In conclu-
sion, our data suggest that sequestered cardenolides are retained in
the gut lumen and are not moving linearly along with the gut contents,
In contrast to monarch caterpillars that were analysed directly
after feeding on A. curassavica (Figure 1), it was not possible to de-
tect any cardenolide signals in the ectoperitrophic space, gut epithe-
lium and haemolymph (see magnified view of the highlighted ROl in
Figure 3; Figure 521 and $23), suggesting rapid clearance of carde-
nolides distributed in the caterpillars’ body fluids, For E. core, we did
not detect any cardenolides after purging the gut lumen ight

higher spatial resolution (5 pm pixel size) to improve resolution on the
tissue level. Despite being minor compo inA.c ica leaves
(Figure S24 for LC-MS-based quantification), calotropin/calactin
(Figure 4b), frugoside (Figure S25b), and calotoxin (Figure $25¢) were
the most abundant cardenolides in the gut lumen and integument of
the monarch caterpillar. In contrast, although being one of the most
abundant cardenolides in A. curassavica (LC-MS based quantifica-
tion revealed 5.8x higher conc i lative to calotropin, n=3;
Figure 524), asclepin was exclusively detected at the fringes of the
leaf particles in the gut lumen and was not sequestered into the bady
tissues (Figure 4c).

Sequestered cardenolides were primarily stored in the epithelial
cells of the integument (Figure 4: Figure 525) and not in the cuti-
cle {see ref. 51 for a histological section of monarch integument).
While uscharidin and voruscharin were the dominant cardenolides
In A. curassavica, their concentration in the integument was 5.2x
and 50x lower compared to to the dominant cardenolide calotropin
(n=3; Figure 524). However, aithough only at low amounts, we were
able to visualize both toxins in the monarch caterpillar integument
(Figure S525e.f). Interestingly while not showing signals in the gut
lumen, calotropagenin, which was the cardenolide with the lowest

concentration in A. curassavica leaves (Figure $24), was detected in
the D. plexippus integument (Figure $25a). Despite being an abundant
compound in A. curassavica like asclepin (Figure $24), the biglucoside
uzarin was not sequestered by monarch caterpillars (Figure S25f).

Seq ion of plant toxins is generally assumed to be medi-

with the cardenolide-free plant O. coeruleum (Figure $23).

3.3 | Selectivity, modification and storage of
cardenolides in D. plexippus

We studied the selectivity of sequestration as well as the transport
and storage of sequestered cardenolides by MSI experiments with a

ated via the epithelium of the midgut (Beran & Petschenka, 2022). In
line with this prediction, we were able to detect calotropin/calactin
with low abundance in the midgut epithelium of our transverse sec-
tions (Figure 4d). We also monitored the distribution of cardenolides
at the interface gut lumen, midgut epithelium, and haemolymph
based on longitudinal caterpillar sections to address the molecular
transport process in a larger spatial context (Figure 5). Here, we
were able to visualize the spatial distribution of the dominantly
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(c)

FIGURE 2 Whole-body AP-SMALDI MSI of fifth instar Danaus plexippus (biological replicate 3) and Euploea core caterpillars (biological
replicate 3). (a) Optical image showing live caterpillars and longitudinal D. plexippus (left) and E. core (right) sections before matrix application.
H, head: |, integument; TL, thoracic legs: SG, probably salivary gland; VN, probably ventral nerve code: ML, abdominal prolegs: AL, anal
prolegs; R, rectum; T, testis; GL, gut lumen; FB, fat body; ME, midgut epithelium, (b) Corresponding RGB overlay images obtained with

45 um pixel size, showing the spatial distribution of calactin/calotropin ([M+K]"), at m/z 571.2304 (red), pheophytin a ({M+K]", green) at

m/z 909.5292 to highlight ingested Asclepias curassavica plant material, and PE(36:3) (IM+K]", blue) at m/z 780.4941 serving as a marker

for insect tissue, such as gut epithelium and fat body. Both RGB overlay images are normalized to the same intensity scale. (¢} Schematic
representation of total cardenolide concentrations across the gut passage in caterpillars of D, plexippus and E. core relative to the total
cardenolide concentration in A, curassavica leaves based on means of six (E. core) and nine (D. plexippus) dissected caterpillars and milkweed
leaves. Horizontal lines indicate the cardenolide concentration in plant material (i.e., 100%), Please see Figure 517 for a plot based on

absolute quantification data

sequestered cardenolides calactin/calotropin (Figure 5b), frugo-
side, {Figure S26b) and calotoxin (Figure 526c¢) within the epithelial
tissue of the monarch midgut. In agreement with the putative role
of the midgut epithelium as the transport organ for sequestered
toxins mediating selectivity, the cardenolides uzarin (Figure 5¢) and
asclepin (Figure $26d) which were absent from the body cavity (i.e.,
not sequestered), were also not detected within the layer of midgut
cells although they were present in the gut lumen. The cardenolide
composition of the midgut epithelium tissue was further validated
by LC-MS/MS experiments (Table 1).

In addition, our high-resolution MSI analyses revealed that se-
questered cardenolides appear in the monarch gut epithelium in a

discrete, granular pattern, which was maintained after dispersion

in the haemolymph (Figure 5b; Figure S26b,c}. Notably, this pattern
does not only apply to the distribution of cardenolides but also to
other metabolites (Figure S26, e.g., kaempferol-glucopyranoside, a
ubiquitous plant secondary compound also occurring in milkweed),

We compared the distribution of cardenclides with the dis-
tribution of primary and other secondary metabolites, such as
kaempferol-glucopyranoside (Figure S2ée), malvidin-glucoside
(Figure S26f), N-(1-deoxy-1-fructosyl)tyrosine (Figure 526g), gua-
nosine (Figure S26h for D. plexippus and Figure S27¢ for E. core)
and unidentified disaccharides (Figure S26i for D. plexippus and
Figure 527d for E. core) within the midgut epithelial tissue of D.
plexippus and E. core. For both species, we observed spatial dis-

tributions similar to sequestered cardenolides in the monarch
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FIGURE 3 AP-SMALDI MSI (25 um pixel size) of Danaus plexippus (biological replicate 5), fed with the nontoxic plant Oxypetalum
coeruleum for 3h before sampling. {a) Optical image of transverse D. plexippus section and magnified view of the outlined region. P, O.
coeruleum plant material; EP, ectoperitrophic space; PM, peritrophic matrix; ME, midgut epithelium; T, testis; FB, fat body: |, integument. (b,

¢) Corresponding RGB overlay images and magnified views of the outlined region in (a) showing (b) ca

actin/calotropin ((M+K]*, red) at m/z

571.2304, {c) calotoxin {{[M+K]", red) at m/z 587.2251, (b, c) pheophytin a ((M+K]") at m/z 909.5292 as a chemical marker for plant tissue in
green and PE(36:3) (IM+K]") at m/z 780.4942 as a chemical marker for insect tissue in blue.

regarding the extraction from plant material and the transport
across the gut epithelium. Therefore, utilizing the high spatial res
olution (10 um) provided by the AP-SMALDI MS| system, we were
able to reveal the spatial organization of metabolite uptake at the

sub-tissue level,

4 | DISCUSSION

The demand for spatially-characterized biochemistry and molecu-
lar biology has grown rapidly over the recent years (Buchberger
etal., 2018; Joo et al., 2008; Kherlopian et al., 2008; Spengler, 2015;
van Hove et al,, 2010). Traditional methods such as immunofiuo-
rescence, require the labelling of biomolecules with fluorophores,
which can be time-consuming, inefficient and is restricted to indi-
vidual preknown compounds (Yang et al., 2020). Moreover, labelling
of molecules alters their physicochemical properties and therefore
may influence their tissue distribution. Despite its great potential,
matrix-assisted laser desorption/ionization (MALDI) MSI was only
rarely employed to study sequestration of plant toxins in insects (see
Abdalsamee et al., 2014)

Our MSi-based spatial metabolomics approach allows for spa-
tially resolved, qualitative, and semi-quantitative analyses of native
metabolites and lipids in an untargeted fashion. We visualized di-
verging strategies of two closely related milkweed butterfly species
regarding the processing and uptake of plant toxins in the gut as
well as the storage of sequestered compounds for defence. First, we

demonstrated that the midgut lumen is the first physiological layer
mediating selectivity and plays a vital role to cope with a toxic diet in
D. plexippus and E. core. In contrast D. plexippus where cardenolides
were found over the entire lumen, no extracted cardenolides were
observed in between the leaf particles in the gut of E. core; instead,
cardenolides were exclusively detected at the fringes of ingested
leaf material. This pattern most likely suggests immediate degrada-
tion of cardenolides extracted from plant material. We suggested
degradation of cardenolides in E. core based on analysed gut con-
tents earlier (Petschenka & Agrawal, 2015) and the visualized lack
of cardenolides in the liquid phase of the gut strongly supports our
hypothesis and indicates that degradation happens directly in the
midgut lumen

We used whole-body MSI on longitudinal caterpillar sections and
complementary HPLC-MS and HPLC-DAD experiments based on
freeze-dried gut segments to track cardenolides along the caterpillar
gut passage. Specifically, we found that cardenolides accumulated
in the midgut of D. plexippus while the concentration dropped in the
hindgut, suggesting a hitherto undescribed mechanism of toxin par
titioning in the monarch gut. In contrast. for E. core, we detected
constant cardenolide concentrations along the gut passage including
the hind gut. These observations indicate that cardenolides are se-
lectively retained in the monarch gut lumen resulting in higher local
concentrations of preferentially sequestered cardenolides, such as
calotropin, calactin, frugoside, We speculate that the accumulation
of cardenolides in the midgut creates a steep concentration gradient

supporting efficient sequestration,
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(a) Optical image

calotropin/calactin

FIGURE 4 High-resolution AP-SMALDI MSI (5 um pixel size) of a transverse Danaus plexippus (biological replicate 7) section. (a} Optical
image of the analysed region of interest. C, cuticle; EC, epidermal cells; HL, haemolymph; FB, fat body; ME, midgut epithelium; GL, gut
lumen; P, Asclepias curassavica plant material. (b, ¢) RGB overlay images showing the spatial distribution of (b) calactin/calotropin ([M+K]"
red) at m/z 571.2304, (c) asclepin ((M+K]", red) at m/z 613.2427. and (b, c) pheophytin a ((M+K]", green) at m/z 909.5290 and PE(36:3)
(IM+K]*, blue) at m/z 780.4940. (d) Magnified view (4x) of the region outlined in (b) showing the single-ion image for calactin/calotropin
(IM+K]*) in red. Due to the high ion intensity in the integument, the intensity scale for this image was adjusted to visualize cardenolides in
the midgut epithelium, (e) Putative degradation pathway of asclepin in the D, plexippus gut

We conducted MSI experiments with caterpillars fed with the
cardenolide-free diet O. coeruleum to purge their guts from milk-
weed cardenolides to further address the hypothesis of cardenolide
retention in the monarch caterpillar gut. Consistent with our predic
tion, calotropin/calactin, frugoside and calotoxin were still abundant
between O, coeruleum leaf particles in the gut lumen of monarch cat-
erpillars, while in the gut lumen of E. core, no cardenolides were de-
tected anymore after feeding on O. coeruleum leaves. We propose a
mechanism analogous to adsorption chromatography (i.e., molecules
moving in a liquid phase adhering to a stationary phase), retaining
cardenolides in the gut lumen while the food contents are passing by
and are defaecated. How this could be mediated mechanistically re-
mains an open question and it is interesting to note, that the spatial
distribution of cardenolide MSI signals seems to resemble the shape
of the O. coeruleum leaf particles suggesting adhesion of cardeno-
lides to O. coeruleum leaf particles maybe based on physiochemical
interactions (e.g., Van der Waals force, hydrogen bonds). Moreover,
after purging there were no cardenolides detected anymore in the
ectoperitrophic space which showed strong intensities in caterpil
lars actively feeding on A. curassavica. This observation may indicate

removal of cardenolides by sequestration via the midgut epithelium

Similarly, the body cavity was free of cardenolides suggesting rapid
clearance once the supply from the gut lumen is halted.

Besides differences in the distribution, we also observed strik-
ing differences regarding the structural composition of cardeno-
lides in the midgut of both caterpillar species, Remarkably, the
stereoisomer ratio of calotropin/calactin in the E. core gut lumen
(24:1) differed significantly from that found in the monarch gut
lumen (1.2:1) and A. curassavica leaves (1.6:1). Based on the inhi
bition of Na*/K'-ATPase, calactin was reported to be >3x more
toxic for E. core than its stereoisomer calotropin (Petschenka
et al., 2018). Hence, we suggest that E. core prevents cardeno-
lide intoxication by minimizing the concentration of calactin in the
midgut which could be either mediated by converting calactin into
a structurally different cardenolide, by degradation, or by preven-
tion of calactin production from uscharidin contained in the in-
gested plant material (Seiber et al,, 1980). Along the same lines
monarch caterpillars could maintain a high concentration of highly
toxic calactin for defence

Unlike calactin, calotropin, and frugoside, the predominant
cardenolides in A, curassavica leaves, uscharidin, asclepin, vorus-

charin and uscharin, do not belong to the preferentially sequestered

55




Chapter Il

s,
2 e,

- Ak
ptl / &
™ ./_ 1

e GL .
8 - .

o,
~, - -
~, ANGZ A 4

c
S
g
@
@
3
T
@
"

No sequestration

FIGURE 5

po—

-

DREISBACH v A

Magnification

High-resolution AP-SMALDI MSI (10 um pixel size) of a longitudinal Danaus plexippus (biological replicate 3) section, (a) Optical

image of the analysed region of interest and magnified view (3.5x) of the outlined region in (b, c). P, Asclepias curassavica plant material; GL
gut lumen; ME, midgut epithelium; HL, haemolymph. (b, ¢) RGB overlay images and magnified view of the outlined region showing the spatial
distribution of calactin/calotropin ([M+K]", red) at m/z 571.2304 in (b), uzarin ([M+K]", red) at m/z 737.3149 in (c), pheophytin a ((M + K]*

green) at m/z 909.5290 and PE(36:3) ((M-+K]*, blue) at m/z 780.4940.

cardenolides of the monarch, despite having high structural sim
llarity to calotropin and calactin and sharing the same aglycon
{calotropagenin). Surprisingly, asclepin, which only differs from
calotropin/calactin by having an acetoxy-group (-OAc) instead of a
hydroxy-group (-OH) in the sugar moiety, is not sequestered and
instead. was exclusively detected at fringes of ingested A. curassa
vica leaf material. Given the high structural similarity to calotropin/
calactin, it seems puzzling that the molecular mechanism underlying
sequestration prohibits the uptake of asclepin. More likely, asclepin
might be rapidly converted into calactin and/or calotropin instead of
being not sequestered.

Similar observations regarding the metabolic conversion of
structurally-related cardenolides into calotropin and calactin by the
monarch caterpillar were already made decades ago for uscharidin
(Marty & Krieger, 1984; Seiber et al,, 1980) and recently, for vorus
charin by Agrawal et al. (2021). Interestingly, both, uscharidin and
voruscharin occured at similar concentrations in A, curassavica leaves
like asclepin but were very abundant in the monarch gut lumen

Consequently, we hypothesize that the conversion rate of asclepin

Into calactin and/or calotropin is significantly higher compared to
uscharidin and voruscharin, suggesting a passive mechanism such as
gut pH as observed for voruscharin (Agrawal et al., 2021) and not
an involvement of enzymes as it was shown for uscharidin (Marty &
Krieger, 1984)

The monarch Na'/K*'-ATPase shows up to 94-fold higher re
sistance against cardenolides compared
K'-ATPases 2018)

Na*/K™-ATPase is only less than twofold more resistant to the

to nonadapted Na'/

(Petschenka et al., Remarkably, monarch

thiazolidine-ring-containing cardenolides uscharin and vorus
charin which dominate the cardenolide spectrum of A. curassavica
leaves compared to porcine Na*/K*-ATPase (Agrawal et al., 2021)
Consequently, the lack of sequestration of uscharin and voruscharin
by monarch caterpillars, observed in this study, was interpreted as
an adaptation to avoid toxicity, However, due to the high sensitivity
of the employed AP-SMALDI MSI system, we were able to detect
and visualize the accumulation of uscharin and voruscharin in the
epidermal cells of the integument and LC-MS-based quantification

revealed 160x (uscharin) and 50x lower concentrations compared
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to the predomil ly d cal pin. In conclusion, our
data suggest that uscharin and voruscharin are sequestered but to
a comparatively low extent. Alternatively to representing plant de-
fence compounds specifically directed against the monarch butter-
fly, reduced sequestration and limited resistance of monarch Na®/
K'-ATPase towards uscharin and voruscharin might be due to the
rapid spontaneous degradation of voruscharin in the caterpillar gut
which is also likely for uscharin due to the high structural similarity,
C q ly, these compounds would not be available as a sub-
strate for sequestration and not exert selection pressure on mon-
arch Na'/K'-ATPase.

Our MS| analyses indicate that the midgut epithelium plays a crit-
ical role regarding the selectivity of sequestration by prohibiting the
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the midgut epithelium, suggesting that vesicular uptake is a uni-
versal mode of uptake for various metabolites. A similar pattern
was found for E. core regarding these metabolites but remark-
ably, cardenolides were not detected in the midgut epithelium.,
Lipophilic and amphiphilic allelochemicals are expected to be se-
questered into lipid aggregates (micelles) in the fluid phase of the
gut of herbivorous insects proportionately to their lipophilicity
(Barbehenn, 1999). Moreover, micelles formed by the aggregation
of lysophospholipids, galactosyl glycerides, long chain fatty acids,
and other amphiphilic and lipophilic compounds are known to rep-
resent the primary c s of the phase of the
midgut fluid in insect herbivores (Barbehenn, 1999). Therefore, it
is likely that the granules which we observed represent micelles

[ ining car and other bolites. The observation

" ey

uptake of individual cardenolides such as uzarin. For uzarin, t

lism can be ruled out as a factor preventing sequestration, since this
compound was found abundantly in the gut lumen and was observed
in direct contact with the apical surface of the midgut epithelium. In

of these putative micelles in the midgut epithelium of monarch
caterpillars suggests that micelles composed of plant lipids and
cardenolides which may cross the midgut epithelium by diffu-

other words, we suggest that the midgut epithelium discr

against individual compounds by an unknown mechanism. The non-
sequestered biglucoside uzarin was the largest cardenolide detected
and is comparatively polar, suggesting that size or polarity could be
important determinants. Selective uptake of structurally different
nonmilkweed cardenolides was already demonstrated earlier (Frick

sion, rep the mode of transport by which cardenalides are
sequestered.

It is unclear, however, how caterpillars of E, core discriminate
against the uptake of cardenolides while apparently taking up other
metabolites in a similar fashion. The peritrophic membrane of grass-
hoppers has been demonstrated to prevent the uptake of micelles

& Wink, 1995). Here, we show that also milkweed cardenolides that
actually occur in the diet of the monarch caterpillar are sequestered
selectively.

Although sequestration of plant toxins was described for more
than 275 insect species invelving different classes of chemical
compounds (Beran & Petschenka, 2022: Opitz & Mdller, 2009), it
is still largely unknown how plant toxins are transported across
the insect gut epithelium (i.e. from the gut lumen into the body
cavity). Using high-resolution MSI (10 um pixel size), we were able
to detect cardenolides within the midgut epithelium of monarch
caterpillars, Notably, cardenclides appeared in a discrete granular
pattern, suggesting that cardenolides are transported as aggre-
gates and not as individual molecules. This pattern might indicate a
vesicular transport via transcytosis, similar to what was described
for the uptake of albumin across the midgut of the silkworm
(Bombyx mori) (Casartelli et al., 2005). Since this granular pattern
of cardenolides was already observed in the midgut lumen, the pu-
tative cardenolide vesicles may be plant derived. Although our his-
tological sections were comparatively thick and likely contained
several layers of cells complicating interpretation, the uniform
distribution of the observed particles suggests that the transport
occurs in a trans- and not in a paracellular fashion. It was sug-
gested earlier that a carrier mechanism mediates the transport of
cardenolides across the midgut epithelium in monarch caterpillars
(Frick & Wink, 1995). How the cardenolide aggregations observed
here could be aligned with a carrier-mediated process, however,
remains an open question.

Remarkably, also other secondary plant metabolites such as
polysaccharides and flavonoids as well as primary metabolites
(e.g., guanosine) appeared in the same granular pattern within

containing various plant toxins including the cardenolide digitoxin
by ultrafiltration {Barbehenn, 1999). This mechanism, however, is
unlikely to explain lides in E. core, since
cardenolide granules were observed in close contact with the midgut
epithelium and thus were able to cross the peritrophic membrane
surrounding the food bolus. It rather seems likely that degradation
of cardenolides in the fluid-phase of the gut prevents sequestration
of cardenolides in E. core.
Our findings indicate that caterpillars of the monarch butterfly
possess an entire suite of physiologi hani: involved in
q lides which may relate to their ecolog-
ical interactions with predators and parasites at various scales.
Acc lation of cardenolides in the gut lumen may not only facil-
itate sequestration but could also protect larvae against the pro-
tozoan parasite Ophryocystis elektroscirrha after oral infection (Tan

ion of card

of card

et al,, 2018). Similarly, compartmentalization of cardenolides in
the epithelial cells of the integument might represent a mechanism
to avoid autotoxicity but at the same time cardenolides are located
where they will be first perceived by predators. Collectively, our
ially resolved b s approach r novel insight
into the selectivity and the mechanism of cardenolide sequestra-
tion as well as of the location of sequestered cardenolides in mon-
arch butterflies and d I
AP-SMALDI MS| to explore insect-plant interaction biochemistry

ates the p ial of high

and to unravel the sp al fate of biotics in insects
(e.g., insecticides).
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Supplementary Note 1. Experimental parameters for HPLC-MS and HPLC-DAD

For HPLC-MS, the injection volume was 15 pL, and the column compartment was set to 30 °C
and 50 °C, respectively. The following acetonitrile-H20 (0.1 % FA) gradient gradient was used
at a flow rate of 0.5 mL/min: 0—2 min, 10% acetonitrile; 2—20 min, 20—70% acetonitrile; 20—-25
min, 70—95% acetonitrile; 25—30 min, 95% acetonitrile; 30—35 min, 95—10% acetonitrile. The
mass spectrometer was operated in positive-ion mode in a mass-to-charge-ratio (m/z) range
of 250 to 1000 at a mass resolution of 240,000 at m/z 200. The following HESI-source
parameters were applied: spray voltage (+), 3.5 kV, capillary temperature, 300 °C; sheath gas
flow rate, 35 psi; aux gas flowrate, 12 psi; aux gas heater temperature, 150 °C. Normalized
collision energy (NCE) of 25% was used for fragmentation with z = 1 as default charge state.
For HPLC-DAD, the injection volume was 15 pL. Cardenolides were eluted at a constant flow
of 0.7 mi/min at room temperature with an acetonitrile—-H20 gradient as follows: 0—1 min 20%
acetonitrile, 31 min 30% acetonitrile, 47 min 50% acetonitrile, 49 min 95% acetonitrile, 54 min
95% acetonitrile, 55 min 20% acetonitrile reconditioning for 10 min at 16% acetonitrile. UV-
absorbance spectra were recorded from 200 to 400 nm with a diode array detector.
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Supplementary Table 1. Overview of the biological replicates of D. plexippus and E. core,
which were analysed via AP-SMALDI MSI. Plant diet, orientation of cryo-sectioning and the
figures for the corresponding MSI results are mentioned.

Biological replicate Diet Cryo-sectioning MSI results
Danaus plexippus 1 A. curassavica transversal Figs. 1, 89
Danaus plexippus 2 A. curassavica transversal Fig. S8
Danaus plexippus 3 A curassavica longitudinal Figs. 2,5
Danaus plexippus 4 A curassavica longitudinal Fig. S15
Danaus plexippus § A. curassavica, purged with O. transversal Figs. 3, S21

coeruleum
Danaus plexippus 6 A curassavica, purged with O transversal Fig. S23
coeruleum
Danaus plexippus 7 A curassavica transversal Figs 4, S25
Euploea core 1 A curassavica transversal Figs. 1, S9
Euploea core 2 A. curassavica transversal Fig. S8
Euploea core 3 A curassavica longitudinal Fig. 2
Euploea core 4 A curassavica longitudinal Fig. S15
Euploeacore 5 A. curassavica, purged with O. transversal Fig. 523

coeruleum
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SAMPLING EMBEDDING

Final instar D. plexippus 8% gelatine solution for D. plexippus and 6% gel: luti

and E. core caterpillars for E. core in custom-made cryomold (24x50 mm).

¥

raised on A. curassavica.

MICROSCOPY & MATRIX APPLICATION

Recording optical image using Keyence digital Cry ioning (40 pm ion thick )
microscope. at —25 °C for D. plexippus and —18 °C for E.
Matrix application (2,5-DHB) using SMALDIPrep. core.

AP-SMALDI MSI

MSI DATA ANALYSIS

mirion 3§ |

MSI experiments conducted with AP- MIRION, Xcalibur and MSIReader used for MS| data
SMALDIS AF coupled to Q Exactive analysis.
HF MS instrument.

Figure S1. MSI-based spatial metabolomics workflow to study the distribution of sequestered
cardenolides in milkweed butterflies.
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Figure S2. Optical image of a longitudinal monarch section (biological replicate 3), which was
analysed via AP-SMALDI MSI (see Figure 2). The morphology and different tissue types
remain unperturbed during AP-SMALDI MSI analysis, thus allowing to perform classical
histology on the same section. The matrix layer was removed with 70% ethanol and H&E-
staining was carried out. (a) Whole-body of the final instar caterpillar, (b) anterior region
showing mid gut epithelium tissue, (c) central region of the mid gut, (d) end of the mid gut.
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- ’ - N
Figure S3. Danaus plexippus caterpillar freeze dried after dissection. Precipitated salts were
removed using a soft brush before the gut was divided into foregut (left), four portions of
midgut, and hindgut (right). Please see the methods section of the manuscript for further
details.
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Figure S4. Laser ablation spots in the crystalline matrix layer (2,5-DHB) of D. plexippus tissue
sections for AP-SMALDI MSI experiments conducted with (a) 25 um, (b) 45 pm, (¢) 10 pm and
(d,e) 5 pm step-size. The laser settings were carefully adjusted in respect to the applied step-
size to prevent oversampling (i.e. shooting the same sampling area twice). Of especial
importance for low-micrometer-resolution MS| (step-sizes below 10 pm) is that the employed
AP-SMALDI5 AF ion source provides a laser focus of 5 ym, thus, allowing us to perform the
respective MS| experiments without oversampling.
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Figure S5. Topography image of a transversal E. core section showing height variations of up
to 80 ym at ingested A. curassavica plant material (P) and integument (Int). Across midgut
epithelium (GE) and fat body (FB), we found height variations of up to 40 um. Therefore, we
conducted high-resolution MSI experiments (5 pm to 10 pm step size) using the 3D-surface
mode (pixelwise autofocusing) of the AP-SMALDI5 AF ion source to keep the MALDI laser

focus, fluence and ablation spot size constant for the whole MSI experiment.
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Figure S6. Root-mean-square error plots for (a) calotropin/calactin ([M+K]+ at m/z 571.2304),
(b) pheophytin a ([M+K]+ at m/z 909.5291) and (c) PE(36:3) ((M+K]+ at m/z 780.4941).
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Matrix-covered tissue section
Figure S7. General principle to obtain red-green-blue (RGB) overlay ion images using AP-
SMALDI MSI. The matrix-covered sample tissue section is scanned by a laser beam for
desorption/ionization of analytes with a defined step size between each measurement spot.
For image generation, the intensity values of the selected mass-to-charge-number ratio (m/z)
are combined with the spatial information into an image which displays the spatial distribution
of the selected signal on the sample surface. For the RGB overlay image, three different

signals are assigned to one colour each and superimposed.
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D. plexippus

Figure S8. AP-SMALDI MSI of transversal sections of caterpillars of D. plexippus (biological
replicate 2) and E. core (biological replicate 2). (a) Optical image of the transversal section of
a fifth instar caterpillar of D. plexippus (left) and E. core (right) before matrix application. (b-d)
Corresponding RGB overlay images obtained with 35 ym (D. plexippus) and 20 um (E. core)
step size showing the spatial distribution for the cardenolides (b) calotropin and/or its isomer
calactin ([M+K]*, red) at m/z 571.2304, (c¢) uscharidin ([M+K]*, red) at m/z 569.2152, (d)
voruscharin ([M+K]*, red) at m/z 628.2346, (b-d) the chlorophyll derivative pheophytin a at m/z
909.5288 ([M+K]*, green) as a chemical marker for plant tissue and the animal lipid PE(36:3)
([M+K]*, blue) as a chemical marker for animal tissues. To demonstrate the differences
regarding the cardenolide content between both species, the respective RGB ion images are

normalized to the same intensity scale.

71



Chapter Il

D. plexippus

lon intensity

1 mm

lon intensity

Figure S9. AP-SMALDI MSI of transversal sections of caterpillars of D. plexippus (biological
replicate 1) and E. core (biological replicate 1). (a) Optical image of the transversal section of
a fifth instar caterpillar of D. plexippus (left) and E. core (right) before matrix application. P:
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plant material, EP: ectoperitrophic space, ME: midgut epithelium, FB: fat body, I: integument.
(b) Corresponding RGB overlay images obtained with 35 pm (D. plexippus) and 20 pym (E.
core) step size, showing the spatial distribution of the cardenolide (b) uscharidin ((M+K]*, red)
at m/z 569.2151, (c) voruscharin ([M+K]*, red) at m/z 628.2346 and (b,c) the chlorophyll
derivative pheophytin a at m/z 909.5288 ([M+K]’, green) as a chemical marker for plant tissue
and the animal lipid PE(36:3) ([M+K]*, blue) as a chemical marker for animal tissues. To
demonstrate the differences regarding the cardenolide content between both species, the
respective RGB ion images are normalized to the same intensity scale. The D. plexippus gut
epithelium was damaged at two areas (highlighted in the optical image), causing potential
analyte delocalization in the corresponding hemolymph area.
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Figure $10. Chemical structures for all detected cardenolides. (a) calotropagenin, (b)
uscharidin, (c) calotropin, (d) calactin, (e) frugoside, (f) calotoxin, (g) asclepin, (h) uscharin, (i)
voruscharin, (j) uzarin.

74



Chapter Il 75

Chemical Formula: C,3Ha,05" Chemical Formula: C23H504* Chemical Formula: Co,H504"
Exact Mass: 387,22 Exact Mass: 369,21 Exact Mass: 341,21

Chemical Formula: Cp3H,004* Chemical Formula: C23H;;04* Chemical Formula: C5,H,;0,*
Exact Mass: 369,21 Exact Mass: 351,20 Exact Mass: 323 20

Chemical Formula: C53Hz705" Chemical Formula: C,2H,50,* Chemical Formula: Cz,H;50*
Exact Mass: 351,20 Exact Mass: 333,18 Exact Mass: 305.19

Figure S11. Proposed fragmentation pathway for cardenolides having an aldehyde function at
C18 and a dioxane-linkage between the glycoside unit and the aglycone (i.e. all cardenolides
detected with the exception of frugoside and uzarin). The fragmentation pathways including
the chemical structures of the fragments are highlighted in the HPLC-MS/MS spectra of the
respective cardenolide (Figs. S5-S7). For asclepin, uscharin and voruscharin, the
characteristic fragments based on the glycoside unit are also displayed.
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Figure S12. HPLC-MS/MS spectra for calotropagenin, uscharidin and calactin to confirm
imaging annotations. Fragmentation pathways including characteristic fragments are

highlighted.
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Figure S14. HPLC-MS/MS spectra for asclepin, uscharin, and voruscharin to confirm imaging
annotations. Fragmentation pathways including characteristic fragments are highlighted.
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D. plexippus (LS) E. core (LS)

Figure S15. Whole-body AP-SMALDI MSI of fifth instar D. plexippus (biological replicate 4)
and E. core caterpillars (biological replicate 4). (a) Optical image of longitudinal D. plexippus
(left) and E. core (right) sections before matrix application. H: head, |: integument, R: rectum,
GL: gut lumen, FB: fat body, ME: midgut epithelium. (b) Corresponding RGB overlay images
obtained with 45 pm step size, showing the spatial distribution of calactin/calotropin ([M+K]*,
at m/z 571.2304 (red), pheophytin a ([M+K]*, green) at m/z 909.5292 to highlight ingested A.
curassavica plant material, and PE(36:3) ([M+K]", blue) at m/z 780.4941 serving as a marker
for insect tissue, such as gut epithelium and fat body. Both RGB overlay images are normalized

to the same intensity scale.
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Figure S$16. (a) MSl-based relative quantification for five selected cardenolide signals in the
gut lumen of D. plexippus (left) and E. core (right). Bars represent means + SE of the respective
cardenolide signals based on four biological replicates (two transversal- and two longitudinal
sections for each species). For each biological replicate, the mean cardenolide intensity of
seven comparable regions of interest (ROI) was calculated. (b) Representative in silico ROI
selection at the example of biological replicate 1 for D. plexippus and E. core. RGB overlay
images showing the spatial distribution of the cardenolide calotropin and/or its isomer calactin
([M+K]*, red) at m/z 571.2304, the chlorophyll derivative pheophytin a at m/z 909.5288 ([M+K]’,
green) as a chemical marker for plant tissue and the animal lipid PE(36:3) ([M+K]*, blue) as a
chemical marker for animal tissues. MSiReader was utilized to define the respective regions

of interest (n = 7, total amount of pixels: 5134 pixels for D. plexippus and 5049 pixels for E.
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core) for both species. Next, ion intensities of the respective cardenolide signal was extracted
and for internal normalization and better comparison, normalized to the average pheophytin a
signal abundance for the respective region of interest.
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Figure S17. Total cardenolide concentrations across the gut passage in caterpillars of D.
plexippus (DP) and E. core (EC). After dissection and freeze drying, guts were divided into
foregut (FG), four portions of midgut (MG1-MG4), and hindgut (HG) and analyzed via HPLC-
DAD. Samples sizes for D. plexippus were: n = 7 for FG, for all other gut portions n = 9; for E.
core, sample sizes were n = 6 for all gut portions. In addition, we analyzed cardenolides in
milkweed (A. curassavica) leaves (LF, n = 9 for DP and n = 6 for EC). Bars represent means
+ SE, different letters above bars indicate statistically significant differences (p < 0.05). Note
that cardenolide concentrations in A. curassavica leaves were about twice as high in the
experiment with E. core compared to the experiment with D. plexippus which might be due to
different environmental conditions for plant growth (greenhouse vs. climate chamber).
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Figure S18. HPLC-MS-based absolute quantification of three preferentially sequestered
cardenolides (calotropin, calactin, frugoside) and uzarin (not sequestered by D. plexippus) for
gut material of D. plexippus (orange) and E.core (purple). The complete gut passage was
dissected into six segments, starting with the foregut (FG), followed by 4 segments of the
midgut (MG1-MG4), and the hindgut (HG). Each bar represents the mean of three biological
replicates and error bars indicate standard deviation. The cardenolide peak area was
normalized on the internal standard (digitoxin) and on the extracted tissue weight. (a) calotropin
([M+H]") at m/z 533.2755. (b) calactin ([M+H]") at m/z 533.2755. (c) frugoside ([M+H]") at m/z
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Figure S19. HPLC-MS-based quantification of the stereoisomers calotropin and calactin
([M+H]" at m/z 533.2751) for ingested plant material for the complete gut passage (foregut,
midgut 1-4, and hindgut) of D. plexippus (DP) and E. core (EC). Each bar is the mean value of
three biological replicates and error bars indicate standard deviation. The peak area was
normalized on the internal standard (digitoxin) and on the extracted tissue weight of DP-/EC-
gut material.
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Figure $20. Typical HPLC-MS chromatograms for the stereoisomers calotropin and calactin
([M+H]" at m/z 533.2751) for (a) ingested plant material of D. plexippus midgut segment 1 (MG
1), (b) ingested plant material of E. core midgut segment 1 (MG 1), (c) D. plexippus integument
tissue and (d) A. curassavica leaf tissue. The pie charts display the calotropin/calactin ratio
based on the area under peak (AUP) for each sample type (n = 3).
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Figure S21. AP-SMALDI MSI (25 pm step size) of Danaus plexippus (biological replicate 5)
fed with the non-toxic plant Oxypetalum coeruleum for 3 hours before sampling. (a-c) RGB
overlay showing (a) calotropagenin ([M+K]*, red) at m/z 443.1833, (b) frugoside ([M+K]*, red)
at m/z 575.2617, (c) uscharidin ([M+K]", red) at m/z 569.2146, and (a-c) pheophytin a ((M+K]",
green) at m/z 909.5292 and PE(36:3) ([M+K]", blue) at m/z 780.4942.
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Figure S22. MSl-based relative quantification for the preferentially-sequestered cardenolides
in the gut lumen of transversally sectioned caterpillars of Danaus plexippus. The respective
cardenolide abundance was compared between caterpillars fed with Asclepias curassavica
(deep grey, MSI data from Fig. 1, biological replicate 1) diet and caterpillars raised on A.
curassavica but purged with a cardenolide-free diet of Oxypetalum coeruleum (light grey, MSI
data from Fig. 3, biological replicate 5) for 3 hours before sampling. MSiReader was utilized to
in silico segment the gut lumen and integument and subsequently, cardenolide signal
intensities were extracted. Previous LC-MS-based cardenolide quantification for D. plexippus
integument tissue (Fig. S19) showed no significant variations across biological replicates. For
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better comparison, cardenolide signal intensities from the gut lumen were normalized to the
average signal abundance of the respective cardenolide at the integument for the same MSI
experiment. Box plots for (a) calotropin/calactin ((M+K]* at m/z 571.2304) showing 2.7 x less
abundance after purging the gut passage with cardenolide-free plant material, (b) calotoxin
([M+K]* at m/z 587.2251) showing 1.1 x less abundance after purging the gut passage with
cardenolide-free plant material, (c) frugoside ([M+K]* at m/z 575.2622) showing 2.1 x less
abundance after purging the gut passage with cardenolide-free plant material.
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Figure S23. AP-SMALDI MSI (25 pm step size) of Danaus plexippus (biological replicate 6)

and Euploea core caterpillars (biological replicate 5) purged with the non-toxic plant
Oxypetalum coeruleum before sampling. (a) Optical images of transversally sectioned last
instar D. plexippus and E. core caterpillars. (b) Corresponding RGB overlay images showing
calactin/calotropin ([M+K]*, red) at m/z 571.2304, pheophytin a ([M+K]*, green) at m/z
909.5292 and PE(36:3) ([M+K]*, blue) at m/z 780.4942. (c) Magnified views of the outlined

regions in b highlighting midgut epithelium tissue (ME), ectoperitrophic space (EP) and gut
lumen (GL).
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Figure S24. HPLC-MS-based quantification for 10 detected cardenolides in Asclepias
curassavica leaf material and D. plexippus integument. Each bar represents the mean of three
biological replicates and error bars indicate standard deviation. The area under peak (AUP)
was normalized to the internal standard (digitoxin). Please note that quantities between leaf

&

material and caterpillar tissue may not be compared in absolute terms since sample dry
masses were different.
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Figure $25. High-resolution AP-SMALDI MSI (5 pym step size) of transversal D. plexippus
(biological replicate 7) section. RGB images showing the spatial distribution of (a)
calotropagenin ([M+K]*, red) at m/z 443.1829, (b) frugoside ([M+K]*, red) at m/z 575.2616, (c)

calotoxin ([M+K]", red) at m/z 587.2253, (d) uscharidin ([M+K]*, red) at m/z 569.2146, (e)
uscharin ([M+K]*, red) at m/z 626.2159, (f) voruscharin ([M+H]*, red) at m/z 590.2770, (g)
uzarin ([M+K]’, red) at m/z 737.3149. Additionally, (a-g) pheophytin a ([M+K]*, green) at m/z
909.5290 and PE(36:3) ([M+K]", blue) at m/z 780.4940 were used to highlight ingested plant

tissue and insect morphology. (h) Optical image of the analyzed region of interest.
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Figure $26. High-resolution AP-SMALDI MSI (10 pm step size) of midgut epithelium tissue in
a longitudinal Danaus plexippus (biological replicate 3) section to investigate transport of
selected cardenolide and other primary- and secondary metabolites. (a) Optical image of the
analyzed region of interest. P: Asclepias curassavica plant material, GL: gut lumen, ME: midgut
epithelium tissue, HL: hemolymph. (b-i) RGB overlay images showing the spatial distribution
for (b) frugoside ([M+K]"*, red) at m/z 575.2616, (c) calotoxin ([M+K]*, red) at m/z 587.2253, (d)
asclepin ([M+K]*, red) at m/z 613.2415, (e) kaempferol-glucopyranoside ([M+Na]*, red) at m/z
471.0898, (f) malvidin-glucoside ([M+Na]*, red) at m/z 515.1160, (g) N-(1-deoxy-1-
fructosyl)tyrosine ([M+K]*, red) at m/z 382.0899, (h) guanosine ([M+K]", red) at m/z 322.0548,
(i) disaccharide ([M+K]*, red) at m/z 381.0793. Additionally, (b-i) pheophytin a ((M+K]*, green)
at m/z 909.5290 and PE(36:3) ([M+K]’, blue) at m/z 780.4940 were used to highlight ingested

plant tissue and midgut epithelium tissue. Scale bars, 500 ym.
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Figure S27. High-resolution AP-SMALDI MSI (10 pym step size) of midgut epithelium tissue of
a longitudinal Euploea core (biological replicate 3) section to investigate various primary- and
secondary metabolites. (a) Optical image of the analyzed region of interest. GL: gut lumen,
ME: midgut epithelium tissue, HL: hemolymph. (b-d) RGB overlay images showing the spatial
distribution for (b) calotropin/calactin ([M+K]*, red) at m/z 571.2305, (c) guanosine ([M+K],
red) at m/z 322.0547, (d) disaccharide ([M+K]*, red) at m/z 381.0793 and (b-d) pheophytin a
([M+K]*, green) at m/z 909.5290 and PE(36:3) ([M+K]", blue) at m/z 780.4940. Scale bars, 500

um.
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ABSTRACT: Spatial metabolomics describes the spatially re-
solved analysis of interconnected pathways, biochemical reactions,
and transport processes of small molecules in the spatial context of
tissues and cells, However, a broad range of metabolite classes
(e.g., steroids) show low intrinsic ionization efficiencies in mass
spectrometry imaging (MSI) experiments, thus restricting the
spatial characterization of metabolic networks. Additionally,
decomposing complex metabolite networks into chemical com-
pound classes and molecular annotations remains a major
bottleneck due to the absence of repository-scaled databases.
Here, we describe a multimodal mass-spectrometry-based method
combining computational metabolome mining tools and high-
resolution on-tissue chemical derivatization (OTCD) MSI for the spatially resolved analysis of metabolic networks at the low
micrometer scale. Applied to plant toxin sequestration in Danaus plexippus as a model system, we first utilized liquid chromatography
(LC)—MS-based molecular networking in combination with artificial intelligence (Al)-driven chemical characterization to facilitate
the structural elucidation and molecular identification of 32 different steroidal glycosides for the host-plant Asclepias curassavica.
These comprehensive metabolite annotations guided the subsequent matrix-assisted laser desorption/ionization mass spectrometry
imaging (MALDI MSI) analysis of cardiac-glycoside sequestration in D, plexippus. We developed a spatial-context-preserving OTCD
protocol, which improved cardiac glycoside ion yields by at least 1 order of magnitude compared to results with untreated samples.
To illustrate the potential of this method, we visualized previously inaccessible (sub)cellular distributions (2 and § um pixel size) of
steroidal glycosides in D. plexippus, thereby providing a novel insight into the sequestration of toxic metabolites and guiding future
metabolomics research of other complex sample systems.

|l Metrics & More @ Supporting Information

Spatially-resolved

MALDI MSI

B INTRODUCTION

Metabolic networks describe interconnected pathways of
biochemical reactions and transport processes of low-
molecular-weight chemical species (metabolic intermediates,
hormones, signaling molecules, secondary metabolites) within
living organisms.' " The processes within metabolic networks
can be temporally and spatially organized.” In this context, the
interest and ever-growing need to spatially characterize
biological phenomena in situ have grown rapidly, which
stimulated the development of enabling technologies. In
particular, mass spectrometry imaging (MSI) methods have
emerged as one of the fastest-growing mass spectrometry (MS)
fields over the past decade.”” MSI provides for nontargeted
spatially resolved analysis of molecular species. Not only the
analytes of interest but also hundreds of other chemical species
can be detected, identified, and visualized simultaneously,
thereby aiming to link molecular structures to biological
functions and origin.” Among the different MSI methods,
MALDI MSI is the predominant bioanalytical tool in
chemistry, biology, and medicine, and recent technical

© 2022 The Authors. Published by
Amencan Chemical Soclety

A 4 ACS Publications

advances have considerably improved the performance
characteristics regarding molecular coverage, sensitivity, and
spatial resolution. For instance, Kompauer ef al combined a
coaxial ion source geometry (MS-inlet and laser beam path
coaxially aligned to the sample-surface normal) with a custom-
made long-working-distance objective lens, allowing the
visualization of lipid, metabolite, and peptide distributions in
complex biological samples at atmospheric pressure with an
effective lateral resolution of 1.4 um.” However, sensitivity is a
significant barrier for visualizing metabolic networks via
MALDI MSL'" The problem of generally low MALDI
ionization efficiencies (ion yields down to 107 for some
analyte classes'"'*) is exacerbated by the decreasing amount of

Received: June 23, 2022
Accepted:  October 11, 2022
Published: November 8, 2022

2694

21 /ncx anslchern 2¢02
Anal, Chem. 2022, 94, 1537115979

hitps w1/ 10,102

95



Chapter Il

96

Analytical Chemistry

pubs.acs.org/ac

Wlatod

| in high-resolution MSL Multiple approaches
to increase the MALDI ion yield have been reported, including
optimized MALDI laser wavelength'™'" and laser-induced
post-ionization (MALDI-2). 'S For example, Niehaus et al
developed an ion source for transmission- mode MALDI-2
MSI, demonstrating i d analytical itivity by several
orders of magnitude for ph0sphu- and glycolipids with pixel
sizes of 1 um.'* H , h ires novel and
complex instrumentation, .md the limited availability of
commercial MALDI-2 MSI instruments prevents broader
applicability,' ™"

As a powerful alternative, on-tissue chemical derivatization
(OTCD) of target analytes with precharged moieties can
counteract isobaric matrix mterferences, ion suppression, and
low intrinsic ionization efficiencies.'” Introduced in 2013 by
Cobice et al, hydrazine-forming reagents have been used to
target ketone-containing substrates and products of the
glucocorticoid amphfym% enzyme 114-HSDI in rat adrenal
gland and mouse brain.” Afterward, various studies utilized
OTCD-MSI to gain additional or previously inaccessible
insight into spatial distributions and molecular structures in the
field of biological and medical research.’” ™" Despite all of
these studies that demonstrate the potential of selectively
enhancing ion yields, OTCD methods can be limited by spatial
artifacts and analyte washing effects, thus preventing the
visualization of (sub)cellular metabolite distributions.

To comprehensively explore and interpret metabolic net-
works, the corresponding individual chemical components
have to be discovered and identified. However, molecular
identification and elucidating chemical structures are mostly
restricted to compounds for which mass spectrometric
reference data are archived in spectral libraries (e.g.,
commercially available chemicals).”"™** Since its introduction
in 2012, molecular networking from the Global Natural
Products Social Molecular Networking (GNPS) infrastructure
has become a key method to organize and annotate
nontargeted LC—MS' and —MS? data.” "' Utilizing spectral

imilarity (with the ofstrucnmlsumhng) related
molecular species are connected, and annotations from spectral
library matching can be propagated through generated
molecular networks, thereby pushing the frontier of c

tional database search and facilitating the structural elucidation
of unk chemical compounds. Diihrkop ef al. developed
the computational me!hod CSI (Compound Structure
Identification):FingerID, " whxch combmes fragmentation-
tree calculations and machine-learning techniques for in silico
annotations of MS® spectra based on substantially larger
molecular structure databases. This method tackled the major
bottleneck of the limited availability of chemical compounds
represented in mass spectral libraries. Very recently, the same

In this fascinating antagonistic interaction, the monarch
butterfly absorbs and accumulates steroidal plant toxins
(cardiac glycosides) from milkweed host plants (Asclepias
spp.) into its own body tissues to obtain a chemical defense
against predators, '™

First, we generated a metabolomic "in-house” database of
A. curassavica consisting of 32 steroidal glycosides. Next, these
annotations were utilized to guide the spatially resolved MSI-
based analysis of cardiac glycoside sequestration in monarch
caterpillar tissues and cells, We mitigated the problem of low
intrinsic ionization efficiencies by the selective chemical
tagging of carbonyl-containing cardiac glycosides with pre-
charged moieties while retaining spatial mform:mon To
illustrate the potential of our methodol d
(sub)cellular distributions of derivatized ardiac glycosides in
epithelial cells, Malpighian tubules, and various body tissues in
unprecedented detail.

B EXPERIMENTAL SECTION

Chemicals. Acetonitrile and water (HiPerSolv) were
purchased from VWR International GmbH (Darmstadt,
Germany). 2,5-Dihydroxybenzoic acid (DHB) was purchased
from Merck (Darmstadt, Germany). Trifluoroacetic acid
(TFA) was purchased from AppliChem GmbH (Darmstadt,
Germany). Girard's reagent T (GirT) was purchased from
Merck (Darmstadt, Germany). Formic acid (FA) was
purchased from Fisher Scientific (Schwerte, Germany).

Plants and Insects. Samples of Asclepias curassavica were
obtained from plants cultivated at the Institute of Insect
Biotechnology (Justus Liebig University, Giessen, Germany).
Caterpillars of D. plexippus were raised on A. curassavica under
controlled conditions at the same institute.

Sample Preparation for LC-MS. A. curassavica leaf
samples were harvested, immediately freeze-dried, ground to a
fine powder, and subsequently extracted for nontargeted LC—
MS? experiments, The detailed experimental procedure is
provided in Supplementary Note 1,

Sample Preparation for OTCD MALDI MSI. The
established cryosectioning protocol to obtain longitudinal
tissue sections for final instar larvae (Figure S2) of excellent
quality reg:rdmg morphological preservation is reported
elsewhere.” Prior to on-tissue chemical derivatization, tissue
sections were brought to room temperature in a desiccator for
45 min to avoid condensation of humidity on the sample
surface. Optical microscopic images of tissue sections before
and after OTCD, after matrix appllcauon, and after MSI

lysis and of hemat eosin  (H&E)-stained tissue
sections were obtained using a Keyence VHX-5000 digital
microscope (Keyence Deutschland GmbH, Neu-Isenburg,
Germany) equipped with a VH-Z2SOR objective lens. A

authors described CANOPUS (class assigi and gy
prediction using mass spectrometry), a computational tool that
utilizes a deep neural network to predict chemical compound
classes and to perform structural analysis of unknown
metabolites using high-resolution MS* data.”" ™" Therefore,
combining these different computational metabolome mining
tools could provide a powerful platform to comprehensively
explore metabolic networks and identify their respective
chemical species. Here, we combined LC—~MS-based molec-
ular networking and artificial intelligence (Al)-driven chemical
classification with OTCD MALDI MSI for the unbiased
spatial-metabolomic characterization of plant toxin sequestra-
tion in the monarch butterfly (Danaus plexippus) (Figure S1).

I of 35 uL of GirT solution (15 mg/mL in MeOH/
water 7:3 v/v adding 0.2% TFA) was sprayed onto the tissue
section at a flow rate of 7 yL/min using an ultrafine pneumatic
sprayer system (SMALDIPrep, TransMIT GmbH, Giessen,
Germany). The nebulizing nitrogen gas pressure was 1 bar, and
the rotation was set to 500 rpm. After derivatization, samples
were kept at room temperature in a desiccator for 2 h without
any further incubation. A volume of 100 4L DHB matrix
solution (30 mg/mL in MeOH/water 1:1 v/v adding 0.1%
TFA) was sprayed onto the tissue section at a flow rate of
5 pL/min using the same ultrafine pneumatic sprayer system.
After MSI analysis, tissue sections were washed with ethanol
(70%) for 2 min to remove the matrix layer followed by H&E

15972 hitpe//dol.ong/ 10 102 1/acx anuichern 2¢02694
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Figure 1. Feature-based molecular networking and in silico systematic classification, substructure predlcnon, and annotation for cardiac glycosides

in A. cuwrassavice. (a) FBMN results for nontargeted LC—MS” data of A, leaf showi rks related to cardiac glycosides.
The node size proportionally represents the LC—~MS feature abundance (peak area), and lhe d edge th ds to the higher
cosine similarity (0.7 to 1.0). CANOPUS was used for compound classification to di ional candidates that were not part of the original

molecular network. In total, 32 different cardiac glycosides were identified based on 8 GNPS spet.tr;l library hits (red nodes) and 24 in silico

annotations (gray nodes) using SIRIUS (CSl:FingerlD). In silico

CANOPUS substructure predictions (posterior probability > 75%) for calactin to facilitate | elucid and fragr

analysis.

were also

d (Supplementary Data I) (b)

F y

staining for histological classification (see Supplementary
Protocol 1).

Instrumentation for MSL. HighAresolution (5 to 25 ym
step size) MALDI MSI and MALDI MS® exp were

without the use of image processing steps such as smoothing or
interpolation. lon images were normalized to the total ion
count (TIC) per pixel. The resulting ion images were ﬁmﬂx

inb for lization. MSiReader"

performed using an autofocusing AP-SMALDI® AF ion
source’’ (TransMIT GmbH, Giessen, Germany) coupled to
an orbital trapping mass spectrometer (Q Exactive HF,
Thermo Fisher Scientific GmbH, Bremen, Germany). For
higher-resolution (2 ym step size) MALDI MSI experiments, a
prototype AP-SMALDI AF ion source coupled to a Q Exactive
Orbitrap mass spectrometer (Thermo Fisher Scientific GmbH,
Bremen, Germany) was used. Detailed experimental parame-
ters are provided in Supplementary Note 2,

Instrumentation for HPLC-MS. All HPLC-MS experi-
ments were performed using a Dionex UltiMate 3000 HPLC
instrument (Thermo Fisher Scientific, Massachusetts, USA)
coupled to a Q Exactive HF-X Orbitrap mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany), Analytes were
separated on a Kinetex C18 reversed-phase column (2.6 um,
100 X 2.1 mm, Phenomenex, Torrance, USA). Detailed
experimental parameters for HPLC—MS/MS analysis are
provided in Supplementary Note 3.

MSI Data Analysis. The Xcalibur Qual Browser (Thermo
Fisher Scientific, Massachusetts, USA) was used to display
mass spectra. lon images of selected m/z values were generated
using the MIRION"" imaging software (v3.3.64.20, TransMIT
GmbH, Giessen, Germany). All MS images were generated

was used to extract mlenuty proﬁles for defined regions of
interest. Lipids and metabolites were assigned based on exact
mass measurements, LC—MS® experiments, on-tissue MALDI
MS?, and METASPACE"" annotations.

Molecular Networking and In Silico Molecular
Characterization. Raw mass spectra were converted to
mzXML files using MSConvert (Pmleo Wizard, v.3.0.11579).
MS' feature extraction and MS® processing were performed
using MZmine 2% (see Supplementary Note 4 for detailed
information). Feature-based molecular networks (FBMNs)
were generated using the FBMN workflow from the GNPS
analysis infrastructure (see Supplementary Note 5 for detailed
information) and visualized with Cytoscape’® (v.3.8.0).
SIRIUS (v.4.53) and the included CSI:FingerID and
CANOPUS tools were used for in silico characterization of
LC—-MS* data.

W RESULTS AND DISCUSSION

Molecular Networking Combined with Al-Driven
Molecular Characterization Defines the Steroidal Glyco-
side Composition of A. curassavica. First, we performed

geted LC—-MS* of leaf extracts and utilized
state-of-the-art molecular networking tools in combination
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Figure 2. High-resolution MALDI MSI (25 ym step size) for chemically derivatized cardiac glycosides in longitudinal D. plexippus sections, (a)
Schematic of the reaction between calotropin/calactin and the GirT reagent, (b) Optical images showing the analyzed area for conventional
MALDI (left) and OTCD MALDI MSI (right). The corresponding RGB overlay images were normalized to the same intensity scale and show the
spatial distribution of calotropin/calactin in red as [M + K]* at m/z 5§71.2306 for control (left) and [M + GirT]" at m/z 646.3699 for OTCD
(right), pheophytin a as [M + K]* at m/z 909.5291 in green, and PS(36:3) as [M + K] at m/z 810.5046 in blue. (c) Magnified view for the
integument area of the OTCD experiment highlighting the accumulation of the toxin in the epithelial cells of the integument. Corresponding
OTCD MALDI MS* spectrum of calotropin/calactin as [M + GirT]" at m/z 6463699 acquired from a single pixel at the D. plexippus integument.
(d=j) RGB overlay images showing additional derivatized cardiac glycosides in red. (d) Uscharidin ([M + GirTT', m/z 644.3541), (e)
hydroxyuscharidin ([M + GirT]", m/z 660.3489), (f) gofrugoside ([M + GirT]", m/z 648.3828), (g) calotoxin/hydroxycalactin/hydroxycalotropin
(IM + GiT]", m/z 662.3648), (h) calotropagenin ([M + GirT]", m/z 518.3233), (i) asclepin ([M + GirT]", m/z 688.3806), and (j)
hydroxyasclepin ([M + GirT]", m/z 704.3756). Scale bars: (b, d=j) 1 mm and (c) 500 pm

with Al-driven molecular characterization to acquire a
metabolomic profile for the host plant A. curassavica. Figure
S3 shows the comprehensive FBMN results that consisted of
1175 mass spectral nodes organized into 89 independent
molecular families. In total, we obtained 145 spectral library
hits (red nodes), allowing the classification of the correspond-
ing molecular networks, Figure la shows the molecular
network for cardiac glycosides, which are potent inhibitors
for Na"/K'-ATPase, a cation carrier ubiquitously expressed in
animal cells. Utilizing Al-driven compound class prediction, 12
additional LC-MS’ features were classified as cardiac
glycosides (Figure 1a, bottom right), which were not part of

15974 [e—

the original molecular network due to different fragments in
the MS* spectra (Supplementary Note 3). In total, 32 different
cardiac glycosides were identified based on 8 GNPS spectral
library hits (red nodes) and 24 in silico annotations (gray
nodes) (Table S1). To evaluate in silico annotations, we
manually investigated the respective fragmentation spectra
(Supplementary Data 1). Compared to the most recent
studies*"” regarding toxic steroidal glycoside composition in
A. curassavica, we found 20 additional cardiac glycosides that
were also absent from mass spectral libraries. Computational
substructure predictions (as depicted in Figure 1b for
calotropin) facilitated the structural elucidation of annotated
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Figure 3. OTCD MALDI MSI of derivatized cardiac glycosides, nucleotides, and lipids at subcellular resolution in various tissue types and cells of
D. plexippus, (a) Optical image of H&E-stained Malpighian tubules after MSI analysis. (b) Corresponding green—blue overlay image obtained with
§ pm step size showing the spatial distribution of thymidine 3',5"-hydrogen phosphate ([M + K], m/z 343.0092, green) in the tubule lumen and
GleCer(47:5;02) ([M + H]', m/z 874.7130, blue) in the principal cell of the tubule. (c) Magnifications of the color-coded areas in (a) displaying
the morphology for transverse-sectioned Malpighian tubules (PrC: principal cell; TL: tubule lumen) and their corresponding red—green overlay
images obtained with S ym step size showing the spatial distribution of calotropin/calactin ([M + GirT]", m/z 646.3699, red) and thymidine 3,5

hydrogen phosphate ([M + K1, m/z 343.0092, green). (d) Optical image of the analyzed region of interest showing the hemolymph (HL), fat
body (FB), gut epithelium (GE), ectoperitrophic space (EP), peritrophic membrane (PM), and gut lumen (GL). (¢, f) Corresponding RGB
overlay images obtained with 2 um step size showing the spatial distribution of calotropin/calactin ([M + GirT]", m/z 646.3699, red) for (e),
hydroxyasclepin ([M + GIirT]*, m/z 704.3754, red) for (f), and PE(44:1) ([M + H]', m/z .6927, green) and SM(29:5;05) ([M + Nal", m/z
695.3991, blue) for (e) and (f). (g) Single ion images for the molecular compounds shown in the RGB overlays. Scale bars: (b) 100 um, (¢) 25 pum,

and (e—g) 60 pm

cardiac glycosides. Whereas all detected and classified cardiac
glycosides are 19-oxosteroids (besides digitoxigenin (m/z
375.2531) and two derivatives (Figure la), the molecular
network exclusively contains cardiac glycoside with an
aldehyde group. Therefore, cardiac glycosides having a
hydroxyl function at C19 (frugoside, C,;H, O, at m/z
$37.3063; antiaroside B, CH.0,, at m/z 699.3591;
strophanthidol, C,3Hy,04 at m/z 407.2426) were not part of
the cardiac glycoside network due to different characteristic
fragments (Figure S4 and Supplementary Note 5). Despite
having an aldehyde group at C19, gofruside (m/z 535.2902,
C,4H,,0;5) and corglycone (m/z $51.2860, C,,H,,0,,) were
also excluded from the molecular network due to ether-bond-
linkage between the aglycone and glycoside unit (instead of

15975 by

1,4-dioxane linkage), and the precursor calotropagenin (m/z
405.2281, C,;H,0,) was excluded due to the absence of a
glycoside unit. Importantly, FBMN resolved several isomers for
m/z 5332741 (CigHOy), m/z 549.2693 (C,9H,,0,0), and
m/z 591.2803 (C;;H,,0,,) that have similar MS® spectra but
distinct retention times and thus would have remained hidden
in classical molecular networking, The molecular network can
be divided into subnetworks depending on different chemical
subgroups (thiazolidine/thiazoline, acetyloxy, and hydroxy/
ketone group) in the glycoside unit, which is represented by
the spectral library annotations for voruscharin, asclepin, and
calotropin in Figure la. In addition, FBMN enabled
quantitative analysis by using the LC—MS feature abundance
(peak area) showing that asclepin (C;H,,0,, at m/z
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575.2855), 16a-acetoxyasclepin (Cy;HyyO,; at m/z 633.2902),
uscharidin  (CH Oy at m/z 531.2587), and voruscharin
(C4HiNO,S at m/z 590.2791) are the most abundant cardiac
glycosides in A. curassavica.
Visualizing Metabolic Networks of Cardiac Glycoside
Sequestration in D. plexippus. Next, we utilized our
bol "in-house” database to guide in situ visualization
of metabolic networks related to cardiac glycoside sequestra-
tion in fifth instar longitudinal D. plexippus caterpillar sections.
However, previous studies showed that detecting and visual-
izing steroidal compounds using MSI coupled with soft
ionization techniques are exceptionally difficult due to poor
ion yields and the presence of interfering molecules in the low
mass-to-charge-number range (m/z < 500).~* Therefore,
we used Girard's reagent T (GirT) to enhance detection

1 1

sensitivity while retaining spatial information. We developed an

MS® (Figure 2¢). In total, we detected and annotated 19
derivatized cardiac glycosides in D. plexippus, demonstrating
that our LC—MS-based molecular networking/Al-classification
approach successfully guided and facilitated the spatial
molecular characterization using MSL. Our OTCD MALDI
MSI results determined that the majority of cardiac glycosides
are taken up and stored in the integument of the caterpillar
(e.g, calotropin/calactin (Figure 2b), low amounts of
uscharidin (Figure 2d) and hydroxyuscharidin (Figure 2e),
gofrugoside (Figure 2f), calotoxin/hydroxycalactin/hydroxyca-
lotropin (Figure 2g), and calotropagenin (Figure 2h)). In
contrast, asclepin (Figure 2i) and hydroxyasclepin (Figure 2j)
belong to the most abundant toxic glycosides in A. curassavica
(Figure 1a) and were exclusively located in the gut lumen.
Thus, our MSI results demonstrate that small incremental

ultrafine OTCD method by utilizing a high reagent
concentration combined with a low total spray volume and
flow rate that was followed by incubation without increased
humidity and optimized matrix application (Figures §5-89
and Supplementary Note 6 for details regarding method
develop ). Girard's T reacted with carbonyl-
containing cardiac glycosides, resulting in hydrazone formation
and a positively charged triethylamine function (Figure 2a). To
analyze and demonstrate the ion signal boost provided by the
covalent charge-tagging approach, we also performed MSI
experiments without OTCD, but with identical experimental
parameters, of the adjacent section.

The optical images (Figure 2b) display the analyzed area
consisting of the gut lumen (GL) that contains the A.
curassavica plant material and is surrounded by the gut
epithelium (GE), fat tissue (FT), and integument (1). The
corresponding MSI results for three selected ion signals are
shown in red—green—blue overlay (RGB) images obtained
with a 25 um step size (Figure 2b). The red color channel
highlights the spatial distribution of the toxic cardiac glycoside
isomers calotropin/calactin ([M + K] and [M + GirT]",
respectively). The green color channel represents pheophytin a
([M + K]"), which is characterized as a chlorophyll A molecule
without the central Mg** cation and serves as a marker for the
plant material. The spatial distribution of PS(36:3) ([M + K]*)
is shown in blue, highlighting the gut epithelium and fat tissue.
In general, for OTCD, no additional adducts (H", Na™, K*) of
cardiac glycosides were detected, and derivatized ions were
exclusively detected as GirT-carrying ions. For comparison,
both RGB images were normalized to the same intensity scale,
thereby demonstrating that the average signal intensity of
calotropin/calactin was increased by 16-fold (M + GirT]"
relative to the dominant non-OTCD adduct [M + KJ*, see
Figure S10 for box plots), also increasing the pixel coverage to
72% (35% for the control). Hence, OTCD MALDI MSI
significantly improved the extracted biological information and
vividly revealed that steroidal glycosides are extracted from the
A. curassavica plant material, absorbed into the gut epithelium,
and stored in the integument of the caterpillar. Importantly,
derivatized species preserved their fidelity and spatial integrity,
therefore allowing us to spatially resolve the fine distribution of
accumulated cardiac glycosides in the single layer of epithelial
cells in the integument, as shown in Figure 2c for calotropin/
calactin. The corresponding single-pixel mass spectrum (Figure
S11) demonstrates that [calotropin/calactin+GirT]" is one of
the most abundant signals (ion intensities of ~1 X 10°), thus
enabling in situ identification by on-tissue single-pixel MALDI

changes in the chemical structure dlrectly correlzte to the
selectivity of plant toxin seq i

Visualizing (Sub)Cellular Distributlons of Derivatized
Cardiac Glycosides. To elucidate specific molecular events
and mnspon proccssei involved in cardiac glycoside

lysis has to approach
(sub)cellular resolunon We performed OTCD-MSI experi-
ments with § ym step size of Malpighian tubules, which are
mulufuncnonal tissues involved in osmoregulation, rcnal
excretion of nitrog waste, and elimination of biotics
and meubohc waste from the hemolymph.** We note that the
MSI experiments were performed without oversampling, as
demonstrated in Figure 512, showing the matrix-coated sample
surface after measurement and laser ablation craters with a
diameter of ~3 um onto the penetrated tissue.

Figure 3a shows the optical image of H&E-stained
Malpighian tubules after MSI analysis (Figure S2 for the
whole longitudinal D. plexippus larva section and Figure S13
before MSI analysis). The morphology of transverse-sectioned
tubules (Figure S14) can be reproduced by the MSI green—
blue overlay image (Figure 3b) showmg the spatial distribution
of thymidine 3',5'-hydrog (M + K] at m/z
343. 0092) in green and GlcCer(47 5;02) ([M + H]® at m/z
874.7130) in blue. The nucleotide derivative was primarily
located in the tubule lumen (TL) and the surrounding tissue,
whereas a broad variety of lipids (Figure 515 for additional
examples of different lipid classes) were exclusively detected in
the principal cell (PrC).

Figure 3c displays detailed MSI results for two defined
regions of interest (highlighted in Figure 3a), with the red
color channel representing the spatial distribution of
derivatized calotropin/calactin ([M + GirT]" at m/z
646.3699). Interestingly, the cardiac glycoside was exclusively
detected in the principal cell and not in the lumen of the
tubules. However, the transepithelial fluid secretion to produce
urine in the leplgiuan tubules mdudes an osmotic gradient
that causes water ics and bolic waste from
the hemolymph to diffuse. Thus, our OTCD MALDI MSI
results suggest that cardiac glycosides are not part of the
transcellular and paracellular excretion pathways and indicate
lhzl lhey may mslcad be actively transported back to the

and uently stored in the integument.
Therefore, toxic glycosides that were already absorbed and
transported through the gut epithelium are not excreted, which
enhance the efficiency of the sequestration mechanism.

To demonstrate the potential of OTCD MALDI MSI for
investigating the spatial organization of metabolic networks
with sampling areas below 5 ym’, we next analyzed different
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physiological layers regarding cardiac glycoside uptake with 2
pum step size. We detected and spatially resolved various
derivatized cardiac glycosides primarily located in the gut
lumen (GL), ectoperitrophic space (EP), fat body (FB), and
hemolymph (Figure 3d—g and Figure S16, red color channel).
We utilized the distribution of the lipids [PE(44:1) + H]' at
m/z 858.6927 in green as a tissue marker for the gut
epithelium and fat body and [SM(29:5;05) + Na]* at m/z
695.3991 in blue showing specific enrichments in the gut
epithelium and fat body, which would most likely remain
hidden with larger step sizes. The low cardiac glycoside
abundance in the gut epithelium may suggest fast and efficient
transport across the tissue into the hemolymph. However,
different ionization efficiencies due to different sample matrix
backgrounds (i.c., gut epithelium tissue and gut lumen) have to
be considered. In previous studies,”” it was not possible to
visualize cardiac glycoside distributions in the fat body of the
larvae. However, we observed the accumulation of calotropin/
calactin, calotoxin/hyd 1 in/hydroxycalactin, and the
precursor calotropagemn in the fat body with an increased
accumulation in the outer layer of the fat tissue (Figure 3¢ and
Figure S16a). Notably, this observation was not made for other
derivatized metabolites with similar polarity (e.g, futalosine
derivative; Figure S16b), thus suggesting that this specific
pattem along with other (sub)cellular cardiac glycoside
distributions is not caused by analyte diffusion effects during
sample preparation. Figure 3f shows the spatial distribution for
hydroxyasclepin, which is not ed by D. plexippus (as
determined in the previous MSI experiment). Instead,
hydroxyasclepin, which belongs to one of the most abundant
cardiac glycosides in A. tumssavita, was exclusively detected in
the gut lumen and ectoperitrophic space with similar intensity
to calotropin/calactin but not located in the gut epithelium
tissue (despite being in direct contact). Thus, our MSI data

that the peritroph b (PM), which was
shown to restrict the cardenolide digitoxin to the gut lumen of
locusts,"” has no function regarding the selectivity of cardiac
glycoside sequestration in our system,

W CONCLUSIONS

Our workflow combines novel computational methods for in
silico annotation, classifying chemical compounds and generat-
ing molecular networks based on LC~MS bulk analysis with
high-resolution OTCD MALDI MSI in a robust way to
comprehensively analyze metabolic networks in the spatial
context of tissues and cells. Utilizing plant toxin sequestration
in D. plexippus as a model system, we were able to structurally
characterize and identify 32 different steroidal glycosides in the
host plant A. curassavica. To the best of our knowledge, this is
the highest number of detected cardiac glycosides for this
milkweed species, thereby demonstrating the enormous
potential of comp bolomics approaches to
decompose metabolic networks into compound classes and
molecule annotations, However, no available in silico molecular
fingerprint-based annotation m:thud cn dlsungmsh berween
correct and incorrect
necessary. Our covalent charge-tagging approach usmg the
GirT reagent substantially improved the sensitivity and
enabled the spatial visualization of carbonyl-containing cardiac
glycosides in the fat body, gut epithelium, Malpighian tubules,
and epidermal integument cells of D. plexippus with pixel sizes
of 2, 5, and 25 um. In this context, the optimized OTCD
sample preparation protocol preserved spatial integrity to

15977

ensure that the effective lateral resolution was defined by the
laser spot size rather than the analyte diffusion radius.
Although primarily demonstrated here for carbonyl-cunnimtg
steroidal glycosndes. many functional groups (phenols,”
thiols,”* amines,”*** carboxylic acids,” phosphate mono-
esters,” and alkenes’™") can be targeted with different
OTCD reagents to achieve increased ion yields and to force
specific fragmentation patterns, Thus, our generic workflow
represents a customizable and expandable method and can
readily be applied to a wide range of spatially resolved small-
molecule studies in the fields of chemistry, biology, and
medicine,
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Supplementary Protocol 1: H&E staining protocol

1. Dehydration in ethanol and set to demineralized water

100 % ethanol: 2 min

70% ethanol: 2 min

40% ethanol: 2 min

Demineralized water: 2 min
2. Hematoxylin: 12 min
3. Washing steps

Tap water: 10 min

Demineralized water: 5 min

4. 1% aqueous eosin Y solution: 1 min
5. Differentiation in ethanol

Demineralized water: 2 min

40% ethanol: 2 min

70% ethanol: 2 min

100 % ethanol: 2 min
6. Xylol

7. Eukitt fixation

Supplementary Note 1: Sample preparation for LC-MS

A. curassavica leaf samples were harvested, immediately freeze-fried in liquid nitrogen, ground
to a fine powder and subsequently extracted for LC-MS? experiments. An amount of 50 mg of
dry leaf powder was transferred into 2 mL screw-cap vials (Sarstedt, Nimbrecht, Germany)
and after the addition of 900 mg zirconia beads (Roth, Karlsruhe, Germany), samples were
homogenized in a Fast-Prep-24 instrument (MP Biomedicals, Germany) for two 45 sec cycles
at a speed of 6.5 m/sec. Subsequently, samples were centrifuged at 16,100 rpm and
supernatants were transferred into fresh vials. After evaporating samples to dryness under a
stream of N, dry residues were dissolved in 1 mL methanol by agitation in the Fast-Prep-24
instrument (without the addition of beads). Before LC-MS analysis, samples were filtered via
Rotilabo®-syringe filters (nylon, 0.45 um, Roth, Karlsruhe, Germany) and diluted (1:20) using
MeOH.

Supplementary Note 2: Experimental parameters for MSI analysis
All MSI measurements were conducted in the positive-ion mode in mass-to-charge (m/z) range
of 250 to 1000 at a mass resolution of 240,000 for Q Exactive HF (120,000 for Q Exactive) at
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m/z 200. Internal lock-mass calibration was performed by using the DHB matrix cluster ion
signal at m/z716.12461 ([SDHB—4H,O+NHa]*), resulting in a high mass accuracy of +1 ppm.
For desorption/ionization, 50 laser pulses per pixel at a wavelength of 343 nm were focused
perpendicular to the sample surface. The step size of the XYZ-sample stage was set to the
desired pixel size. The full-pixel mode was used for MALDI MSI experiments conducted with
25 um step size. In full-pixel mode, the pixel area is ablated by multiple laser pulses by a
meandering movement to improve the ion signal intensities of the MSI experiment. The scan
speed for all MSI experiments was 1.6 pixel/s. The acceleration voltage was set to 3 kV. The
ion injection time was set to 500 ms. The capillary temperature was 250 °C, and the S-lens
level was set to 100 arbitrary units.

Supplementary Note 3: Experimental parameters for HPLC-MS analysis

The injection volume was 15 L, and the column compartment was set to 50 °C. Mobile phase
A was water (0.1 % FA). Mobile phase B was acetonitrile (0.1 % FA). A flow rate of 0.5 mL/min
applying the following gradient: 0—2 min, 10% B; 2—20 min, 20—70% B; 20—25 min, 70-95%
B; 25-30 min, 95% B; 30—-35 min, 95—-10% B. The mass spectrometer was operated in
positive-ion mode in a mass-to-charge (m/z) range of 250 to 1000 at a mass resolution of
240,000 at m/z 200. Data-dependent acquisition (DDA) for MS? spectra was performed. Up to
7 MS? spectra per MS' survey scan were recorded. The maximum ion injection time for MS?
scans was set to 100 ms with an AGC target of 1E5 ions and a minimum of 5% AGC. The MS?
precursor isolation window was set to Am/z = +1. Normalized collision energy (NCE) of 25 %
was used for fragmentation with z = 1 as the default charge state. Dynamic precursor exclusion
was set to 6s. Following HESI-source parameters were applied: spray voltage (+), 3.5 kV;
capillary temperature, 300 °C; sheath gas flow rate, 35 psi; aux gas flowrate, 12 psi; aux gas
heater temperature, 150 °C.

Supplementary Note 4: LC-MS data pre-processing using MZmine 2

The mzXML files were imported and following parameters were applied: an initial threshold of
1E6 for MS' spectra and 1E4 for MS? spectra was used. For feature-detection, the ADAP
chromatogram builder was used with a minimum signal intensity and group intensity threshold
of 3E6 and with + 3 ppm mass tolerance. A minimum mass appearance over 5 consecutive
scans was set. The extracted ion chromatograms were deconvoluted using the local minimum
search algorithm with a chromatographic threshold of 10%, search minimum in RT range of
0.3 min, minimum relative height of 10%, minimum absolute height of 3E6, minimum ratio of
peak top/edge 0.5 and peak duration between 0.02 min and 3 min. For MS'-MS? pairing, a
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mass range of 0.01 Da for median m/z centre calculation and RT range of 0.2 min was used.
Isotope signals were grouped with m/z tolerance of + 3 ppm and RT tolerance of 0.1 min.

Supplementary Note 5: Feature-based molecular networking from the GNPS analysis
infrastructure

The .mgf files were uploaded into the GNPS ecosystem and for FBMN following parameters
were applied: precursor ion mass tolerance: 0.01 Da, fragment ion mass tolerance: 0.01 Da.
The minimum cosine score between a pair of MS2 spectra in order to form an edge in the
molecular network was 0.7. The maximum amount of neighbour nodes from a single node was
10. The minimum number of fragment ions that were shared between pairs of related MS?
spectra was 5. The maximum precursor ion mass difference between two nodes was 600 Da.
For spectral library annotations, the MS? spectra contained a minimum number of 6 matched
fragment ions. Additionally, the minimum cosine score after spectral matching of experimental
MS? spectra with spectral library MS? spectra was 0.7. The molecular networking results were
imported into Cytoscape (v.3.8.0). For optimal visualization, H*-adducts were exclusively
shown.

Supplementary Note 6: Method development for high-resolution OTCD MALDI MSI of
cardiac glycosides

We optimized the sample preparation protocol to achieve high sensitivity while retaining spatial
information. In summary, the solvent composition of methanol/water (7:3) v/v enabled high
GirT-concentration (15 mg/mL), which subsequently allowed us to use a low spray volume (35
uL) combined with a low flowrate (7 pl/min) to prevent analyte delocalization and washing-
effects (as shown in Figure S5 for 50 puL spray volume and 10 pL/min flow rate). Between
OTCD and matrix application, the sample tissue was transferred into a desiccator for two hours
at room temperature to increase reaction yield (Figure S6) and to prevent spatial artefacts due
to hydroscopic properties of the GirT reagent. Any further incubation step that included
increased humidity and temperature resulted in analyte delocalization and washing effects
(Figure S7) and was thus avoided. Next, OTCD was quenched by matrix application, which
also provides chemical preservation and inhibits oxidation of derivatized cardiac glycosides
(Figure S6). Using an ultrafine pneumatic spraying protocol for DHB as a matrix with
methanol/water (1:1) v/v as solvent showed excellent results regarding homogenous matrix
crystallization (crystal sizes < 10 um) for different surface characteristics of D. plexippus tissue
sections, including fat body tissue, digested plant material and integument (Figure S8 and
Figure S9 for comparison with DHB matrix layer without OTCD).
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Supplementary Table 1. Overview of the cardiac glycoside composition in A. curassavica,

determined via LC-MS-based feature-based molecular networking and in silico molecular

characterization.
m/z mass error
(exp.) (ppm)
375.2530 1.2
405.2280 1.1
407.2433 13
505.3165 1.0
519.2879 1.1
531.2587 1.2
533.2742 15
533.2742 15
535.2902 0.9
537.3060 0.7
547.2541 0.8
549.2692 1.0
549.2692 1.0
549.2693 1.0
549.2693 1.0
551.2860 0.6
553.3015 0.7
561.3063 0.9
575.2855 05
579.2805 1.1
588.2627 0.8
590.2791 0.5
591.2798 1.1
591.2803 0.9
604.2573 1.1
606.2729 0.9
619.3115 0.8
633.2902 1.0
635.3795 0.7
697.3430 0.9
699.3591 0.6
711.3220 0.8

sum
formula
Cz3Ha404
Ca3H3404
C23Ha0s
CzgHaaO7
C29H420s
CaaH3s0s
C2sH400s
CzsH400s
C2aHa20s
C29H440q
Ca29H3s010
Ca2gH40010
C2sH40010
Cz9H40010
CasHs0010
C29H42010
CzsH44010
Cai1HaOs
Ca1Ha2010
CaoH42011
CaiHaiNOeS
CarHaaNOsS
Ca1H42011
CarHa2011
Ca1HaiNOsS
Ca1H43NOsS
CsaHasOn1
CasH44012
CasHs4O10
CasHs2014
CasHs4On4
CasHs0018

RT
(min)
12.91

5.24
4.90
11.07
12.20
10.42
8.47
9.18
8.26
7.94
9.53
6.20
7.24
8.38
9.27
6.33
6.16
11.95
10.70
8.14
11.56
10.92
8.19
8.56
7.76
10.78
11.37
10.43
12.01
713
6.83
5.91

annotation

digitoxigenin
calotropagenin
strophanthidol
digitoxigenin digitoxoside
strobosid
uscharidin
calactin
calotropin
gofruside
frugoside
hydroxyuscharidin
calactinic acid
calotoxin
hydroxycalactin
hydroxycalotropin
corglycon
periplogenin glycoside
gomphoside-acetate
asclepin
hydroxycalactinic acid methylester
uscharin
voruscharin
acetoxycalotropin
hydroxyasclepin
hydroxyuscharin
hydroxyvoruscharin
diacetylgofruside
acetoxyasclepin
digitoxin bisdigitoxoside
cannogenin diglycoside
antiaroside B
calotoxin-glycoside
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Figure S1. Experimental design for the FBMN-based annotation and structural
characterization of cardiac glycosides in A. curassavica, followed by in situ
visualization of metabolic networks related to sequestration in D. plexippus using OTCD
MALDI MSI. (a) Metabolite extraction for A. curassavica leaf samples. (b) Performing non-
targeted LC-MS? experiments. (c) LC-MS feature detection and data-preprocessing using
MZmine 2. (d) FBMN workflow from the GNPS ecosystem in combination with SIRIUS for
increased annotation rate, compound classification and structural elucidation. (e) Visualizing
molecular networking results using Cytoscape and generate internal database to facilitate
metabolite identification for subsequent MSI experiments. (f) Cryo-sectioning of last instar D.
plexippus larvae. (g) Optimized pneumatic spraying protocol for OTCD using GirT reagent. (h)
Optimized pneumatic spraying protocol for DHB matrix solution. (i) Performing high-resolution
MALDI MSI experiments. (j) Identification of derivatized metabolites and generating the
respective MS ion images.
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Figure S2. Optical image of longitudinal last instar D. plexippus caterpillar section.
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Figure S3. Comprehensive FBMN results consisting of 1175 mass spectral nodes, that were
organized into 89 independent molecular families. In total, 145 spectral library hits (red nodes)
were obtained allowing to classify the corresponding molecular networks. For instance, the
molecular networks | to Il (MN I-11l) were composed of fatty acids, phosphatidylcholines (PC),
sphingomyelins (SM) and arachidonoylthio-PCs; MN IV contains flavonoid glycosides, MN V
contains phosphatidylethanolamines (PE), MN VI contains carotenoids, MN VII contains
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cardiac glycosides, MN VIII contains flavonoids, MN IX contains polysaccharides and MN X

contains isoflavonoids.
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Figure S4. LC-MS? spectra for calotropin ([lel-'ﬁ'f , m/z533.2753) and frugoside ([M+H]*, m/z
537.3060) highlighting the differences regarding characteristic fragments. Thus, frugoside was
not part of the molecular network, which is based on the characteristic fragmentation pathway
of calotropin, calactin and asclepin.
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Optical image RGB overlay

Figure S5. OTCD MALDI MSI of derivatized cardiac glycosides in D. plexippus. After GirT-
reagent application (10 mg/ml in MeOH/water 7:3 v/v, 50 ul spray volume, 10 pl/min flowrate),
the sample was transferred in a desiccator for 2 hours. (a) Optical image of transversal D.
plexippus section before OTCD and matrix application. (b) Corresponding RGB overlay image
obtained with 25 um step size showing the spatial distribution of calotropin/calactin in red
(M+GirT]* at m/z 646.3699), pheophytin a ([M+K]* at m/z 909.5291) in green and
PS(18:1/18:2) ([M+K]* at m/z 810.5046) in blue. The extensive cardiac glycoside distribution

at the integument indicates washing-out effects and analyte delocalization. Scale bar, 1 mm.
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CG standard

calotropin
(M+GIrT]*
mjz 646.3700

uscharidin®
[M+GirT]*
m/z 6443545

and.
calotoxin

[M+GIrT]*
m/z 662.3645

Figure S6. Dried-droplet MALDI MSI experiments of two derivatized cardiac glycoside
standards (calotropin and calotoxin). A volume of 1 pL cardiac glycoside standard was spotted
into reaction holes of a PTFE-coated glass slide. Subsequently, 1 uL of GirT-reagent (15
mg/mL) was added. After specific time intervals, the reaction was quenched by adding 1 pL of
DHB-matrix solution (30 mg/mL). The highest reaction yield was obtained after 120 minutes of
incubation. After 8 hours, uscharidin was detected for the calotropin standard measurement
indicating oxidation of the respective species. Note that all reaction holes were measured
simultaneously after the longest incubation time interval (8 hours). Thus, our data suggests
that the chemical reaction is successfully quenched by adding the DHB matrix solution, which
subsequently provides chemical preservation and inhibits the oxidation of derivatized cardiac

glycosides (see time incubation intervals of < 2 hours).
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Optical image RGB overlay

Figure S7. OTCD MALDI MSI of derivatized cardiac glycosides in D. plexippus. After GirT-
reagent application (10 mg/ml in MeOH/water 7:3 v/v, 50 uL spray volume, 10 uL/min flowrate),
the sample was incubated in a cell culture incubator (38°C, 100% relative humidity) for 2 hours.
(a) Optical image of transversal D. plexippus section before OTCD and matrix application. (b)
Corresponding RGB overlay image obtained with 25 um step size showing the spatial
distribution of calotropin/calactin in red ([M+GirT]" at m/z 646.3699), pheophytin a ([M+K]* at
m/z 909.5291) in green and PS(18:1/18:2) ([M+K]* at m/z 810.5046) in blue. The extensive
and leaked-out cardiac glycoside distribution at the integument indicate washing-out effects

and analyte delocalization. Scale bar, 1 mm.
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After OTCD

After OTCD and
matrix application

Figure S8. Optical images of longitudinal D. plexippus section (a) after OTCD and (b) after
OTCD and matrix application. The optimized sample preparation protocol for OTCD (15 mg/ml
GirT in MeOH/water 7:3 v/v, 35 uL spray volume, 7 uL/min flowrate) and matrix application (30
mg/ml DHB in MeOH/water 1:1 v/v, 100 pL spray volume, 5 pU/min flowrate) provides a
homogenous matrix layer with crystal sizes of < 10 um, which is demonstrated for different
surface characteristics including integument (I) plant material (P), gut lumen (GL) and gut
epithelium (GE). Scale bars, 100 pym.
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Figure S9. Optical images of longitudinal D. plexippus section for matrix layer comparison of
(a) control experiment (conventional MALDI MSI without OTCD) and (b) OTCD MALDI MSI.
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Figure S10. Box plots showing in silico extracted ion intensities of cardiac glycosides for OTCD
and control MALDI MSI. Utilizing OTCD, cardiac glycoside ion intensities were increased by
(a) 16-fold for calotropin/calactin (b) 13.9-fold for uscharidin, (¢) 14.3-fold for calotoxin, (d)
11.5-fold for asclepin and (e) 13.1-fold for hydroxyasclepin.
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Figure S11. Representative MALDI MSI spectrum for (a) conventional MALDI (control) and
(b) OTCD MALDI MSI (MSI data shown in Figure 2b) acquired from a single pixel at D.

plexippus integument. For the control experiment, the ion signal of [M+K]* is the predominant
adduct signal of calotropin/calactin with an ion intensity of 3.7E2. For OTCD MALDI MSI, the

derivatized calotropin/calactin signal is one of the most abundant signals with an ion intensity
of 1.0E5.

S18



Chapter Il 122

Figure S12. Optical images of Malpighian tubules after OTCD MALDI MSI performed with 5
um step size using the AP-SMALDI® AF ion source. (a) Matrix-coated sample surface after
measurement showing laser ablation craters of < 5 pm. Thus, MSI analysis was performed
without oversampling. (b) Magnification of a single H&E-stained malpighian tubule after
measurement demonstrating 5 um step size and laser ablation craters of < 5 um onto the
penetrated tissue. Scale bars, (a) 100 ym (b) 10 pum.
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Figure S13. Optical image of longitudinal D. plexippus section (before OTCD and matrix
application) highlighting transversal-sectioned Malpighian tubules (MT). Scale bar, 100 pm.
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Figure S14. Simplified schematic showing the morphology of D. plexippus malpighian tubules.
The principal cells fold upon itself to form a tubule lumen. PrC: principal cell; PN: principal cell
nucleus; TL: tubule lumen.
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b PE/PC

Figure S15. OTCD MALDI MSI of D. plexippus malpighian tubules. Dual ion channel images
obtained with 5 um step size showing the spatial distribution for different lipid classes in pink.
(a) [PG(22:3/14:0)+Na]* at m/z 795.5146, (b) [PE(P-18:2/24:6)+Na]* at m/z 822.5408 (c)
[P1(16:0/26:0)+H])* at m/z 951.6896 (d) [SM(16:0/34:6)+Na]* at m/z 955.7238 (e)
[MGDG(16:2/20:3)+H]* at m/z 777.5511 (f) [MG(19:0)+Na]* at m/z 395.3132. The nucleotide
derivative thymidine 3',5'-hydrogen phosphate ([M+K]*, m/z 343.0092) is shown in green.
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Cardiac glycosides b Futalosine derivative

Figure S16. OTCD MALDI MSI (2 um step size) of derivatized cardiac glycosides and
futalosine derivative uptake in D. plexippus. Red-green overlay images showing the spatial
distribution for (a) the derivatized isomers calotoxin/hydroxycalotropin/hydroxycalactin
(M+GirT]*, m/z 662.3648) and calotropagenin ([M+GirT]*, m/z 518.3233) in red, (b)
dehypoxanthine futalosine ([M+GirT]+, m/z 411.1986) in red and (a,b) PE(46:3) ((M+H]*, m/z
882.6922) in green. In contrast to both cardiac glycosides, the derivatized futalosine species
is not accumulated in the outer layer of the fat body tissue of the caterpillar. Scale bar, 80 um.
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Supplementary Data 1: Structure and LC-MS? spectra for all detected cardiac
glycosides. Red arrows indicate water loss and green arrows indicate carbon monoxide
loss.
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