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Summary 
Organisms are a symphony of molecules, orchestrated through chemical reactions and performed in a
three-dimensional (3D) architecture. In animal–microbe symbioses, both partners often interact and
communicate through chemical cues, using metabolites, molecules between 50 and 1500 Da. Mass
spectrometry imaging (MSI) lets us visualize how the metabolites of both the host and its associated
bacteria are distributed. MSI provides a powerful approach to disentangle the metabolic fingerprints
and interactions of microbes in animal tissues. However, the major challenge is to determine whether
the location of a given metabolite corresponds to the location of the animal’s cells or the bacteria.

In this thesis, I developed approaches to combine MSI, microscopy and computed tomography, to
tease apart the metabolic fingerprints of host animals and symbiotic bacteria living inside the animal
tissues and cells.

I focused on two invertebrate animal–bacteria symbioses. A chemosynthetic mussel of the genus
Bathymodiolus from deep-sea vents that depends on its microbial symbionts for nutrition and common
garden earthworms that have both symbiotic bacteria and parasitic nematodes. My aim was to develop
culture-independent imaging approaches to study the spatial chemistry in both systems.

I used matrix-assisted laser desorption/ionization (MALDI)-MSI to visualize hundreds of metabolites
from single tissue sections, without labeling of individual molecules. By combining high-resolution
MALDI-MSI with fluorescence in situ hybridization (FISH) to label the bacteria, I could assign
metabolite distributions to either the host or its symbionts (Chapter 1). In the deep-sea mussels, the
symbiotic bacteria are located inside epithelial cells (bacteriocytes) of the gill and supply their host
with organic molecules, synthesized through the oxidation of chemicals in the vent fluids. Applying
the combined MSI and FISH approach (metaFISH) not only showed that the intracellular symbiont
colonies were metabolically heterogeneous at the micrometer scale, but also revealed a group of
metabolites linked to the interaction between mussel and symbionts. metaFISH provides a tool for
microbiologists to tease apart metabolic fingerprints of bacteria in mixed communities and tissues.

In animal–microbe symbioses, the 3D organization of bacteriocytes and architecture of symbiotic
organs plays a crucial role for the interactions between both partners. Accordingly, I extended the
metaFISH pipeline from 2D to 3D imaging. I combined 2D imaging, using metaFISH, with 3D
imaging of the host using micro computed tomography (microCT), all on a single earthworm
specimen (Chapter 2). This chemo-histo-tomography (ChemHisT) approach allowed me to analyze
the images of the metabolites and bacteria within the 3D architecture of the whole symbiotic animal.
Surprisingly, chemo-histo-tomography imaging revealed the metabolic war between parasitic
nematodes and the immune response of the earthworm.

The drawback of microCT is that it requires chemical contrasting of soft tissues, which changes the
metabolite composition that I want to detect by MSI. I made the ChemHisT approach more MSI
friendly by advancing from laboratory-based microCT to phase-contrast synchrotron radiation-based
(PC-SR) microCT, which does not require chemical contrasting (Chapter 3). Developing the sample
preparation to combine MALDI-MSI with PC-SRmicroCT allowed me to generate 3D models of the
mussels, leaving the sample chemically almost unmodified for MSI.

Using FISH and SRmicroCT in combination with MALDI-MSI allowed me to document a thus far
undescribed feeding strategy in the symbiotic deep-sea mussels. Previously, symbionts were known to
transfer nutrients to the mussel through secretion or intracellular digestion of symbionts by the mussel.
I could show that the mussel consumed its symbiont-filled cells through its digestive system after
shedding intact bacteriocytes from its own epithelia. Likely, not all symbionts are digested and a
fraction could be excreted into the environment alive. This feeding mechanism presents a new way of
symbiont farming and could provide a way out for the symbionts to colonize new hosts.

With my thesis I demonstrate that complementing MALDI-MSI with correlative imaging techniques is
essential to fully understand the chemical images. Focusing on animal–microbe symbioses, correlative
(chemical) imaging provides a new chemical perspective on organismal interactions, letting us as
visually-driven organisms connect the dots between anatomic structure and metabolic function.
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Zusammenfassung

Organismen gleichen einer Symphonie aus Molekülen, dirigiert durch chemische Reaktionen die in
einer dreidimensionalen (3D) Architektur aufgeführt werden. In Symbiosen zwischen Tieren und
Mikroben interagieren beide Partner oft durch chemische Signale, indem sie Metaboliten, i.e.
Moleküle zwischen 50 und 1500 Da, einsetzen. Bildgebende Massenspektrometrie (MSI) erlaubt es
uns, die Verteilungen einzelner Moleküle des Wirtes und den dazugehörigen Bakterien bildlich
darzustellen. Dadurch bietet MSI eine vielversprechende Methodik, die metabolischen Fingerabdrücke
und Interaktionen von Mikroben in tierischen Gewebe zu entwirren. Dabei besteht jedoch die größte
Herausforderung darin, zu bestimmen, ob die Verteilung eines bestimmten Metaboliten mit der
Position der tierischen Zellen oder Bakterien übereinstimmt.

In dieser Arbeit habe ich Anwendungen entwickelt, um MSI mit Mikroskopie und Computer-
tomografie zu kombinieren, um die metabolischen Fingerabdrücke der Wirtstiere und ihrer
symbiontischen Bakterien, die innerhalb der tierischen Gewebe leben, voneinander abzugrenzen.

Ich habe mich auf zwei Symbiosen zwischen wirbellosen Tieren und Bakterien fokussiert. Diese sind
chemosynthetische Muscheln der Gattung Bathymodiolus, die an Hydrothermalquellen in der Tiefsee
leben und sich durch ihre Symbionten ernähren und auf gewöhnliche Regenwürmer, in denen sowohl
symbiontische Bakterien als auch parasitische Nematoden leben. Dabei war es mein Ziel,
kultivierungsunabhängige bildgebende Verfahren zu entwickeln, um die Verteilungen chemischer
Substanzen in beiden Systemen abzubilden.

Ich habe Matrix-unterstützte Laser Desorption/Ionisation (MALDI)-MSI verwendet, um hunderte von
Metaboliten von einzelnen Gewebeschnitten abzubilden, ohne die Moleküle davor einzeln zu
markieren. Indem ich hochauflösende MALDI-MSI mit Fluoreszenz in situ Hybridisierung (FISH)
kombiniert habe, um die Bakterien zu markieren, konnte ich einzelne Metabolitenverteilungen dem
Wirt oder seinen Symbionten zuordnen (Kapitel 1). In der Tiefseemuschel sitzen die symbiontischen
Bakterien in Epithelzellen (Bakteriozyten) der Kiemen und versorgen ihren Wirt mit organischen
Molekülen, die sie durch die Oxidation chemischer Substanzen aus den Hydrothermalfluiden
synthetisiert haben. Die Anwendung der Kombination von MSI und FISH (metaFISH) zeigte nicht
nur, dass die Metaboliten der intrazellulären Kolonien der Symbionten auf einer Mikrometerskala
heterogen verteilt waren, sondern deckte auch eine Gruppe von Molekülen auf, die mit der Interaktion
zwischen Muschel und Symbionten zusammenhing. Somit bietet metaFISH Mikrobiologen ein
Werkzeug, um die metabolischen Fingerabdrücke in uneinheitlichen Gemeinschaften und
(Tier)Geweben zu entflechten.

Für die Symbiose zwischen Tieren und Mikroben spielt die 3D Organisation und Architektur der
Bakteriozyten und symbiontischen Organe eine entscheidende Rolle für die Interaktion der beiden
Partner. Dementsprechend habe ich die metaFISH Methodik von einer Bildgebung in 2D auf 3D
erweitert. Ich habe die 2D Visualisierungstechniken von metaFISH mit 3D Mikrocomputertomografie
(microCT), angewandt auf den Wirt, kombiniert und zusammen bei einem einzelnen Regenwurm
eingesetzt (Kapitel 2). Dieser Chemo-Histo-Tomografie Ansatz erlaubte mir, Bilder von
Metabolitenverteilungen und Bakterien innerhalb der 3D Architektur des gesamten symbiontischen
Tieres zu analysieren. Überraschenderweise zeigte die Chemo-Histo-Tomografie (ChemHisT) einen
Metabolitenkampf zwischen parasitischen Nematoden und der Immunantwort des Regenwurms.

Der Nachteil von microCT ist, dass chemische Kontrastmittel benötigt werden, um Weichgewebe
abzubilden. Diese Kontrastmittel ändern wiederum die Metabolitenzusammensetzung der Probe, die
ich mit MSI nachweisen will. Deswegen habe ich ChemHisT MSI-freundlicher gemacht, indem ich
von gewöhnlichem microCT im Labor auf Phasenkontrast-Synchrotronstrahlung-basiertem (PC-SR)
microCT umgestiegen bin, wofür man keine Kontrastmittel benötigt (Kapitel 3). Indem ich die
Probenvorbereitung für eine Kombination von MALDI-MSI und PC-SRmicroCT entwickelt habe,
konnte ich 3D Modelle der Muscheln erstellen, wobei die Probe für MSI chemisch fast unverändert
blieb.
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Die Anwendung von FISH und SRmicroCT in Kombination mit MALDI-MSI erlaubte es mir, einen
soweit unbeschriebenen Fressmechanismus der symbiontischen Tiefseemuscheln zu dokumentieren.
In früheren Veröffentlichungen wurde gezeigt, dass die Symbionten Nährstoffe der Muscheln
abgeben, indem sie diese ausscheiden oder indem die Muschel die Symbionten intrazellulär verdaut.
Ich konnte zeigen, dass die Muschel ihre mit Symbionten gefüllten Zellen frisst und in ihrem
Verdauungssystem zersetzt, nachdem sie die intakten Bakteriozyten von ihren eigenen Epithelien
ausstößt. Auf diese Weise werden wahrscheinlich nicht alle Symbionten verdaut und ein gewisser
Anteil wird möglicherweise lebend in die Umwelt ausgeschieden. Dieser Fressmechanismus stellt eine
neue Strategie für Wirte dar, Symbionten zu kultivieren und könnte ein Ausweg für die Symbionten
sein, neue Wirte zu besiedeln.

Mit meiner Arbeit demonstriere ich, dass es essentiell ist, MALDI-MSI mit korrelativen bildgebenden
Verfahren zu ergänzen, um die chemischen Bilder vollständig zu verstehen. Besonders um Symbiosen
zwischen Tieren und Mikroben zu studieren, eröffnen korrelative (chemische) bildgebende Verfahren
eine neue chemische Perspektive auf Interaktionen zwischen Organismen. Diese bildgebenden
Verfahren erlauben es uns als visuell veranlagte Wesen, neue Verbindungen zwischen anatomischen
Strukturen und metabolischen Funktionen herzustellen.
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Introduction part I  

Animal–microbe symbiosis and correlative chemical imaging 

 

Host–microbe interactions, which do we choose to learn from? 

Symbiosis 

Bacteria have entered into symbiosis with organisms across all domains of life. Symbiosis (Greek for 

"living together") was defined in 1879 by Heinrich Anton de Bary as “the living together of unlike 

organisms”1. Symbiosis can be divided into three main strategies including mutualism, beneficial for 

both partners; commensalism, beneficial for one partner and neutral for the other; and parasitism, 

beneficial for one partner and detrimental for the other one2. The techniques I have developed in my 

thesis could be applied to investigate all types of host-microbe interactions. In terms of study systems, 

I will focus on mutualistic symbioses between bacteria and animals, small invertebrates in particular. 

Throughout the text, I will refer to mutualistic interactions simply as “symbiosis” and point out 

interactions that are parasitic and commensal. 

 

Animal–microbe study systems 

In addition to classic model organisms and their associated microbiomes, such as fruit flies and zebra 

fish, other symbioses have become model systems for host–microbe research because of their 

extraordinary survival strategies (Fig. 1)3,4. The host organisms are often animals that at first glance 

appear strange through their unique behavior and uncommon food sources2. In most cases, these 

‘superpowers’ that have fascinated scientists, have evolved through their symbiosis with microbes5. 

For instance, the bobtail squid Euprymna scolopes has developed a light organ that is colonized by 

Vibrio fischeri bacteria, which at nighttime mimic the moonlight through bioluminescence and provide 

camouflage for the animal against predators from below6. Studying this symbiosis has revealed 

fundamental mechanisms of signaling7, colonization and partner recognition8.  

__________________________________________________________________________________Introduction
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Figure 1. Examples of animal–microbe symbioses from marine and terrestrial ecosystems. a, The bobtail 

squid harbors bioluminescent Vibrio fischeri in its light organ (Euprymna scolopes, ©Nick Hobgood, CC BY-

SA 3.0 license). b, Pea aphids form an obligate nutritional symbiosis with Buchnera aphidicola, which provide 

essential amino acids to the host (Acyrthosiphon pisum, ©Shipher Wu, CC BY 2.5 license. c, Wolbachia sp. for 

example is associated with the reproductive tissues in the fruit fly9 (Drosophila melanogaster, ©André Karwath, 

CC BY-SA 2.5 license. d, Earthworms harbor their symbiotic bacteria in their excretory organs (Lumbricus 

rubellus, ©Holger Casselmann, CC BY-SA 3.0 license). e, The sea slug Elysia chlorotica lives in a more 

parasitic interaction with the alga Vaucheria litorea, by stealing its chloroplasts to produce their own 

photosynthetic products10(©Patrick J. Krug, CC BY-NC 3.0 license). f, The deep-sea mussel of the genus 

Bathymodiolus harbors chemosynthetic bacteria as intracellular symbionts, that provide the mussel with nutrition 

through the oxidation of chemicals in the vent fluids (Bathymodiolus childressi, ©NOAA). All images were 

cropped and assembled into this composite without further modifications. 

 

An example of an obligate nutritional interaction is the symbiosis between aphids and the bacterium 

Buchnera aphidicola11. The aphids feed on sugar-rich plant sap and the symbionts supplement them 

with essential amino acids that are lacking in the animal’s diet 12. In this symbiosis, the bacterial 

partner is transferred through the maternal germline and because it has drastically reduced its genome 

B. aphidicola has become fully dependent on the host13. This model has taught us basic principles of 

nutritional specialization and genome reduction of host and symbionts that highly depend on each 

other. For many other symbioses that do not fully depend on each other, their interactions are still not 

fully understood. For instance, in earthworms, the role of the microbial symbionts could be linked to 

the host development14 or the production of dietary supplements15, but their precise role is not known. 

Across terrestrial and marine ecosystems, we constantly discover new strategies that animals and 

__________________________________________________________________________________Introduction

4



microbes use to live in symbioses, extending thus the list of host–microbe systems that we can choose 

to learn from. 

 

Expanding the toolbox, to study non-culturable animal–microbe symbioses 

The detailed molecular knowledge on animal–microbe symbioses is owed to substantial improvements 

of the tools to study their molecular biology16. In particular, research on host–microbe symbioses that 

cannot be cultivated in the lab heavily depends on sequencing and mass spectrometry technologies. 

We use these approaches to develop hypotheses that we then test, for example with in situ imaging 

techniques (Fig. 2). Equally important as improvements in omics technologies have been advances in 

sampling and computing. 

A prime example of host–microbe research that heavily depends on the new suite of omics and 

imaging techniques, is the study of symbioses from chemosynthetic environments in the marine 

realm4. These environments range from shallow water to deep-sea ecosystems where invertebrates 

such as giant tubeworms, mussels and massive amounts of shrimps thrive at vents and seeps. What is 

special about these systems is that chemoautotrophic microorganisms fix CO2 through the oxidation of 

reduced substances such as hydrogen sulfide17, methane18 and even hydrogen19 from the surrounding 

fluids. The animals harness the products of CO2 fixation by living in nutritional symbioses with these 

chemosynthetic microbes. This strategy allows these chemosynthetic communities to reach massive 

populations that form an ‘oasis of life’ in the deep sea, independent of sunlight-powered CO2 fixation 

known as photosynthesis20.  

One of these systems is the symbiosis between Bathymodiolus deep-sea mussels and their 

chemoautotrophic bacteria17,21 (see Fig. 1f). Living in symbioses allows the mussels to dominate most 

deep-sea vent and seep communities in terms of biomass. The application of the full toolbox of latest 

metaomic and imaging approaches (Fig. 2) to study the Bathymodiolus symbiosis has revealed energy 

pathways of the symbionts19,22, how the symbionts colonize the mussels23,24, potential defense 

mechanisms25 and fine-scale genetic26 and metabolic adaptations27 of the symbiotic bacteria. I used 

this non-culturable host–microbe symbiosis for most of my PhD projects to develop new in situ 

imaging approaches that provide new perspectives on the interactions between both partners. 
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Figure 2. Toolbox of modern omics and microscopy approaches to study (non-culturable) host–microbe 

interactions from marine environments. The figure was modified after Pohlschroder and Schulze28, including 

illustrations by Brandon Seah, Nikolaus Leisch, Miguel Ángel González Porras, Maximilian Franke, Alexander 

Gruhl, Rebecca Ansorge and ©MARUM, Uni Bremen. 

 

Host–microbe interactions, a network of chemical interactions revealed through metabolomics 

Host and microbes interact through metabolites 

We study host–microbe interactions to unveil and understand the mechanisms that both partners use to 

interact and their evolution. The close physical contact of both partners has often led to the evolution 

of specialized organs and behaviors5,29. Throughout these long term evolutionary processes, the 

immediate interactions between animals and bacteria are largely mediated through metabolites 

(Fig. 3)30,31. Metabolites are small molecules below 1500 Da16, or between 50 to 1500 Da32 and are 

often involved in communication and defense, or act as nutrients that are exchanged between hosts and 

microbes33,34. 
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Figure 3. Metabolic interactions between hosts, microbes and the environment. Metabolic interactions can 

occur between hosts, e.g. via pheromones during mating. Similarly, microbes communicate with each other, for 

example through quorum sensing, which involves diffusible small molecules. Hosts and microbes also release 

and sense metabolites from the environment, for instance when looking for a mating partner or food. Microbes 

and hosts also produce metabolites which the other partner can use (e.g. sugars), or defense molecules 

(e.g. antimicrobials). Both animals and microbes use chemical substrates from the environment ranging from 

polysaccharides to polycyclic aromatic hydrocarbons. Elements of a figure modified after Douglas, 2019. 

 

History of metabolomics 

Over the past centuries, elucidating these chemical interactions required challenging workflows, 

consisting of isolation and purification assays needing large amounts of material16. Even worse, in 

studying host – microbe interactions, there was always a danger that the organisms did not produce 

specific metabolites under laboratory conditions, despite having the genetic potential to do so. The 

growing field of metabolomics has revolutionized the analysis of chemical interactions and found 

integration with other ‘omics’ approaches over the last decades16. Introduced as an ‘omics’ discipline 

in 200135,36, rapid improvements of technologies in mass spectrometry (MS), nuclear magnetic 

resonance spectroscopy (NMR) and analysis software have enabled the measurement and 

identification of hundreds to thousands of metabolites, even with low material input. Metabolomics 

refers to the measurement of substrates, intermediates, and products involved in metabolic pathways 
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in- and outside organisms’ cells and tissues16. In this thesis I will focus on MS-based metabolomics 

which I have used to study metabolites in animal–microbe symbioses throughout my PhD.  

 

Challenges in metabolomics 

In general, metabolomics can be divided into two major modes, which are targeted and untargeted 

analyses. Targeted approaches focus on the measurement of specific ‘target’ molecules, whereas 

untargeted approaches aim to capture a picture of the overall, unbiased chemistry of a system16.  

The biggest challenge using untargeted metabolomics to measure the chemical interactions between 

animals and bacteria is to identify the measured compounds. Only once we assign names to the 

measured numbers, we can infer their chemical properties and functions. For example in LC-MS/MS 

the average annotation rate is only 2% to 10%30. In analogy to hypothetical genes in genomic 

sequences, the diversity and complexity of metabolites are measured but remain uncharacterized 

peaks, hidden within the mass spectra. In untargeted metabolomics, this “metabolomic dark matter” 

makes up over 98% of the detected molecules37.  

Since the term “metabolomic dark matter” was introduced in 2015, powerful data analysis tools, such 

as annotation platforms38 and LC-MS/MS molecular networking39 have been developed. In addition to 

computational advances, developments such as mass spectrometry imaging (MSI)40,41 have been used 

to guide natural product research42, contributing to the discovery and interpretation of metabolomics 

“dark matter”.  

 

The need for spatial metabolomics in animal–microbe symbioses 

When studying new symbioses, the spatial distribution of symbionts outside or inside a host is one of 

the first questions that is addressed, whereas the distribution of most molecules even within the most 

well-known animal–microbe symbioses is still unknown. 

In animal–microbe symbiosis, both partners live in close physical associations. Symbiotic bacteria that 

live inside the animal’s organelles, cells, or extracellularly, but inside an organ are called 

endysmbiotic. Bacteria that are attached to the outside of their host are considered ectosymbiotic. In 

both cases, microbes and their hosts produce their own set of metabolites, the so-called metabolome. 
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The spatial distribution of the individual metabolites can vary, depending on their function e.g. intra- 

or extracellularly. In addition, metabolites can be ubiquitous among both partners, such as nucleic 

acids, membrane lipids and amino acids, whereas other metabolites can have a specialized function 

and can be produced by only one of the two partners34. 

The overarching theme of my thesis will be to visualize metabolites of host and symbionts by 

integrating MSI with other imaging techniques to assign their spatial metabolomes to organs, tissues 

and cells. 

 

Correlative (chemical) imaging of animal–microbe symbioses from milli to nano, 2D to 3D and 

histo to chemo 

Imaging, the most efficient way to understand biology 

“A picture is worth a thousand words”, especially when describing biological processes. Being driven 

by vision, we use visualizations to understand and communicate problems more efficiently. For 

example, if each figure were replaced by a detailed description, this thesis would likely double its 

length and be more difficult to understand. Modern biomolecular imaging techniques have led to a 

better understanding of structures, such as symbiotic bacteria, individual genes and metabolites that 

are normally hidden from the human eye (Fig. 4)26,27,43,44. 

Still, no single technology can record everything at once, from the tremendously variable chemical 

composition to the architectures of single cells or whole animals.  

 

Correlative multimodal imaging for studying animal–microbe symbioses 

Combining different techniques has revealed a more holistic picture of the biology and biochemistry 

of organisms45-47. In most of the studies that combine multiple imaging approaches, the two terms 

“correlative” and “multimodal” are used, but almost never defined45,47,48. The term “correlative 

imaging” originated from correlative light- and electron microscopy (CLEM) and strictly speaking 

describes the application of both techniques to the same area on the same tissue section49. The term 

“multimodal imaging” comes from the medical field and describes the “combination of different 

advantages of multiple imaging methods in order to improve the accuracy of imaging diagnostics”50. 
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In combination, “correlative multimodal imaging” describes the application of multiple imaging 

methods to the same tissue area (2D) or volume (3D) to gather more information than could be drawn 

from each technique individually. I will use correlative multimodal imaging to emphasize the 

combination of techniques on the same sample that go beyond the classical CLEM approaches. 

 

Animal–microbe symbioses consist of three major elements that are essential to understand symbiotic 

interactions: The host, the bacteria and the molecules. The host anatomy and its microbial symbionts 

are often studied by zoologists, cell-biologists, microbiologists, whereas the small molecule chemistry 

is often analyzed separately by (bio)chemists or biotechnologists. Through correlative multimodal 

imaging, a simultaneous snapshot of the animal’s anatomy, its microbial symbionts, and their 

metabolites could be acquired, to more efficiently communicate chemical and histological data 

between the individual disciplines. 

 

How to design a correlative multimodal imaging experiment? 

When designing a correlative imaging study, three different questions have to be addressed. “What are 

the targets, e.g. host–microbe symbiosis that will be imaged?”, “How can these targets be imaged?” 

and “In which order can the techniques be applied?” 

I defined three major targets for our correlative animal–microbe imaging approach: The anatomy of 

the host, the distribution of the microbial symbionts and the distribution of metabolites.  

The second question of how to visualize the three targets requires a precise knowledge of the available 

imaging techniques and protocols and the accessibility of samples. If the study organisms cannot be 

maintained in the lab and have to be collected from remote places, live-animal and live-cell imaging 

are excluded because they require a supply of fresh material. In terms of scale, the techniques have to 

cover a range from millimeters to nanometers, to image both small animals and single bacteria (Fig. 

4). I will use the term spatial resolution to describe and compare the detail that a technique is able to 

capture. Higher spatial resolution means more image detail51. Although there are different measures of 

spatial resolution, I will use the edge length of pixels (2D) and voxels (3D pixels) as a comparable 

measure. The smaller the pixel size, the more pixels can be produced to visualize a given structure. 
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Increasing the amount of pixels within a defined region results in more detail and a higher spatial 

resolution51. In addition to imaging at different scales, I want to visualize structural and chemical 

features of the host–microbe tissues (Fig. 4).  

The third question addresses the order, in which the selected techniques must be applied without 

interfering with each other. The individual steps of sample preparation and imaging must be sorted by 

their destructivity. Live- or non-destructive imaging approaches such as magnet resonance tomography 

(MRT) and stereomicroscopy must be used first. Afterwards, techniques that require fixation and 

physical sectioning, such as MSI or histology can be applied. In addition to the physical destruction, 

the degree of chemical modification introduced during sample preparation has to be considered. For 

example, staining a sample for microscopy, changes the chemistry of a sample and could interfere with 

MSI.  

 

Overview of imaging techniques that could be used in a correlative multimodal imaging approach 

Considering the array of available imaging techniques, I want to briefly introduce three main 

categories (Fig 4). 1. 3D tomography52, 2. Light- and electron microscopy53, including fluorescence 

microscopy and 3. Chemical imaging approaches, such as mass spectrometry imaging and Raman 

microscopy54. This categorization is not absolute, because techniques such as atomic force microscopy 

(AFM) or light-sheet fluorescence microscopy (LSFM) fall into multiple categories. 

 

Tomography 

Tomographic techniques are mostly non-destructive and penetrate the sample with light, magnetic 

fields or X-rays. The absorption of the signal upon passing through the sample is captured to 

reconstruct the 3D information of a sample52. MRT and computed tomography (CT) have become 

state-of-the-art tools in medical imaging. These techniques also provide a high potential to image the 

3D anatomy of a host animal without harming the sample and have been combined with other 

microscopy and MSI techniques (all MRT, CT multimodal). Unfortunately, classical clinical 

tomography setups provide resolutions in the hundreds of micrometers, too large for resolving the 

small host animals and their internal organs or cells that host the symbiotic bacteria55. Optical, non-
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invasive 3D imaging approaches, such as confocal laser scanning microscopy (CLSM), LSFM and 

optical coherence tomography (OCT) provide excellent resolutions down to the nanometer-range53. 

These could even resolve individual bacteria, but are limited in penetration depth. Additionally, these 

optical techniques often require tissue sectioning or tissue clearing, to penetrate through whole, 

millimeter-sized animals52. To be independent of sample thickness and non-destructively visualize the 

3D host anatomy at a high-spatial resolution, I chose an X-ray based tomography approach called 

micro computed tomography (microCT)56. 

 

Microscopy 

Conventionally, bacterial cells are imaged with phase-contrast microscopy or electron microscopy 

(EM). Both techniques show the morphology and ultrastructure of a cell, but do not allow a precise 

taxonomic assignment of the bacterial cells. To clearly differentiate and locate the symbiotic bacteria 

in the animal tissue, I used taxonomy-specific fluorescence labeling. Without lab cultures, I could not 

use genetic labels and tags43. Instead, I chose fluorescence in situ hybridization (FISH) to specifically 

label the microbial taxa of the symbiotic bacteria in the animal tissue57. Using FISH, I could freely 

choose the fluorescence labels and the microscopy setup to image the associated microbes58. I used 

conventional epifluorescence microscopy and confocal laser-scanning microscopy (CLSM) with 

spatial resolutions of 150 nm to 300 nm both capable of resolving individual bacterial cells (~ 1 μm). 

 

Chemical imaging 

Visualizing the individual metabolites distributed between host and microbes was the third and central 

target of our correlative imaging approach. In contrast to conventional light- and electron microscopy 

techniques, label-free analytical imaging can visualize hundreds of thousands of molecules at once. 

The most widely applied label-free imaging techniques are MSI, Raman and energy-dispersive X-ray 

(EDX) spectroscopy, which can map biomolecules and elements53,54,59. Although Raman and EDX 

spectroscopy provide spatial resolutions in the nanometer range, I will focus on MSI-based 

approaches, which provide a wider range of detectable metabolites60. All mentioned MSI techniques 

are scanning-based techniques that scan a sample spot by spot, each spot representing one pixel of an 
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image. They scan the surface of a sample with an ion beam or laser to ionize the molecules. The ions 

of each spot are then measured in a mass spectrometer (MS). MSI approaches can be divided into two 

major groups, called hard and soft ionization approaches54. Secondary ionization mass spectrometry 

(SIMS) techniques are termed hard ionization approaches, using an ion beam for ionization. Nano 

scale SIMS (nanoSIMS) can image elemental and isotope distributions at tens of nanometer 

resolutions. NanoSIMS is used to visualize accumulation rates of stable isotopes in individual 

microbes in complex communities61, but cannot identify the biomolecules involved in the metabolic 

activity. Time-of-flight SIMS (TOF-SIMS) has a spot size of around hundreds of nanometers. In 

comparison to nanoSIMS, the TOF analyzer can detect a larger range of molecules ranging from 

elements, molecule fragments to small metabolites at very low amounts54. The second group, soft 

ionization MSI setups, use lasers or electrospray to ionize the molecules of a sample, instead of an ion 

beam. Compared to SIMS approaches, soft ionization approaches provide lower spatial resolutions 

from one to tens of micrometers. The major advantage of soft ionization approaches is their ability to 

detect and annotate intact biomolecules instead of fragments and elements.  

Desorption electrospray ionization (DESI-)MSI uses a directed solvent stream to raster the sample and 

ionize the target molecules, whereas matrix-assisted laser desorption/ionization (MALDI-)MSI, uses a 

laser for the ionization54. The MALDI laser is shot onto a crystalline layer on the tissue surface, the 

eponymous ionization matrix that enhances the desorption and ionization process (introduced in detail 

below). Both approaches provide spatial resolutions in the tens of micrometer range62. Recently, 

MALDI-MSI has even reached spatial resolutions below 1 μm and almost provides sufficient 

resolution to resolve the metabolomes of individual bacteria63. Therefore, I chose MALDI-MSI as core 

technology to image the metabolites of the host and the symbiontic bacteria.  

 

Correlative analysis 

To benefit from the combination of techniques, the data has to be integrated and analyzed within a 

common framework. For example, bright-field and metabolite images have to be aligned to match the 

histology to the metabolite distributions, imaged from the same tissue section. So far, few MSI setups 

are built as multi-modal devices, such as the Shimadzu ©iMScope that combines MALDI-MSI and 
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fluorescence microscopy for imaging the same region of interest. Conventionally, the correlative 

multimodal data is acquired at different imaging setups. To analyze the data, previous studies have 

developed alignment strategies ranging from overlaying 2D images to the co-registration of 

multimodal imaging datasets within a 3D model46,47,64-67. 

 

With the aim to create a new perspective on the molecular interactions in animal–microbe symbioses, I 

chose three core techniques, MALDI-MSI, FISH and microCT that I integrated into correlative 

imaging pipelines. In the second part of the introduction, I provide a detailed overview over these 

three core techniques that I used throughout my PhD. 
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Figure 4. Overview on organismal scales from organelles to whole animals and main imaging techniques. 

Scales of organisms, organelles and imaging techniques are not absolute but estimates of the orders of magnitude 

after previous reviews52,53. Bacterial ribosomes exemplarily shown in one MOX and one SOX bacterium. DESI-

MSI: Desorption electrospray ionization mass spectrometry imaging, MALDI-MSI: Matrix-assisted 

laser/desorption ionization mass spectrometry imaging, TOF-SIMS: Time-of-flight secondary ion mass 

spectrometry, nanoSIMS: Nano scale secondary ion mass spectrum, EFM: Epifluorescence microscopy, CLSM: 

Confocal laser scanning microscopy, SRFM: Superresolution fluorescence microscopy, CT: Computed 

tomography, MRT: Magnet resonance tomography, PET: Positron emission tomography, microCT: Micro 

computed tomography, TEM: Transmission electron microscopy. Elements of a figure in Geier et al., 2020 were 

used. 
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Introduction part II 

Core technologies and MALDI-MSI in animal–microbe symbioses 

 

Imaging the host anatomy with micro computed tomography (microCT) 

History 

In 1895 the Röntgen radiation (X-ray) was discovered by Wilhelm Conrad Röntgen. Eighty years 

later, Hounsfield and Cormack presented the first full-body computed tomography device in 1975 for 

which they received the Nobel Prize in 197955,68. Since then, as with any other imaging technique, the 

race for high-spatial resolution began and has led to the development of microCT setups in the 

1980s55. Today, microCT setups, particularly at synchrotron radiation-based imaging facilities reach 

spatial resolutions below 300 nm providing a borderless transition to nanoCT52,69-71. 

 

Principle 

MicroCT is a tomographic approach that uses X-rays to penetrate a sample. The attenuation of the X-

rays is recorded at different rotation angles on a screen and each transmission image is called a 

projection. The projections, mostly acquired over a range of 180°, are used to reconstruct a 3D image 

volume called tomogram. The tomogram contains a 3D representation of the X-ray attenuation of 

external and internal structures, visualized in grey values72.  

 

Technology 

In most laboratory-based microCT setups, the X-ray source emits a cone-shaped beam that passes 

through the sample that is positioned on a stage. The stage can be rotated around its own axis and 

moved between source and detector. The beam passes through the sample and falls onto a scintillator, 

a crystalline layer that converts the X-rays into visible light, which becomes visible on a screen. At 

each rotation angle the absorption image can then be recorded by photo detectors (Fig 5).  

Moving the sample between source and detector in a cone beam results in different magnifications on 

the screen (Fig. 4a). This can be compared to shadow games on the wall with a hand and a flashlight. 

__________________________________________________________________________________Introduction

16



Besides cone beam setups some X-ray sources, such as the laboratory system of ZEISS (Xradia series) 

and synchrotron radiation-based microCT (SRmicroCT) setups, produce a parallel beam (Fig. 5b). 

Independent of the distance between sample and scintillator/detector, a parallel beam creates a 

projection that is similar to the size of the sample. Similar to a visible light microscopy image, the 

projection is magnified optically, with (microscopy) objective lenses that are placed between screen 

and detector72.  

 

Figure 5. X-ray microtomography setup and reconstruction workflow. Both setups in a and b consist of an 

X-ray source, emitting a beam that passes through the sample and onto the scintillator, which transforms the X-

ray into visible light that is then recorded by the detector. a, A cone beam results in a geometrical magnification 

of the sample onto the scintillator, which can be directly recorded with a detector. b, A parallel beam, requires 

the magnification through additional optics, such as microscope objectives. These magnify the visible light onto 

the detector. c, For X-ray microCT, two main strategies are used to create contrast. Through the attenuation of 

the X-rays by the tissue (attenuation contrast, ATT) and by the phase shift of X-rays, passing through the tissue. 

The projection images after ATT show different grey values, corresponding to how much radiation passed 

through the tissue at each position. To create a projection from the phase contrast (PC), a phase retrieval is used 

to calculate the phase-shift between the tissues. The projection images after PC show the outlines of tissues, 

representing how strongly the X-rays were deflected at the transition between different types of tissues. The 

projection images are then tomographically reconstructed into a tomogram, a 3D representation of the sample. 

The figure was modified after Betz et al., 2007 and Geier et al., 2019. 
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Applications in Biology 

For imaging host–microbe symbiosis of small animals55, X-ray-based microCT could provide two 

major advantages over other tomographic approaches. Firstly, for biological samples it is nearly 

unlimited in penetration depth. Secondly, microCT provides an excellent tradeoff between resolution 

and sample size. Classical clinical tomography approaches such as CT, MRT and positron emission 

tomography (PET) produce voxel sizes over 0.5 mm3, which is too large to image organisms in the 

size range of 10s of millimeters54. In turn, the millimeter-sized symbiotic animals are too large for 

nanoCT or electron microscopy tomography, which require samples below hundreds of micrometers52. 

Today, microCT is used across materials sciences52, in geology, dental and bone research68 and, to an 

increasing extent in morphometric studies in biology55,73,74. These studies use microCT for imaging 

materials with high atomic numbers, for instance in calcified bones or shells that attenuate the X-rays 

and create projections with a strong contrast (attenuation contrast, ATT) (Fig. 5c).  

Soft tissues, such as muscle, fatty and connective tissues in animals have a high water content and a 

low attenuation of X-rays75. This is why I use CT to look through the tissues, for example to detect 

fractures of bones. To make soft tissues visible in (micro)CT studies, scientists have developed 

contrasting and labeling protocols73,76-81, infiltrating tissues with electron-dense agents. Similar to their 

use in electron microscopy techniques, these agents, such as iodine or osmium tetroxide, accumulate 

in different concentrations in the tissues and permit imaging of the detailed 3D, soft-tissue anatomy. 

Most contrasting procedures for microCT are compatible with light- and electron microscopy, such as 

resin-embedding and osmification46. The use of correlative microCT and light- or electron microscopy 

approaches has allowed the 3D visualization of whole animals, to identify specific regions for 

subsequent histology and ultrastructure of mussels46 or mice47.  

This concept of visualizing the whole animal’s 3D anatomy and subsequently ‘zooming’ into cellular 

processes using histology and ultrastructure would provide a perfect combination to link the 3D 

morphology of a symbiotic organ to the ultrastructure of the symbiotic bacteria (Franke et al., in 

preparation). In Chapter 2 of this thesis, I approached the question of how to combine laboratory-

based microCT using soft-tissue contrasting with molecular imaging techniques that are not or poorly 

compatible with the contrasting agents, such as MSI and FISH. 
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The contrasting agents used for microCT can interfere with FISH and MSI. To eliminate the step of 

tissue contrasting and open up the full spectrum of correlative approaches that could be combined with 

microCT, I turned towards phase-contrast (PC)-microCT (Fig. 5c)70. PC-microCT is mainly applied 

and developed at synchrotron radiation facilities, which produce high-quality monochromatic, 

coherent X-rays. Latest technologies have enabled lab-based PC-microCT approaches, which are still 

under development82. The basic principle of PC-microCT is to use the deflection of coherent 

monochromatic X-rays to create a contrast at the tissue boundaries, instead through attenuation of the 

X-rays by the tissue itself (Fig. 5b and c)71.  

Synchrotron radiation (SR) is generated in large particle accelerator facilities and more commonly 

used for X-ray fluorescence spectroscopy (XRF)83 and protein crystallography84. The high X-ray 

energy produced at SR facilities allows high-resolution PC-SRmicroCT imaging at exceptionally fast 

acquisition times, over ten times faster than lab-based approaches84.  

The phase contrast is created when the X-rays pass through the sample and are diffracted at the 

boundaries between different materials e.g. connective and muscle tissue, creating a phase-shift in the 

coherent X-rays. The signal of the phase-shift can be amplified by increasing the distance between 

sample and screen85. A so-called phase retrieval allows the visualization of the phase-shifts as 

contrasts between different soft-tissues (Fig. 5c). The phase-contrast enables a tomographic 

reconstruction of the uncontrasted soft-tissue sample, leaving the sample mostly intact. The short 

acquisition times have even enabled in vivo 3D imaging of cellular development in Xenopus frogs86. 

Because the contrast is created by the propagation of X-rays through tissues, it is called propagation 

phase contrast (PBC). In Chapter 2 of my thesis I developed a sample preparation method to combine 

PBC-SRmicroCT with MALDI-MSI. The aim was to avoid contrasting, making PBC-SRmicroCT 

‘MALDI-MSI-friendly’, in order to generate a 3D model of a symbiotic organism and then use the 

same animal for metabolite imaging afterwards. In Chapter 4, I used the high-spatial resolution of 

SRmicroCT to image deep-sea Bathymodiolus mussels at a cellular scale, which revealed the transport 

of bacteriocytes throughout the animal. 
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Imaging bacterial symbionts with fluorescence in situ hybridization (FISH) 

History 

(F)ISH was developed in the 1970s to label specific regions of the DNA and study the subcellular 

chromosome structure87. Towards the 90s, FISH was developed as a tool to fluorescently label the 

ribosomal RNA (rRNA) of bacteria and visualize the phylotype composition of mixed microbial 

communities88,89. Ever since, FISH has become essential to microbial ecology90. Over the last 30 years, 

probe design and labeling techniques have been extended into an array of different FISH techniques. 

For example, to enhance the fluorescent signal, probes are attached to a horseradish peroxidase for a 

catalyzed reporter deposition of the fluorophore (CARD-FISH)91. Multi-labeling allowed the 

visualization of more than tens of bacterial phylotypes at once92-94. Furthermore, FISH protocols were 

developed to target genes95,96 and transcripts97 to visualize the metabolic potential of individual strains 

or the expression of RNA. 

 

Principle of 16S rRNA (mono)FISH 

First, the oligonucleotide probe has to be designed to target conserved regions of the 16S rRNA that 

are accessible for hybridization. After synthesizing the oligonucleotide probes, the oligonucleotides 

are labeled with one or multiple fluorescent dyes. The probes are then hybridized with the 

complementary 16S rRNA regions of the bacterial ribosomes90. After the hybridization, a general 

DNA stain is commonly used to locate cells that have not been labeled with FISH. Subsequently, the 

ribosomes 

nucleotide probe bacterium 1 

bacterium 2 

CLSM 

Figure 6. Targeting the 16S rRNA of bacteria with fluorescent labels through FISH. Fluorescently labeled 

oligonucleotides are hybridized with specific regions of the 16S rRNA of bacteria. Using fluorescence 

microscopy allows a single-cell localization of the individual bacterial cells. The figure was modified after 

Amann et al., 2008 and Geier et al., 2020. 

fluorophores 

FISH 

16S rRNA 
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fluorescently labeled bacteria are visualized with fluorescence microscopy, such as confocal laser 

scanning microscopy (CLSM) (Fig. 6). 

 

Correlative FISH applications 

Specific labels such as FISH provide an important link between cells and their taxonomic identity. 

Particularly for techniques, such as electron microscopy, that use staining protocols or label-free 

chemical imaging, correlative FISH can be crucial to assign identity of cells in complex communities. 

For instance, combining FISH and transmission electron microscopy provided a link between 

ultrastructure and 16S rRNA phylotypes in deep-sea mussels98 and sponges99. Combining FISH with 

chemical, label-free imaging approaches, such as MSI100-102 and RAMAN spectroscopy103 could link 

metabolic activity and taxonomic identity of microbes in complex microbial communities. FISH in 

combination with nanoSIMS has shown that specific microbes have increased rates, compared to their 

surrounding cells61. Combining FISH with (MA)LDI-MSI showed metabolites that symbiotic bacteria 

produce in the host tissues of insects102,104 and sponges42,105. Although the combination of MALDI-

MSI and FISH has a high potential31,106 for the study of metabolic activity of the symbiotic partners in 

situ, it has been limited by two major aspects: The spatial resolution of MALDI-MSI setups and the 

destructivity of the MALDI laser in combination with FISH102.  

To solve this problem and enable the advantage of MALDI-MSI and FISH, I dedicated a major part of 

my PhD to the combination of high-resolution MALDI-MSI27,107 and FISH (imaging and data 

analysis), as described in Chapter 1 and applied in Chapter 2 and 4.  

 

Matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI) –

fundamentals and application in host–bacteria symbiosis  

History 

The general process of ionizing intact molecules with MALDI was invented in the mid-1980s108,109. 

The application to spatially map the detected molecules followed 10 years later – when the molecular 

microscope was born110,111. The application of MALDI-MSI began with profiling proteins112,113 and 

rapidly expanded into imaging other molecular species such as peptides, lipids and smaller organic 

__________________________________________________________________________________Introduction

21



molecules114,115 or pharmaceuticals116,117. Since then, spatial resolutions and mass accuracies of 

MALDI-MSI have improved alongside increasingly sophisticated data analysis strategies108,118,119.  

 

Principle 

MALDI-MSI is a process that consists of three major steps: Sample preparation, imaging and image 

generation (Fig. 7)120. Introducing MALDI-MSI, I will focus on the practical fundamentals of sample 

preparation and imaging121, which are important to understand the challenges of high-resolution 

MALDI-MSI and its combination with other techniques (see Chapter 1 to 3). 

 

Technology  

Although reviewing the full spectrum of MALDI-MSI setups goes beyond the scope of this thesis, I 

want to briefly mention the most common setups. MALDI-MSI setups generally consist of two 

essential parts. The MALDI-source, meaning the laser setup that ionizes the molecules and the mass 

spectrometer (MS) that measures their mass over charge m/z ratios. The detectors, conventionally used 

for MALDI-MSI can be divided into two main types59. The first type are time-of-flight (TOF) 

detectors that operate very fast and can record macromolecular species in the hundreds of thousands 

m/z range. The second family of detectors are Fourier transform ion orbital detectors, such as FTICRs 

and orbitraps that provide higher mass accuracies than TOF detectors, but take more time to acquire 

the data. 

metabolite images 

Figure 7. General workflow for AP-MALDI-MSI on (frozen) tissue sections of a mussel. (Snap-) freezing and 

cryo-embedding of the sample for stable cryo-sectioning. Sections are then covered with the ionization matrix and 

used for MALDI-MSI, where a full spectrum is collected for each laser spot. After MSI, an average spectrum is 

created from which the intensity of each ion can be visualized across all spots (pixels) as relative abundance in a 

heat map/ metabolite image. The figure was modified after Geier et al., 2019. 
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Most MALDI sources are operated under vacuum, but applications under atmospheric pressure (AP) 

have become more widely applied122. For the ionization, mainly UV lasers have been used, due to the 

absorption spectra of most common matrices123-125. Without considering sample preparation effects126, 

the spatial resolution of MALDI-MSI setups is determined by the smallest achievable focus point of 

the laser, which corresponds to the pixel size in the metabolite images.  

Three main types of MALDI setups are used to focus the laser onto samples59: Angularly (reflection 

mode), frontal (smaldi mode)127,128 and from behind the sample (transmission mode)63,129(Fig. 8).  

Moving from an angular to a frontal orientation of the laser removes the astigmatism and allows 

smaller spot sizes around 1.5 μm128. The next step is to focus the laser from behind the sample through 

the glass and tissue onto the matrix layer on top of the tissue. The ions are collected by a capillary that 

is oriented perpendicularly onto the sample from the front (transmission mode). In transmission mode, 

the objective lens can be moved closer to the sample, reaching spot sizes of even 0.6 μm63. With 

steadily improving optical setups for MALDI, e.g. in terms of the transmission geometry, one 

fundamental problem remains, namely the quantity of ions that are produced per sampled spot/pixel. 

On average, only one out of a thousand desorbed molecules is ionized and that drastically reduces the 

amount of ions that we subsequently can detect130. To overcome this problem, post-ionization 

strategies have been invented called MALDI2 (Fig. 8c)130. For MALDI2, a second laser is shot into the 

freshly formed ion cloud, increasing the overall yield of ionized molecules. 

 

Figure 8. Main MALDI setups, used to focus the laser onto samples. a, Angularly (reflection mode), 

b, frontal (smaldi mode) and c, from behind the sample (transmission mode), including MALDI2 postionization. 

The figure was adapted from Wang et al., 2019. 
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Sample preparation  

For MALDI-MSI mostly shock-frozen tissue is used, which provides the best preservation of the 

spatial chemistry as body fluids freeze and soluble metabolites are fixed, too. More recent applications 

have demonstrated metabolite and protein imaging with MALDI-MSI on de-paraffinized, formalin-

fixed, paraffin-embedded (FFPE) tissue sections131 with (spectral) high-resolution (HR)MSI132-134. 

Embedding the frozen samples into gel-like media, such as carboxymethyl cellulose, increases the 

stability during sectioning135. Especially for high-spatial resolution MALDI-MSI it is important to 

avoid sectioning artifacts including deformations and ruptures, which will be apparent in the detailed 

metabolite images136. Conventionally, the thickness of the tissue cryo-sections ranges between 

approximately 10–20 μm137. 

After mounting the tissue sections, different washing protocols can be applied, depending on the target 

molecules. For instance, when imaging proteins, metabolite signals could cause ion suppression, 

which is an ‘overshadowing’ of the protein signals138. Washing away most metabolites, strongly 

reduces the danger of ion suppression139. In addition to washing, enzymatic in situ digestion has been 

used to cleave target molecules, mainly proteins that are too large to be measured as a whole140. For 

the ‘in situ digest’, trypsin is sprayed onto the sample to digest the proteins in place, while preserving 

their spatial distribution in the tissue141. Similarly, in situ digestion has been applied to glycosylated 

proteins to cleave and image the glycosylations142. For untargeted MALDI-MSI metabolomics, which 

I have focused on during my thesis, the tissue sections mostly remain untreated to retain a ‘natural’ 

chemical integrity as far as possible. To maintain a chemically intact natural composition of a sample 

can be challenging when combining MALDI-MSI with other imaging approaches that require fixation 

or even staining and labeling.  

The final and most critical step during sample preparation for MALDI-MSI is the application of the 

ionization matrix143,144. The matrix compounds are small organic acids such as 2,5-dihydroxybenzoic 

acid (DHB) or -Cyano-4-hydroxycinnamic acid (CHCA) that absorb UV light and enhance the 

desorption/ionization of the underlying metabolites from the tissue54,123. These compounds are 

dissolved in a mixture of organic solvents and crystallized onto the surface of a tissue section. In most 

cases, the crystallization is done through sublimation or automated pneumatic spraying robots, 
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comparable to an airbrush system54. When the liquid matrix solution crystallizes on the tissue surface 

within seconds to milliseconds, it extracts and encloses molecules from the tissue below145. When 

pulses of UV lasers are shot onto this matrix-analyte layer, the matrix absorbs the UV radiation, 

resulting in a strong desorption125 and ionization146 of the matrix and enclosed molecules. Notably, the 

crystallization process and the crystal properties strongly influence the yield of ionized molecules and 

the spatial resolution of a measurement (Fig. 9)126,145. A slow crystallization results in larger crystals 

that extract more analyte (Fig. 9a and b), whereas fast crystallization produces smaller crystals with 

less analyte (Fig. 9c and d). Larger matrix crystals contain metabolites of a larger area that could cover 

multiple cells. Ionizing the large crystal at once would combine the metabolomes of multiple cells, 

even if the laser spot is smaller than the crystal (Fig. 9b). Consequently, it is essential that the crystal 

size is smaller than the spot size of the laser (Fig. 9d).  

 

Figure 9. Relations between matrix crystal size, extraction and laser spot size. Symbiotic bacteria inside the 

bacteriocytes are labeled in yellow and magenta. a, and b, Crystal size, larger than the individual cells prohibit a 

cellular MALDI-MSI resolution. b, Even with a spot size that is smaller than individual (host)cells, large crystals 

extract metabolites from multiple cells around them and “integrate” the metabolite signal across cells. c, Large 

spot sizes ultimately determine the spatial resolution, even if the matrix crystals are smaller than the individual 

(host)cells. d, Small spot sizes in combination with small crystals enable subcellular MALDI-MSI. 

 

Imaging 

The ionized molecules are collected by a heated capillary, leading into the mass spectrometer (Fig.7 

and 8). In the mass spectrometer, the ions pass several ion optics and reach the detector, where their 

mass over charge ratios (m/z) are measured. Each scanning point of the laser results in a full mass 

spectrum with hundreds to thousands of individually detected ions. After scanning a tissue section, an 
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average spectrum is created from which the relative intensity of each ion can be visualized across all 

spots as pixels of a heat map, which is also referred to as the metabolite image120. 

 

Challenges and importance of establishing MALDI-MSI in animal–microbe symbioses 

MALDI-MSI in animal–microbe research 

The majority of host–microbe interactions investigated with MALDI-MSI are plant–microbe 

interactions, for instance in root nodules62,147, and animal–pathogen interactions32,45,148-150, mainly of 

laboratory mice54. MALDI-MSI of animal–microbe symbioses outside medical research has been 

applied only in a handful of studies, for example to reveal the secondary metabolite production in 

sponges42,105 and to link antibiotic production to the bacteria in an insect symbiosis102,104.  

This is curiously limited, even after MALDI-MSI has revolutionized our understanding of microbial 

interactions by showing metabolic activity and heterogeneity within and between microbial 

colonies151,152. Furthermore, most reviews have highlighted the potential of MALDI-MSI to image in 

situ phenotypes, which we know microbes often only express in complex communities and specific 

environments31,153,154. By imaging intact biomolecules in situ, MALDI-MSI would be an optimal 

approach, independent of cultivation, to visualize the chemical interactions of animals and bacteria106. 

Still, the application of MALDI-MSI in host–microbe research and even microbiology in general has 

remained marginal155,156. 

 

Why scientists should not shy away from integrating MALDI-MSI?  

The top reasons given against using MALDI-MSI in this context are machine costs, limited 

accessibility to technologies, limited know-how, the lack of single-(bacterial)-cell resolution with this 

method and difficulties in data analysis and annotation54,155,157-159. However, not all of these arguments 

apply anymore. By today, many research facilities possess (MALDI-)MSI setups or agree to 

collaborate for machine time. Furthermore, sample preparation has become more standardized and 

reproducible for labs that are not specialized in MSI. Finally, latest developments providing pixel sizes 

around one micrometer combined with emerging annotation platforms for MSI data will soon allow 

subcellular MS-imaging and more precise metabolite annotations. One aspect that is rarely given 
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enough weight in this discussion is the interpretability of the data. The imaged metabolite distributions 

must be assigned to histological features, cells or organs with known functions. Otherwise, most of the 

metabolite images are extremely hard to interpret, even if metabolites are annotated. 

 

Objective of my thesis 

In my thesis I address the problem of linking the metabolites measured with MALDI-MSI back to 

their origin of tissues, cells and organs. The goal is to use multimodal correlative MSI to disentangle 

the metabolic interactions of animal–microbe symbioses. To solve this challenge, I developed 

correlative MSI approaches that integrate MALDI-MSI with FISH and microCT to correlate the 

chemical images of the metabolites with both the 3D anatomy of the host and the bacteria that are 

associated with the host tissues. 
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Project overview 

Chapter 1, “Spatial metabolomics of in situ host–microbe interaction at the micrometre scale” 

We developed metaFISH, an imaging and analysis pipeline to link the spatial chemistry of host cells 

and bacterial symbiont communities through correlative MALDI-MSI and FISH of the same tissue 

section. Correlative MALDI-MSI and FISH at high-spatial resolutions provided a new perspective on 

the spatial metabolomes of animal host and bacterial symbionts in the gills of Bathymodiolus mussels. 

Chapter 2, “CHEMHIST, connecting structure and function from organs to molecules in animal–

microbe symbioses through chemo-histo-tomography”  

Building upon metaFISH, we advanced correlative chemical imaging of symbioses by integrating the 

spatial metabolomics and FISH imaging data into a 3D anatomy model of the host animal. We 

combined 3D microCT with FISH and MALDI-MSI into a 3D chemo-histo-tomography 

(CHEMHIST) model of an earthworm. The 3D CHEMHIST model allowed us to simultaneously 

visualize the 3D host anatomy, the microbial symbionts and parasitic nematodes together with the 

spatial chemistry of each partner. 

Chapter 3, “Correlative 3D anatomy and spatial chemistry in animal-microbe symbioses–Developing 

sample preparation for phase-contrast synchrotron radiation based micro-computed tomography and 

mass spectrometry imaging” 

Because the tissue contrasting, required for microCT, microCT and MSI are not fully compatible in 

terms of sample preparation and imaging. We addressed this challenge and adapted the sample 

preparation and imaging steps to combine PBC-SRmicroCT with MALDI-MSI for correlative host–

microbe imaging. PBC-SRmicroCT allowed us to create 3D models of our host animals at a cellular 

scale with minor chemical modifications, compatible with MALDI-MSI on the same tissues. 
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Chapter 4, “Adaptive feeding in chemosynthetic symbioses–from self-cannibalism to symbiont 

transmission” 

The combination of the techniques, explored throughout the studies of my thesis allowed us to 

document a new feeding mechanism in the symbiosis between Bathymodiolus mussels and their 

intracellular, chemoautotrophic symbionts. Through high-resolution 3D SRmicroCT imaging, we 

discovered that the mussels shed large amounts of intact epithelial cells from their gills, which we 

identified as bacteriocytes with FISH. Using MALDI-MSI and FISH on whole animal tissue sections 

showed that these bacteriocytes are consumed by the mussel and digested. This process, which we 

termed ‘adaptive feeding’ could have important implications for the nutritional interactions, 

transmission and evolution of the Bathymodiolus symbiosis. 
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Across host–microbe interactions, metabolites are the imme-
diate effectors underlying the basic processes of recognition, 
communication and manipulation between the symbiotic 

partners1–4. The exchange of metabolites is governed by the cellu-
lar organization of the symbiosis, such as the extracellular or intra-
cellular location of the microorganisms5. To maintain this spatial 
organization, hosts and microorganisms use a variety of metabo-
lites, such as membrane constituents6, antimicrobials7,8 or recogni-
tion molecules9,10, that generally have a specific location within the 
association. Visualization of the distribution of metabolites is there-
fore central to understanding the interactions of microorganisms 
with animal and plant tissues, and within microbial consortia11,12. 
Metabolomics allows the detection of thousands of metabolites 
from a homogenate13, but the process destroys the spatial organiza-
tion of the host–microbe associations, cells and metabolites. Mass 
spectrometry imaging (MSI), however, can visualize this site-spe-
cific chemistry and produce micrometre-scale distribution maps 
of metabolites, thereby summarizing the metabolic phenotypes 
of associated partners, subpopulations and chemical microenvi-
ronments14–16. Linking spatial metabolomes to the partners of a 
community has presented a major challenge for the study of host–
microbe and microbe–microbe interactions17–19. We combined MSI 
with microscopy of host-specific and symbiont-specific fluores-
cence labelling to link metabolite maps to the location of individual 
partners in an animal–microbe symbiosis.

MSI can visualize the spatial metabolome of near-natural-state 
samples in  situ11,12,20. However, MSI still requires additional tech-
niques such as fluorescence labelling to link the precise taxonomic 
identity and location of community members. A well-established 
method for identifying individual members of microbial communi-
ties is FISH, which uses fluorescent probes to hybridize to the 16S 
rRNA gene of the targeted microorganisms19,21,22. To date, the only 
well-established MSI approach that has been combined with FISH 

is nanoscale secondary ion mass spectrometry (nanoSIMS), which 
has become a powerful tool for linking isotope-based estimates 
of microbial activity to the identity of community members23,24. 
However, the strong ion beam used for nanoSIMS causes severe 
fragmentation of molecules such as proteins and metabolites; there-
fore, these cannot be properly annotated.

To image and identify metabolites at a resolution in the low 
micrometre range, recent technical advances25–28 in matrix-assisted 
laser desorption/ionization MSI (MALDI-MSI)29–31 provide an 
excellent trade-off between breadth of detectable metabolites, spa-
tial resolution and decreased destructiveness. Combining these 
advances of high-resolution MALDI-MSI with FISH would provide 
a method that could image metabolite distributions at a scale com-
parable to that of single host cells or small microbial communities 
and link metabolic phenotypes to the taxonomic identity of micro-
organisms17,18,32. However, previous efforts to combine MALDI-MSI 
with FISH were hampered by the destructiveness of the MALDI 
laser when applying FISH after MALDI-MSI. Previous work either 
applied one of the two methods to consecutive tissue sections3,32 
or was limited to spatial resolutions above 50 μm when applying 
both techniques to the same tissue surface17 necessary resolution 
to resolve the spatial metabolome of bacteria and most eukaryotic 
cells. Here, we developed a MALDI-MSI and FISH pipeline capable 
of resolving the spatial metabolome of individual eukaryotic cells 
and bacterial communities at a resolution of 3-μm pixel size.

Most hosts and symbionts cannot be cultured, which makes the 
visualization of their metabolic interactions extremely difficult33. 
We demonstrate the potential of our spatial metabolomics pipeline 
to investigate a non-culturable host–microbe symbiosis using the 
deep-sea mussel Bathymodiolus puteoserpentis. B. puteoserpentis 
dominates the fauna at hydrothermal vents on the northern Mid-
Atlantic Ridge. It lives in symbiosis with two types of intracellu-
lar gammaproteobacterial symbionts that provide the mussel with 

Spatial metabolomics of in situ host–microbe 
interactions at the micrometre scale
Benedikt Geier� �1*, Emilia M. Sogin1, Dolma Michellod1, Moritz Janda1, Mario Kompauer2, 
Bernhard Spengler2, Nicole Dubilier� �1,3 and Manuel Liebeke� �1*

Spatial metabolomics describes the location and chemistry of small molecules involved in metabolic phenotypes, defence mol-
ecules and chemical interactions in natural communities. Most current techniques are unable to spatially link the genotype 
and metabolic phenotype of microorganisms in situ at a scale relevant to microbial interactions. Here, we present a spatial 
metabolomics pipeline (metaFISH) that combines fluorescence in  situ hybridization (FISH) microscopy and high-resolution 
atmospheric-pressure matrix-assisted laser desorption/ionization mass spectrometry to image host–microbe symbioses and 
their metabolic interactions. The metaFISH pipeline aligns and integrates metabolite and fluorescent images at the micrometre 
scale to provide a spatial assignment of host and symbiont metabolites on the same tissue section. To illustrate the advantages 
of metaFISH, we mapped the spatial metabolome of a deep-sea mussel and its intracellular symbiotic bacteria at the scale of 
individual epithelial host cells. Our analytical pipeline revealed metabolic adaptations of the epithelial cells to the intracellular 
symbionts and variation in metabolic phenotypes within a single symbiont 16S rRNA phylotype, and enabled the discovery of 
specialized metabolites from the host–microbe interface. metaFISH provides a culture-independent approach to link metabolic 
phenotypes to community members in situ and is a powerful tool for microbiologists across fields.
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nutrition34. One is a sulfur-oxidizing (SOX) symbiont and one is a 
methane-oxidizing (MOX) symbiont, which both oxidize reduced 
chemicals from the vent fluids to fix CO2 (ref. 35). The gill of the 
mussel is divided into two distinct regions. The centre of the gill is 
mainly composed of the symbiont-containing epithelial cells, called 
bacteriocytes, and the outer edges of the filaments that consist of 
bacteria-free cells, which form the ciliated edge. The bacteriocytes 
of B. puteoserpentis contain mixed populations of MOX and SOX 
symbionts that can co-occur within the same host vacuole34,36.

Here, we present a correlative imaging workflow for FISH 
microscopy after high-resolution atmospheric-pressure MALDI-
MSI (AP-MALDI-MSI) on the same tissue section. We identified 
metabolic phenotypes and linked the spatial metabolomes of the 
associated partners to their taxonomic identity within host±microbe 
and microbe±microbe communities.

Results and discussion
Our application of AP-MALDI-MSI and FISH to the same tissue 
section at a 3-μm MSI pixel size advances spatial metabolomics in 
microbiology to enable the co-identification of metabolites and bac-
terial phylotypes at a scale relevant to microbial interactions (Fig. 1a).  
We use the term p̀hylotype' to refer to symbionts with highly simi-
lar 16S rRNA gene sequences (>99.9%).

To analyse the correlative fluorescence and metabolite images, we 
developed a FISH-based spatial metabolome binning approach, for 
which we named our imaging and analysis pipeline metaFISH. Our 
metaFISH pipeline consists of the following three modules: (1) sam-
ple preparation and imaging (Fig. 1a,b); (2) processing of the cor-
relative imaging data (Fig. 1c±f); and (3) statistical analysis using the 
fluorescence signals to bin metabolite groups (Figs. 1g and 2c). Our 
pipeline provides correlation values (metaFISH ratios (MF ratios)) 
that indicate which metabolites spatially correlate with host or sym-
biotic tissues. We used these host and symbiont assignment values to 
interpret the chemical space visualized through molecular networks 
and to guide liquid chromatography with tandem mass spectrom-
etry (LC±MS/MS (also denoted LC±MS2)) measurements to verify 
the metabolites annotated in the AP-MALDI-MSI data (Fig. 1g,h).

Key aspects of imaging intracellular microbial communities and 
their spatial metabolome. Establishing of a pipeline to correlate 
FISH and AP-MALDI-MSI required methodological development 
from sample preparation to imaging and a final correlative data 
analysis protocol. We first had to ensure that the metabolite patterns 
we imaged with high-resolution AP-MALDI-MSI were of biological 
origin and not artefacts36. Without standardized procedures to ensure 
the quality of the MALDI-MSI, we adapted a protocol37 for high-reso-
lution AP-MALDI-MSI27. Adapting this protocol, we kept diffusion, 
leakage and smearing of metabolites to a minimum and obtained 
sufficiently strong metabolite signals38 (Extended Data Fig. 1;  
Supplementary Fig. 1). An autofocusing set-up allowed us to keep 
laser intensities constant to avoid uneven ionization and detection 
of metabolites caused by height differences of the tissue surface28,39.

Unlike previous studies3,32, we applied both techniques to the same 
tissue section to allow a truly correlative mapping of metabolite and 
FISH signals from the same bacteriocytes. We applied AP-MALDI-
MSI before FISH (Fig. 1a,b) to avoid changes in the chemistry of 
the sample. Therefore, we had to reduce the destructive effects of 
AP-MALDI-MSI on the subsequent FISH microscopy step17. The 
AP-MALDI-MSI set-up employed, ablated less tissue than conven-
tional MALDI-MSI set-ups27 and affected the FISH signal intensity 
only in the top layer (1±3 μm in depth) of the 10-μm-thick tissue sec-
tions (Extended Data Fig. 2; Supplementary Fig. 2c,d). To preserve 
the unfixed tissue after AP-MALDI-MSI, we developed a post-MSI 
fixation protocol38 and increased the FISH signals using multiple 
labelled probes and confocal laser scanning microscopy (CLSM) 
(Fig. 2; Extended Data Fig. 2; Supplementary Figs. 2 and 3).
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in a correlative imaging and analysis pipeline (metaFISH). a, Mapping 

metabolites with high-resolution AP-MALDI-MSI (pixel size of 3�μm) on 

cryosections (ion image in viridis colour scheme overlaid on a bright-

field image of cryosection). b, FISH after MSI on the same tissue section 

showing two phylotypes of bacterial endosymbionts (magenta and yellow) 

and DNA-stained host nuclei (cyan). The area measured by AP-MALDI-MSI  

is indicated by dashed lines. c, Spectral preprocessing (for example, 

raw data conversion, normalization and peak picking) of MSI data and 

compound annotations. d, After stitching and adjustment of brightness 

and contrast, alignment of the processed FISH image to the ion images 

and the bright-field image is used for removal of background pixels in the 

MSI data. e, Cluster maps from spatial clustering of MSI data. f, Phylotype 

assignment to determine host-only and symbiotic tissue regions. g, FISH-

based spatial metabolome binning, assigning metabolite clusters to host 

and symbionts, and integration into a molecular network. h, LC–MS/MS 

metabolite identifications and MS/MS-based molecular networking to 

verify putatively annotated AP-MALDI-MSI metabolites based on the 

metabolome binning step. Scale bars, 150�μm (a–d,f). Coloured scale bars 

in a,c indicate relative ion intensity.

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology

___________________________________________________________________________Chapter 1

42



ARTICLESNATURE MICROBIOLOGY

DNA MOX SOX PC(32:1)    ABHTr    PnE-Cer(34:2)

MOX
SOX

Host nucleus

DNA

MOX

SOX

bc

ce

bc

bc
bc

bc

ce

bc

bc
bc

bc

ce

bc

bc
bc

bc

ce

bc

bc
bc

ce

ce

ce

ce

bc
bc

bc

bc

bc
bc

bc

bc

bc
bc

bc

bc

bc
bc

bc

bc

b ca

Bacteriocyte

Intercalary cell

Ciliated edge cell

Inner edge

Cilia
ted edge

d e f

Gills

DNA

MOX

SOX

MALDI-MSI: PnE-Cer(34:2)

MALDI-MSI: ABHTr

MALDI-MSI: PC(32:1)

0.6

5.82

FISH

Scheme

0

1.42

0

1.06

bc

ce
bc

bc

bc

ce bc

bc

bc

bc

× 10–2

× 10–2

× 10–1

j k l

m n o

p q r

g h i

Gill filaments

Fig. 2 | Intracellular microbial communities and their spatial metabolomes in the symbiotic gills of B. puteoserpentis. a, Micro computed tomography 

model of a Bathymodiolus deep-sea mussel, virtual dissection of the gill and horizontal sectioning plane through gill filaments showing the symbiont-

containing tissue. Schematic of the main cell types in the gills include symbiont-free ciliated edge cells, bacteriocytes with MOX symbionts and SOX 

symbionts, and intercalary cells. b, FISH image of a region of the gill filaments overlaying MOX in magenta, SOX in yellow and a DNA stain for host nuclei 

in cyan. c, Overlaid heat maps of three differently distributed metabolites imaged using AP-MALDI-MSI. Magenta, 35-aminobacteriohopane-32,33,34-triol  

(ABHTr); yellow, phosphonoethanolamine ceramide PnE-Cer(34:2); cyan, phosphatidylcholine PC(32:1). Gill filaments in b,c show the same tissue section 

after AP-MALDI-MSI and FISH indicated in Fig. 1a,b. The dashed line in b outlines the region shown at higher magnification in g,j,m,p,e,h,k,n,q show 

schematics and magnifications of the ciliated edge (ce) and f,l,i,o,r show schematics and magnifications of bacteriocytes (bc) regions (d–f) corresponding 

to the FISH (g–i) and metabolite (j–r) images. Metabolite distributions at 3-μm pixel size of the ubiquitously distributed PC(32:1) (j–l), PnE-Cer(34:2) 

was only observed in symbiont-free host tissues (m–o), and ABHTr, which colocalized with single bacteriocytes (p–r). For b,c and g–r, a parallel imaging 

experiment of a second sample showed similar results. Ion images shown in viridis colour scheme. Scale bars, 150�μm (b,c) and 50�μm (g–r). Coloured 

scale bars beside j,o,r indicate total ion counts.

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology

___________________________________________________________________________Chapter 1

43



ARTICLES NATURE MICROBIOLOGY

High-resolution AP-MALDI-MSI at a pixel size of 3 μm cannot 
resolve average bacterial cells (~1 μm), but can distinguish between 
host (Fig. 2j±o) and symbiont (Fig. 2p±r) metabolites of the same 
bacteriocyte. FISH on the same tissue surface was key to interpret-
ing these shared bacteriocyte metabolomes. Owing to the lower 
limit of 3-μm MSI resolution, we could not statistically separate the 
subcellular metabolomes of the two symbiont phylotypes. However, 
using FISH microscopy, we could visualize the phylotype compo-
sition of each bacteriocyte community and interpret the shared 
metabolomes of the host and its endosymbionts (Fig. 2d±r).

Metabolite assignment to bacteria-rich and bacteria-free tissue.  
metaFISH revealed spatial partitioning of the gill metabolome 
into submetabolomes of bacteria-colonized and bacteria-free  
tissue. After preprocessing, our AP-MALDI-MSI data included 2,506  
metabolite images across 54,289 pixels. Using a spatially aware 
clustering approach40, we grouped all molecule distributions across 
the gill into seven clusters with distinct biochemistry (Fig. 3a,d;  

Extended Data Fig. 3; Supplementary Fig. 5). The spatial cluster-
ing also separated chemical background signals (clusters 1 and 3; 
see ion maps in Fig. 5c) from the tissue-associated metabolome 
(clusters 2, 4, 5, 6 and 7; Extended Data Fig. 3; Supplementary  
Figs. 6±12). This chemical background noise is common for 
AP-MALDI-MSI originating from the ionization matrix, which is a 
crystalline layer applied to the sample surface.

Before our correlative analysis, we spatially aligned the FISH 
images to the MSI data with parameters to compensate for discrep-
ancies between both datasets; for instance, potential tissue deforma-
tion introduced through FISH (Extended Data Fig. 4).

From the aligned imaging datasets, we calculated the MF ratio, 
which describes the overlap between areas of metabolite clusters 
and fluorescence signals. We used the MF ratio as an indicator of 
whether a cluster was linked to bacteria-free tissue or tissue con-
taining symbiotic bacteria (Fig. 3b; Supplementary Note 1±3; 
Supplementary Table 1). We used a grey-value-based image seg-
mentation to delineate bright-field and fluorescence microscopy 
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signals of host and symbionts. The spatial clustering provided an 
image segmentation approach to partition the 2,506 ion images 
into 7 spatial submetabolomes without the need for manual tissue 
annotations. Our metaFISH analysis found three host-associated 
(MF ratio < 1) and four symbiont-associated (MF ratio > 1) subme-
tabolomes, including the background signals assigned to clusters 1  
and 3 (Fig. 3b).

The precise FISH image correlations allowed us to classify clus-
ters as bacterial submetabolomes (for example, clusters 5 and 6; 
Extended Data Fig. 3; Supplementary Figs. 13 and 14) even if they 
consisted of few pixels scattered throughout the tissue. Such visu-
ally random metabolite and cluster distributions would have been 
considered unstructured noise41 by stand-alone AP-MALDI-MSI 
analyses or visual inspections. For future studies of single-cell 
metabolomes of eukaryotes and bacteria, supporting the identifica-
tion of heterogeneous, low-abundant metabolite patterns through 
label-specific correlative techniques will be crucial to differentiate 
noise from meaningful biological signals.

Visualization of distinct metabolic phenotypes of the MOX 
endosymbiont. Imaging of metabolite production can reveal phe-
notypic heterogeneity; for example, within clonal communities 
that co-occur in the same microenvironment14. The simultaneous 
visualization of the spatial metabolome at the scale of single bacte-
riocytes and the bacterial community structure allowed us to study 
the in  situ phenotypes of the endosymbiotic MOX bacteria. Our 
metaFISH pipeline revealed variation in the spatial metabolome of 
the MOX phylotype, despite the fact that all B. puteoserpentis MOX 
symbionts belong to a single phylotype42.

We identified hopanoids as a distinct group of MOX-specific 
metabolites in the metaFISH-classified bacterial clusters 6 and 7 
(Extended Data Fig. 5; Supplementary Table 8). Hopanoids are lip-
ids commonly found in the membranes of MOX bacteria and are 
not known to occur in SOX bacteria, including the SOX symbionts 
in B. puteoserpentis43. Hopanoids are often used as biomarkers6 
and we therefore used these as a proxy to locate the MOX sym-
bionts in B. puteoserpentis. Unexpectedly, our micrometre-scale 
hopanoid maps showed a patchy distribution of single hopanoids 
in comparison to the 16S rRNA FISH signals of the MOX sym-
bionts and revealed clear differences in hopanoids among the 
MOX symbionts of a single host individual (Fig. 4; Extended Data  
Fig. 5). Our spatial clustering analyses supported our imaging 
analyses and revealed significant differences in the distribution of 
aminobacteriohopane-triol (cluster 6) and bacteriohopane-tetrol 
(cluster 7) (Fig. 4a).

Many metabolites were not clustered; therefore, to categorize 
more metabolites as hopanoids, we visualized the AP-MALDI-
MSI data with a chemical networking approach. During MSI data 
acquisition, unfragmented metabolites are detected, which allowed 
us to translate exact mass differences between two compounds 
into defined chemical modifications44 (for example, hydroxylation, 
alkylation; see Supplementary Table 2). These modifications are 
visualized as edges and connect individual metabolites represented 
as nodes in a network44. Highlighting spatial clusters and compound 
annotations in the network revealed two additional hopanoids, ami-
nobacteriohopane-tetrol and anhydro-bacteriohopane-tetrol, that 
were directly connected to the two spatially clustered hopanoids 
(Fig. 4a; Extended Data Fig. 5).

We found a clear spatial difference between aminobacterio-
hopane-triol and aminobacteriohopane-tetrol (Fig. 4b–d) despite 
their minor chemical difference by a single hydroxyl group (see the  
molecular network in Fig. 4a). Both hopanoids were patchily distri-
buted, with aminobacteriohopane-tetrol located towards the outer 
edge of the gills, while aminobacteriohopane-triol was concen trated 
in individual bacteriocytes in the centre of the gills (Fig. 4b–d).  
Microbial communities are known to change their hopanoid  

composition across metre-long oxygen gradients45. The gradual 
change in relative abundance of the two hopanoids (Fig. 4e) from the 
edge to the centre of the gills might therefore reflect a phenotypic 
adaptation of the intracellular MOX symbionts to such microscale 
gradients. With our correlative imaging pipeline, we could show that 
different hopanoid phenotypes were expressed by a single symbiont 
phylotype and that these showed a distinct distribution within the 
gill tissues. metaFISH can therefore detect the presence of phenotypic 
hetero geneity in the distribution of biomarker molecules.

Metabolic landscape of the symbiotic organ. In addition to its role 
as a respiratory organ, the gill of B. puteoserpentis has acquired the 
function of a bioreactor, in which the tremendous symbiont bio-
mass46 grows in bacteriocytes34,47. The spatial metabolome underly-
ing this symbiotic organ is still unknown. We show that the overall 
lipid composition in the gill significantly differs between regions 
where the symbiotic bacteria are present compared with regions 
where bacterial symbionts are absent. As with any static (ex vivo 
imaging) approach and without prior labelling experiments, we 
cannot determine whether specific metabolites of the host are mod-
ified by the symbionts or metabolized by the host. However, many 
metabolites relate to each other chemically and spatially because 
they are involved in similar metabolic pathways. We explored these 
chemical relations in our AP-MALDI-MSI networking approach, 
integrating all 2,506 detected molecules and highlighting the host-
associated and symbiont-associated clusters (Fig. 5a).

The overall chemical space was divided into two main sub-
networks separating tissue metabolites (clusters 2, 4, 5, 6 and 7) 
from background (clusters 1 and 3) (Fig. 5a; Extended Data Fig. 3;  
Supplementary Fig. 15). Using the MSI metabolite annotation  
platform METASPACE48, the majority of annotated and tissue-asso-
ciated metabolites were phospholipids, such as phosphatidylcho-
lines (PCs), which are major membrane components in eukaryotes49 
(clusters 2 and 4; Fig. 5b,c). The PC(36:2), C44H84NO8P+H+, 
m/z = 786.6012, and the PC(32:1), C40H78NO8P+H+, m/z = 732.5543 
(Fig. 5c; Supplementary Figs. 18, 20 and 21; Supplementary Table 8) 
were homogeneously distributed along each filament. This distribu-
tion was shared by over 60% of the ions in cluster 2, which probably 
represents a baseline metabolomic signature of the gill tissue.

Most metabolites in our dataset from the largest bacteria-specific 
submetabolome (cluster 7) were annotated as triglycerides (TGs) 
and had a distribution similar to that of the TG(48:3), C51H92O6+Na+, 
m/z = 823.6794, and TG(52:3), C55H100O6+K+, m/z = 895.7142  
(Fig. 5d). These TGs formed a distinct chemical subnetwork that 
was separate from the phospholipid-rich tissue subnetwork (Fig. 5a; 
Supplementary Fig. 15). The separation of phospholipids and TGs 
in the chemical network could be associated with the functional dif-
ferences of these lipids in living cells. Phospholipids are membrane-
bound, whereas TGs are storage and transport lipids50 synthesized 
from the turnover and degradation of phospholipid membranes51. 
The digestion of bacteria inside bacteriocytes requires the break-
down of the bacterial phospholipid membranes52. Our observed 
spatial submetabolome containing high TG abundances in the bac-
teriocyte region could originate from the intracellular digestion of 
endosymbionts by the host.

In the bacteria-free ciliated edge tissue, we localized a phos-
phonate lipid, phosphonoethanolamine ceramide PnE-Cer(34:2), 
C36H72N2O5P, m/z = 643.5170 (Fig. 5c; Supplementary Figs. 16  
and 17). Phosphonates are a little-studied class of metabolites that 
serve as a phosphorus and nitrogen source for some marine bac-
teria53,54. The PnE-Cer(34:2) was concentrated in the ciliated edge 
and in the centre of the gills. The presence of this lipid, often found  
in marine molluscs55, could represent a potential niche for phospho-
nate degraders. In closely related Bathymodiolus species47, epibionts 
that colonize the ciliated edge possess the genes for the degradation 
of phosphonates56.
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We found host metabolites in cluster 4 that were highly abundant 
in the symbiont-free ciliated edge and decreased gradually towards 
the symbiont-colonized tissues (Fig. 2b). Within this group of 
colocalized metabolites, we identified PC(34:3), C42H78NO8P+H+, 
m/z = 756.5536 (Fig. 5b; Supplementary Fig. 19). PC(34:3) is nega-
tively correlated with the presence of bacteria. PCs can be syn-
thesized by 10% of bacteria, and some intracellular bacteria can 
scavenge PCs as a choline source49. We hypothesize that distribution 
patterns like that of PC(34:3) indicate either a reduction in metabo-
lite synthesis of the host or degradation by the intracellular symbi-
onts in the bacteriocytes.

Screening for specialized metabolites from the host–microbe 
interface with metaFISH. A key challenge in chemical ecology17 
and natural product discovery57 is to determine which of the thou-
sands of metabolites measured in host–microbe associations serve 
regulatory roles and are metabolically active. AP-MALDI-MSI 
provides a powerful tool to screen the host–microbe interface for 
metabolites as candidates for dereplication and structural elucida-
tion58. metaFISH advances natural product screening by directing 
AP-MALDI-MSI to the host–microbe interface to screen for metab-
olites potentially involved in symbiotic interactions17,32,58 at the scale 
of single eukaryotic cells.

To demonstrate the potential of metaFISH for molecular 
prospecting, we chose m/z = 869.5375 (metabolite 1) (cluster 2; 
C46H73N6O10, m/z = 869.538265 ± 0.005 ppm; Supplementary Table 9)  
as an example. This metabolite was one of the most abundant from  
the host–microbe interface and was exclusively present in tissue 
colonized by symbionts (Fig. 6a; Extended Data Fig. 6). In our 
AP-MALDI-MSI network, we found four similarly distributed ions  
(m/z = 813.4736 (metabolite 2), m/z = 815.4902 (metabolite 3), 
m/z = 841.5062 (metabolite 4) and m/z = 843.5215 metabolite 5))  
that were not assigned by the spatial clustering owing to low inten-
sity and structural information (for correlation analyses to meta-
bolite 1, see Extended Data Fig. 7 and Supplementary Table 4).  
These metabolites were linked to metabolite 1 through alkane 
chain length transformations (see the network in Fig. 5d and the 
network in Extended Data Fig. 8). LC–MS/MS analyses confirmed 
that metabolites 2–5 were analogues of metabolite 1 and contain a 
pentose moiety and a terminal fatty acid that were variable in length 
(Fig. 6d,e; see LC–MS/MS data in Extended Data Figs. 9 and 10, 
Supplementary Figs. 22–30 and Supplementary Tables 8 and 9).

In the network, the ion m/z = 577.2604 (metabolite 6) was linked 
to each of metabolites 1–5 through the difference of a fatty acid (see 
the network in Fig. 6d and Extended Data Fig. 8). Metabolite 6 is an 
analogue that is similar in composition as metabolites 1–5 (C26H37 
N6O9, m/z = 577.261659 ± 0.01 ppm; Supplementary Figs. 30–32  
and Supplementary Tables 8 and 9), but lacking a fatty acid  
(Fig. 6d,e). Metabolite 6 could be a product of metabolites 1–5 from 
which the fatty acid was cleaved or a precursor molecule to which  
a fatty acid is attached. High-spatial-resolution MSI showed that  

the host-assigned metabolite 6 was distributed around metabo-
lites 1–5, which were concentrated in the bacteriocytes (Fig. 6c; 
Extended Data Fig. 6).

Finding metabolites 1–6 with metaFISH, we screened 11 other  
chemosynthetic deep-sea mytilid species of the genera 
Bathymodiolus (7 species), Gigantidas (3 species) and Vulcanidas  
(1 species). Some of these mussel species, such as B. puteoserpentis,  
harbour SOX and MOX symbionts, whereas others contain only 
MOX or only SOX symbionts59 (Supplementary Fig. 33; Supple-
mentary Table 3). This allowed us to test whether metabolites 1–6  
are specific for a symbiont–host association. The metabolites 1–6 
were absent in mussels with only SOX symbionts. In contrast, 
meta bolites 1–6 always occurred in Bathymodiolus and Gigantidas 
mussels when the MOX symbiont was present (Supplementary  
Table 3). To test whether metabolites 1–6 are present in free- 
living MOX bacteria closely related to the MOX symbionts of  
Bathymodiolus mussels, we screened cell extracts of Methylo-
profundus sedimenti60 and found traces of metabolite 6, but none of 
metabolites 1–5 (Supplementary Table 3).

We did not find database matches for metabolites 1–6 after man-
ual and automated searches in metabolite databases (see Methods). 
Moreover, a dereplication pipeline (Global Natural Product Social 
Molecular Networking (GNPS))61 did not provide matches to 
metabolites 1–6 in any public MS datasets (Supplementary Fig. 22).

Our use of metaFISH to screen the host–microbe interface 
revealed a group of metabolites that appear to be specific for the 
mussel–MOX bacteria interaction across symbiont and mussel spe-
cies (Supplementary Fig. 33; Supplementary Table 3). Database 
searches and molecular characterization of the metabolites sug-
gested a so far unknown chemical structure. Therefore, metabo-
lites 1–6 represent prime candidates for structural elucidation to 
determine the producer within the symbiosis and its function. Our 
metaFISH pipeline provides a valuable addition to conventional 
secondary metabolite screening to target metabolites independent 
of their abundance, but based on their location where microorgan-
isms and the host interact.

Conclusions
Linking the spatial metabolome to individual partners of multi-
member communities, such as host–microbe associations, provides 
insights into their metabolic interactions. Metabolite imaging cou-
pled with FISH creates a link between the metabolome of a micro-
organism and its phylogenetic identity. Sequencing of microbial 
strains and eukaryotic cells could be used to design labels, targeting 
individual genes62 or transcripts63, and combined with MALDI-MSI 
could provide a higher resolution of spatial correlations between 
genotype and phenotype.

metaFISH allows the analysis of high-resolution MALDI-MSI 
combined with FISH microscopy to link metabolomes to single 
eukaryotic host cells or small patches of 50–100 bacterial cells. 
Given the fast pace of technical improvements in spatial resolution, 

Fig. 5 | Metabolic landscape of the symbiotic organ. a, Molecular network visualizing all detected molecules and their spatial and potential chemical 

relationships showing how similarly distributed metabolites (classified as numbered clusters) and unclassified ions are chemically related. Nodes are m/z 

values of precursor ions; edges are defined molecular transformations calculated from ∆m/z values; nodes coloured with cluster membership and yellow 

nodes without cluster membership match annotations ±10�ppm; round grey nodes are those without annotation. Dotted lines are drawn to highlight 

chemical subnetworks. b, Spatial clusters visualized as segmentation maps. Segmentation maps show a clear outline of the tissue structure for clusters 2 

and 4, and a patchy distribution for clusters 5, 6 and 7. c, Representative metabolite distributions for two individually annotated and identified metabolites 

from each spatial cluster. Filaments shown in c are from the same region of interest indicated in Fig. 1a,b. In the network, ions of clusters 1 and 3 form a 

discrete chemical subnetwork (Background) mostly consisting of matrix molecules with strong background signals around the gill tissue. The majority 

of annotated metabolites in the main subnetwork (Tissue) are phospholipids (clusters 2 and 4) and hopanoids (clusters 6 and 7). Most ions of cluster 7 

were annotated as TGs formed a subnetwork (Triglycerides) present in the bacteriocyte region. Results in a,b are from a single experiment. For c, a parallel 

imaging experiment of a second sample showed similar results. Ion images are in viridis colour scheme. Scale bars, 150�μm. NA, not annotated. Asterisks 

indicate MS/MS-verified metabolites. Coloured scale bars below ion images in c indicate total ion counts.
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metabolite imaging promises to reach the ability to resolve single 
bacteria in the near future. With this increase in spatial resolution of 
metabolite imaging, correlative approaches will become even more 

valuable for disentangling the contributions of symbiotic communi-
ties and connecting the taxonomic identities of eukaryotic and pro-
karyotic cells with their vast phenotypic heterogeneity.
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Researchers are beginning to apply MALDI-MSI to samples from 
natural environments beyond controlled laboratory conditions. 
Plant and animal tissues are commonly associated with microor-
ganisms, which can significantly affect the metabolome of the host. 
If these microorganisms are overlooked, their contribution to the 
spatial metabolome will remain obscured and mistakenly attributed 
as a host phenotype.

Applied to host±pathogen interactions, metaFISH could be 
used to simultaneously visualize phenotypes of pathogens and the 
metabolic immune response of the host. This could include stage-
specific phenotype changes during, for example, tubercle formation 
of Mycobacterium tuberculosis64 or the infection progression with 
Pseudomonas aeruginosa65 during cystic fibrosis.

We envision that metaFISH will extend the capabilities of  
modern meta-omics to link the identity of microbial community  

members to their metabolism and enable us to decipher the  
chemical language of microorganisms among each other and with 
their hosts.

Methods
Sampling and on-board cryofixation. The B. puteoserpentis specimen used for 
high-resolution AP-MALDI-MSI was collected during the RV Meteor M126 
cruise in 2016 at the Logatchev hydrothermal vent field on the Mid-Atlantic 
Ridge. The specimen was retrieved using the MARUM-Quest remotely operated 
vehicle (ROV) at the Irina II vent site at 3,038 m in depth, 14° 45′ 11.01″ N and 
44° 58′ 43.98″ W, and placed in an insulated container to prevent temperature 
changes during recovery. Gills were dissected from the mussel as soon as it 
was brought on board after ROV retrieval, submerged in precooled 2% w/v 
carboxymethyl cellulose gel (CMC, Mw ~700,000, Sigma-Aldrich) and snap-frozen 
in liquid N2. Samples were stored at −80 °C until use. Additional deep-sea mussels 
from other cruises and sites were snap-frozen but not embedded for AP-MALDI-
MSI (Supplementary Table 5).
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Fig. 6 | metaFISH metabolite screening reveals a group of metabolites specific to the mussel–MOX symbiont interaction as candidates for structural 
elucidation. a,b, Metabolite 1, m/z�=�869.5375, exclusively colocalized with the symbiont communities (a), and metabolite 6, m/z�=�577.2604, colocalized 

with host tissues (b). The ion images shown are from the same region of interest indicated in Fig. 1a,b. Coloured scale bars in a,b indicate total ion counts. 

c, Overlay of metabolite 1 (magenta) and metabolite 6 (cyan). Coloured scale bars in c indicate relative ion abundance. d, AP-MALDI-MSI subnetwork of 

metabolites 1–5 linked to metabolite 6 (grey nodes indicate unclustered ions; dark blue node indicates cluster 2; light blue node indicates cluster 5).  

Black edges connect bacteria-correlated metabolites through mass differences of alkyl chain-length transformations. Brown edges represent mass 

differences of the variable fatty acids, which are absent in the host-correlated metabolite 6 (light blue node) (Supplementary Fig. 16). e, Characteristic 

LC–MS/MS fragmentation pattern for metabolite 1 (top, representative for metabolites 2–5) and for metabolite 6 (bottom). Metabolite 1 loses a pentose 

(−132.0417�Da) and a fatty acid (−328.2961�Da). Metabolite 6 loses only a pentose. The fragment ion m/z�=�541.2402 of metabolite 1 in the upper 

spectrum represents metabolite 6 after the loss of two water molecules. For a–d, parallel imaging experiments of a second sample showed similar results. 

Results in d,e are from four individual experiments. Ion images (a,b) are in viridis colour scheme, and the ion overlay (c) is shown with single colour maps. 

Scale bars, 150�μm.
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Tissue sectioning. The CMC-embedded gills were cross-sectioned at 10-μm 
thickness using a cryostat (Leica CM3050 S, Leica Biosystems) at a chamber 
temperature of −35 °C and object holder temperature of −22 °C. Individual 
sections were thaw-mounted onto coated Polysine slides (Thermo Scientific) and 
subsequently frozen in the cryostat chamber. Slides with tissue sections were stored 
in slide containers with silica granules to prevent air moisture condensation on the 
tissue after removal from the freezer.

Matrix and landmark application. To assist ionization of the metabolites during 
AP-MALDI-MSI, a crystalline layer, called ionization matrix, was applied to the 
sample surface. Before AP-MALDI matrix application, the sample was warmed to 
room temperature under a dry atmosphere in a sealed slide container (LockMailer 
microscope slide jar, Sigma-Aldrich) filled with silica granules (Carl Roth) to avoid 
condensation on the cold glass slide. The sample glass slide was marked with white 
paint around the tissue for orientation during image acquisition, as previously 
described17. In addition, optical images of the tissue section were acquired using a 
digital microscope (VHX-5000 Series, Keyence) before application of the matrix 
(Supplementary Fig. 1). To apply the matrix, we used an ultrafine pneumatic 
sprayer system with N2 gas (SMALDIPrep, TransMIT)27 to deliver 100 μl of a 
30 mg ml−1 solution of 2,5-dihydroxybenzoic acid (98% purity, Sigma-Aldrich) 
dissolved in acetone/water (1:1 v/v) containing 0.1% trifluoroacetic acid (TFA). 
To locate the field of view and facilitate laser focusing, a red marker was applied 
adjacent to the matrix-covered tissue section.

High (spatial)-resolution AP-MALDI-MSI. AP-MALDI-MSI measurements 
were carried out at an experimental ion source set-up27,28 coupled to a Fourier 
transform orbital trapping mass spectrometer (Q Exactive HF, Thermo Fisher 
Scientific). A specially developed AP-MALDI-MSI autofocusing system based 
on laser triangulation allowed us to keep the laser fluence on the sample spots 
constant and to avoid oversampling (overlapping of the laser spots) when imaging 
at a step size of 3 μm3. We acquired two datasets (MPIMM_054_QE_P_BP_CF 
and MPIMM_039_QE_P_BP_CF) from two tissue sections of the gill of the same 
specimen. Both areas were scanned with 233 × 233 laser spots with a step size of 
3 μm without oversampling, which resulted in an imaged area of 699 × 699 μm 
(Extended Data Figs. 1 and 2). AP-MALDI-MSI measurements were performed in 
positive-ion mode for a mass detection range of 400–1,200 Da and a mass resolving 
power of 240,000 (at m/z = 200) (Extended Data Fig. 1). After AP-MALDI-MSI, the 
measured sample surface was recorded using a stereomicroscope (SMZ25, Nikon) 
(Supplementary Fig. 1). We used dataset MPIMM_054_QE_P_BP_CF for the 
metaFISH analysis, figures and MALDI-MSI network shown in the manuscript. 
The second dataset, MPIMM_039_QE_P_BP_CF, served as a positive control for 
the AP-MALDI-MSI and FISH pipeline. Both datasets, including the correlative 
FISH images, have been uploaded onto METASPACE and are open access  
(see Data availability statement).

Magnetic resonance MS. Ultra-high mass resolution measurements were carried 
out using a magnetic resonance mass spectrometer (scimaX, Bruker Daltonik). 
Samples were extracted with chloroform and the compounds further separated 
in a methanol washing step in which they remained in the methanol fraction. 
These methanol extracts of the samples were measured by electrospray ionization 
in positive-ion mode by direct syringe infusion in a mass range of 107–3,000 Da 
using quadrupolar detection and a mass resolving power of 650,000 (at m/z = 400). 
The MS and MS/MS spectra were externally calibrated with Na-TFA clusters. 
The MS spectra were additionally internally calibrated with Hexakis(1H,1H,3H-
tetrafluoropropoxy)phosphazene (Apollo Scientific, compound PC0874). The 
molecular formulae of detected compounds and fragments were determined using 
DataAnalysis 5.1 (Bruker Daltonik) (Supplementary Table 9).

FISH. For FISH, the glass slide with the matrix-covered tissue section was 
submerged in a 2% paraformaldehyde/PBS (137 mM NaCl, 2.7 mM KCl, 10 mM 
Na2HPO4, 2 mM KH2PO4) solution for 1 h at room temperature to wash off 
the matrix and stabilize the tissue. The fixation was followed by two 20-min 
washing steps in PBS and then carefully dipping the slide in 96% ethanol and air 
drying. The dried section was encircled with a liquid blocker (PAP-Pen, Science 
Services) on the glass slide to prevent leakage of the hybridization mixture during 
incubation66.

The hybridization mixture, modified from a previously published method67, 
contained 5 ng μl−1 of probe in hybridization buffer (35% formamide (v/v), NaCl 
900 mM, 20 mM Tris-HCl (pH 7.5), 10% dextran sulfate (w/v), 0.02% (w/v) SDS, 
1% (w/v) blocking reagent (Roche)). We used specific 16S rRNA probes to target 
symbiotic SOX (BMARt_193: 5′-CGAAGGTCCTCCACTTTA-3′) and MOX 
(BNMARm_845: 5′-GCTCCGCCACTAAGCCTA-3′) bacteria34. BNMARm_845 
contained one cyanine 3 (Cy3) fluorophore at the 5´-end of the oligonucleotide, 
whereas BMARt_193 contained one MFP-ATTO488 fluorophore at each end 
for increased sensitivity (biomers.net)21,68. A negative control with nonspecific 
binding (Non338: 5′-ACTCCTACGG-GAGGCAGC-3′)69, labelled with Cy3, was 
hybridized on a subsequent tissue section during the same FISH experiment.

Tissue sections of sample and controls were hybridized with 20 μl of 
hybridization mixture for 2 h in a saturated formamide-water atmosphere at 

46 °C. Subsequently, the tissue sections were washed on the slides for 15 min 
at 48 °C with buffer (0.1 M NaCl, 0.02 M Tris-HCl (pH 8.0), 0.01% SDS, 5 mM 
EDTA)34, then dipped in PBS buffer and 96% ethanol to accelerate the drying 
process. Subsequently, the DNA of host and symbiotic bacteria was stained with 
4′,6-diamidino-2-phenylindole (DAPI) for 3 × 10 min at room temperature. For 
microscopy, sections were mounted with Vectashield.

Fluorescence microscopy. Overview tile-scans (0.32 μm per pixel) of the sample 
and the control were first acquired in the bright-field and fluorescent channels 
using an automated epifluorescence microscope (Zeiss Axio Imager Z2.m, 
AxioCam MRm, Plan-Neofluar ×20/0.8) operated by a tile-scanning macro for 
Axio Vision (v.SE64 4.9.1, Carl Zeiss Microscopy). Fluorochromes were excited 
with wavelengths 405 nm for DAPI (blue), 488 nm for MFP-ATTO488 (green) 
and 546 nm for Cy3 (red). The false-colour red, green and blue (RGB) image 
(Supplementary Fig. 4) was converted to cyan, magenta and yellow (CMY) in 
all main manuscript figures. Stitching of the tiles was performed using the “grid 
collection” stitching plugin in ImageJ (v.1.50d)70. The target area that was measured 
with AP-MALDI-MSI was then rescanned using a CLSM (Zeiss LSM 780) to 
improve the quality of the fluorescent images. The CLSM was equipped with an 
EMCCD Camera (Andor iXon Ultra 897 High Speed). The excitation wavelengths 
were the same as those for the overview images, but using a Plan-Apochromat 
×20/0.8 objective lens.

A larger area was imaged by CLSM (4.52 mm2) than by AP-MALDI-MSI 
(0.489 mm2). With the CLSM 25 tiles (5 × 5), an area of 425.1 μm × 425.1 μm 
(0.21 μm per pixel) per tile was recorded, each with 4 z layers of 5.72 μm in depth. 
The area measured with AP-MALDI-MSI (699 μm × 699 μm) overlapped with 6 
tiles (3 × 2) of the CLSM scan, which were used for further analyses. The FISH 
signals were recorded from one focal plane, which was used for further processing 
and the correlative analysis (Extended Data Fig. 2). The tiles were stitched with 
ZEN black (v.14.0.1.201, Carl Zeiss Microscopy) and readjusted with the MosaicJ 
plugin in ImageJ (v.1.50d)70.

Correlative image processing. Alignment of AP-MALDI-MSI and FISH imaging 
data was performed using Matlab R2016a (Supplementary Note 1). The precision 
of an alignment and the degree to which imaging datasets can be correlated is 
mainly dictated by the lower-resolution image. Before alignment, the MSI imaging 
dataset was inflated to the microscopy pixel size to prevent loss of structural 
information in the microscopy image. The RGB microscopy image was aligned 
to the MSI dataset via landmark registration using fitgeotrans (transformation 
type “similarity”). This allowed for rotation, translation and proportional scaling, 
thereby compensating for discrepancies between optical set-ups and potential 
tissue deformation (for instance, shrinkage through dehydration during FISH 
procedures). As the template for the registration, a MSI consensus image was 
created71 in ImageJ (v.1.50d) through a maximum intensity projection of four ion 
maps, which were chosen to be representative of the tissue structure (Extended 
Data Fig. 4). The transformation was based on ten corresponding landmarks on 
the tissue on the RGB microscopy image and the MSI consensus image. After 
alignment, the microscopy image was cropped to the same area as the MSI image. 
The pixel intensities for the three 8-bit single-channel images (RGB) were exported 
as an Excel table for further processing in R. For further representation, we used 
CMY instead of RGB as the colour code. To determine the threshold between noise 
and the fluorescent probe signal, we evaluated the threshold between the signals 
and the noise for each channel using the image segmenting app in Matlab. This 
grey-value threshold was then used in the R pipeline. To represent an overall  
tissue signal, the bright-field microscopy image from the overview tile scan 
was aligned to the CLSM image (Extended Data Fig. 4; Supplementary Fig. 1), 
segmented and transformed into a binary matrix to define “on tissue” and  
“off tissue” regions to perform background removal of MSI pixels (Extended Data 
Fig. 4; Supplementary Note 2).

AP-MALDI-MSI data preprocessing. After imaging, the Thermo *.raw files 
were centroided and converted to *.mzML with MSConvert GUI (ProteoWizard, 
v.3.0.9810)72 and then converted to *.imzML using the imzML Converter 1.3 (ref.73). 
The *.imzML MALDI-MSI data were imported into R (v.3.4.0; Supplementary  
Note 2) and processed using the Cardinal package (v.1.8.0)74. Briefly, data were 
imported using the readMSIData function with a mass accuracy of 1. The raw data 
were normalized to the total ion chromatogram, and peak picking was carried out 
using the adaptive method with a signal-to-noise ratio of 10.

Correlative AP-MALDI-MSI and FISH data analysis. Pixel-aligned FISH signal 
matrices of all three fluorescent channels (DAPI, SOX and MOX) were imported 
into R. Of the 255 greyscale values, background noise pixels were defined for 
intensities from 0 to 20 (see above for the choice of threshold). Pixels of each image 
matrix for the MOX, SOX and DAPI channels with intensities from 21 to 255 
were counted as signals. The host-only tissue area was determined by subtracting 
the MOX and SOX symbiont pixels of the fluorescence channels from the “on 
tissue” pixels in the aligned bright-field channel image (Supplementary Fig. 1e). 
Furthermore, we used the “on/off-tissue” bright-field microscopy signal matrix to 
remove background pixels in the AP-MALDI-MSI data (Extended Data Fig. 4)  
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as described above. Consequently, we reduced the data size and minimized the 
influence of background signals on the downstream analysis. Reducing data 
dimensionality further, m/z values were excluded if a peak was present in at least 
10% of the pixel area of the spatially smallest fluorescent channel.

Spatial cluster analysis was performed on the reduced data using the spatial 
shrunken centroids method, which performed unsupervised segmentation of  
the MSI dataset40 (Extended Data Fig. 3; Supplementary Fig. 6). This technique 
allowed us to select for the best-fit model of the appropriate number of metabolite 
clusters (k) and informative metabolite features (Supplementary Fig. 5). We 
generated a Bray–Curtis dissimilarity matrix with the vegdist function in the Vegan 
package75 from the mean spectra of the spatial shrunken centroids cluster groups. 
We then used this dissimilarity matrix to visualize the similarity between clusters 
in a hierarchical tree (Fig. 2c; Extended Data Fig. 3; Supplementary Figs. 5 and 6).  
Using both matrices of the aligned FISH signals and the cluster segmentation 
maps, we calculated the area overlap to define the percentage of fluorescent 
bacteria and host signals per cluster (Supplementary Notes 2 and 4).

Molecular networking. Molecular networks were visualized in Cytoscape 
(v.3.5.1)76, the AP-MALDI-MSI MS1 data were created using the MetaNetter 2 
app44 and the LC–MS/MS data using GNPS61. Community matching, dereplication 
and metabolite annotation of the network based on LC–MS/MS were conducted 
with the default settings of the respective GNPS pipelines.

To create the molecular network with MetaNetter 2 app, the MSI peak list was 
imported to create nodes. A list of major chemical transformations was used to 
calculate the mass differences as edges between the nodes (Supplementary Table 2).  
Adducts (Na+, K+ and NH4

+) and isotopes were excluded from the network to 
reduce the redundancy of metabolite nodes and the complexity of the network. 
We used H+ adducts to display the diversity of the measured metabolites. Nodes 
were then labelled in the colour of their spatial cluster membership, using m/z ion 
lists of each spatial cluster. METASPACE-annotated ions were coloured in yellow 
using an exported m/z list. For analyses, we inspected nodes that were labelled 
as annotated and spatial cluster ions. We additionally inspected nodes, directly 
linked to the annotated and clustered ions, for example, hopanoids (Fig. 4) and 
unidentified metabolites (compounds 1–6) (Fig. 6). Colouring and reshaping of 
nodes was performed in Cytoscape using the cluster and annotation data.

Solvents for LC–MS/MS. All organic solvents were LC–MS grade, using 
acetonitrile (ACN; Honeywell, Honeywell Specialty Chemicals), isopropanol  
(IPA; BioSolve) and formic acid (FA; Sigma-Aldrich). Water was deionized using 
the Astacus MembraPure system (MembraPure).

Lipid extraction for LC–MS/MS. Lipids were extracted from small pieces of 
frozen gills (50–100 mg) using a mixture of ACN, methanol and H2O (2:2:1 v/v/v) 
and then bead beating using a stainless steel bead (FastPrep-24, MP) for 2 × 40 s 
at 4 m s–1. The tissues were then centrifuged (2 min, 15,600 × g, 4 °C) and the 
supernatant transferred into high-performance LC vials for analysis.

High-resolution LC–MS/MS. The analysis was performed using a QExactive Plus 
Orbitrap (Thermo Fisher Scientific) equipped with a HESI probe and a Vanquish 
Horizon UHPLC system (Thermo Fisher Scientific). The lipids were separated 
on an Accucore C30 column (150 × 2.1 mm, 2.6 μm, Thermo Fisher Scientific), at 
40 °C, using a solvent gradient. Buffer A (60/40 ACN/H2O, 10 mM ammonium 
formate, 0.1% FA) and buffer B (90/10 IPA/ACN, 10 mM ammonium formate, 
0.1% FA)77 were used at a flow rate of 350 μl min−1. The lipids were eluted from 
the column with a gradient starting at 0% buffer B (Supplementary Table 6). The 
injection volume was 10 μl. In the same run, MS measurements were acquired in 
positive-ion and negative-ion mode for a mass detection range of m/z = 150–1,500 
(Supplementary Table 7). Resolution of the mass analyser was set to 70,000 for  
MS scans and 35,000 for MS/MS scans at m/z = 200. MS/MS scans of the eight most 
abundant precursor ions were acquired in positive-ion and negative-ion modes. 
Dynamic exclusion was enabled for 30 s and collision energy was set to 30 eV.

Metabolite identification. The identification of metabolites was performed 
according to the proposed Metabolomics Standards Initiative guidelines78,79. The 
guidelines define four levels of metabolite identification. The least confident group 
is a level 4 identification (‘unknowns’), which requires discernible spectral MS 
signals that can be reproducibly detected and quantified. For level 4 identifications, 
such as metabolites 1–6, we report the exact mass and, if applicable, the theoretical 
sum formula. Although we measured metabolites 1–6 with orthogonal methods, 
we could not match them to any compound classes in public libraries (HMBD80, 
ChEBI81, The LIPID MAPS Lipidomics Gateway (http://www.lipidmaps.org/), 
Metlin82, MarinLit (http://pubs.rsc.org/marinlit/) or the Dictionary of Natural 
Products v.27.2 (http://dnp.chemnetbase.com/)). For level 2 identifications 
(‘putatively annotated compounds’) we matched spectral similarities to metabolites 
in public libraries. The metabolites discussed as hopanoids, PCs, PnE-Cer and TGs 
all correspond to level 2 identifications. Automated annotation of metabolites of 
the AP-MALDI-MSI data was carried out with bioinformatics approaches using 
exact mass and isotope ratio matches of known metabolites from the databases 
HMBD, ChEBI and LIPID MAPS using the automated annotation platform 
METASPACE48,83.

We did not assign level 3 identifications (‘putatively characterized compound 
classes’) representing annotations based on spectral and/or physicochemical 
properties that are consistent with a particular class of organic compounds. 
Without using chemical reference standards, we could not reach level 1 metabolite 
identifications (‘identified metabolites’) despite measuring most metabolites with 
two orthogonal techniques (LC–MS/MS and MALDI-MS or MALDI-MS/MS).

Micro computed tomography. For micro computed tomography the tissue 
absorption for the X-ray radiation was increased with a contrasting solution. 
The contrasting reagent was based on phosphotungstic acid (96% ethanol, 1% 
phosphotungstic acid and 3% dimethylsulfoxide) and contrasting was conducted 
on a paraformaldehyde-fixed specimen for 2 weeks after an established protocol84. 
Scanning was exercised with a phoenix X-ray, nanotom m (GE Measurement & 
Control) cone beam computed tomography system equipped with a diamond 
target at a voltage of 110 kV and a current of 70 mA at a resolution of 3,072 × 2,400 
pixels, which resulted in a voxel size of 8.89 μm after subsequent tomographic 
reconstruction. The RAW data was reconstructed with datos|x reconstruction 
software (Measurement & Control), cropped and exported to a TIF image stack 
with VG Studio Max 2.2 (Visual Graphics). The exported data were visualized 
using the free three-dimensional imaging software Drishti 2.6.1 (ref. 85).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data generated during and/or analysed in the current study are all publicly 
available. The microscopy data have been deposited on figshare: stereomicroscopy 
data at https://doi.org/10.6084/m9.figshare.6887180.v1; wide-field microscopy data 
at https://doi.org/10.6084/m9.figshare.6887231.v2; and CLSM data at https://doi.org/ 
10.6084/m9.figshare.6887315.v2, https://doi.org/10.6084/m9.figshare.10298111.v1. 
The image stack of the micro computed tomography data, used for illustrating the 
three-dimensional anatomy of the mussel, can be accessed at https://doi.org/10.6084/
m9.figshare.5458234.v1. The MS data generated have been deposited into the EMBL-
EBI MetaboLights repository86 under accession numbers MTBLS744, MTBLS805, 
MTBLS746 and MTBLS811. Annotations of the two high-resolution AP-MALDI-
MSI datasets can be publicly browsed at and downloaded from the online annotation 
platform METASPACE (https://metaspace2020.eu) using the dataset identifiers 
MPIMM_054_QE_P_BP_CF and MPIMM_039_QE_P_BP_CF. The results 
generated using the molecular LC–MS/MS networking platform GNPS (https://
gnps.ucsd.edu) are publicly available and can be accessed via https://gnps.ucsd.edu/
ProteoSAFe/status.jsp?task=c9bc4fae716c45dcbff19619b30090d2 and https://gnps.
ucsd.edu/ProteoSAFe/status.jsp?task=5b9eb8be34c141d48688065d8081bf44.

Code availability
Image registration and alignment of the AP-MALDI-MSI and FISH data in Matlab 
and the R scripts for Cardinal Data analysis are available in the Supplementary 
Information and on Github (R scripts: https://github.com/esogin/miniature-
octo-fiesta; Matlab: https://github.com/BenediktSenorDingDong/MALDI-
FISHregistration).
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Extended Data Fig. 1 | HR AP-MALDI-MSI dataset of 233 × 233 pixels at 3 μm resolution (699 × 699 μm) of the gill filaments. a, Total ion count 

(TIC) heat-map image showing full intensity range of recorded ions (TIC counts: 1.248 e3 - 4.928 e6). b, TIC image after narrowing the threshold of the 

histogram (TIC counts: 4.928 e3 - 2.332 e5) which revealed the low intensity ions/ tissue metabolites. c, Bright-field microscopy of the same tissue region, 

measured with AP-MALDI-MSI and the MALDI-matrix was washed off d, TIC spectrum recorded at 240.000 mass resolution at m/z 200 for a mass 

range of m/z 400 – 1200. For panels a–d a parallel imaging experiment of a second sample showed similar results (see methods and data availability). 

Visualization was done in ImageQuest v. 1.1.0 (Thermo Fisher Scientific™). a,b, Color scheme of ion maps ‘physics’, scale bar in a-c: 200 μm.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Confocal laser scanning microscopy (CLSM) of the tissue sections after MALDI MSI and FISH. Symbiotic bacteria in red 

(methane oxidizers) and green (sulfur oxidizers) and DNA in blue (DAPI stain, mainly host nuclei). Yellow dashed line indicates the area measured with 

high-resolution AP-MALDI-MSI before FISH. a, z 1–z 4, CLSM layers along the z-axis (5.72 μm each); layer z2 and z3, together 11.48 μm in depth covered 

the 10 μm tissue section and were used for further processing. Notably, in z2, the fluorescent signals appear slightly diminished yet remain clearly visible 

in the MALDI-MSI-measured area. This indicates that the top layer of the tissue (1-3 μm) was destructed to a point where FISH was not possible or it 

was even ablated. b, Each layer stitched from 25 tiles (5 × 5 white dashed lines) of which 6 tiles (blue dashed line) contained the area measured with HR 

MALDI-MS (yellow dashed line). c, RGB overlay image of 6-tiles (blue square in b) after corrected montage and channel specific histogram adjustments, 

based on the individual channels in grayscale with corresponding labeled histogram (d: Green/sulfur oxidizers (SOX), e: Red/ methane oxidizers (MOX),  

f: Blue/DAPI DNA stain). For panels a–f a parallel imaging experiment of a second sample showed similar results. Scale bars: 300 μm.
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Extended Data Fig. 3 | Spatial clustering of the AP-MALDI-MSI data. Spatial clustering results from Cardinal for each of the seven clusters (1-7), column 

a shows the segmentation maps of each cluster, column b is the shrunken mean spectrum over m/z values, column c the shrunken t-statistics over m/z 

values and column d shows three ion maps, assigned to the spatial cluster, sorted after significance from left (high) to right (low). Ion maps of cluster 1 

and cluster 3 show inverse tissue signals, leaving the area where the gill filaments are black. Scale of x and y in column a represents pixel counts of the 

dataset (233 × 233) of which each pixel is 3 μm × 3 μm. The ion images in column d are in the color scheme ‘viridis’, scale bars: 100 μm.
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Extended Data Fig. 4 | Image registration/alignment of the AP-MALDI-MSI and FISH data in Matlab. a, Maximum intensity projection of four ion images 

merged on top of each (b) resulted in an image of the gill filaments. This image was used as visual reference for the alignment between AP-MALDI-MSI 

and FISH imaging data. c, Alignment, based on 18 corresponding reference points (landmarks) in FISH and MALDI-MS images, selected via ‘cpselect’.  

d, Control of alignment precision through the overlay of the MALDI-MS maximum intensity image, colored in green on top of the aligned FISH image, 

colored in purple. The precise alignment is reflected by the low amount of purple FISH pixels covered by the green MALDI-MSI pixels. e, Final, aligned and 

cropped FISH image, showing symbiotic MOX in red and SOX in green and DNA in blue (DAPI stain, mainly host nuclei); f. Aligned and cropped bright-

field image (left) after AP-MALDI-MSI and segmented “on-tissue” (black) and “off tissue” (white) signals for background removal; color scheme of ion 

maps ‘physics’, scale bars: 150 μm.and cropped bright-field image (left) after AP-MALDI-MSI and segmented “on-tissue” (black) and “off tissue” (white) 

signals for background removal; color scheme of ion maps ‘physics’, scale bars: 150 μm.
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Extended Data Fig. 5 | Spatial metabolic heterogeneity of methanotrophic symbionts in gill tissue based on hopanoids and 16S rRNA distributions.  
a, Molecular transformation subnetwork using MSI m/z values showing the potential mass shifts between the four metaspace-annotated hopanoids. b, Ion 

maps and chemical structures (Lipid Maps, see methods) of the four detected and metaspace-annotated hopanoids: 35-aminobacteriohopane-32,33,34-

triol (m/z 546.4886, C35H64NO3+H+), 35-aminobacteriohopane-31,32,33,34-tetrol (m/z 562.4833, C35H64NO4+H+), bacteriohopane-32.33.34.35-tetrol 

(m/z 547.4731, C35H63O4+H+) and 31-hydroxy-32,35-anhydro-bacteriohopane-tetrol (m/z 545.4578, C35H61O4+H+). c, On-tissue MALDI-MS/MS 

identification of 35-aminobacteriohopane-31,32,33,34-tetrol (m/z 562.4791, C35H64NO4+H+) in positive-ion mode at NCE 70, showing loss of two H2O 

(2 × 18 Da) and characteristic MS/MS hopanoid ring fragment ion (191.1785 Da). For panel a a parallel imaging experiment of a second sample showed 

similar results. Experiments in panel b were repeated three times with similar results. Color scheme of ion maps in ‘viridis’ and scale bars: 100 μm.
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Extended Data Fig. 6 | Visual colocalization of metabolites (1) and (6) with the colonized or bacteria-free gill tissue. a, CMY FISH image (see above); 

b, FISH-based outline of the ciliated edge (bacteria-free, white) and bacteriocyte region (bacterial symbionts, red). Panels c to e show an overlay of 

the metabolite images (left column) and the FISH-based outlines in b, of bacteria-free and bacteria-rich regions (right column). c, metabolite (1) m/z 

869.5374 d, colocalized with bacteriocyte region (red); e, metabolite (6) m/z 577.2604 f, colocalized with the bacteria-free ciliated edge and general gill 

tissue. A parallel imaging experiment of a second sample showed similar results. Overlays were generated with the layer function in Adobe Photoshop 

CS5. Color scheme of ion maps in ‘viridis’, scale bars: 100 μm.
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Extended Data Fig. 7 | Spatial correlation analysis in SCiLS Lab v.2018b. Ranking of ion images after co-localization to m/z 869.5381, sorted from most 

similar at the top right to least similar at the bottom left of the panel. The correlation values are given in Supplementary Table 4. (Mass deviations between 

Cardinal and SCiLS are due to preprocessing differences). Ions linked to m/z 869.5375 through chemical transformations like fatty acids or changes in their 

alkane length are ranked within the top ten (m/z 577.2627, 813.4752, 815.4915, 843.5219) and top 100 (m/z 841.5056, 1105.7507) ion images in SCiLS. 

The strong spatial correlations between the metabolites are paralleling the theoretical molecular transformations in the MS1 networks in Extended Data 

Fig. 8. A parallel imaging experiment of a second sample showed similar results. Color scheme of ion maps in ‘viridis’, scale bars: 300 μm.
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Extended Data Fig. 8 | MS1-based subnetwork around m/z 869.5375 (1) and the structurally unidentified metabolites (2)-(6). Detection of further 

unknown metabolites linked to m/z 869.5375 (blue node, cluster 2) in the MS1 network of all measured metabolites (Supplementary Fig. 15). Subnetwork 

around m/z 869.5375 (magenta nodes in a) enlarged below to visualize precursor mass (node) and assigned transformations (edge). Ion m/z 869.5375 is 

directly linked to m/z 577.2604 through the loss of eicosenoic acid (-H2O) or the addition of palmitoleic acid (-H2O) resulting in m/z 1105.7525. Other ions 

are either directly (m/z 841.5062, 843.5215) or indirectly (m/z 813.4736, 815.4902) linked to m/z 869.5375 through changes in the length and saturation 

of alkane chains.
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Extended Data Fig. 9 | LC-MS/MS identification of m/z 869.5368 (1) in positive-ion mode. a, Overall chromatogram; b, Chromatogram for m/z 869.5368 

(m/z 869.5300-869.5400) eluting at 14.32 min.; c, Chromatogram for the parent ion m/z 869.5363. d, Shows a full MS at 14.32 min. and e, a MS/MS  

spectrum of ion m/z 869.5368. The mass difference of 132.0417 Da between the precursor ion m/z 869.5363 and the fragment ion m/z 737.4946 

corresponds to the loss of a pentose. The fragment ion m/z 541.2402 represents the core molecule with pentose but after the loss of a fatty acid (eicosenoic 

acid, C20H38O2. 310.2867 Da) and H2O (18.0106 Da). The experiments in panels a–e were repeated independently three times with similar results.
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Extended Data Fig. 10 | Schematic molecular composition of metabolites (1)-(6), based on MS/MS and accurate mass measurements. The general 

fragment of C21H25N6O4 (m/z 409.1982) is part of (1)-(6) and does not match any databse entry of metabolite fragments. The fragments of a pentose and 

a fatty acid are characteristic parts of (1)-(5), whereas the length and saturation of the attached fatty acid can vary. Metabolite (6) only consist of the 

pentose and the C21H25N6O4 core.
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Data exclusions no data were excluded from the analyses

Replication Replication of high-resolution MALDI-MSI was restricted to two replicates due to accessibility of the technical setup. These produced 
consistent results.

Randomization LC-MS/MS measurements were randomized to avoid batch effects, for MALDI-MSI randomization is not relevant as we did not compare 
different sample groups

Blinding The work presented is not based on proofing or disproofing a hypothesis but describes a novel analytical pipeline. Therefore the aspect of 
blinding is not relevant for this study.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals the study did not involve laboratory animals

Wild animals All mussels (Bathymodiolus, Giganidas and Vulcanidas) were collected from hydrothermal vent and cold seep mussel fields with 
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Wild animals remotely operated vehicles operated from board of research vessels using nets. Mussels were transported in a temperature 
isolated container to the surface where they were dissected and the tissue preserved for different experiments.

Field-collected samples Laboratory work was only conducted on dead animals that were dissected and fixed in the field

Ethics oversight Work on bivalves is not subjected to a approval by an ethics committee

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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1. Image registration/alignment of the AP-MALDI-MSI and FISH data in matlab

2. R Scripts for Cardinal Data analysis

3. MetaFISH-ratio calculation

1. Cryosection of Bathymodiolus puteoserpentis gills

2. Control experiments for FISH (positive)

3. Control experiments for FISH (negative).

4. Determination of groups for the spatial clustering

5. Overlay of the seven segmentation maps determined through spatial clustering of the AP-

MALDI-MSI “on-tissue” pixels

6. Clustering results for cluster 1

7. Clustering results for cluster 2

8. Clustering results for cluster 3

9. Clustering results for cluster 4

10. Clustering results for cluster 5

11. Clustering results for cluster 6

12. Clustering results for cluster 7

13. Overlays of individual metabolite clusters and the individual grayscale channels of the FISH

images (cluster 1–4, e – h, first column)

14. Overlays of individual metabolite clusters and the individual grayscale channels of the FISH

images (cluster 1–4, e – h, first column)

15. MS1-based molecular transformation network of all measured metabolites in one AP-

MALDI-MSI dataset

16. On-tissue MALDI-MS/MS identification of m/z 665.4976, C36H72N2O5P+Na+

17. LC-MS/MS identification of ion m/z 665.4982 as PnE-Cer (34:2), C36H72N2O5P+Na+ in positive-

ion mode

18. On-tissue MALDI-MS/MS of m/z 786.5981

19. LC-MS/MS identification of ion m/z 756.5531 as PC (34:3), C42H78NO8P+H+ in positive-ion mode

20. On-tissue MALDI-MS/MS of m/z 732.5547

21. LC-MS/MS identification of ion m/z 732.5529 as a PC (32:1), C40H78NO8P+H+  in positive-ion

mode

22. GNPS network calculated from LC-MS/MS fragmentation profiles linking the metabolites (1)-(5)

among each other On-tissue AP-MALDI-MS/MS characterization of m/z 869.5365 (1)

23. On-tissue MALDI-MS/MS of m/z 869.5365 (1)
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24. LC-MS/MS identification of m/z 813.4745 (2) in positive-ion mode

25. On-tissue MALDI-MS/MS of m/z 813.4748 (2)

26. LC-MS/MS identification of m/z 815.4897 (3) in positive-ion mode

27. LC-MS/MS identification of m/z 841.5057 (4) in positive-ion mode

28. LC-MS/MS identification of m/z 843.5209 (5) in positive-ion mode

29. On-tissue MALDI-MS/MS of m/z 843.5212 (5)

30. LC-MS/MS identification of m/z 577.2613 (6) in positive-ion mode

31. On-tissue MALDI-MS/MS in positive-ion mode at NCE 30 of m/z 577.2607 (6) as central

molecule without fatty acid of the group of metabolites (1)-(5)

32. Characteristic LC-UV absorption of metabolites (6), (1), (2) and (3)

33. Bayesian cytochrome oxidase I (COI) based tree of chemosynthetic deep-sea bivalves

1. Pixel counts used for MF-ratio calculation

2. See Excel sheet “table S2” in file supplementary_tables.xls

Theoretic monoisotopic masses of compounds that represent common chemical

transformations were used to calculate the edges via Metanetter2 to create the MS1 networks

3. Mussels screened for members of the group of metabolites metabolites ( )-( ) with LC-MS/MS

4. See Excel sheet “table S4” in file supplementary_tables.xls

Values for spatial MALDI-MS image correlations (Pearson correlation) in SCiLS Lab v. 2018

5. Sample list, containing the metadata for the deep sea mussels

6. Solvent gradient for high resolution LC-MS/MS

7. MS settings of Q Exactive Plus Orbitrap

8. See Excel sheet “table S8”  in file supplementary_tables.xls

Fragment overview table of ions fragmented with LC-MS/MS with a Q Exactive Plus Orbitrap

(Thermo Fisher Scientific) and fragmented on the tissue with MALDI-MS/MS in a Q Exactive

HF Orbitrap (Thermo Fisher Scientific)

9. Accurate mass measurements by magnetic resonance mass spectrometry and molecular formula

calculation of metabolite ( ) and ( )
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#read images
img = imread('filename.png')

#resize (enlarge) the the MSI max. int. image to have te same pix/distance as the FISH image to avoid loss of
information
#(pixel size MSI x pixel number MSI)/(pixel size FISH)

resMSI = imresize(MSI,scale)
#or
resMSI = imresize(MSI,[numrows numcols])

#define which image (movingpoints) is aligned to the template (fixedpoints)
fixedPoints = resMSI;
movingPoints = FISH;

#open function to select registration landmarks
cpselect(movingPoints,fixedPoints)

#calculate registration vector with desired registration type and receive movingPoints1/fixedPoints1
tform = fitgeotrans(movingPoints1,fixedPoints1,'registrationtype') #affine, similarity

#apply registration vector to "warp" image
Jregistered = imwarp("FISH image",tform,'OutputView',imref2d(size("resizedMSI")))

#create and display false color overlay to check registration
falsecolorOverlay = imfuse("resizedMSI",Jregistered)
imshow(falsecoloroverlay)

#export image
imwrite (Jregistered, 'pout2.png')

#extract color channels
img = imread('filename.png'); % Read image
red = img(:,:,1); % Red channel
green = img(:,:,2); % Green channel
blue = img(:,:,3); % Blue channel
a = zeros(size(img, 1), size(img, 2));
just_red = cat(3, red, a, a);
just_green = cat(3, a, green, a);
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just_blue = cat(3, a, a, blue);
back_to_original_img = cat(3, red, green, blue);
figure, imshow(img), title('Original image')
figure, imshow(just_red), title('Red channel')
figure, imshow(just_green), title('Green channel')
figure, imshow(just_blue), title('Blue channel')
figure, imshow(back_to_original_img), title('Back to original image')

#Extract xy coordinates and greyvalues from processed microscopy image
[x,y]=meshgrid(1:size(A,1), 1:size(A,2));
result=[x(:),y(:),A(:)]

# peak picking
# Description: Code to select peaks from maldifish data set. Must be performed on high mem node to avoid
crashing the machine.

library(Cardinal)

dir<- "/opt/extern/bremen/symbiosis/sogin/Data/MaldiFish"
setwd(file.path(dir,'Data'))

file<-'20161206_MPIBremen_Bputeoserpentis_MALDI-FISH8_Sl16_s1_DHB_233x233_3um.imzML'
data <- readMSIData(file, mass.accuracy=1)
norm_data<-normalize(data,method='tic')
msdataset<-peakPick(norm_data, method="adaptive", SNR=10)
save(msdataset,file='FullData.PeakPicked.RData')

## END

##Data Processing
## Description: This script will import data from peak-picking pipeline and reduce the dimensions by subsetting
by pixel category and then reducing the number of m/z values in dataset
## All data dimensionality is done in cardinal

dir<- "/opt/extern/bremen/symbiosis/sogin/Data/MaldiFish"
#dir<- "/Users/esogin/Documents/Projects/maldifish/RAnalysis"

setwd(file.path(dir,'Scripts'))

## Load libraries
library(Cardinal)

## Load Maldi Data
setwd(file.path(dir, 'Data'))

___________________________________________________________________________Chapter 1

73



load('FullData.PeakPicked.RData') ## Peak Picked Dataset

## Load fish data
FISH<-read.csv('RGBchannelIntensities.csv') ##
FISH$XY<-paste('x = ',FISH$x, ', y = ',FISH$y,sep='')
FISH$Annotation<-NA

## Set up annotation rules for FISH signals
FISH[FISH$mox==0 & FISH$sox ==  0 & FISH$host_dapi==0,'Annotation']<-'Background' ## Identify
Background Pixels
FISH[FISH$mox > 20,'Annotation']<-'Mox'
FISH[FISH$sox > 20,'Annotation']<-'Sox'
FISH[FISH$mox > 20 & FISH$sox > 20,'Annotation']<- 'Mixed'
FISH[FISH$host_dapi > 20 & FISH$mox < 20 & FISH$sox < 20,'Annotation']<-'Host'

table(FISH$Annotation)
FISH<-FISH[order(FISH$y, FISH$x),]

## Comind FISH and MALDI
pData(msdataset)$Class<-as.vector(FISH$Annotation)
identical(pData(msdataset)$Class, as.vector(FISH$Annotation)) ## another sanity check

## Remove Background signals
maldifish<-msdataset[,msdataset$Class %in% c('Sox', 'Mox', 'Host','Mixed')]  ## Select Only Annotated Pixels
#maldifish<-msdataset
# maldifish dimensions 275279 x 17273

## Subset data by frequency of mz value
threshold<-min(table(maldifish$Class))*0.1
peaks<-pData(mzData(imageData(maldifish)))
mz<-unlist(peaks)
tab<-as.data.frame(table(mz))
peaks_in_data<-tab[tab$Freq >=threshold,'mz']
maldifishmz<-maldifish[mz(maldifish) %in% peaks_in_data,]
## dimensions 2322 x 17273 Hashmat

mat<-as.data.frame(spectra(maldifishmz)[,]) ## This will take awhile
rownames(mat)<-maldifishmz@imageData@dimnames[[1]] ## gets rownames
colnames(mat)<-maldifishmz@imageData@dimnames[[2]]
df<-as.data.frame(t(mat))
int_matrix<-data.frame(Class=maldifishmz$Class,df)

setwd(file.path(dir,'Results'))
save(list=c('maldifishmz','peaks_in_data','int_matrix','df'),file='Cardinal_Processed_Data_June2017.RData')

## END CODE
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##Cluster data
## EM SOGIN
## June 6 2017
##--------------------------------------------------------------------------------------------------
# Clustering
#
## Description: Goal of script is to cluster dataset with cardinal functions using an unsupervised, but spatially
aware technique
#
rm(list=ls())
#
## set working directory
dir<- "/opt/extern/bremen/symbiosis/sogin/Data/MaldiFish"
setwd(file.path(dir,'Scripts'))
#
## Load libraries
library(Cardinal)
#
## Load in dataset
setwd(file.path(dir,'Results'))
load('Cardinal_Processed_Data_June2017.RData')
##--------------------------------------------------------------------------------------------------
## Cluster Analysis
#
# Spatial Aware K-means using the shrunken centroids method
#
ssc.a<-spatialShrunkenCentroids(maldifishmz,r=c(1,2),k=c(5,10,15),s=c(0,6,12,18,24),method='adaptive')
#
setwd(file.path(dir, 'Results'))
save(list=c('ssc.a'), file='cluster-analysis-final.RData')
## END

## Description: This script will import data processed by the data processing script, it will bin metabolomes based
on FISH annotations, and it will run exploratory data analyses including PCA analysis and volcano plots

##-------------------------------------------------------
## Set up working space
rm(list=ls())
library(Cardinal)
library(VennDiagram)
library(ggplot2)
library(gplots)
library(gridExtra)
library(dplyr)
library(ggrepel)
library(ggdendro)

## set working directory
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dir<-'~/Documents/Projects/maldifish/RAnalysis/'

## Import Data
setwd(file.path(dir))
load('Data/Cardinal_Processed_Data_June2017.RData')
load('Results/cluster-analysis-final.RData')
ls()
maldifishmz ## Dimensions: 2322 peaks by 17,273 pixels

setwd(file.path(dir,'Results'))
## Extra functions
##-------------------------------------------------------
# Multiple plot function
#
# ggplot objects can be passed in ..., or to plotlist (as a list of ggplot objects)
# - cols:   Number of columns in layout
# - layout: A matrix specifying the layout. If present, 'cols' is ignored.
#
# If the layout is something like matrix(c(1,2,3,3), nrow=2, byrow=TRUE),
# then plot 1 will go in the upper left, 2 will go in the upper right, and
# 3 will go all the way across the bottom.
#
multiplot <- function(..., plotlist=NULL, file, cols=1, layout=NULL) {
  library(grid)

  # Make a list from the ... arguments and plotlist
  plots <- c(list(...), plotlist)

  numPlots = length(plots)

  # If layout is NULL, then use 'cols' to determine layout
  if (is.null(layout)) {

# Make the panel
# ncol: Number of columns of plots
# nrow: Number of rows needed, calculated from # of cols
layout <- matrix(seq(1, cols * ceiling(numPlots/cols)),

ncol = cols, nrow = ceiling(numPlots/cols))
  }

  if (numPlots==1) {
print(plots[[1]])

  } else {
# Set up the page
grid.newpage()
pushViewport(viewport(layout = grid.layout(nrow(layout), ncol(layout))))

# Make each plot, in the correct location
for (i in 1:numPlots) {
# Get the i,j matrix positions of the regions that contain this subplot
matchidx <- as.data.frame(which(layout == i, arr.ind = TRUE))
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print(plots[[i]], vp = viewport(layout.pos.row = matchidx$row,
layout.pos.col = matchidx$col))

}
  }
}
summaryPlots <- function(dataset, results, model, segment, name, col) {
  image(results, model = model, key = FALSE, column = segment, main = name,

layout = c(3, 2), col = col)
  plot(results, model = model, key = FALSE, column = segment, mode = "centers",

main = "Shrunken mean spectrum", col = col)
  plot(results, model = model, key = FALSE, column = segment, mode = "tstatistics",

main = "Shrunken t-statistics", col = col)
  top <- topLabels(results, n = 3, model = model, filter = list(classes = segment))
  image(dataset, mz = top$mz, contrast.enhance = "histogram")
}

##-------------------------------------------------------
## Metabolome Binning
##-------------------------------------------------------
table(maldifishmz$Class) # Get class information
trsh<-10 # set a value for the signal to noise intensity for the symbiont binning

# Tissue
channel<-'Host'
df<-int_matrix[which(int_matrix$Class==channel),]
mz.means<-colMeans(df[,grep('m.z.', colnames(df))])
Host<-names(mz.means[which(mz.means > trsh)])

# Mox
channel<-'Mox'
df<-int_matrix[which(int_matrix$Class==channel),]
mz.means<-colMeans(df[,grep('m.z.', colnames(df))])
summary(mz.means)
Mox<-names(mz.means[which(mz.means > trsh)])

# Sox
channel<-'Sox'
df<-int_matrix[which(int_matrix$Class==channel),]
mz.means<-colMeans(df[,sapply(df,is.numeric)])
summary(mz.means)
Sox<-names(mz.means[which(mz.means > trsh)])

# Combine channels into a list
chns<-list(Host, Mox, Sox)

# Plot venn diagram
venn<-venn.diagram(x = chns, category.names = c('Host','Mox','Sox'),filename = NULL, fill=c('skyblue',
'lightcoral','mediumseagreen'))

pdf('metabolome_binning.pdf')
grid.arrange(gTree(children=venn), ncol=1,newpage = T)
dev.off()
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## Get unique values per channel
metlist<-chns
names(metlist)<-c('Host', 'Mox', 'Sox')
a<-venn(metlist, show.plot=F)
inters <- attr(a,"intersections")
m<-data.frame(mz=inters$Mox, label='mox')
s<-data.frame(mz=inters$Sox, label='sox')
h<-data.frame(mz=inters$Host, label='host')
c<-data.frame(mz=inters$`Host:Mox:Sox`, label='common')
vlists<-rbind(m,s,h,c)
write.csv(vlists, file='VennDiagram-Seperated-Ion-List.csv')

##-------------------------------------------------------
## Cluster Results
##-------------------------------------------------------
## Cluster analysis was ran on the high mem node in colonge following the cluster_data.R script

## Visualize ssc.a cluster results and choose "best" fitting model
plot.new()
plot(summary(ssc.a))
abline(h=7, col='blue',lty=3)

summary(ssc.a)

# All models converge on approximately 9-10 clusters describing the data-set. In order to retain as much
information as possible, the model with r=1, k=20 and s=18 will be kept for down stream analysis.
mod<-list(r=2, k=10, s=18) ## Choose a model -- 10 groups, 124 features

pdf('cluster_analysis.pdf', height=10, width = 10)
mycol<-c('olivedrab3',
'mediumslateblue','mediumblue','coral4','darkslategray','hotpink','mediumseagreen','darkgoldenrod','gray25','med
iumblue',rep('gray',11))
mycol<-
c('olivedrab3','mediumblue','lightcyan3','indianred3','deepskyblue','hotpink','mediumseagreen',rep('gray',11))
image(ssc.a, model=mod,col=mycol,strip=F)
dev.off()

## Plot clusters independently
pdf('Cluster-Distribution-Plots.pdf', height=6, width=11)
for (i in 1:7){
  summaryPlots(maldifishmz,ssc.a,model=mod,segment=i, name='', col=mycol)
}
dev.off()

##_______________ Dendrogram of Clusters _________________________
modResults<-ssc.a@resultData$`r = 2, k = 10, s = 18`

## Add in cluster group to spectra information
maldifishmz$SSCA_Clusters_pixeln<-names(modResults$classes)
maldifishmz$SSCA_Clusters<-paste('ssca_cluster',modResults$classes,sep='-')
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## Get mean spectra for each group
mean.sp<-data.frame(featureApply(maldifishmz, mean, .pixel.groups=maldifishmz$SSCA_Clusters))
mean.sp[,1:10]

## Run hclust using bray curtis distances
d<-vegdist(mean.sp,method = 'bray')
clusters<-hclust(d, method='average')
plot(clusters,main='bray')

dhc <- as.dendrogram(clusters)
ddata <- dendro_data(dhc, type = "rectangle")
ddata$labels$label<-as.numeric(gsub('ssca_cluster-',' ',ddata$labels$label))
ddata$labels<-ddata$labels[order(ddata$labels$label),]

ggplot() + geom_segment(data = ddata$segments, aes(x = x, y = y, xend = xend, yend = yend)) +
  geom_text(data = ddata$labels, aes(x = x, y = y, label = label, size = 3, vjust = 0.5, hjust=-0.5)) +
  geom_point(data=label(ddata), aes(x=x, y=y, color=as.factor(label),size=3),shape=15) +
  theme_dendro() + scale_y_reverse() + coord_flip() + scale_color_manual(values=mycol)  + guides(color=F,
size=F)
ggsave('Cluster_dendrogram_segmentationmap.eps')

##_______________   Relate to FISH Data  _________________________
## Get pixel data
pDf<-data.frame(pData(maldifishmz))
pDf$rowname<-rownames(pDf)

## Get cluster data plus coordinates
cDf<-data.frame(Cluster=ssc.a$classes$`r = 2, k = 10, s = 18`)
cDf$rowname<-rownames(cDf)

## merge cluster annotations and pixel data
df.m<-merge(pDf, cDf, by = 'rowname')

## Call all Red and Green annotations symbionts
df.m[df.m$Class %in% c('Mox','Sox','Mixed'),'Class']<-'Symbiont'

## Class membership across clusters
tab<-table(df.m$Class , df.m$Cluster)

## Get Symbiont ratio per cluster group
sym.ratio<-t(tab)

sr<-data.frame(host=sym.ratio[,1], symbiont=sym.ratio[,2], Cluster=rownames(sym.ratio))
sr$ratio_s_to_h<-sr$symbiont/sr$host
sr
setwd(file.path(dir,'Results'))
write.csv(sr, 'Symbiont_to_host_ratio.csv')

total<-rowSums(tab)
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tab<-data.frame(tab)
tab$Total<-total
tab$percent_of_group<-tab$Freq/total*100
tab<-tab[!tab$Freq==0,]
tab$Var2<-factor(tab$Var2, levels=c(3,6,4,1,5,2,7))

head(tab)

ggplot(tab, aes(x=as.factor(Var2), y=percent_of_group, fill=Var1)) + geom_bar(stat='identity',
position='dodge')+ scale_fill_manual(values=c('gray80','black')) + ggtitle('% of all symbiont or host tissue
identification signals across clusters') + ylab('% of  "FISH" Group') + xlab('Cluster Group') +
guides(fill=guide_legend(title='FISH signal')) + theme_bw() + coord_flip()
ggsave('Cluster_Membership.eps')

## _______________  Get Important Ions   _________________________

tL<-topLabels(ssc.a, model=mod, n=10000) # just set a really high number
tL.sig<-tL[which(tL$adj.p.values < 0.2),]
dim(tL.sig)
table(tL.sig$classes)
write.csv(tL.sig, file='ssc-ions-clusterassignment.csv')

For each cluster, we calculated the metaFISH ratio (MF ratio) by comparing the proportion of symbiont (# of
symbiont pixels within cluster / total # symbiont pixels) and host pixels (# of host pixels within cluster/ total #
host pixels).  If the MF ratio was > 1 it was considered a “symbiont cluster”, otherwise we considered it a “host
cluster”.   =  × ×
For each Cluster:
signalSym: Number of pixels in cluster from symbiont
signalHost: Number of pixels in cluster from Host
totalSym: Total number of symbiont pixels in entire dataset
totalHost: Total number of host pixels in entire dataset

___________________________________________________________________________Chapter 1

80



Bathymodiolus puteoserpentis :  Thaw-mounted section on a
glass slide with white pen markings for orientation.  Section covered with a crystalline layer of
dihydroxybenzoic acid as a MALDI matrix (see  After the area of interest was measured with AP-MALDI-
MSI (red dashed box) and after the MALDI-matrix was washed off (see and , the tissue was fixed and the
section subjected to FISH. For panels –  a parallel imaging experiment of a second sample showed similar
results. Scale bars a-d: 500 m and e: 150 μm; stereomicroscope images, and  tile scanning microscope
image.
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Single channel images are shown as
overview and zoom-in images. ROI of zoom-ins indicated in overview image with white, dashed box.

Positive fixation control using a conventionally formalin-fixed, paraffin-embedded (FFPE) gill section of a
different B. puteoserpentis specimen from the same collected batch. Although SOX and MOX symbionts and the
host nuclei are visible, the green channel shows increased tissue autofluorescence. Positive FISH signals
of main sample after cryo-fixation and the essential formalin post-fixation step after MALDI-MSI. The individual
symbiotic SOX and MOX and the host nuclei are distinguishable. The area measured with AP-MALDI-MSI
shows slightly diminished FISH signals in the wide-field microscopy image. Using the confocal laser-scanning
microscope helped to increase the resolution and FISH signals after acquiring the overview images with the
fluorescence wide field microscope (see Supplementary figure 3). The symbiotic bacteria in red are methane
oxidizers (MOX) in green are sulfur oxidizers (SOX) and DNA is colored in blue (DAPI stain, mainly host nuclei).
For panels –  a parallel imaging experiment of a second sample showed similar results. Scale bars in a and d:
100 μm; b: 50 μm and c: 500 μm.
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Single channel images are shown as
overview and zoom-in images. ROI of zoom-ins indicated in overview image with white, dashed box.
FISH applied to cryosections without the post-fixation step shows a homogeneous, non-specific MOX and DAPI
signal. The missing green channel of the SOX was not recorded after only tissue autofluorescence was visible,
highlighting the importance of the formalin post-fixation step. The symbiotic methane oxidizers (MOX) should
be labeled in red and the DNA in blue (DAPI stain, mainly host nuclei). Control for unspecific binding
of the FISH probes with general bacterial non-specific “nonsense probes” with a red dye on post-fixed tissue and
DNA is colored in blue (DAPI stain, mainly host nuclei). Results in panels –  are from a single experiment. All
images were recorded with a widefield microscope and a tile scanning setup and stitched in Fiji. Scale bars in a
and c: 500 μm; b and d: 100 μm.
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: Predicted number of classes as
a function of the shrinkage parameter (s), which represents the size of the informative dataset; red and black
lines represent the different models run in as a function of their shrinkage parameters from the spatial shrunken
centroids modeling building process. Black and red curves of the circular (k = 5) and triangular (k = 10) nodes
overlap. The blue dotted line indicates the number (#) of predicted classes (seven) at which the models
converge; search radius (r) = 2, Number of clusters (k) = 10, Size of the dataset (s) =18.
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 White background represents AP-MALDI-MSI pixels measured
outside tissue regions, which were excluded from the spatial clustering. These “off tissue” regions were
determined through correlative light microscopy ( ). Scale of x and y represents pixel
counts of the dataset (233 × 233) of which each pixel is 3 μm × 3 μm.

___________________________________________________________________________Chapter 1

85



 First panel shows the segmentation map of the
cluster (scale of x and y represents pixel counts of the dataset (233 × 233) of which each pixel is 3 μm × 3 μm).
The remaining panels show all ion maps that were assigned to cluster one based on their spatial distribution,
ordered with increasing m/z values. Most ion maps of cluster one show inverse tissue signals, leaving the area
where the gill filaments are black. Scale is in millimeter steps.

___________________________________________________________________________Chapter 1

86



 First panel shows the segmentation map of the
cluster (scale of x and y represents pixel counts of the dataset (233 × 233) of which each pixel is 3 μm × 3 μm).
The remaining panels show all ion maps that were assigned to cluster two based on their spatial distribution,
ordered with increasing m/z values. Most ion maps of cluster two represent tissue signals, representing the gill
filaments. Scale is in millimeter steps.
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 First panel shows the segmentation map of the
cluster (scale of x and y represents pixel counts of the dataset (233 × 233) of which each pixel is 3 μm × 3 μm).
The remaining panels show 59 ion maps out of 132 that were assigned to cluster three based on their spatial
distribution. Most ion maps of cluster three show inverse tissue signals similar to cluster one, leaving the area
where the gill filaments are black. Scale is in millimeter steps.
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 First panel shows the segmentation map of the
cluster (scale of x and y represents pixel counts of the dataset (233 × 233) of which each pixel is 3 μm × 3 μm).
The remaining panels show all ion maps that were assigned to cluster four based on their spatial distribution,
ordered with increasing m/z values. Many ion maps of cluster four represent tissue signals, representing the
outer tips of the gill filaments, which are called ciliated edge and are free of intracellular symbionts. Scale is in
millimeter steps.
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 First panel shows the segmentation map of the
cluster (scale of x and y represents pixel counts of the dataset (233 × 233) of which each pixel is 3 μm × 3 μm).
The remaining panels show all ion maps that were assigned to cluster five based on their spatial distribution,
ordered with increasing m/z values. All ion maps of cluster five represent tissue signals of different regions in
the gill filaments. Scale is in millimeter steps.
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 First panel shows the segmentation map of the
cluster (scale of x and y represents pixel counts of the dataset (233 × 233) of which each pixel is 3 μm × 3 μm).
The remaining panels show all ion maps that were assigned to cluster six based on their spatial distribution,
ordered with increasing m/z values. Two out of three ion maps of cluster six represent tissue signals, from the
bacteriocytes region in the gill. Scale is in millimeter steps.
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 First panel shows the segmentation map of the
cluster (scale of x and y represents pixel counts of the dataset (233 × 233) of which each pixel is 3 μm × 3 μm).
The remaining panels show all ion maps that were assigned to cluster seven based on their spatial distribution,
ordered with increasing m/z values. All ion maps of cluster seven represent tissue signals from the bacteriocyte
region in the gill filaments. Scale is in millimeter steps.
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 MOX (red) SOX (green)      DAPI (DNA. blue)

:
MOX (second column).  SOX (third column).  DNA (fourth column) of the FISH images. Scale bars: 150 μm.
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:
 MOX (second column).  SOX (third column).  DNA (fourth column) of the FISH images. Scale bars:

150 μm.
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: Nodes are m/z values of detected precursor ions. Edges are defined molecular
transformations matched to m/z between nodes. Nodes are colored with respect to their cluster membership, and
round grey nodes represent metabolites that were not annotated. Diamond shaped nodes are matched to peaks,
annotated with databases ± 10 ppm, colored in yellow if not clustered or in the respective cluster color.

___________________________________________________________________________Chapter 1

95



On-tissue m/z  The
ion m/z 665.4976 is the Na+ adduct of m/z 643.5176. This m/z lipid was previously identified in bathymodiolin
mussels1 as phosphonoethanolamine ceramide (34:2) (PnE-Cer (34:2), C36H72N2O5P+H+). Fragment ion m/z
540.4738 with mass difference of 125.0238 Da to precursor ion m/z 665.4976 corresponds to a loss of a
phosphonoethanolamine headgroup (125.0236 Da); the difference (18.0105 Da) between m/z 558.4843 and m/z
540.4738 is the loss of H2O, and m/z 148.0137 represents the Na+ adduct of the phosphonoethanolamine
headgroup. Ionization was done in positive-ion mode at NCE 20 V. The experiments were repeated independently
twice with similar results.

___________________________________________________________________________Chapter 1

96



m/z
 This ion is the Na+ adduct of m/z 643.5165 which was previously

identified in bathymodiolin mussels as phosphonoethanolamine ceramide (34:2) (PnE-Cer (34:2). show
LC-MS with relative abundances plotted over time:  Overall chromatogram;  Chromatogram for m/z
665.4982 (m/z 665.4900-665.5000) eluting at 20.48 min;  Chromatogram for the fragmented ion m/z 665.4982.

 shows a full MS at 20.48 min and a MS/MS spectrum of ion m/z 665.4982. The fragment ion m/z 540.4744
with mass difference of m/z 125.0238 from precursor ion m/z 665.4982 corresponds to a loss of a
phosphonoethanolamine headgroup (125.0236 Da). The difference between m/z 558.4845 and m/z 540.4744 is
the loss of H2O and m/z 148.0132 represents the Na+ adduct of the phosphonoethanolamine headgroup. The
experiments in panels  were repeated independently three times with similar results.
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On-tissue m/z  Fragment ion m/z 184.0733 corresponds
to a loss of a phosphocholine headgroup, indicative of m/z 786.5981 being a phosphatidylcholine PC (36:2),
C44H84NO8P+H+. Ionization was done in positive-ion mode at NCE 20 V. The experiments were repeated
independently twice with similar results.
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m/z
,  show LC-MS with relative abundances plotted over time: a, Overall chromatogram;

 Chromatogram for m/z 756.5531 (m/z 756.5530-756.5540m/z) eluting at 22.02 min.;  Chromatogram for the
fragmentation of m/z 756.5531.  shows a full MS at 22.02  min. and a MS/MS spectrum of ion m/z
756.5531. Fragment ion m/z 184.0732 corresponds to a loss of a phosphocholine headgroup (184.0733 Da). The
eluting compounds indicate that ion m/z 756.5531 is a PC (34:3), C42H78NO8P+H+. The experiments in panels

 were repeated independently three times with similar results.
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On-tissue m/z  Fragment ion m/z 184.0739 corresponds
to a loss of a phosphocholine headgroup indicative of 732.5547 being a phosphatidylcholine PC (32:1),
C40H78NO8P+H+. Ionization was done in positive-ion mode at NCE 15 V. The experiments were repeated
independently twice with similar results.
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m/z
 Overall chromatogram;  Chromatogram for m/z 732.5529 (m/z 732.5500-732.5600)

eluting at 21.91 min.;  Chromatogram for the fragmented ion m/z 732.5529.  shows a full MS at 21.91 min.
and  a MS/MS spectrum of ion m/z 732.5529. The fragment ion m/z 184.0733 corresponds to a loss of a
phosphocholine headgroup (184.0733 Da) and is identified as PC (32:1), C40H78NO8P+H+. The experiments in
panels  were repeated independently three times with similar results.
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a

b

. For this group of metabolites, no database or community matches of
compounds with similar fragmentation patterns were made.  Network only of the 800 group ions also found in
MALDI-MSI (yellow) showing the cosine values (cosine cut off 0.7) as measure for fragmentation similarity.
Ions (blue) linked to the 800 group (yellow) by LC-MS/MS, but not found with MALDI-MSI in the dataset.
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On-tissue m/z  The mass difference of 132.0423
Da between the precursor ion m/z 869.5365 and the fragment ion m/z 737.4942 corresponds to the loss of a pentose.
The fragment ions m/z 409.1973 (+H20) and 427.2078 represent the core molecule after the loss of the pentose
(132.0423 Da) and a fatty acid (310.2864 Da). For m/z 869.5365 the fatty acid was eicosenoic acid (C20H38O2).
Ionization was done in positive-ion mode at NCE 40 V. The experiments were repeated independently twice with
similar results.
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m/z  Overall
chromatogram;  Chromatogram for m/z 813.4745 (m/z 813.4000-813.5000) eluting at 11.63 min.;
Chromatogram for the fragmented ion m/z 813.4744.  shows a full MS at 11.63 min. and  a MS/MS spectrum
of the ion m/z 813.4744. The mass difference of 132.0422 Da between the precursor ion m/z 813.4744 and the
fragment ion m/z 681.4323 corresponds to the loss of a pentose. The fragment ion m/z 541.2401 represents the
core molecule with pentose but after the loss of a fatty acid (palmitoleic acid, C16H30O2, 254.2246 Da) and H2O
(18.0106 Da). The experiments in panels  were repeated independently three times with similar results.
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On-tissue m/z  The mass difference of 132.0421
Da between the precursor ion m/z 813.4748 and the fragment ion m/z 681.4327 corresponds to the loss of a pentose.
The fragment ions m/z 409.1976 (+H20)/ 427.2084 represent the core molecule after the loss of the pentose
(132.0421 Da) and a fatty acid (254.2243 Da). For m/z 813.4748 the fatty acid was palmitoleic acid (C16H30O2).
Ionization was done in positive-ion mode at NCE 50 V. The experiments were repeated independently twice with
similar results.
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m/z  Overall
chromatogram;  Chromatogram for m/z 815.4897 (m/z 815.4000-815.5000) eluting at 12.51 min.;
Chromatogram for the fragmented ion m/z 815.4894.  shows a full MS at 12.51 min. and  a MS/MS spectrum
of ion m/z 815.4894. The mass difference of 132.0419 Da between the precursor ion m/z 815.4894 and the
fragment ion m/z 683.4476 corresponds to the loss of a pentose. The fragment ion m/z 541.2399 represents the
core molecule with pentose but after the loss of a fatty acid (palmitic acid, C16H32O2. 256.2397 Da) and H2O
(18.0106 Da). The experiments in panels  were repeated independently three times with similar results.
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m/z  Overall
chromatogram;  Chromatogram for m/z 841.5057 (m/z 841.5000-841.5200) eluting at 12.78 min.;
Chromatogram for the fragmented ion m/z 841.5057.  shows a full MS at 12.78 min. and  a MS/MS spectrum
of the ion m/z 841.5057. The mass difference of 132.0418 Da between the precursor ion m/z 841.5057 and the
fragment ion m/z 709.4639 corresponds to the loss of a pentose. The fragment ion m/z 541.2402 represents the
core molecule with pentose but after the loss of a fatty acid (oleic acid, C18H34O2, 282.2553 Da) and H2O (18.0106
Da). The experiments in panels  were repeated independently three times with similar results.
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m/z Overall
chromatogram;  Chromatogram for m/z 843.5200 (m/z 843.5200-843.5300) eluting at 14.10 min.;
Chromatogram for the fragmented ion m/z 841.5209  shows a full MS at 14.10 min. and a MS/MS spectrum
of the ion m/z 843.5209. The mass difference of 132.0417 Da between the precursor ion m/z 843.5209 and the
fragment ion m/z 711.4792 corresponds to the loss of a pentose. The fragment ion m/z 541.2408 represents the
core molecule with pentose but after the loss of a fatty acid (stearic acid, C18H36O2. 284.2715 Da) and H2O
(18.0106 Da). The experiments in panels  were repeated independently three times with similar results.
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On-tissue m/z  The mass difference of 132.0413
Da between the precursor ion m/z 843.5212 the fragment ion m/z 711.4799 corresponds to the loss of a pentose.
The fragment ion m/z 409.1979 (+H20) represents the core molecule after the loss of the pentose (132.04132 Da)
and a fatty acid (302.282 Da). For m/z 843.5212 the fatty acid was stearic acid (C18H36O2). Ionization was done
in positive-ion mode at NCE 50 V. The experiments were repeated independently twice with similar results.

___________________________________________________________________________Chapter 1

109



m/z  Overall
chromatogram;  Chromatogram for m/z 577.2613 (m/z 577.2600-577.2700) eluting at 5.02 min.;
Chromatogram for the fragmented ion m/z 577.2609.  shows a full MS at 5.02 min. and  a MS/MS spectrum
of ion m/z 577.2609. The mass difference of 132.0416 Da between the precursor ion m/z 577.2609 and the
fragment ion m/z 445.2193 corresponds to the loss of a pentose. The ion m/z 577.2613 represents the stable form
of the metabolite, without fatty acid still containing the pentose in the tissue. The experiments in panels  were
repeated independently three times with similar results.
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On-tissue m/z
 The metabolite in the tissue contains

two additional H20 compared to the fragmentation induced ion of the 800 group (m/z 541.2408, see above). The
mass difference of 132.0424 Da between the precursor ion m/z 577.2607 the fragment ion m/z 445.2183
corresponds to the loss of a pentose. Ionization was done in positive-ion mode at NCE 20 V. The experiments
were repeated independently twice with similar results.
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 Chromatography: Metabolite ( ) in black, ( ) in blue, ( ) in brown and ( ) in pink;  UV absorption trace at
338 nm (bright green) and at 245 nm (dark green);  2D UV absorption spectrum, represented as a heat map.
Grey dashed lines indicate where peaks of eluting compounds correspond to peaks in the 1D- and 2D UV
absorption spectra. White dashed line indicates 338nm in the 3D UV absorption spectrum. The experiments in
panels  were repeated independently three times with similar results.
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Occurrence of the metabolites ( )-( ) across species and the specific co-occurrence with methane
oxidizing symbionts highlighted in a Bayesian cytochrome oxidase I (COI) based tree of chemosynthetic deep-
sea bivalves from Thubaut et al.2 (shown is a non-modified copy of the tree, only labels added, licensed under CC
BY 3.0). Scale bar represents 0.1% estimated base substitution. Species, measured with LC-MS/MS are indicated
with a red, dashed frame. Red dots with “M” indicate species hosting methane-oxidizing symbionts and green
dots with “S” indicate species hosting sulfur oxidizers. Stars indicate where the metabolites ( )-( ) was found.
The occurrence of this metabolite group between more distantly related species such as Bathymodiolus (B.) and
Gigantidas (G.) was highlighted across the ‘childressi’ (purple box) clade and ‘thermophilus’ (blue box) clade.
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1 1158 882 2040 0.1306 0.1101 1.19

2 5039 4327 9366 0.6405 0.4791 1.34

3 1211 632 1843 0.0935 0.1151 0.81

4 2280 293 2573 0.0434 0.2168 0.20

5 264 117 381 0.0173 0.0251 0.69

6 73 57 130 0.0084 0.0069 1.22

7 492 448 940 0.0663 0.0468 1.42

10517 6756 17273
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G. childressi present present MOX and Epsi

B. brooksi present present MOX and SOX

B. azoricus present present MOX and SOX and Epsi

B. heckerae present present MOX and SOX

B. puteoserpentis present present MOX and SOX

G. mauritanicus present present MOX and SOX and Epsi

B Sp. GoM absent absent SOX1 and SOX2

B. Manusensis absent absent SOX and Epsi

G. gladius absent absent SOX

V. insolatus absent absent SOX

B. thermophilus absent absent SOX

Methyloprofundus sediment absent present

(traces)

Free-living MOX (close relative

to symbiotic MOX)
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Sample

name
Species Cruise Sampling site

Latitude

[Decimal

Degrees]

Longitude

[Decimal

Degrees]

Depth

[m]

Vent (v)

seep (s)

MS18_15 B. brooksi M114-2 (2015) Gulf of Mexico, Mictlan, Knoll 2201 22,02238 -93,24648 -3106 s

MS18_19

B.

heckerae M114-2 (2015) Gulf of Mexico, Chapopote 21,90002 -93,43525 -2925 s

MS18_31

B.

azoricus BioBaz 2013 MAR, Menez Gwen, Woody

37,84454

33

31,51922

17 -827,6 v

MS18_41

B.

puteoserp

entis BigMar 2016 MAR Semenov-2, Ash lighthouse

13,51352

9

44,96304

7 -2446,6 v

MS18_54

G.

Childressi

Nautilus GoM

2015 Na58

Gulf of Mexico, Mississipi Canyon

(MC) block 853 28,1237 -89,1404 -1073 s

MS18_60

B.

manusens

is Kermadec 2016 Haungaroa

32,61575

859

179,6232

923 -673,4 v

MS18_61

V.

insolatus Kermadec 2016 Haungaroa

32,61575

859

179,6232

923 -673,4 v

MS18_62 G. gladius Kermadec 2016 Haungaroa

32,61616

893

179,6254

404

674,88

3

MS18_66 G. gladius Kermadec 2016 Haungaroa

32,61616

893

179,6254

404

674,88

3 v

MS18_69

G.

mauritani

cus Atlantis 21-02

Barbados Accretionary Prism (BAP),

Milano seep area

11,76833

333 -58,71 -1327 s

MS18_77

B.

thermophi

lus

Atlantis cruise

AT26–10

East Pacific Rise, axial summit trough

(AST), Tica

104,2969

444

9,844166

67 -2511

V

MS18_85

B.

antarticus

Mid-Atlantic

Expedition 2005 East pacific rise, 32°S 31.83 111.92 -2331 v

*methane oxidizers (MOX), sulfur oxidizers (SOX), epsilonproteobacterial (Epsi) epibionts
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0 -2 (pre run equilibr.) 350

0 2 350

16 5,5 350

45 9 350

52 12 350

58 14 350

66 16 350

70 18 350

75 22 350

97 25 350

97 32,5 350

15 33 350

0 34,4 350

0 36 350

 Buffer A (60/40 ACN/H2O, 10 mM ammonium formate, 0.1% FA) and buffer B (90/10 IPA/ACN, 10 mM
ammonium formate, 0.1% FA)3 were used at a flow rate of 350 μl min-1.
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70'000
5,00E+05
65 ms
150-1500 m/z

35'000
1,00E+06
75 ms
8
30 s
1 m/z
1 m/z
30
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A chloroform extract of gill homogenate was ionized via ESI in positive-ion mode, with a scan range of 107-

3000 m/z. Peaks m/z 869.53 and m/z 577.25, known from LC-MS/MS and MALDI-MS/MS measurements, were

resolved specifically on high resolution MS (scimaXTM, Bruker Daltonik GmbH, Bremen, Germany),

fragmented through CID, and the molecular formula was determined using DataAnalysis version 5.1 (Bruker);

rings and double bonds (rdb), collision induced dissociation (CID)

m/z

869.538265 C46H73N6O10 0.005 14

m/z

367.187675 C19H23N6O2 0.07 12
409.198213 C21H25N6O3 0.128 13
737.495742 C41H65N6O6 0.363 13
869.537935 C46H73N6O10 0.384 14

m/z

577.261659 C26H37N6O9 -0.01 12

m/z

445.219322 C21H29N6O5 0.164 11
577.261498 C26H37N6O9 0.268 12
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CHEMHIST, connecting structure and function from organs to molecules 

in animal–microbe symbioses through chemo-histo-tomography 
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Abstract 

Animals, alone and in association with bacteria or other eukaryotes, form a network of chemical 

reactions that occur within a three-dimensional (3D) anatomical framework. Currently, there is a lack 

of techniques that provide a comprehensive visualization of an animal’s overall morphology, its 

associated (micro) organisms and spatial chemistry. Therefore, an approach is needed, capable of 

visualizing molecules and histology across scales, ranging from organs to single cells. Addressing this 

challenge, we developed a chemo-histo-tomography (CHEMHIST) approach for 3D imaging of 

millimeter-sized organisms that integrates spatial metabolomics and microtomography, down to sub-

micrometer resolutions. Generating a 3D CHEMHIST atlas, an interactive 3D model of the animal’s 

metabolic and anatomic phenotype revealed its physical and chemical interactions with bacteria and 

parasitic nematodes that reside in its tissues. 

 

Introduction 

The cellular- and organ-scale chemical interactions of model- and non-model organisms in their 

natural environment remain poorly understood. This is mainly because the full complexity of their 

physical and chemical interactions with their habitat and with other animals, plants and microbes are 

almost impossible to reproduce in the laboratory (1). These metabolic interactions profoundly affect 

the chemistry of the partners, and in the case of close physical interactions can even drive the 

evolution of specialized anatomies to promote those symbioses (2, 3). For instance, the bobtail squid 

Euprymna scolopes harbors symbiotic Vibrio fischeri bacteria in a specialized ‘light organ’, where the 

bioluminescence of the bacteria helps the squid to avoid predation (4). Another drastic anatomic 

adaptation evolved through animal–microbe interactions, is the loss of a digestive system in marine 

annelids and platyhelminthes that depend on their chemosynthetic microbial symbionts for 

nutrition (5). For many systems, the morphological development and colonization of these structures is 

known (6), but the key questions concerning which molecules, metabolites in particular (7, 8) regulate 

these unique host–microbe symbioses often remain unidentified. 

Here we present a novel chemo-histo-tomography approach ‘CHEMHIST’ to study the physical and 

chemical interactions between animals and smaller organisms, such as microbes and parasites inside 
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their tissues. With our objective to make CHEMHIST applicable to animals that cannot be cultured in 

the lab, we demonstrate our approach on an earthworm, sampled from the environment. CHEMHIST 

allowed us to create a 3D snapshot that visualizes the earthworm’s spatial chemistry and anatomy, 

including its chemical and physical interactions with bacteria and nematodes, living inside its tissues. 

Earthworms are a prime example of a species in constant chemical interactions with other organisms, 

exposed to the diverse set of molecules in soil ecosystems across the globe (9-11). Soil as a habitat 

creates an ever-changing landscape, undergoing hydration and desiccation periods, intermixing the 

metabolites produced by microbial taxa of bacteria and fungi (12), plants and small invertebrates, such 

as nematodes (13). In addition to this set of external metabolites, earthworms are constantly exposed 

to the metabolites produced by the broad range of organisms that pass through their digestive system 

or reside inside their tissues, ranging from beneficial bacterial symbionts (14) to commensal and 

parasitic nematodes (15). The sum of these interactions often results in a unique metabolic and 

anatomic phenotype that is often invisible from the outside and varies between each individual (16).  

To link the metabolic phenotype to the anatomy of specific organs of the same animal is 

methodologically challenging. Previous studies have combined non-destructive magnet resonance 

tomography (MRT) with mass spectrometry imaging (MSI) to image the spatial chemistry and 3D 

anatomy, for example of organs (17, 18) or of pathogenic abscesses (19, 20). The resolution used in 

these approaches was ideal for imaging animals with millimeter-sized organs. However, many animal 

models (1) have already body sizes that span only a few millimeters, and thus contain organs that 

require imaging at micro- to nanometer resolution.  

Micro-computed tomography (microCT) is a non-invasive approach allowing X-ray imaging of 3D 

histology, and unlike MRT, microCT can reach subcellular resolution (21-24). Similarly, MSI 

techniques can now reach subcellular resolution (25, 26). Combining microCT and MSI would thus 

seem an ideal approach to visualize an animal’s 3D histology and spatial chemistry at micrometer 

scales, yet the techniques have almost exclusively been applied independently (27). The principal 

obstacles are that MSI of organs requires tissue sectioning and thus cannot be applied before 3D 

imaging of the anatomy, while microCT conventionally requires chemical contrasting of soft tissues, 

which would change the chemistry of the sample and so interfere with subsequent MSI (24).  
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We addressed this problem and developed CHEMHIST, an approach that combines MSI and microCT 

to visualize the spatial chemistry and 3D anatomy with up to two orders of magnitude higher 

resolution than previous correlative 3D MSI approaches. CHEMHIST relies upon a novel combination 

of established approaches that together provide a new perspective on a host animal as not only an 

anatomical but a chemical ecosystem for microbes and small animals. 

 

Results and Discussion 

The three steps of CHEMHIST: 1) physical sectioning, 2) generation of the 3D CHEMHIST atlas and 

3) atlas-guided high-resolution imaging 

CHEMHIST consists of three major steps. First, we physically divided the one animal for the different 

fixation and sample preparation procedures of MSI and microCT (Fig. 1A). Secondly, we created a 

combined 3D overview of the spatial chemistry and anatomy of the whole sample. Applying MSI and 

microCT at moderate resolutions instead of high-spatial resolutions allowed faster imaging at larger 

fields of view e.g. whole cross sections of an animal with MSI. In the third step, we visualized the 

spatial chemistry and 3D anatomy of the whole animal at an organ scale and analyzed the data to 

determine regions of interest, such as associated bacteria or parasites in the animal tissue that required 

high-resolution MSI and microCT. Because we use the CHEMHIST 3D model as an overview to 

guide the high-resolution measurements, we use the term 3D CHEMHIST atlas. 

To apply MSI and μCT to the same animal, the samples must be treated in a manner that preserves 

both morphology and spatial chemistry, but without one technique inhibiting the other. For 

CHEMHIST, snap-freezing and physical sectioning of the sample tissues for the individual techniques 

provided a tradeoff between preserving enough structural detail of the anatomy without modifying the 

spatial chemistry. Adding a chemical post-fixation step (see methods) allowed us to minimize tissue 

damage that could be induced by thawing or the procedure of fluorescence labeling. This resulted in 

the preservation of subcellular detail (Fig. 1 G–I and 2 A–E). We divided our frozen sample into two 

sample types: tissue blocks (1–3 millimeter-thick), trimmed off the frozen sample with a razor blade 

and tissue sections (16 μm thick), sectioned off each tissue block with a cryotome. We obtained five 

tissue blocks for microCT and four tissue sections for MSI. Obtaining both sample types in an 
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alternating manner e.g. first tissue block, first tissue section and second tissue block and second tissue 

section, provided sample pairs of one tissue block for microCT and one adjacent tissue section for 

MSI. We documented the position of each microCT and MSI sample along the length of the animal, 

which we used afterwards to correctly reconstruct the 3D CHEMHIST atlas (Fig. 1A and SI Appendix, 

Fig. S-1).  

To generate an anatomic 3D model, we imaged each of the five tissue blocks with microCT at a 

4.4 μm voxel size. From the five microCT datasets, we virtually reconstructed the 3D anatomy of the 

specimen (Fig. 1B and 2A, SI Appendix, Fig. S-2). We imaged the spatial chemistry of the four cryo-

sections with matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)-MSI at a 25-

μm pixel size and a mass accuracy of 200 ppm (SI Appendix, Fig. S-3). After MALDI-TOF-MSI we 

used bright-field microscopy and fluorescence in situ hybridization (FISH) to image the histology and 

the bacteria in each of the four tissue sections (28)(Fig. 1 G–I and SI Appendix, Fig. S-4). To complete 

the 3D CHEMHIST atlas, we co-registered the 2D imaging MALDI-TOF-MSI, FISH and bright-field 

microscopy datasets into the anatomic 3D model (Fig. 1B, Appendix, Fig. S-2). Using the 3D imaging 

platform AMIRA© provided a graphical user interface, to visualize and co-register 3D and 2D 

imaging data. 

In the third step we analyzed the 3D CHEMHIST atlas, linking the 3D anatomy with the spatial 

chemistry on an organ scale (Fig. 1C). As a result of this analysis, we determined structures, such as 

the parasitic nematodes that required high-resolution microCT and MSI and guided both techniques to 

the specific regions in the animal. We used synchrotron radiation-based (SR)microCT to rescan 

specific tissue regions at an over ten times increased resolution (0.325 μm voxel size), resolving now 

subcellular structures (Fig. 2A and B). To obtain more precise metabolite localization, we imaged 

consecutive tissue sections to the ones imaged with MALDI-TOF MSI with atmospheric pressure 

(AP)-MALDI-orbitrap-MSI with a spatial resolution of 8-μm pixel size and a higher mass accuracy 

below 5 ppm for more precise metabolites annotations. Subsequently, the SRmicroCT and AP-

MALDI-orbitrap-MSI datasets were also co-registered into the 3D atlas, providing different levels of 

resolution of the same structures (Fig. 2A and C).  

 

__________________________________________________________________________________Chapter 2

127



 

Fig. 1: Chemo-histo-tomography (CHEMHIST) applied to the posterior segments of an 

earthworm. A) Division of the tissue into alternating thin sections for spatial metabolomics and 

microscopy and tissue blocks for tomography. B) 3D CHEMHIST atlas at organ-scale with data from 

μCT, MALDI-TOF-MSI, FISH and bright-field microscopy. C) Segmentation of the 3D μCT and 2D 

MALDI-TOF-MSI data and examples for anatomy (surface models, semi-automatic segmentation) 

and spatial chemistry (unsupervised spatial metabolite clustering). Sectioning planes of sections s1–s4 

indicated with dashed wedge. D–F) Surface models of individual organs and individual metabolites 

located in the organ throughout sections s1–s4. G) Ion images of whole tissue sections show the 

metabolite m/z 1116.833, found through the colocalization analysis of MALDI-MSI and FISH signals. 

Red box in s1–s4 indicates magnified areas, shown as MSI and bright-field overlay and as 

fluorescence microscopy images with bacteria labeled in red. Scale bars of whole tissue sections s1–s4 

(C–G): 500 μm and magnifications in G: 250 μm. 

 

CHEMHIST provides cross-kingdom link between spatial chemistry and 3D anatomy  

The specific chemistry of an organ is intimately linked to its functioning, such as in movement, 

digestion or signal transduction. To study the association between organ-specific metabolites and 3D 

anatomy, we visualized the spatial chemistry through segmentation maps of metabolite clusters and 

the 3D anatomy with surface models (Fig. 1C). We obtained the metabolite clusters through 
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unsupervised spatial clustering (29) and the 3D surface models by semi-automatic segmentation based 

on grey values of microCT data. Comparing the segmentation maps of the metabolite clusters and the 

individually segmented organs allowed us to focus our analysis on organ-specific metabolites of the 

animal and link anatomic structure and metabolic function. 

In the earthworm dataset, we consistently located specific metabolites in tissue cross-sections of 

organs that were continuously distributed over the length of the animal (Fig. 1D). For example, in the 

musculature, we located the ATP equivalent metabolite lombricine (30) (m/z 271.0802, 

[C6H15N4O6P + H] , false discovery rate (FDR) 20%), and in the dorsal epidermis of the earthworm 

we found the pigment protoporphyrin (m/z 563.2653, [C34H34N4O4 + H] , FDR 20%) (31) 

(SI Appendix, Table S-1). Covering larger volumes of tissue, the 3D microCT data allowed a precise 

localization of discontinuous organs that are not present in each tissue section, used for MSI. The 3D 

CHEMHIST atlas helped us to identify histological structures that originated from sectioning planes 

through the discontinuous organs and appeared infrequently. For example, we could identify the 

earthworm’s nephridia in the 3D microCT data (Fig. 1 B), which occur pairwise in each segment and 

harbor symbiotic bacteria (14, 32). Using correlative MSI and FISH and microscopy (metaFISH) on 

tissue sections, we were able to visualize only parts of the nephridia, including the bacteria within the 

organ after labeling them with fluorescent probes. Although the nephridia did not show a distinct 

metabolite cluster, we used the fluorescence signals to filter collocated metabolite distributions from 

the MSI data (SI Appendix, Fig. S-4) (28)(Fig. 1G–H). The 3D CHEMHIST atlas of a field-collected 

earthworm also allowed us to understand structures that are not part of standard concepts of an 

earthworm’s bauplan. In the earthworm’s coelomic cavity, we found cysts filled with nematodes. The 

cysts increased in size and density toward the posterior of the earthworm, where they almost 

completely filled the coelomic cavity (Fig. 1B, SI Appendix, Fig. S-6). These nematode-filled cysts 

possessed a specific chemistry characterized by a spatial metabolite cluster (Fig. 1B, C, F and 2A).  

 

Guiding high-resolution MSI and microCT to visualize host–parasite interactions with CHEMHIST 

We used the parasitic nematodes as an example of metabolic and anatomic phenotype that can vary 

between animals. Through our 3D CHEMHIST atlas, we could clearly identify the distinct anatomy 
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and spatial chemistry of the nematode cysts on an organ scale. However, the spatial resolution of MSI 

and microCT was not sufficient to resolve the physical and metabolic interactions of the individual 

nematodes and the earthworm tissue. 

Earthworms produce these cysts, known as brown bodies, to encapsulate organic debris, microbes and 

parasites to chemically degrade them using reactive oxygen species (33, 34). To better understand the 

anatomical changes and metabolic interactions between earthworm and the nematodes in the brown 

bodies (35), we used our 3D atlas to direct micrometer-scale metabolite imaging (AP-MALDI-

orbitrap-MSI) and nanometer-scale histology (SRmicroCT) toward specific cysts (Fig. 2).  

In the brown body tissue, the SRmicroCT data showed distinct physiological states of the nematodes, 

known from live animals (35). We found nematodes that contained highly electron-dense inclusions 

and nematodes that were in the process of disintegrating into a granular mass, indicating degradation 

caused by the earthworm (Fig. 2D and E, SI Appendix, Fig. S-6) (35). We also found histologically 

intact nematodes, some of which were surrounded by a homogeneous deposit (Fig. 2D and E). This 

deposit was hypothesized to be a humoral response against nematodes in the coelomic cavity (36). In 

addition to the 3D histology, the micrometer-scale metabolite images revealed that most nematodes 

were surrounded by a platelet activation factor (PAF), specifically lysophosphatidylcholine (lysoPC) 

O-16:0/0:0 (m/z 482.3605, [C24H52NO6P + H] , FDR 20% ) (Fig. 2J, SI Appendix, Fig. S-7 and Table 

S-1). PAF lipids and their structural analogues are part of the humoral immune response in 

earthworms (37). This lysoPC accumulating around the nematodes could promote aggregation of 

hemocytes (38), which form most of the brown body tissue (34, 36).  
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Fig. 2: Using the 3D CHEMHIST atlas to guide high-resolution imaging of the interactions 

between earthworm and nematodes in 3D. A) MicroCT model with the co-registered MSI sections 

(s2.1 and s2.2) and the tissue volume (v1) imaged with high-resolution SRmicroCT. B) Isosurface 3D 

rendering of the nematodes (blue) and a virtual sectioning plane (xy) through the SRmicroCT image 

stack. C) Overlay of the microCT and SRmicroCT (magenta outline, xy-plane) to show the increased 

resolution and detail gained with SRmicroCT. D) Magnified plane through the SRmicroCT data and 

E) 3D rendering of four nematodes, with two nematodes surrounded by a homogeneous deposit 

(cyan). F–J) MALDI-MSI datasets, of F) a whole cross-section (s2.1) imaged with G) MALDI-TOF-

MSI (25 μm pixel size, m/z 262.178 Da) and H) a specific area (s2.2) imaged with I) AP-SMALDI-

MSI (8 μm pixel size, distribution of m/z 262.0601 Da). Red dashed squares in (s2.1) and (s2.2) 

indicate a comparable field of view of the same brown body cyst to illustrate the improvement in 

resolution from MALDI-TOF-MSI (G) and AP-SMALDI-orbitrap-MSI (I). J) Magnified bright-field 

image shows the nematodes (magenta outlines) in a cyst, the distributions of PAF (m/z 482.3588, 

cyan) and spermidine (m/z 146.1645, magenta) and overlaid with PAF in cyan and spermidine in 

magenta. K) Relative quantification of spermidine in nematodes in- and outside the brown body cysts. 

cu, cuticle; nc, nematode cyst; vn, ventral nerve cord; n, nematode; dep, deposit; bt, brown body 

tissue; gm, granular mass; i, electron dense inclusions. Scale bars in C: 500 μm, in D and F (same as 

H): 100 μm, E and J (all four panels): 25 μm, G and I: 150 μm.  
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Focusing on the metabolism of the nematodes, we detected higher levels of the polyamine spermidine 

(m/z 146.1652, [C7H19N3 + H] , FDR 20%) in nematodes within the brown body cysts than in nematodes 

outside of brown bodies (Fig. 2K, SI Appendix, Fig. S-7, S-8 and Table S-1). Spermidine 

supplementation in other nematodes enhances longevity, inducing autophagy and suppressing oxidative 

stress and necrosis (39). The nematodes encapsulated in brown bodies might increase their levels of 

spermidine to inhibit necrosis, as a defense against the reactive oxygen species of the earthworm. 

Surviving in the brown bodies until the earthworm sheds its posterior segments via autotomy (40) might 

firstly provide an escape mechanism, and secondly a substrate for the nematodes, which reach maturity 

once the earthworm tissue begins to decay (35, 41). 

 
 
Conclusion 

Faced with the intimidating complexity of natural systems under environmental influences, scientists 

have studied model organisms under controlled conditions and so gained an understanding of their 

detailed molecular biology. This meticulous research on model organisms has created a strong 

foundation of databases and new technologies, which today allow us to leave the laboratory and tease 

apart the array of behavioral mechanisms and molecular interactions employed by organisms in nature.  

Visualizing a chemical and anatomical snapshot in three dimensions of the interactions between 

earthworms and nematodes enabled us to generate hypotheses on how metabolites with known 

functions could serve a different purpose in the environment. Additionally, CHEMHIST provides a 

tool to create a snapshot of an animal’s metabolic and anatomic phenotype, including its symbiotic 

partners at a given point in time. CHEMHIST could be applied to investigate different points in time 

during the physical and chemical interactions of animals and microbes, for example to analyze the 

spatial chemistry of a symbiosis at a given point in time during colonization. 

Extending the field of histotomography (23) into chemo-histo-tomography (CHEMHIST) opens 

uncharted territory for label-free correlative imaging. Although our approach provided a wealth of 

information, dividing the sample for the separate techniques led to a loss of tissue and, possibly, 

details. Future development of CHEMHIST could integrate phase-contrast SRmicroCT (44), an 

emerging technique that allows quantitative 3D imaging of tissues without contrasting agents (45, 46). 
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In combination with serial MSI, phase-contrast SRmicroCT would be an important step toward native-

tissue CHEMHIST (47).  

Advances in correlative chemical and structural imaging will reinforce the cycle between hypothesis- 

and discovery-driven research, by allowing researchers to describe nature’s complexity from a 

chemical and histological perspective. This could fuel new hypotheses for laboratory testing, to 

understand the metabolic interactions that underlie the fascinating ecology of symbiotic interactions. 

 

Materials and Methods 

Chemicals and reagents 

All chemicals were obtained from Sigma-Aldrich (Steinheim, Germany) unless specified otherwise. 

 

Tissues and sample collection 

An adult earthworm (Lumbricus rubellus) was collected from soil in a polder region of the central 

Netherlands (supplied by Lasebo BV, Netherlands) and rapidly frozen in isopentane cooled with liquid 

nitrogen. The posterior end (30 segments, approx. 2 cm) was embedded in 2% carboxymethylcellulose 

(CMC) gel and subsequently solidified at -20 °C. Using a precooled razor blade, the embedded 

earthworm was trimmed inside a cryo-chamber. Sectioning of the frozen sample block was performed 

as follows. The first tissue section (1–3 mm) was cut with a razor blade from the frozen CMC block. 

The block was then trimmed and several 16 μm sections were obtained with a cryotome (-20 °C). This 

was repeated to obtain five blocks of tissue and four adjacent thin sections. Thin sections were 

transferred onto Bruker® ITO glass slides via thaw mounting. Small crosses (1–2 mm) were drawn 

around the dried samples using a white paint marker (edding ®751) as a reference for the 

computational alignment (48). The slides were stored at 4 °C prior to MSI matrix application. The 

tissue blocks were used for microCT measurements and the adjacent thin sections for correlative 

bright-field microscopy, MSI and FISH imaging.  
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Micro-computed tomography 

The frozen tissue blocks were defrosted in 8% paraformaldehyde. Contrasting was achieved using an 

aqueous 1% osmium tetroxide/acetone (1:1 vol./vol.) solution for 2.5 h at 20 °C. Dehydration and 

infiltration were conducted according to the 45345 FLUKA Epoxy embedding medium data sheet. The 

resin blocks were pre-trimmed with a fretsaw, then fine trimmed using a razor blade (49). Trimmed 

embedded earthworm tissue blocks were mounted individually on glass rods with a hot-melt gun. A 

“nanotom m” computed tomography system (GE Measurement & Control, Wunstorf, Germany) was 

used for the microCT analysis of the tissue blocks with the following X-ray parameters: 110 kV, 

120 A, 0.75 s exposure time, averaging = 4, scanning time = 1.5 h, number of projections acquired 

during scan = 1500. The tomographic reconstruction was performed using the phoenix datos|x 2.2 

reconstruction software (GE Measurement & Control, Wunstorf, Germany) on a separate workstation 

and resulted in a voxel size of 4.4 μm. The 16-bit volume is saved in *.vgl format. This format was 

imported into the 3D-visualization software VGStudio (2.2) (Volume Graphics, Heidelberg). 

Cropping, histogram adjustments, bit dept (to 8 bit) and format (to *.raw volume) conversions were 

performed in VGStudio.  

 

Synchrotron radiation-based micro-computed phase-contrast X-ray tomography 

P14 beamline: After determining the position of the encysted nematodes in the laboratory-based 

microCT data, one small tissue block (~ 1 × 1 × 3 mm) was cropped out from tissue block 3 with a 

razor blade in an area that contained the nematodes. The cropped out block was mounted onto one 

SPINE sample holder (50). Experiments were carried out on the EMBL undulator beamline P14 at the 

PETRA-III storage ring (c/o DESY, Hamburg, Germany) using the propagation-based phase-contrast 

imaging setup described in (51, 52). X-ray energy of 18 keV was used. The X-ray images were 

obtained using an X-ray microscope (Optique Peter, Lyon , France) consisting of an LSO:Tb 

scintillator with a thin active layer of 8 μm, an OLYMPUS UPlanFL 20-fold objective lens (Olympus, 

Tokyo, Japan), a 45 -reflecting mirror, an OLYMPUS 180 mm Tube Lens and PCO.edge 4.2 sCMOS 

camera with a 2048 × 2048 pixels sensor at a pixel size of 6.5 μm. The effective pixel size of 0.325 

μm resulted in a 666 × 666 μm2 field of view. To ensure artifact-less phase retrieval (53) in the near-
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field edge-enhancing regime, each tomographic acquisition consisted of four measurements at sample-

to-detector distances of 5.9, 6.4, 7, and 7.9 cm. A total of 1850 projections covering 185 degrees of 

continuous rotation and 40 flat-field images were acquired at each distance with a frame rate of 100 

frames per second. A complete four-distance tomographic data acquisition took less than 2 minutes. 

Three tomograms with overlapping areas were acquired along the vertically shifted sample. 

 

SRmicroCT Data processing 

Data processing was carried out using in-house Python software, performing flat-field correction, 

phase retrieval and tomographic reconstruction. First, each X-ray image of the sample was divided by 

the flat-field image with the highest similarity. For this operation, we used the similarity index (SSIM) 

implemented in the scikit-image Python module as a metric (54). Subsequently, a four-distance non-

iterative holographic reconstruction procedure (55) was applied with a /  ratio of 0.17 to obtain a 

projected phase map of the sample at the given angle. The tomographic reconstruction was then 

performed using the tomopy Python module (56) with ‘gridrec’ algorithm and ‘shepp-logan’ filter. 

The three reconstructed volumes were co-registered with the commercial software Amira 6.7.0 

(Thermo Fisher Scientific, USA), which did not require any non-linear operations, because we used 

the transform editor.  

 

MALDI-TOF-MSI 

For MALDI-MSI, a matrix consisting of 7 mg mL-1 -cyano-4-hydroxycinnamic acid in 70:30 

acetonitrile/water with 0.2% trifluoroacetic acid was applied via an automated spray-coating system 

(SunCollect, SunChrom GmbH, Germany) using the following parameters: z-distance of the capillary 

25 mm; pressure of compressed air 2 bar; the flow for the first layer was 15 μL min-1 and for layers 2–

8 20 μl min-1. 

MALDI-MS imaging was performed using an Autoflex speed™ LRF MALDI-TOF (Bruker Daltonik, 

Germany) with MALDI Perpetual™ ion source and smartbeam™-II 1 kHz laser and reflector analysis 

in positive modes (18). A spot size of 25 μm was used and 500 shots per sampling point acquired 

using a "random walk" pattern with 100 shots per location within the sampling spot. The mass 
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detection range was set to m/z 100–1280 with 200 ppm accuracy. For data processing and visualization 

of the MALDI-MS imaging data, flexImagingTM 4.0 (Bruker Daltonik, Germany, 2015) was used. 

 

AP-MALDI-orbitrap-MSI 

High spatial resolution MSI was performed using an atmospheric-pressure scanning microprobe 

MALDI source (AP-SMALDI10®, TransMIT GmbH, Giessen, Germany) with a Q ExactiveTM plus 

Fourier transform orbital trapping mass spectrometer (Thermo Scientific, Germany). A nitrogen laser 

with a wavelength of 337 nm and 60 Hz repletion rate was used for desorption and ionization. The 

laser beam was focused to an 8 μm ablation spot diameter and a step size of 8 μm in x and y was used 

to scan the sample. Mass spectral acquisition was performed in positive mode and m/z 100–1000 Da 

with a mass resolving power of 140,000 (dataset in Fig. 2) at 200 m/z with a mass accuracy <5 ppm. 

Additional datasets for the annotation of metabolites in METASPACE (57) and MS/MS experiments 

were recorded with a resolving power of 240,000 (see SI Appendix Table 1) at 200 m/z with a mass 

accuracy <5 ppm. The mass spectrometer was set to automatic gain control, fixed to 500 ms injection 

time. For data processing and visualization, ImageQuest 1.1 (Thermo Scientific) was used. 

 

MALDI-MS2 

The identification of spermidine and PAF was supported by MALDI-MS2 experiments. For PAF we 

obtained enough ions to use on tissue MALDI-MS2 in positive-ion mode with the mass analyzer set to 

a resolution of 240k resolution and a collision energy of 25 eV in the HCD cell. For spermidine, we 

could not obtain sufficient ions from the tissue to perform on tissue fragmentation. To support the 

identification of the exact mass, we matched the MS1 m/z values of spermidine measured from the 

tissue with the MS1 m/z values from a spermidine standard. The standard was spotted onto a glass slide 

and fragmented with MALDI-MS2, in positive-ion mode with the mass analyzer set to a resolution of 

240k resolution and a collision energy of 30 eV in the HCD cell.   
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MALDI-MSI data analysis and visualization 

The *.raw files were centroided and converted to *.mzML with MSConvert GUI (ProteoWizard, v. 

3.0.9810 (58)) and then to *.imzML using the imzML Converter 1.3 (59). SCiLS Lab software 

(SCiLS, Bruker Daltonik GmbH, Bremen, Germany) version 2019b was used for spatial segmentation 

analysis and alignment of bright-field microscopy and MSI datasets as a template for ROI selection. 

 

Fluorescence in-situ hybridization and bright-field microscopy 

After MALDI-MS imaging, the matrix was removed by dipping the sample slide into 70% ethanol and 

30% water (vol./vol.) for 1 min each. In a second step, the tissue sections were post-fixed for one hour 

at 4°C in 2% paraformaldehyde in PBS. The sample was dried under ambient conditions and then 

prepared for catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH) following 

ref (60). For in situ hybridization, general probes were used that target conserved regions of the 16S 

rRNA in bacteria (EUB338; I-III; I: 5’-GCT GCC TCC CGT AGG AGT-3’, II: 5’-GCA GCC ACC 

CGT AGG TGT-3’, III: 5’-GCT GCC ACC CGT AGG TGT-3’) (61, 62). To visualize tissue 

containing DNA, samples were stained for nuclei with DAPI for 10 min. at room temperature, washed 

three times for 1 minute and mounted in a VECTASHIELD®/Citiflour® mixture (2:11) with 1 part 

PBS (pH 9) under a cover slip (Menzel glass, 24 × 60 mm, #1.5). Image acquisition for individual 

photomicrographs was carried out using a Zeiss Axioplan 2 microscope.  

To image large sections for bright-field and fluorescence microscopy at high resolution, an automated 

microscope (Zeiss Axio Imager Z2.m, 10× objective) with a tile-scan Macro for Axio Vision was 

used. Individual images were acquired with 15% overlap and stitched (Fiji Plugin stitching 1.1). 

 

Composition of the 3D atlas 

To combine the different modalities into the 3D atlas, tools in Amira 6.7.0 were used for 

segmentation, surface rendering and 3D co-registration (49). The individual microCT volumes were 

imported as *.raw files and manually realigned, based on the estimations of the location and 

composition of shared morphological features. Exact spacing of the intervals between tissue blocks 

relied on an estimate, as the precise thickness of tissue used for the sections could not be recorded due 
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to loss of tissue during sectioning. However, information about the overall number of the earthworm 

segments allowed a realistic reconstruction of the overall spatial relations of the specimen. 

Subsequently, the light microscopy images were co-registered into the spaces between tissue blocks, 

using morphologic structures in the orthographic cross-section of the microCT data as a template. 

Based on the previous alignment of the 2D-imaging modalities in SCiLS Lab, the co-registration 

parameters could be applied to the FISH- and MALDI-imaging data. All 3D visualizations and 

applications with high computation demands were performed using a 3D-imaging workstation 

(Windows 7 Professional, 64 bit, Intel Core i7-5960X CPU with 16 processors × 3.5 GHz, 64 GB 

RAM and NVIDIA Quadro P6000 with 24 GB). 
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Figure S-1: Schematic workflow of 3D anatomy-guided multimodal imaging of an earthworm. 
The frozen embedded sample was physically divided into tissue blocks with a razorblade (A), from 
which thin-sections were taken with a cryotome (B). The tissue blocks (n = 5) were contrasted and 
scanned with microCT. The microCT datasets were realigned in 3D space and served as a template for 
threshold-based organ segmentation and surface modeling. Thin-sections were thaw-mounted onto 
glass slides and imaged with bright-field microscopy, MALDI-MSI for spatial metabolite distributions 
followed by fluorescence microscopy. Bright-field microscopy, MALDI-MSI and fluorescence 
microscopy datasets were co-registered into the spaces between the individual microCT datasets. Scale 
bars 2 mm. 
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Figure S-2: Scheme of the general registration workflow (left, A–E) and screenshots of the basic 
modules in AMIRA (right, A’–E’). Workflow: A) Import and resampling; B) 3D Alignment (co-
registration without overlapping) of CT volumes; C) Adjustment of brightness and contrast, and 
cropping (white dashed line) of individual volumes; D) Merging of volumes including blending (faster 
with cropped volumes), xyz-global orientation and second cropping of the final volume; E) Integration 
of the imaging data of the other modalities (BF, FISH, MALDI). Screen shots: red, computing 
modules (Resample, Resample Transformed Image, Brightness-Contrast, Merge); orange, 2D display 
module (Ortho Slice); yellow, 3D display module (Volren); green, datasets and general commands 
(open, apply etc.); i, editors with transform editor highlighted; ii, mode (extended) to apply a 
transformation; iii, editors with crop editor highlighted; iv, viewer orientation module to reset the 
perspective (left to right: center dataset, xy, xz, yz); v, dialog with transformation parameters. 
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Figure S-3: Relative abundances (y-axis) of total ion spectra in the four tissue sections (sections 
1–4) measured with MALDI-TOF (m/z 100–1200 Da).  

0

5

10

15

20

25

100 200 300 400 500 600 700 800 900 1000 1100 1200

Section 1

0
50

100
150
200
250
300
350
400
450

100 200 300 400 500 600 700 800 900 1000 1100 1200

Section 2

0
5

10
15
20
25
30
35

100 200 300 400 500 600 700 800 900 1000 1100 1200

Section 3

0

50

100

150

200

250

300

100 200 300 400 500 600 700 800 900 1000 1100 1200

Section 4

__________________________________________________________________________________Chapter 2

144



 
Figure S-4: Distributions of three different metabolites (A–D) found by ROI matching with 
bacterial regions, detected with FISH (encircled in the bright-field image of E). Ion maps of m/z 
954.760 (A), m/z 972.841 (B), m/z 1116.833 (C), and m/z 1117.869 (D), are displayed as heat maps ± 
100 mDa. (E) Bright field images are labeled with the bacteria-containing regions, detected with FISH 
and encircled in red. Scale bar: 500 μm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

__________________________________________________________________________________Chapter 2

145



 
 
positive mode, HCD 25 constantly measured over a 90x20 area, raster width 30 μm 
mass tolerance within 5ppm 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S-5: MS2 spectra of of m/z 482.3605 to verify METASPACE annotations of 
lysophosphatidylcholine O-16:0 ([C24H52NO6P + H] , FDR 20%). Measurements were carried out 
in positive mode, with an HCD collision energy of 25 constantly measured over an area of 90 × 20 
pixels with a raster width of 30 μm. The tolerance of the mass window was 5 ppm. For fragment ions, 
see SI Appendix, Table S-1 and methods for fragmentation procedures. 
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Figure S-6: Microtomography of the nematodes. A) surface rendering of the nematode mass (grey 
outlines) within the brown bodies (transparent pale blue), with the co-registered higher resolution 
SRmicroCT dataset (yellow). B) Isosurface rendering of the magnified SRmicroCT nematode dataset, 
showing nematodes in blue and virtual slices through the xy- and xz-axes of the tissue stack. C) 
Magnified view of a virtual sectioning plane through the SRmicroCT data, showing different 
physiological states of the nematodes. n, nematode; dep, deposit; bt, brown body tissue; i, electron 
dense inclusions Scale bar 100 μm.    
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Figure S-7: Ion maps showing the distributions of spermidine (A, m/z 146.1645) and PAF (B, m/z 
482.3588), and an overlay map (C, spermidine magenta, PAF cyan). Magnified regions showing 
the distributions of the two compounds around nematodes are shown in Fig. 2. 
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Figure S-8: Quantification of the relative abundance of spermidine in the nematodes and the 
surrounding tissues. A) Ion map of spermidine, shown in the ‘viridis’ color scheme. B) Spatial 
clustering of the high-resolution AP-MALDI-orbitrap-MSI dataset using a ‘weak’ smoothing option to 
reduce noise of the spatial clusters: red cluster, background; orange cluster, earthworm tissue 
(musculature); yellow and bright green clusters, tissue of the brown bodies (mainly hemocytes); dark 
green cluster, nematodes in cysts; blue and purple clusters, nematodes outside cysts and cuticle of the 
earthworm. One small region of a nematode within a cyst was assigned to a purple cluster. C) Clusters 
were then converted into segmentation maps D) and used to quantify the relative abundance of 
spermidine in the nematode cysts (dark green cluster), outside the nematode cysts (purple and blue 
clusters) and in the musculature and background (red and orange clusters).  
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The three-dimensional (3D) architecture of organs, tissues and cells together with the spatial distribution of specific 
molecules, both enables and drives the close interactions between hosts and microbes. To image the 3D anatomy and 
molecular composition of an animal-microbe system at a single cell scale we developed a correlative workflow 
combining phase-contrast synchrotron radiation based micro-computed tomography (PC-SRμCT) and mass spectrometry 
imaging (MSI). The key challenge in combining both techniques was the synchronization of sample preparation and 
imaging conditions.
We used PC-SRμCT for high-resolution 3D imaging, which is the most suitable x-ray tomographic technique to image 
soft tissue samples without contrast enhancing agents at a single-cell level. For method development, we used small 
invertebrates that live in symbiosis with bacteria. For PC-SRμCT samples were paraformaldehyde-fixed and submersed 
in a buffer-filled capillary. We tested sample preparation for Matrix-assisted laser desorption ionization (MALDI)-MSI
after PC-SRμCT and achieved the best results for PFA-fixed samples, processed under cryogenic conditions. The 
resulting molecular composition permitted imaging of hundreds of different molecule distributions from single tissue 
sections on a micrometer resolution. Image analysis revealed organ- and cell-specific metabolite distributions, which we 
could match to corresponding structures in the anatomical 3D PC-SRμCT model. 
Our PC-SRμCT-MSI sample preparation- and imaging workflow results in a detailed 3D scenario, which provides an 
atlas to guide other microscopy or omics approaches towards specific organs and cells. Particularly, for animal-microbe 
systems this approach presents a powerful tool to visualize anatomical and chemical processes at a microscale, linking 
structure and function in the symbiosis.

MALDI-MSI, synchrotron, x-ray tomography, micro computed tomography, symbiosis, host-microbe,
correlative 3D imaging

Nearly all animals are associated with microbes forming intimate interactions that follow distinct spatial organizations.
In these symbioses, mutualistic microbes can colonize specific organs [1]and cells in animal hosts [2]. Along with 
distinct histological features, these microbe-associated tissue regions carry metabolically distinct footprints, which can 
be visualized by mass spectrometry imaging (MSI) [3, 4].
Matrix assisted laser desorption ionization (MALDI-) MSI [5, 6] is one of the major MSI tools for metabolite imaging 
from biological samples [7]. MALDI-MSI has become capable of resolving metabolomes of individual eukaryotic cells 
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at resolutions of around 1 μm pixel size [8-10]. Targeting specific organs and cells on tissue sections requires precise 
knowledge of the position and orientation of the section plane relative to the specimen. Thus, non-invasive 3D imaging 
techniques, such as magnetic resonance tomography (MRT) or bioluminescence imaging (BLI) have been applied at 
spatial resolutions of 100 and 2000 μm voxel sizes, respectively, prior to MALDI-MSI [4, 11-13]. With increased spatial 
resolutions of MALDI-MSI, higher resolving, non-invasive correlative 3D imaging approaches are needed to close the 
gap in resolution for visualizing the micrometer-scale target structures and to guide high-resolution MALDI-MSI. 
Phase-contrast synchrotron radiation based micro-computed tomography (PC-SRμCT) can visualize the 3D histology of
structurally and chemically intact [14] and even living animals [15] with pixel sizes below one micrometer [16-18]. In
contrast to conventional μCT, PC-SRμCT does not require heavy-element contrasting [19, 20] of soft tissues, which 
would interfere with subsequent molecular imaging. Furthermore, increased scanning energies provided by the
synchrotron radiation result in a reduced overall exposure to x-ray radiation and approximately ten times faster scanning 
times. We established a pipeline for sample preparation and imaging conditions allowing to combine PC-SRμCT 3D
imaging and high-resolution MALDI-MSI. This combination provides the basis for imaging the intact 3D anatomy of
small animal samples on a micrometer scale. Furthermore, it enables to direct the chemistry imaging (e.g. MALDI-MSI)
[21].
Here, we report crucial steps of our correlative imaging pipeline during sample preparation and imaging applied to a
symbiotic deep-sea mussels of the genus Bathymodiolus. These mussels live in symbiosis with two types of intracellular 
bacteria, which inhabit the epithelial cells of the mussels’ gill [22]. Both bacterial symbionts oxidize reduced substances 
from deep-sea vent fluids to generate biomass and feed the mussel [23]. Working on a symbiosis from extreme 
environments required us to adapt the pipeline for sample preparation and imaging of fixed tissue material in a culture-
independent approach, representative for the majority of host-microbe symbioses. To resolve the symbiotic organ and its 
bacteria-filled epithelial cells, called bacteriocytes, spatial resolutions of approximately 10 μm are required for both 3D
scanning and metabolite imaging. This represents a ten to hundred fold increase in resolution compared to previously 
reported correlative 3D and MSI imaging approaches. Such an enhanced workflow, combining PC-SRμCT with high-
spatial resolution MALDI MSI has the potential to meet these requirements and thus allows the analysis of biological 
structures and spatial chemistry on a microscale in a histological 3D context. In this study we evaluate the most 
compatible sample preparation and imaging setup for PC-SRμCT and high-spatial resolution MALDI MSI.

*bgeier@mpi-bremen.de; phone +49 421 2028-906

Two different sample preparation strategies for PC-SRμCT and MALDI-MSI were compared for compatibility. A
protocol for formalin-fixed, paraffin-embedded (FFPE) samples and a newly developed protocol for paraformaldehyde 
(PFA)-fixed, cryo-processed (PFAcryo) samples. This new approach consisted of two steps, scanning of PFA-fixed 
samples in buffer-filled glass capillaries with PC-SRμCT and next freezing the PFA-fixed sample for cryo-sectioning 
and MALDI-MSI, which we termed PFAcryo sample (Fig. 1). Both steps were tested individually.
For FFPE samples, two different ionization matrices and two different MALDI-MSI setups were tested to determine the 
most suitable MALDI-MSI approach for our pipeline. The resulting sample preparation and imaging setup was used for 
testing the PFAcryo sample.
In total, six paraformaldehyde (PFA)-fixed animals of the two mussel species Bathymodiolus azoricus (4 animals) and 
Bathymodiolus puteoserpentis (2 animals) were used. Of Bathymodiolus puteoserpentis, gill filament stacks of two 
animals were prepared for PC-SRμCT scanning. A filament stack of animal 1 was embedded in paraffin and scanned in 
the paraffin block (Fig. 2) and one gill filament stack of animal 2 was scanned in a buffer-filled capillary (Fig. 6).
Of Bathymodiolus azoricus four animals were used. An entire animal, animal 3 (length 3 mm) was scanned in a buffer-
filled capillary with PC-SRμCT (Fig. 7). Animal 4 was embedded in paraffin, sectioned and used for atmospheric 
pressure (AP) MALDI-orbitrap-MSI. A gill stack of animal 5 (Fig. 4) was embedded in paraffin and sectioned for
metabolite imaging with MALDI-Fourier-transform ion cyclotron resonance (FTICR)-MSI. Animal 6 was used as 
PFAcryo sample for AP-MALDI-orbitrap-MSI (Fig. 8).
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Figure 1. Workflow schematic for correlative imaging of 3D anatomy with PC-SRμCT and high-resolution metabolite 
imaging with AP-MALDI-orbitrap-MSI. a, Fixation and scanning setup for PC-SRμCT. b, PC-SRμCT scanning and phase 
retrieval for the tomographic reconstruction of the 3D dataset. c, Cryo-processing (embedding and sectioning) and matrix 
application for d, high-resolution AP-MALDI-orbitrap-MSI, resulting in micrometer-scale ion images (metabolite 
distributions).

Bathymodiolus azoricus were sampled during the “Meteor” cruise to the North Mid-Atlantic Ridge in 2010 at the 
Bubbylon vent side (37.801N, -31.537E; water depth: 1002.0 m) and Bathymodiolus puteoserpentis specimens were
collected during the BigMar 2016 cruise with the research vessel “Meteor” from the vent field Irina II along the Mid-
Atlantic Ridge at 3038 m depth (14° 45' 11.0052'' N, 44° 58' 43.9788'' W).
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Both species were recovered with remotely operated vehicle (ROV, “MARUM-Quest”) in dedicated containers
“bioboxes” to maintain a constant water temperature. Upon arrival on board the animals were dissected and their gills or 
whole animals were fixed in 2% PFA/PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4) over night 
and stored in 50% ethanol/PBS.

The PFA fixed gill tissue (animal 1 and 5) and whole animal (animal 4) were dehydrated through serial incubations in 
50% ethanol/PBS, 60% ethanol/PBS, 70% ethanol/PBS, 80% ethanol/PBS, 96% ethanol/PBS and 100% ethanol/PBS for 
40 min. This was followed by three incubations in 100% RotiHistol for 40 min. Embedding was done in Paraffin wax by 
incubating the tissues in 50% RotiHistol/wax and three to five times in pure wax for 60 min at 60ºC. The hardened wax 
block containing the embedded gill of animal 1 was vertically cut into millimeter-sized pieces with a razor blade for PC-
SRμCT. 
The hardened wax blocks of the whole animal 4 and the gills of animal 5 were cut with at a microtome (Leica RM 2255, 
USA) into 10 μm sections. Sections of animal 4 were mounted on Polysine® slides (Thermo Scientific) coated glass 
slides for AP-MALDI-orbitrap-MSI. Tissue sections of only the gills (animal 5), used for MALDI-FTICR-MSI had to be 
placed on indium tin oxide (ITO)-coated slides (Bruker) to ensure conductivity. Once mounted, all sections on all slides 
were incubated at 58ºC for 1h in a vertical position to improve adherence of the tissue. Overview images of whole tissue 
sections were taken on an Olympus BX53 compound microscope (Olympus, Tokyo, Japan) operated through the 
software cellSens (Olympus, Tokyo, Japan). The microscope was equipped with an ORCA Flash 4.0 (Hamamatsu 
Photonics K.K, Hamamatsu, Japan) camera, which together with a 10× Plan-Apochromat objective lens resulted in 
0.66 μm/pixel.

The PFA-fixed mussel was dissected from its shell, while submerged in PBS. The soft body was then placed into a peel-
away embedding mold (E6032 SIGMA Square S-22) on a layer of precooled 2% w/v carboxymethyl cellulose gel 
(CMC, Mw ~ 700,000, Sigma-Aldrich Chemie GmbH), covered with CMC gel and snap-frozen in liquid N2 [24]. The 
frozen block of CMC-containing gill was then transferred to a cryostat (Leica CM3050 S, Leica Biosystems Nussloch 
GmbH) and left in the cryochamber for 1 - 5 hours to acclimatize to final sectioning conditions (chamber temperature of 
-35 °C and object holder at -22 °C). After removal of the cryo-molds, the samples were glued to the sample holders using 
CMC and sectioned at 12 μm thickness. Cryo-sections were thaw-mounted on Polysine® slides (Thermo Scientific) and
stored in a desiccator until use.

For PC-SRμCT scanning all samples were mounted on specific holders (Fig. 2a and Fig. 6a) that are used to rotate the 
sample in the x-ray beam. Using an optical magnification PC-SRμCT setup, the field of view (FOV) decreased with 
increasing magnification objectives (see table 1). Although larger samples can be scanned by 3D tile-scanning, we aimed 
to match the FOV of the given magnification and reduce tiling to the vertical axis. Therefore, FFPE wax blocks had to be 
trimmed with a sterile razor blade to fit the diameter of the respective field of view (FOV) [25]and fixed to the sample 
holder using a warm drop of paraffin (see Fig. 1 and 2a).
The samples scanned in PBS were carefully transferred into a thin walled (10 μm), PBS-filled glass capillary 
(Hilgenberg GmbH, Malsfeld, Germany) with a suitable diameter (0.8 to 2 mm). The capillary containing the tissue was 
then vertically submerged into the center of a larger, water-filled capillary, which was 5 mm in diameter with a wall 
thickness (10 μm). The top of the tissue-containing capillary was glued to the top of the larger capillary with a hot-glue 
gun and both capillaries were glued onto a sample holder for PC-SRμCT (Figs 1, 6a and 7a).

We recorded all datasets throughout three beam times (proposal Ids: 20160094, 20170337, 20180295) at the PETRA III -
P05 imaging beamline, at the Deutsches Elektronen-Synchrotron (DESY, English: German Electron Synchrotron),
operated by the Helmholtz-Zentrum Geesthacht Centre for Materials and Coastal Research in Hamburg, Germany. At the 
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beamline we used the x-ray micro tomography setup with propagation-based phase-contrast tomography at 15-30 keV
and at 10x and 20x magnification[25].
Processing for the tomographic reconstruction was done in Matlab using custom implemented scripts by applying a TIE 
phase retrieval algorithm and using a filtered back projection implemented in the ASTRA toolbox [26-28].

Table 1: PC-SRμCT scanning parameters of the three PC-SRμCT datasets displayed in figure 2, 6 and 7.

Imaging parameters reconstruction

sample magn. FOV eff. pix. cam #projections exposure energy binning fin. pix.

Gill FFPE 

(animal 5)

18.42 1.99 mm x

1.99 mm

0.65 μm FLI-EHD

(SC09000M)

2400 500 ms 15 keV 2 1.3 μm

Gill in PBS

(PFAcryo, 

animal 2)

9.96 3.29 mm x

2.47 mm

0.64 μm KIT/HZG(CMO

SIS cmv 20000)

2400 50 ms 30 keV 4 2.56 μm

Mussel in 

PBS

(PFAcryo, 

animal 3)

10.00 3.63 mm x

3.63 mm

0.64 μm KIT/HZG 

(CMOSIS cmv 

20000)

1200 570 ms 25 keV 2 1.28 μm

magn: magnification, FOV: field of view (μm), eff. pix.: effective pixel size, cam: camera type/detector, fin. pix.: final pixel size.

After the tomographic reconstruction, the 32 bit image stacks were cropped and converted to 8 bit, after adjusting 
brightness and contrast and adding the pixel sizes in FIJI/ImageJ (version 1.52h) [29]. The image stacks were then 
exported as png or tif format and used for 3D analysis and visualization. 
We used the free 3D imaging software Drishti 2.6.1 [30] for 3D visualization of the volumetric PC-SRμCT data. The 
transfer functions and transparency were adjusted with the 2D histogram feature. Using clipping planes we virtually 
dissected the 3D models e.g. removed shell, capillary or wax regions.

The two tested MALDI-MSI setups were an atmospheric pressure (AP) MALDI-orbitrap-MSI setup and a MALDI-
FTICR-MSI setup. Tissue sections on Polysine® slides (Thermo Scientific) were used for AP-MALDI-orbitrap-MSI and
tissue sections on indium tin oxide (ITO)-coated conductive slides (Bruker) were used for the MALDI-FTICR-MSI 
Two FFPE, whole body tissue sections of animal 4 were measured in negative ion mode with 9-Aminoacridine 
hydrochloride monohydrate (9-AA, Sigma-Aldrich) as ionization matrix. 9-AA was prepared following the protocol of 
Ly et al., 2017 [31] including the same automated micro sprayer Sunchrom SunCollect system.
Two FFPE, gill tissue sections of animal 5, were coated with 2,5-dihydroxybenzoic acid (DHB; 98% purity, Sigma-
Aldrich) matrix (30 mg*ml-1 in 50% v/v methanol/water) using the automated microsprayer Sunchrom SunCollect 
system with 10 layers a two times 10, 15, 15 and 15 μl/min at a z-distance of 25 mm for MALDI-FTICR-MSI.
Three additional FFPE whole body sections of animal 4 and one PFAcryo section of animal 6 were coated with DHB 
using an ultrafine pneumatic sprayer system with N2 gas (SMALDIPrep, TransMIT GmbH, Giessen, Germany)for AP-
MALDI-orbitrap-MSI in positive ion mode. The sample was rotated under a constant flow of 8 μl*min-1 for 30 min 
applying a matrix solution of 30 mg ml-1 of DHB dissolved in 60% v/v acetone/water containing 0.1% trifluoroacetic 
acid (TFA), which resulted in a homogeneous layer of DHB crystals on the tissue.
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For AP-MALDI-orbitrap-MSI, each sample was scanned with atmospheric pressure (AP) scanning microprobe MALDI 
source (“AP-SMALDI10”, TransMIT GmbH, Germany) coupled to a Fourier transform orbital trapping mass 
spectrometer (“Q Exactive HF”, Thermo Fisher Scientific GmbH). For all scans the mass resolving power was set to
240,000 (at 200 m/z). Throughout this study, we will refer to this setup as AP-MALDI-orbitrap-MSI.

Table 2: Scanning parameters for AP-MALDI-orbitrap-MSI.

Sample in figure preparation matrix ion mode pixel size attenuator m/z range

3a (animal 4) FFPE 9-AA negative 30 μm 20 66.7–1000 Da

3b (animal 4) FFPE 9-AA negative 30 μm 25 66.7–1000 Da

5a (animal 4) FFPE DHB positive 30 μm 26 80–1200 Da.

5b (animal 4) FFPE DHB positive 32 μm 25 80–1200 Da.

5c (animal 4) FFPE DHB positive 13 μm 30 80–1200 Da.

8 (animal 6) PFAcryo DHB positive 15 μm 27 80–1200 Da.

MALDI-FTICR-MSI was performed on a 7T solariX XR FT-ICR-MS equipped with a Smartbeam II laser (Bruker 
Daltonics). Within the FFPE tissue section of animal 5, the measurement regions were defined in FlexImaging (Bruker 
Daltonics) and scanned with 15 and 25 μm resolution, respectively. Mass spectra were acquired for the m/z range 150-
2000 Da with a data size of 1MW. Throughout this study, we will refer to this setup as MALDI-FTICR-MSI.

The AP-MALDI-orbitrap-MSI data was first centroided and converted into mzML (MSConvert GUI, ProteoWizard, v. 
3.0.9810) [32] and then further converted into the open MSI file format imZML, using the imZML Converter 1.3 [33].
The MALDI-FTICR-MSI data were directly exported from FlexImaging (Bruker Daltonics) to imZML format. The
imZML datasets were imported and processed with SCiLS Lab (v.2019c Pro) including the normalization to total ion 
current (TIC), the spatial clustering and visualization of the individual ion maps using the “viridis” color scheme [34].

We developed a pipeline for high-resolution non-invasive 3D imaging using PC-SRμCT in combination with metabolite 
imaging using MALDI-MSI and focused on two major aspects: 1. The reduction of chemical modifications during 
sample preparation in both parts of the pipeline and PC-SRμCT; and 2. Producing sufficient of metabolite signals for
MALDI-MSI. Conventionally, metabolites, small molecules below a molecular weight of 1000 Da, are imaged on snap-
frozen samples to preserve the structural and chemical integrity [24]. We optimized our pipeline for chemically fixed 
tissues, because PC-SRμCT of frozen or live, animals was not possible for our sample type and current PC-SRμCT 
setup. 
Therefore, we evaluated compatibility of sample preparation for PC-SRμCT with metabolite preservation for MALDI-
MSI for PFA-fixed material. FFPE is the conventional sample processing for PFA-fixed samples (see section 3.1).
Therefore, we used FFPE samples as a reference for establishing a new approach for PFA-fixed, cryo-processed 
(PFAcryo, Fig. 1a) samples (see section 3.2). We used buffer-filled capillaries for PC-SRμCT scanning (Fig. 1a and b)
and subsequently retrieved and froze the sample (Fig. 1c) for MALDI-MSI (Fig. 1d) to avoid the excessive dehydration 
and wax infiltration steps during FFPE. PFAcryo sample processing provided us with higher-detailed 3D data allowing 
an increased detection of tissue specific metabolites at resolutions, ten to a hundred fold increased to previous correlative 
3D imaging and MALDI-MSI applications.
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In previous studies, FFPE samples were used for imaging the high-resolution histology with PC-SRμCT [17, 35] or
visualizing the metabolite composition in tissues with MALDI-MSI [31, 36]. Using FFPE samples opens up an array of
sample types ranging from zoological specimens in museums to clinical specimens in hospitals. 
Samples embedded in wax provided a simple and relatively stable mount during PC-SRμCT scanning, avoiding 
movement of samples, which causes major problems with the tomographic reconstruction. The strong phase shift at the 
border between wax and air was the main source of artifacts (see Fig. 2d to f, edges of the wax block). Additionally, the 
wax-infiltrated FFPE samples contained small air pockets throughout the tissue, caused by bubbles during embedding, 
which resulted in overexposed regions shown in figure 2d (holes in xz and xy plane). 

Figure 2. 3D rendering of a gill stack of a Bathymodiolus mussel scanned with PC-SRμCT in paraffin (FFPE). a Trimmed 
FFPE wax block mounted to the sample holder for PC-SRμCT. b, Volume rendering of the reconstructed tomography 
dataset of the wax-embedded gill filaments (wax was digitally removed in Drishti). c, Zoom-in indicated in (b) of the gill 
filament surface, showing individual epithelial host cells which are filled with the symbiotic bacteria. d-f, Orthographic 
slices through the three section planes (xy, xz and yz) of the reconstructed tomographic image stack. Scale bars in b and c:
250 μm and d-f: 100 μm
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Although it was challenging to avoid deformation and chemical contamination during trimming and mounting of the 
millimeter-sized wax blocks (Fig. 2a), the 3D volume renderings show that PC-SRμCT of FFPE samples allowed us to 
discern individual epithelial gill cells without any contrasting agents (see Fig. 2 b and c). We used histogram adjustments 
to virtually separate the material types of wax and wax-infiltrated tissue. This was challenging due to low contrast 
between both materials, reducing the precision of the 3D visualization. Overall, the data is precise enough to orientate 
and navigate high-resolution metabolite imaging towards organs and specific cells that host the symbiotic bacteria. 
After PC-SRμCT of FFPE samples showed good results, we tested the second step of the pipeline – imaging metabolites 
with MALDI-MSI. We evaluated the sample preparation and imaging conditions of our PFAcryo approach together with 
an established approach [31] for MALDI-MSI on FFPE samples. We used tissue sections of FFPE samples (animal 4 and
animal 5) to compare two different ionization modes to detect positively or negatively charged ions. We used 9-AA for
measurements of FFPE samples in negative ion mode according to an established protocol [31] (Fig. 3).

Figure 3. AP-MALDI-orbitrap-MSI of FFPE tissue sections of whole animal tissue sections of a Bathymodiolus mussel,
measured in negative ion mode (9-AA matrix). a, Overlaid spectra of two datasets, both recorded at 30 μm, averaged across 
all AP-MALDI-orbitrap-MSI pixels and normalized to total ion current (TIC). Optical images of each tissue section before 
AP-MALDI-orbitrap-MSI, highlighted with the corresponding color in b with purple and in c with green. b and c, Show
cluster tree of the spatial clustering and visual representation of the spatial clusters through overlaid segmentation maps. Ion
maps, represented as heat maps in “viridis”, see color scale. Metaspace datasets: b, MPIMM_097_QE_P_BA_FFPE c, 
MPIMM_095_QE_P_BA_FFPE, scale bars: 2mm.
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For measurements of FFPE samples in positive ion mode we tested DHB (Figs 4 and 5), which we tested for two 
MALDI-MSI setups. We used MALDI-FTICR-MSI, which was previously used for FFPE samples [31] (Fig. 4).

Figure 4. MALDI-FTICR-MSI of FFPE tissue sections of gill tissue sections of a Bathymodiolus mussel (see schematic),
measured in positive ion mode (DHB matrix). a, Overlaid spectra of two datasets, recorded at 15 μm in b and 25 μm in c,
averaged across all MALDI-FTICR-MSI pixels and normalized to total ion current (TIC). Optical images of each tissue 
section before MALDI-FTICR-MSI, highlighted with the corresponding color in b with purple and in c with green. b and c, 
Show cluster tree of the spatial clustering and visual representation of the spatial clusters through overlaid segmentation 
maps. Ion maps, represented as heat maps in “viridis”, see color scale. Metaspace datasets: b, 
MPIMM_101_FT_P_BP_FFPE c, MPIMM_100_FT_P_BP_FFPE, scale bars: 1 mm.

We compared the MALDI-FTICR-MSI results with AP-MALDI-orbitrap-MSI (Fig. 5), which was not evaluated for 
metabolite imaging from FFPE samples. AP-MALDI-orbitrap-MSI provided a lower ion signals but increased spatial 
resolutions (compare Fig. 4 and 5). For both setups, we obtained more ion signals in positive ion mode using DHB. 
However, a large fraction of the acquired ion signals also consisted of DHB matrix signals instead of metabolites from 
the sample tissue.
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Figure 5. AP-MALDI-orbitrap-MSI of FFPE tissue sections of whole animal tissue sections of a Bathymodiolus mussel,
measured in positive ion mode (DHB matrix). a, Overlaid spectra of the three datasets, recorded at 30 μm in b, 13 μm in c
and 32 μm in d, averaged across all AP-MALDI-orbitrap-MSI pixels and normalized to total ion current (TIC). Optical 
images of each tissue section before AP-MALDI-orbitrap-MSI, highlighted with the corresponding color in b with purple, in 
c with green and in d with orange. b, c and d, Show cluster tree of the spatial clustering and visual representation of the 
spatial clusters through overlaid segmentation maps. Ion maps, represented as heat maps in “viridis”, see color scale. 
Metaspace data: b, MPIMM_093_QE_P_BA_FFPE c, MPIMM_098_QE_P_BA_FFPE d, MPIMM_094_QE_P_BA_FFPE,
scale bars: 1mm. 
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We evaluated the quality of the MALDI-MSI datasets using spatial clustering [37], visual inspection of the metabolite 
images and metabolite annotations using the metabolite annotation platform metaspace [38, 39]. The spatial clustering 
statistically grouped all metabolite images based on their structural similarity (Fig 3-4). The averaged distribution of 
metabolites per cluster is visualized as a segmentation map. We tested if the spatial clustering separated metabolite 
images that resemble tissue from the background and if possible, individual organs. We then visually inspected the 
individual metabolite images, if metabolite signals were homogeneous within the overall tissue and individual organs or 
showed unnatural gradients. Metabolites showing unnatural gradients and distributions that strongly diverge from the 
underlying tissue likely represent artifacts from sample preparation or imaging (see example in Fig. 5b). In a final step of 
our visual analysis, we compared individual metabolite images to the optical images to control, if diffusion or leakage of 
metabolites had occurred for example during dewaxing of the FFPE samples.
The mass-spectra of both 9-AA datasets (animal 4) shown in Fig. 3a, showed a similar peak pattern, but varied in 
intensity. For the dataset in Fig. 3b, the spatial clustering could separate metabolites from the tissue and the background, 
whereas Fig. 3c shows a smooth gradient across the segmentation maps that did not correspond to the structure of the 
tissue. This could be due to the different increased laser energies used to acquire both datasets. The segmentation maps 
of the tissue cluster in Fig. 3b show that the tissue did not further clustered into specific areas resembling organs. 
Individual metabolite maps showed signals resembling the overall tissue (Fig. 3b and c 124.0077; m/z) but no distinct 
tissue regions such as internal organs or shell (Fig. 3d and 3c, 78.9564 m/z and 144.8698 m/z). In our samples we could 
not detect tissue specific metabolites in the two datasets after applying 9-AA for measurements in negative ion mode AP-
MALDI-orbitrap-MSI. Therefore we dismissed this combination for our sample type and imaging setup.
We increased the number of detected metabolites, using the DHB matrix in positive ion mode. Comparing MALDI-
FTICR-MSI and AP-MALDI-orbitrap-MSI for FFPE samples both treated with DHB, MALDI-FTICR-MSI showed 
stronger metabolite signals. The higher resolution dataset at 15 μm revealed tissue specific metabolite distributions that 
were not detected at 25 μm (Fig. 4b and c, 777.34192 m/z). This clearly showed the need for high spatial resolution 
MALDI-MSI to distinguish spatial metabolomes within the symbiotic mussel gills. AP-MALDI-orbitrap-MSI in positive 
ion mode with DHB also showed organ specific metabolite signals for example in the decalcified shell (123.0808 m/z)
and in the gill and the digestive system (389.3520 m/z), particularly at spatial resolutions of 13 μm pixel size.
We used FFPE tissue sections of only the gill (animal 5) for MALDI-FTICR-MSI (Fig. 4) and whole animal tissue 
sections for AP-MALDI-orbitrap-MSI (Fig. 5). The spatial clustering separated tissue and background signals for 
datasets of both setups (Figs. 4b, c and 5b, d). For the 15 μm MALDI-FTICR-MSI dataset even substructures in the gill 
were separated by spatial clustering (Fig. 4b, blue cluster and ion 777.34192 m/z). Although the 13 μm AP-MALDI-
orbitrap-MSI dataset did not show a clear separation between tissue and background clusters (Fig. 5c) but the same tissue 
specific ions were present as in the datasets recorded at 30 μm and 32 μm (Figs 5b and d). The segmentation maps and 
ion maps of the dataset in Fig. 5b showed leakage or smearing of metabolites resulting indistinct borders of tissue 
metabolites (123.0808 m/z) compared to the other datasets. 
Additionally, we used automated annotations of metabolites per treatment as a proxy to evaluate sample preparation and 
MALDI-MSI parameters. We annotated our datasets using the metabolite annotation platform metaspace, which
determines a false discovery rate (FDR) for each database annotation, making annotations comparable across all 
publically available datasets. This allowed us to compare annotations between our and other publically available datasets
for which we chose an FDR of 10%. The MALDI-MSI datasets can be browsed on www.metaspace2020.eu (see figure 
legends for dataset names on metaspace). Both 9-AA datasets in negative ion mode resulted in 3 annotations (Fig. 3). For 
both MALDI-FTICR-MSI datasets 7 metabolites were annotated (Fig. 4), notably, only for sections from the gill. For the 
AP-MALDI-orbitrap-MSI data 57 (Fig. 5) metabolites were annotated in the DHB datasets.
The tissue specific metabolites measured with AP-MALDI-orbitrap-MSI were low abundant, particularly at 13 μm pixel 
size (Fig. 5c). High-resolution AP-MALDI-orbitrap-MSI requires a decrease in laser power to reduce the laser spot size, 
which could be a potential reason for the low relative ion abundances. AP-MALDI-(orbitrap)-MSI recently reached 
resolutions around 1 μm [8-10] resolving metabolites at a ten times higher spatial resolution compared to current 
MALDI-FTICR-MSI setups. This increase in resolution could be critical when imaging microscale metabolite 
distributions such as bacteria-filled host cells (size approx. 20-50 μm). Depending on MALDI source and detector type, 
MALDI-MSI setups offer a variety of advantages for different applications. For our pipeline we chose the AP-MALDI-
orbitrap-MSI setup due to its currently highest spatial resolutions for metabolite imaging. Using DHB as ionization 
matrix in positive ion mode provided the highest metabolite signals for our samples. Notably, future MALDI sources 
with increased spatial resolutions for MALDI-FTICR-MSI setups could provide a suitable approaches for our pipeline as 
they yielded higher signal counts in our tests. 
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We designed a setup (Figs. 1a and b, 6a and 7a) to scan PFA-fixed, millimeter-sized animals without wax embedding.
Therefore, we completely eliminated the need for trimming the sample and any problems which arose from chemical 
contamination and density gradients between sample and surrounding medium. Using capillaries of different diameters 
allowed us to fit the FOV of the respective magnification and to hold the sample in a stable position (see methods for
details). The thin walls (10 μm) of the capillaries resulted in low disturbances for the phase-contrast imaging. Mounting 
the samples in capillaries instead of wax blocks allowed us to switch faster between samples and streamline our sample 
preparation and scanning procedure during the precious measurement times at the beamline. 

Figure 6. 3D rendering of a gill stack of a Bathymodiolus mussel scanned with PC-SRμCT in PBS (PFAcryo). a Gill stack, 
submersed in PBS-filled capillary that again was immersed in water-filled capillary and mounted to the sample holder for 
PC-SRμCT. Small bubbles visible on the wall of the outer capillary. b, Volume rendering using Drishti of the reconstructed 
tomography dataset showing the detailed gill filaments. c, Zoom-in indicated in (b) of the gill filament surface, showing 
individual epithelial host cells which are filled with the symbiotic bacteria. d-f, Orthographic slices through the three section 
planes (xy, xz and yz) of the reconstructed tomographic image stack. Scale bars in band c: 250 μm and d-f: 100 μm
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Occasionally, air bubbles formed on the wall of the outer glass capillary (Fig. 6a) into which we submersed the capillary.
These bubbles were possibly formed through x-ray induced hydrolysis during scanning. Although the air bubbles 
remained visible in the final data set (Fig. 7a and e), in most cases they did not interfere with the tomographic 
reconstruction or cause movement of the sample. Rarely the sample was pushed upwards by bubbles that formed in the 
same capillary, below the sample. In such cases we removed the air bubbles and re-scanned the sample after leaving it to 
degas at room temperature for one to five hours.

Figure 7: 3D rendering of a whole Bathymodiolus mussel (3 mm in length) scanned with PC-SRμCT in PBS (PFAcryo). a, 
Animal in capillary, submerged in water-filled plastic tube and mounted with hot glue gun to the sample holder for PC-
SRμCT. b, Volume rendering of the reconstructed tomography dataset of the whole animal using Drishti. For visualization, 
half of the animal and capillary was digitally removed (clipped). c-e, Orthographic slices through the three section planes 
(xy, xz and yz) of the reconstructed tomographic image stack. Scale bars: 250 μm

The contrast between fine structures, such as bacteriocytes was improved for the PC-SRμCT scan of the gill stack in 
buffer (animal 2) (Fig. 6b and f), despite a twice as large voxel size (2.56 μm) than the scan of the FFPE gill stack (1.3 
μm, animal 1) (Fig. 3, scanning parameters see methods, table 1). In the PC-SRμCT scan of the whole animal 3, the 
density gradient between calcified shell and soft tissues or surrounding liquid caused only minor streak artifacts (Fig. 7d
to f) and did not affect the histological information content. The volume rendering showed clear outlines of the 
individual bacteriocytes in the gill epithelia (Fig. 6b and c) and the scan of the whole animal (2 mm in size) showed a 
detailed histology down to cellular level.
Due to previous sampling protocols of the deep-sea mussels the available samples were PFA-fixed and stored in 
50% ethanol. Therefore, the selected PFAcryo samples were directly transferred to buffer at 4°C, to minimize further 
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dissolution of metabolites from the tissue. Despite the storage in 50% ethanol a larger portion of metabolites, in 
particular lipids should remain in the PFAcryo tissue in comparison to the chemically harsh FFPE treatment.
Animal 6 was prepared after our PFAcryo protocol and imaged with AP-MALDI-orbitrap-MSI at a high-spatial 
resolution of 15 μm in positive ion mode. The spatial clustering separated tissue from background signals and the mass-
spectra of the PFAcryo sample showed more metabolites with a distributions that were specific to distinct tissue regions
(Fig. 8b and e, 451.3884 m/z, 262.2519 m/z, 381.3520 m/z), such as digestive system and foot (Fig. 8b and e, 226.0683 
m/z), foot only (Fig. 8b and e, 314.0999 m/z) and digestive system and gill (Fig. 8b and e, 909.8031 m/z). Overlaying 
signals of metabolites with different spatial distributions resulted in an image (Fig. 8b) resembling the whole animal 
tissue section (Fig. 8e). Most of the biologically relevant metabolite distributions originating from tissue showed low ion 
intensities, possibly due to the previous storage in 50% ethanol. Therefore, considering low intensity peaks was
important for the data analysis of the PFAcryo samples, measured with AP-MALDI-orbitrap-MSI. For this dataset, 138 
metabolites were annotated (Fig. 8), which is more than twice as much for all FFPE samples combined.

Figure 8. AP-MALDI-orbitrap-MSI of PFAcryo sample, measured in positive ion mode (DHB matrix) at a spatial resolution 
of 15 μm. a, Spectrum, averaged across all MALDI-MSI pixels and normalized to total ion current (TIC). Colored lines in 
spectrum indicate the peak center of the individual ions in the respective color of the overlay ion image. b, False color Ion 
image overlay of the 6 different ion distributions shown individually in e. c, Cluster tree of the spatial clustering and visual 
representation of the spatial cluster through overlaid segmentation maps. d, Optical image of the tissue section before AP-
MALDI-orbitrap-MSI. e, Individual ion maps, represented as heat maps in “viridis”, see color scale. Metaspace dataset:
MPIMM_110_FT_P_BA_FF, Scale bars: 1 mm.
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Using PFAcryo sample processing, we successfully reduced the chemical modifications during sample preparation and
increased the biologically relevant metabolite signals of samples, compatible with PC-SRμCT. Furthermore, scanning 
PFAcryo samples with PC-SRμCT resulted in more detailed 3D datasets of the tissue samples (Fig. 8). In future studies
we will apply our PFAcryo protocol in a correlative approach as illustrated in Fig. 1. We will perform PC-SRμCT to
image a whole animal and determine specific regions that are, for example, colonized by symbionts and subsequently 
direct tissue sectioning and metabolite imaging with high-resolution AP-MALDI-orbitrap-MSI to these regions.
The 3D data will provide us with a virtual framework, to co-register and correlate the chemical images and images of 
other microscopy techniques into the context of the anatomic model of the specimen. This combined 3D scenario could 
be used as histological and chemical atlas, comparable to the Allan brain atlas [40, 41]. Furthermore, increasing imaging 
speeds of MALDI-MSI setups made MALDI-MSI on serial sections feasible, mapping the 3D spatial chemistry of a
sample [3]. A major difficulty for 3D MSI is the spatial alignment of the individual MALDI imaging datasets to 
realistically reconstruct the 3D chemistry of a specimen. The detailed PC-SRμCT 3D data, generated before MSI, will 
provide a micrometer-scale template of the intact sample to elastically align the serial MALDI-MSI data [42] and 
possibly cross-correlate both volumetric datasets in a machine learning approach [43].

Our phase-contrast SRμCT and AP-MALDI-orbitrap-MSI imaging pipeline enables us to study the 3D natural state,
cellular and chemical organization of host-microbe systems. The here presented optimization of sample preparation- and 
imaging for the non-invasive 3D and subsequent metabolite imaging serves as a basis for the combination of these two 
techniques, which were not integrated yet.
We increased the spatial resolution at ten to one hundred-fold, compared to current approaches, combining MALDI-MSI
with non-invasive imaging approaches such as MRT. This could provide new insights into even well-studied systems,
such as Drosophila melanogaster or Caenorhabditis elegans that so far were too small for a combined 3D and metabolite 
imaging approach. Being culture independent, our approach would allow scientists to generate 3D histo-chemical atlases,
which so far have been restricted to established model organisms. Therefore, our pipeline could not only, but especially 
be used for organisms that cannot be maintained in the lab like the majority of host-microbe symbioses from marine 
environments.
Non-invasive PC-SRμCT generates a detailed 3D model of a sample, which remains histologically and mostly 
chemically intact, and the tissue could be used for other correlative techniques such as fluorescence labeling of bacteria 
or proteins in combination with MALDI-MSI. For host-microbe systems this could help to link the spatial chemistry to 
both partners and to understand their organization within the symbiotic organs and cells. Developing this combined 
approach further, for instance into a completely cryogenic workflow would provide a most realistic preservation of the 
chemical composition of samples and open the possibility for an even larger array of subsequent techniques, such as 
proteomics or metagenomics. Presenting here the first crucial methodological steps, we propose this pipeline to visualize 
anatomical and chemical processes, linking structure and function in host-microbe interactions.
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Hörstmann (MPI Bremen), who processed the FFPE samples and we thank Janine Beckmann (MPI Bremen) for the 
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Excellence ‘The Ocean in the Earth System’ at MARUM (University of Bremen), a Gordon and Betty Moore Foundation 
Marine Microbiology Initiative Investigator Award through grant GBMF3811 to ND and a European Research Council 
Advanced Grant (BathyBiome, Grant 340535). For instrumental development, financial support by the Deutsche 
Forschungsgemeinschaft, DFG under grant Sp314/13-1 is gratefully acknowledged. The MALDI-FTICR-MSI analysis, 
was supported by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under Germany ́s
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Abstract 

Animals forming symbioses with bacteria have often developed specific organs and cells to host their 

microbial symbionts. Studying these symbioses, research often extensively focuses on the symbiotic 

organs and the local molecular interactions using microscopy or sequencing of the symbiotic tissues.  

The symbiosis between the hydrothermal vent and seep mussel Bathymodiolus and its 

chemoautotrophic bacterial symbionts has become a model for non-culturable symbioses from 

chemosynthetic environments. The mussel’s symbiotic organ is the gill, where the symbionts reside 

inside epithelial cells called bacteriocytes.  

Ever since filter feeding was considered a non-vital role for the ecology of the symbiosis, studies on 

the symbiosis were almost exclusively done on gill tissue. We changed the perspective to a whole-
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animal level and imaged the three-dimensional anatomy, the symbiotic microbes and metabolites 

across multiple organs.  

The data revealed that the mussels consumed their symbiotic bacteria through an “adaptive feeding” 

mechanism by shedding and eating bacteriocytes from their own epithelia. The bacteria appear to be 

only partly digested and could be excreted into the environment alive. Our adaptive feeding 

mechanism could provide a “way out” for the intracellular symbionts, a new mechanism to leave the 

host cells and colonize new mussel hosts.  

Our study demonstrates that extending the perspective from the symbiotic organ to a whole-animal 

level can reveal new interactions between animals and their associated bacteria that reach beyond the 

symbiotic organ of the host.  

 

Introduction 

The massive biomass production at deep-sea vents and seeps is particularly owed to invertebrates, 

living in symbiosis with chemosynthetic bacteria1-3. These invertebrates often have complicated life 

cycles with early larval stages and physiologies that are adapted to the extreme environments of their 

deep-sea habitats2,4,5. For most of these organisms and their associated microbes, the recipe for how to 

culture the host, the bacterial symbionts or both has remained a secret and without keeping either in 

the lab, the visualization of physiological processes can be extraordinarily difficult.  

 

The deep-sea mussel of the genus Bathymodiolus dominates many vent and seep environments in 

terms of abundance and biomass, harboring chemoautotrophic bacteria in its epithelial gill cells, called 

bacteriocytes6-8. The first studies on the Bathymodiolus symbiosis identified methane- and sulfur-

oxidizing symbionts as a major food source for the mussels1,6,8. They also showed that unlike other 

chemoautotrophic organisms that fully depend on their symbionts, the mussels are still able to filter 

feed3,9. Having a reduced but still functional digestive system9,10, the mussels’ stomachs were full with 

particles and bacteria10. Until today, these bacteria remained unidentified and were assumed to be free-

living chemosynthetic bacteria the mussel eats as dietary supplement10,119,11. Ever since, the gills were 

identified as the symbiotic organ, most symbiosis research in Bathymodiolus mussels mainly focused 
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on the gill. This is where the intracellular nutritional interactions between host and symbiotic bacteria 

take place. These studies revealed that the major uptake of organic molecules from the symbionts by 

the host occurs through two main mechanisms. One of them is milking, which describes an uptake of 

excreted metabolic products and the other mechanism is the intracellular, lysosomal digestion of the 

symbiotic bacteria12-17.  

 

Despite extensive molecular analyses over the past decades, fundamental questions on the 

Bathymodiolus symbiosis have remained. One of them is: “How can symbionts escape the mussel to 

colonize new individuals?”. The symbiotic bacteria in Bathymodiolus mussels are transmitted 

horizontally18-20, which implies the colonization from the environment in each generation. In contrast, 

in other chemosynthetic bivalves, such as the white clams e.g. Calyptogena, the symbiotic bacteria are 

passed on vertically, between generations during reproduction20. So far, sequencing data of filters, 

after filtering hundreds to thousands of liters of sea water at hydrothermal vent sites, could not provide 

evidence for a stable community of the methane- and sulfur-oxidizing symbionts in the environment 

(personal communication with Merle Ücker). The missing source of symbionts that colonize the 

mussels throughout their life span19 leaves a gap in explaining the colonization cycle in the 

Bathymodiolus symbiosis. The intracellular symbionts must have a constantly growing pool of either 

free-living or transient cells in the environment or be able to exit their host. Without replenishing the 

pool of symbionts in the environment, the intracellular digestion by the host would imply a one-way 

street for the symbionts and the symbiosis itself. Without signs of a free-living stage the symbionts 

must have an escape mechanism, possibly similar to the horizontally transmitted giant tubeworm Riftia 

pachyptila, where the symbiotic bacteria escape dead hosts to enrich the free-living population and 

colonize new host animals21. 

 

The mussel gills are respiratory and symbiotic organ at once. State-of-the-art imaging techniques that 

have been used and developed to visualize the cellular arrangement and metabolic processes of host 

and symbionts were applied to the gills of the mussels22-31. Because the gills are assembled through 

repetitive structures, such as gill filaments and bacteriocytes, many studies have drawn their 
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conclusions from microscopy data that covers a small field of view relative to the size of the whole 

gill. We zoomed out of the symbiotic organ to visualize the whole animal together with the microbial 

symbiont community and the metabolites of both partners, to gain a better understanding of the 

interplay between the anatomy and physiology. We used 3D, 2D and metabolite imaging at a cellular 

scale through the combination of micro-computed tomography (microCT), light- and electron 

microscopy, including the fluorescence labeling of symbiotic bacteria and mass spectrometry imaging 

(MSI).  

Here we present a new perspective on the symbiosis through imaging data of whole animals that 

revealed bacterial cells outside of the gill tissue that were still enclosed in bacteriocytes. We observed 

that the mussel shed and consumed the bacteria-filled cells by the typical feeding mechanism for filter-

feeding bivalves32. This prompted us to reinterpret the previous findings on bacteria in the stomach of 

the mussels and generate hypotheses on the nutritional interactions and transmission in Bathymodiolus 

mussels. We present a new strategy of symbiont farming and feeding in animal-microbe symbioses 

that could provide the first evidence of an escape route for the intracellular symbionts from the 

bacteriocytes. 

 

Materials and Methods 

Sample overview 

We used deep-sea mussels of the species Bathymodiolus puteoserpentis and Bathymodiolus azoricus. 

Both host sulfur oxidizers (SOX) and methane oxidizers (MOX) as bacterial symbionts and will be 

referred to as Bathymodiolus mussels. Additionally, we used the non-chemosynthetic shallow-water 

bivalve Mytilus edulis for comparison as a non-symbiotic control.  

The Bathymodiolus mussels were imaged with matrix-assisted laser desorption/ionization (MALDI-

MSI), to image metabolites, fluorescence in-situ hybridization (FISH) to label and image the 

symbiotic bacteria, light-and electron microscopy to visualize histology and ultrastructure. 

Synchrotron radiation-based microCT (SRmicroCT) and laboratory-based microCT were used to 

image the 3D anatomy of whole animals. 

 

__________________________________________________________________________________Chapter 4

180



Table1: Overview of samples, sample preparation and imaging method, shown in the results of this study.  

Species Sample ID Fixation Embedding Imaging 

Bathymodiolus 

puteoserpentis* 
Bp1555-22 GA-OsO4 Epoxy Resin SRmicroCT 

Mytilus edulis Me252-3 GA-OsO4 Epoxy Resin SRmicroCT 

Bathymodiolus 

puteoserpentis 
M700 HPF-OsO4 Epoxy resin STEM 

Bathymodiolus 

azoricus 
Ba1623-4mm PFA Paraffin FISH 

Bathymodiolus 

azoricus 
MS36-Bazo1626 PFA-cryo Cellulose (CMC) MALDI-MSI FISH 

B. azoricus (3cm) D4MS31 PFA-PTA n/a microCT 

B. puteoserpentis, gill 

stack* 
Bp86033 PFA Paraffin SRmicroCT 

Branchipolynoe 

seepensis 
n/a PFA-PTA n/a microCT 

*Samples that were also used in another study, referenced in the sample ID, HPF: high-pressure freezing, OsO4: 

osmium tetroxide, PFA: paraformaldehyde, PTA: phosphotungstic acid, CMC: carboxymethylcellulose, STEM: 

scanning transmission electron microscopy, FISH: fluorescence in situ hybridization, MALDI-MSI: matrix-

assisted laser desorption/ionization mass spectrometry imaging, microCT: micro computed tomography, 

SRmicroCT: synchrotron radiation-based microCT. 

 

Deep-sea mussel collection 

The deep-sea mussels were collected during the two scientific cruises “M82-3” in 2010 and “M126” in 

2016 with the vessel “FS Meteor” from vent sites at the North Mid-Atlantic Ridge. Bathymodiolus 

azoricus was collected at the Bubbylon vent side (37.801 N, -31.537 W; water depth: 1002.0 m) in 

2010 and Bathymodiolus puteoserpentis was collected from the vent field Irina II along the Mid-

Atlantic Ridge at 3038 m depth (14.753 N, -44.979 W) in 2016. For both cruises, sampling was 

conducted with the remotely operated vehicle (ROV) “MARUM-Quest”. The animals were recovered 

in dedicated containers (bioboxes) to maintain a constant water temperature and avoid contamination 

with organisms in the water column. The samples were directly fixed on board and further processed 

in the lab in Bremen. 
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Shallow-water mussel collection 

Mytilus edulis was collected from the Baltic Sea close to Kiel, Germany (54.394 N, 10.190 E) during 

summer time, at 1.5 m water depth. The mussels were transported back to the laboratory in Bremen in 

a tank, supplied with a constant air flow through a bubble stone and fixed as described below. 

 

Sample fixation 

For metabolite imaging, histology and fluorescence microscopy, the samples were fixed overnight in 

2% paraformaldehyde/phosphate buffered saline (PFA/PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 2 mM KH2PO4) and stored in 50% ethanol/PBS.  

For combined electron microscopy and histology, the samples were fixed using a 2.5% glutaraldehyde 

(GA) solution and stored in GA: PHEM buffer (PIPES, HEPES, EGTA and MgCl2). Samples from 

both fixation procedures were also used for microCT. 

 

Matrix-assisted laser desorption/ionization (MALDI-MSI) 

MALDI-MSI Sample embedding and sectioning 

Due to the inaccessibility of fresh-frozen samples, a paraformaldehyde PFA-fixed animal was used for 

metabolite imaging instead of conventionally used fresh snap-frozen samples. The PFA-fixed sample, 

stored in 50% ethanol/PBS at 4°C, was dissected from its shell and cryo-embedded in 2% w/v 

carboxymethyl cellulose (CMC) gel (Mw ~700,000, Sigma-Aldrich Chemie GmbH). Cryo-processing 

of the PFA-fixed samples was chosen as it results in a higher metabolite content compared to 

formalin-fixed paraffin-embedded (FFPE) samples34. The whole animal was cryo-sectioned in a full 

series of 12 μm thickness at -20°C. The cryo-sections were thaw-mounted onto Polysine® slides 

(Thermo Scientific) and stored under vacuum in a desiccator.  

 

MALDI-MSI matrix application 

Two PFA-fixed, cryo-processed (PFAcryo) sections that showed digestive system and gills were 

chosen from the section series and coated with two different matrices, 2,5-Dihydroxybenzoic acid 

(DHB) and 2,5-dihydroxyacetophenone (DHAP).  
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For the application of DHB, an ultrafine pneumatic spraying system was used that produces a 5 l min-1 

stream of N2 gas (SMALDIPrep, TransMIT GmbH, Giessen, Germany) to which a constant flow of 8 

l min-1 of matrix solution (30 mg ml-1 of DHB dissolved in 60% v/v acetone/water containing 0.1% 

trifluoroacetic acid) was added to produce a fine spray for 30 min. The sample was covered with the 

matrix during rotation for 30 min at room temperature.  

DHAP was applied using an ultrasonic spray-coater (SimCoat equipped with an ACCUMIST nozzle, 

Sono-Tek, Milton, MA), specifically developed for MALDI-MSI on microbial samples (Brockmann 

2019). A solution of 20 mg ml 1 of DHAP in 75% acetonitrile, 20% methanol and 5% demineralized 

water with 0.1% formic acid was sprayed onto the sample using nitrogen with a pressure of 70 mbar (1 

psi) combined with a flow-rate of 50 l min 1 over 20 cycle. 

 

MALDI-MS imaging 

For MALDI-MSI an atmospheric pressure (AP) scanning microprobe MALDI source (“AP-

SMALDI10”, TransMIT GmbH, Germany) coupled to a Fourier transform orbital trapping mass 

spectrometer (“Q Exactive HF”, Thermo Fisher Scientific GmbH) was used. For both AP-MALDI-

orbitrap-MSI scans, the mass resolving power was set to 240,000 at 200 m/z. Step size and mass range 

varied between both datasets (see Table 2). 

 

Table 2: Experimental parameters used for AP-MALDI-orbitrap-MSI. 

sample matrix Ion mode Pixel size Attenuator Mass range Dataset on METASPACE 

PFAcryo 1 DHB positive 15 μm* 27 80–1200 m/z MPIMM_110_FT_P_BA_FF 

PFAcryo 2 DHAP positive 10 μm 26 430–1200 m/z MPIMM_196_QE_P_BPuteo_CF 

* The AP-MALDI-orbitrap-MSI dataset of the PFAcryo1 mussel has already been shown in Chapter 4. Due to a shift in the 

x-axis of the stage in the mass spectrometer the pixels are anisotropic, meaning that the pixels’ edge length x  y. Using the 

correlative microscopy image, the metabolite images were scaled along the x-axis to the correct proportion.  

 

MALDI-MSI data analysis and visualization 

The AP-MALDI-orbitrap-MSI raw data was first centroided and converted into mzML files 

(MSConvert GUI, ProteoWizard, v. 3.0.9810)35 and then converted into the open MSI file format 

imZML, using the imZML Converter 1.336. The imZML datasets were imported and processed with 
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SCiLS Lab (v.2019c Pro). Before data analyses and visualization, the data was normalized to the total 

ion current (TIC). The individual ion maps were visualized in the “viridis” color scheme37. Both 

datasets were uploaded to the online metabolite annotation platform METASPACE38,39. 

 

Light-and electron microscopy 

Sample embedding and sectioning 

Before embedding and sectioning, the mussel shells were decalcified with chelating agents, such as 

ethylenediaminetetraacetic acid (EDTA) and ethylene glycol-tetraacetic acid (EGTA).  

Following conventional histology procedures FFPE samples for FISH were dehydrated, paraffin 

embedded and sectioned at 4 μm thickness and dewaxed40. 

For combined histology and electron microscopy, GA-fixed samples were post-fixed with osmium 

tetroxide (OsO4) and embedded in epoxy resin (Agar scientific, UK). The resin blocks were trimmed 

and sectioned with an ultramicrotome (Ultracut UC7 Leica Microsystem, Austria) at 1.5 μm thickness. 

The osmified tissue sections were stained with 0.5% toluidine blue and 0.5% sodium tetraborate and 

washed twice in ddH2O. After the histological analysis, GA-fixed and resin-embedded samples were 

selected for ultrastructure and re-sectioned for electron microscopy at 70 nm thickness41. 

 

FISH 

FISH was used to specifically label and visualize the symbiotic bacteria. For FISH, fluorescently 

labeled oligonucleotides are used to target conserved regions in the 16S rRNA of specific bacterial 

taxa42. Through fluorescence microscopy, the labeled bacteria can then be imaged at a subcellular 

level. 

For FISH, whole mussel sections of FFPE and PFAcryo samples that showed multiple organs such as 

gills and digestive system were used. The PFAcryo sections were hybridized after MALDI-MSI to 

match metabolite signals with the location of the bacteria in the animal tissues31.  

Before hybridization, the dewaxed FFPE and PFAcryo sections were encircled with a hydrophobic 

liquid blocker (PAP-Pen, Science Services) to prevent a leakage of the hybridization mixture. For the 

in situ hybridization, a set of specific probes was used to target the SOX and MOX symbionts (see 
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Table 3)43. To enhance the fluorescence signal, double-labeled oligonucleotide probes44 were used that 

were labeled at the 5’-end and the 3’-end. Additionally a “nonsense” oligonucleotide probe 45 was used 

to control for nonspecific binding (see Table 3). The hybridization mixture contained 50ng μl-1 of 

probe, 900 mM NaCl, 20 mM Tris/HCl, 0.01% SDS and depending on the probe 30 – 35% (v/v) 

formamide. The sections were fully covered with the hybridization mixture and incubated in the dark 

at 46 °C for three hours in a humid chamber that contained a tissue saturated with a 30–35% 

formamide solution. After hybridization, samples were washed for 15 min in pre-warmed (48 °C) 

washing buffer (50 mM Tris/HCl, 5mM EDTA, 0.01% SDS and 112mM NaCl (30% FA) or 80mM 

NaCl (35% FA)), dipped in ddH2O and air-dried. A DNA counter-stain, excitable at 405 nm 4 ,6-

diamidino-2-phenylindole (DAPI) was applied for 10 min at room temperature followed by two 

washing steps in ddH2O.  

 

Table 3: Oligonucleotide probes used in this study. 

Probe Specificity Sequence (5’-3’) Label % FA in situ Reference 

BMARt-193 Sulfur-oxidizing 

symbionts 

CGAAGGTCCTCCACTTTA Cy5 30 Duperron et al, 

2006 

BMARm-845 Methane-

oxidizing 

symbionts 

GCTCCGCCACTAAGCCTA Cy3 30 Duperron et al, 

2006 

Non-338 Negative 

control, 

nonsense probe 

ACTCCTACGGGAGGCAGC Atto550 35 Wallner et al, 

1993 

 

Bright field and fluorescence microscopy 

Fluorescence and bright field overview images of whole tissue sections were taken on an Olympus 

BX53 compound microscope (Olympus, Tokyo, Japan) operated by the software cellSens (Olympus, 

Tokyo, Japan). The microscope was equipped with an ORCA Flash 4.0 camera (Hamamatsu Photonics 

K.K, Hamamatsu, Japan) that together with a 10× Plan-Apochromat objective lens resulted in 

0.66 μm/pixel.  
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To resolve the individual symbiont cells in detail, selected regions were re-imaged with a Zeiss LSM 

780 confocal laser-scanning microscope (Carl Zeiss, Jena, Germany) equipped with an Airyscan 

detector (Carl Zeiss, Jena, Germany). Using a 40x Plan-Apochromat oil-immersion objective, tile-

scans were used to cover larger areas than the standard field of view (FOV). The microscope was 

operated through the Zen-Black software (Carl Zeiss, Jena, Germany). Image processing and color 

adjustments were done in FIJI (ver. V1.52p)46. 

 

Electron microscopy 

Using energies of 20-30 kV, the ultra-thin sections were imaged with a Quanta FEG 250 scanning 

electron microscope (SEM) (FEI Company, USA). The SEM was equipped with a STEM detector, 

controlled via the xT microscope control software ver. 6.2.6.3123. 

 

Computed tomography 

For non-invasive 3D imaging of the mussel anatomy, microCT was used, which uses X-rays to 

penetrate the sample and generate projection images of the sample in different rotation angles. 

Through a tomographic reconstruction, the projection images are calculated into a 3D representation 

of the sample. Different types of micro-computed tomography were used, including SRmicroCT and 

laboratory-based microCT. 

 

Sample mounting and SRmicroCT  

The wax block that contained the embedded PFA-fixed gill tissue (Bp860) and two resin blocks that 

contained whole, GA-fixed and osmified animals (Bp1555-22, Me252-3) were trimmed with a razor 

blade to fit the field of view of the desired magnification47 and mounted onto the sample holders as 

described in Chapter 4. 

The SRmicroCT datasets were acquired within three beam times at the P05 imaging beamline of the 

Helmholtz-Zentrum Geesthacht Centre for Materials and Coastal Research (Hamburg, Germany) at 

the PETRA III particle accelerator of the Deutsches Elektronen-Synchrotron (DESY, English: German 

Electron Synchrotron). We used attenuation contrast for the two animals stained with osmium and 
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embedded in resin. The FFPE gill stack was not contrasted and was scanned with propagation-based 

phase-contrast (PBC)-SRmicroCT, previously described in Chapter 4. We used energies ranging from 

15-30 keV in combination with 10x and 20x magnification lenses that together with the different 

camera detectors and contrast modes resulted in different magnifications47 (see Table 4). 

 

Tomographic reconstruction of the (PBC)-SRμCT 

The tomographic reconstruction was done with custom implemented scripts in Matlab, applying a TIE 

phase retrieval algorithm and a filtered back projection implemented in the ASTRA toolbox48-50. 

 

Laboratory-based microCT 

A large mussel (B. azoricus, 3 cm) and a polychaete (Branchipolynoe seepensis), a commensal in 

Bathymodiolus mussels, were scanned with a laboratory-based microCT setup at the Bavarian State 

Collection of Zoology (Munich, Germany). The mussel was contrasted with phosphotungstic acid 

(PTA)51 and scanned using attenuation contrast. Details of the protocol, scanning and reconstruction 

setup and software and accession number for this dataset can be found in Chapter 2. 

 

Analysis and visualization for (PC)-SRmicroCT and microCT 

The raw image stacks were cropped and converted to 8 bit, after adjusting brightness, contrast and 

pixel size in FIJI/ImageJ (version 1.52h). The image stacks were exported to the png or tif format52.  

3D volume renderings were used to visualize the image stacks using the free 3D imaging software 

Drishti 2.6.153. Using clipping planes and transparency settings of the 2D histogram, the 3D models 

could be virtually dissected to visualize the animals’ internal anatomy.  

For a quantitative 3D analysis of the shed epithelial cells the 3D visualization and analysis software 

Amira 6.7.0 (Thermo Fisher Scientific, USA) was used for image segmentation. Using the 3D water 

shedding function of the XImagePAQ extension allowed a semi-automated separation of bacteriocytes 

overlapping with the tissue. After segmentation, the shed bacteriocytes could be visualized in 

comparison to the overall volume of the gill.  
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Table 4: Experimental parameters of the computed tomography samples. 

Sample details Imaging parameters Reconstruction parameters 

species 
sample 

ID 

mag. 

lens 
FOV (mm) 

eff. pix. 

(μm) 

# 

proj. 

exp. 

(ms) 

energy 

(keV) 
bin 

final 

pix. size 

 

Screened with (PC)-SRmicroCT 

B. puteoser-

pentis 

1555-22 

animal 
20x 1.8 × 1.8 0.65 1200 800 16 2x 1.3 μm 

Mytilus 

edulis 
Me252-3 20x 1.8 × 1.8 0.65 1200 800 16 2x 1.3 μm 

B. puteoser-

pentis 

Bp860 

gill stack 
20x 1.99 × 1.99 0.65 2400 500 15 2x 1.3 μm 

 

Screened with laboratory microCT 

B. azoricus 

(large) 
D4MS 

cone 

beam 
n/a 8.89 1500 750  

110 

(120 μA) 
n/a 8.89 μm 

B. seepensis n/a 
cone 

beam 
n/a 7.64 1500 750 

110 

(120 μA) 
n/a 7.64 μm 

ID: identifier, mag.: magnification, FOV: field of view, eff: effective and pix: pixel, proj: projections, exp: exposure, bin: 

binning of the pixels. 

 

Results 

High-resolution 3D imaging reveals shedding of individual epithelial cells from the mussel tissues  

We used high-resolution SRmicroCT for 3D imaging to analyze the microanatomy of 20 

Bathymodiolus mussels (B. azoricus n=8 and B. puteoserpentis n=12) from chemosynthetic 

environments along the Mid-Atlantic Ridge (MAR) (Fig. 1a). In this manuscript we show the CT data 

for three Bathymodiolus mussels (see Table 1 and 4). In both species, the high-resolution 3D imaging 

revealed large amounts of individual cells shed from the gill, mantle and foot epithelia (Fig. 1c and e). 

Although we found shed cells loosely in the mantle cavity and during the shedding process, the 

majority of shed cells was located between the gill filaments (Fig. 1e). 
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Figure 1: Comparison between the 3D architecture of Bathymodiolus azoricus (left: a, c, e) and Mytilus 

edulis (right: b, d, f). a, B. azoricus and b, M. edulis in situ in the habitat from where they were sampled (photo 

by MARUM, Uni Bremen). c, Virtually dissected high-resolution SRmicroCT model of B. azoricus and d, of M. 

edulis. Food particles (fp) in and in front of the esophagus of B. azoricus appeared to be cellular debris of mainly 

bacteriocytes (bc). The food particles in the esophagus (eso) of M. edulis were algal cells. The cross sections of c 

and d show the differently sized style sacs (ss) and digestive glands (dgl), both larger in M. edulis. The intestine 

(int) of M. edulis is looped and straight in B. azoricus. Zoom-ins of the 3D gill models in e, B. azoricus and f, 

M. edulis show the ciliation (ci) in both mussels. In B. azoricus only the symbiont-free regions (ciliated edge) are 

ciliated. The spaces between the gill filaments of M. edulis are empty, whereas in B. azoricus large amounts of 

shed cells are visible between the gill filaments. ft: foot, m: mantle, aam: anterior adductor muscle, fr: foot 

retractor, pam: posterior adductor muscle, pc: polychaete (Branchipolynoe seepensis), ap: anal papilla, hc: 

hemolymph channel, s: shell. 

To see if the extent of shed cells is common among Mytilid bivalves, we scanned the blue mussel 

(Mytilus edulis), a shallow water relative from the same family as Bathymodiolus (Fig. 1b and d). We 

scanned six blue mussels in total of which one is shown in figure 1. The blue mussels were fixed, 
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contrasted and embedded the same way as the deep-sea mussels, but the 3D data showed no 

comparable amounts of shed cells or cells in the process of shedding (Fig. 1d and f).  

Comparing the gills of the deep-sea and shallow-water mussels showed an enlarged surface of the 

individual gill filaments in the deep-sea mussels (Fig. 2a and c). The epithelial cells of the symbiotic 

deep-sea and aposymbiotic shallow-water mussels have a similar diameter, but the bacteriocytes of the 

deep-sea mussels are two to five times increased in volume (Fig. 2b and d). Despite the difference in 

size, the smaller epithelial cells of the blue mussels could be resolved with SRmicroCT. The 

SRmicroCT could also resolve the ciliation of the gill filaments and it showed ingested food particles 

by both mussels (Fig. 1c and d). Throughout the whole gill of M. edulis, we rarely found loose cells or 

cell-like particles between the gill filaments and no cells indicative of an epithelial shedding process 

(Fig. 1f and 2c). 

 
Figure 2: Comparison between the cellular architecture of a chemosynthetic deep-sea mussel (a and b) and 

a filter-feeding shallow water mussel (c and d). a, and c, SRmicroCT shows a frontal view on one demibranch 

of the gill filaments of each animal. In each model, one epithelial gill cell is highlighted with a magenta circle 

and an arrow, labeled bc for bacteriocyte in the symbiotic deep-sea mussel and ec for epithelial cell that is free of 

intracellular bacteria in the shallow-water mussel. The (scanning) transmission electron microscopy images in b 

and c show a cross section through b, one bacteriocyte of the deep-sea mussel and c, one symbiont-free epithelial 

cell of the shallow-water mussel. b, Bacteriocyte with increased volume through intracellular bacteria, here 

symbiotic sulfur oxidizers (SOX) and methane oxidizers (MOX) d, Epithelial gill cell without intracellular 

bacteria is covered with microvilli (mv). Electron micrograph in d, modified after Wright and Secomb, 1978)54. 
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Figure 3: Visualization of shed bacteriocytes in a small (~2mm in length) and large (~30 mm in length) 

Bathymodiolus mussel. a, Transparent volume rendering of the small animal, also shown in Figure 1c and e, 

revealing the internal anatomy of the animal in transparent red and the shed epithelial cells in rainbow colors, 

segmented with the 3D watershedding function in Amira shown in b, c and d. b, The gill is first cropped out 

from the SRμCT dataset and c, broken into smaller regions, detected by the watershedding algorithm. d, The 

segments with a volume larger and smaller than epithelial cells (~20-50 μm3) were then removed. e, Volume 

rendering of the large mussel (orange/yellow) scanned with a laboratory-based microCT, indicates the gill stack 

of a similarly-sized animal (green/blue) that was scanned with high-resolution PBC-SRmicroCT in f. f, 

Individual, shed bacteriocytes between the gill filaments of the large mussel. 

We observed the shedding process across differently sized Bathymodiolus mussels (Fig. 3). The field 

of view of the SRmicroCT allowed us to screen millimeter-sized mussels (0.4 mm to 3 mm) as a 

whole (Fig. 3a). We visualized the biomass and location of the shed epithelial cells in a whole gill of a 

~2 mm long mussel. This overview showed that epithelial cells were mainly shed in the frontal and 

central region of the gill but almost never in the posterior region where new filaments are formed. 
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In juvenile mussels the epithelial cells of the gills, mantle, retractor muscles and foot are colonized by 

the symbiotic bacteria. In the juvenile mussels, we observed epithelial shedding in all of these tissues. 

With increasing size and age of the mussel, bacteriocytes can be only found in the gills of the 

mussels55. We scanned the gill epithelia of a larger mussel (30 mm), by scanning dissected gill stacks 

that fit the field of view of the (PBC)-SRmicroCT setup (Fig. 3e and f). The larger mussel was also 

shedding its epithelial cells. 

 

Identification of shed cells as bacteriocytes eaten by the mussel 

Histology (Fig. 4a to d) and fluorescence microscopy after FISH (Fig. 4e to j) on whole animal 

sections revealed that the mussels use an apical extrusion, a mechanism that unlike a basal extrusion 

allows the mussel to expel bacteriocytes from its epithelia56. From whole-animal sections showing gill, 

esophagus and digestive system, we discovered that the shed bacteriocytes are located along the 

typical path for food particles during filter feeding in bivalves (Fig. 4e).  

Histology and FISH images showed that of the different types of epithelial cells, mainly bacteriocytes 

were shed (Fig. 4a). We found bacteriocytes between and at the tips of the gill filaments located in the 

mussel’s food grove (Fig. 4g). In filter feeding bivalves, this is where filtered particles are collected 

and mixed with mucus to form a food ‘sausage’ that is continuously transported in a ‘conveyor belt’-

like mechanism towards the mouth32. In this food ‘sausage’, we found shed bacteriocytes, mixed with 

mucus and cellular debris, from the ventral grove up to the mouth opening (Fig. 4h).  

We found large amounts of bacteriocytes in the opening of the esophagus and in the mussel’s digestive 

system (Fig. 4i and j). The fluorescence microscopy images showed that most bacteriocytes remain 

structurally intact from shedding to ingestion. Only few bacteriocytes appear to be mechanically 

damaged (Fig. 4h). After ingestion, the intact bacteriocytes pass through the digestive system, where 

they are broken up and the symbiont communities are intermixed (Fig. j). 
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Figure 4: The fate of a bacteriocyte – overview of the shedding process, transport and digestion. a, to d, 

Histology of a shedding bacteriocyte. a, Overview of the mantle cavity of a 1 mm long Bathymodiolus mussel 

with bacteriocytes during shedding from the mantle and gill epithelia. b, c and d, Magnification of consecutive 

planes (1.5 μm increment) of the same cell (highlighted in a) during shedding. e, Tile scan of whole-animal 

tissue section with MOX labeled in red, SOX in green and DNA stained in blue. White arrows indicate the 

direction of bacteriocyte transport and yellow circles correspond to the magnified images f to j. The magnified 

images were recorded from the same tissue section shown in a, and show MOX in red and DNA in blue. SOX 

were not recorded additionally. f, Exfoliated bacteriocyte between gill (g) filaments. g, Bacteriocyte in the 

ventral food grove between two filament tips of the ciliated edge (ce). h, Two bacteriocytes and other cell debris, 

transported to the esophagus (eso) as food pellet. i, Three bacteriocytes in the entrance of the esophagus. Middle 

cell with characteristic enlarged vacuole and DNA signal of an intracellular parasite (par). f, Broken up 

bacteriocytes and intact symbiont cells in the stomach (sto) of the mussel. ft: foot, m: mantle, dgl: digestive 

gland, aam: anterior adductor muscle, fr: foot retractor, pam: posterior adductor muscle, n: nucleus of a cell. 
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Metabolite distributions of symbiotic tissues and the digestive system  

Metabolites were imaged with MALDI-MSI. MALDI-MSI is a scanning technique, usually applied to 

flat tissue surfaces, such as tissue sections of which hundreds to thousands of metabolites or proteins 

are recorded at once to generate so-called ion- or metabolite images57,58. 

We used metabolite imaging (AP-MALDI-orbitrap-MSI) on two tissue sections in combination with 

FISH31, to link metabolite distribution patterns of specific metabolites to the digestion process of the 

bacteriocytes (Fig. 5). For putative annotations of metabolites, we used the online metabolite 

annotation platform METASPACE38. This platform provides putative annotations with a false 

discovery rate (FDR) and a straight forward technique to gain an overview of the most frequent 

distribution patterns and classes of molecules, such as lipids or secondary metabolites within a dataset.  

We found ceramide lipids, abundant metabolites in marine mollusks59 such as m/z 558.4856 

[C34H65NO3 + Na]  (Fig. 5c and d) that were distributed homogeneously throughout all organs. Other 

metabolites were located only in the stomach and intestine, such as m/z 823.6786, annotated as both a 

triglyceride (TG) [C51H92O6 + Na]  or glycerophospholipid (GP) [C46H95O9P + H]  (Fig. 5e and f). 

According to our observations with FISH, we detected specific metabolites, typical for bacterial 

metabolism in the gills and the digestive system (Fig. 5g to j). For instance, the metabolite m/z 

547.4721 [C35H62O4 + H]  was annotated as bacteriohopane-tetrol, a lipid biomarker for the methane 

oxidizing symbiont in Bathymodiolus mussels59. Another metabolite m/z 779.2428 [C27H48O24 + Na]  

was precisely colocalized with the FISH signals of the symbiotic bacteria. This metabolite was 

annotated as a branched tetrasaccharide, initially discovered as part of a lipopolysaccharide (LPS) of 

the gammaproteobacterial pathogen Haemophilus ducreyi. To clearly identify the annotated 

metabolites and interpret the spatial chemistry throughout the digestive process will require 

fragmentation experiments. For instance, to determine which metabolites are broken down in stomach 

or intestine. However, the current data of metabolites exclusively located in gill and digestive system 

in two differently prepared MSI datasets, colocalized with the FISH signals, provided strong chemical 

evidence for the digestion of the bacteriocytes and bacteria. 
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Figure 5: In situ digestion of shed bacteriocytes. a and b, FISH images of the same tissue sections after c to j, 

MALDI-MSI. Both tissue sections are from a section series, showing gill and digestive system. c to j MALDI-

MSI shows metabolite patterns along the digestion process of the bacteriocytes. Both tissue sections were 

imaged with the same MALDI-MSI setup but prepared with different ionization matrices. The same distribution 

of a metabolite, despite different ionization matrices, reduces the risk of false annotations through matrix 

compounds. Metabolite distributions are depicted as heatmaps in the viridis color scheme (low relative 

abundances in dark blue and high relative abundances in yellow). The intensity of individual ion images was 

increased for visualization (see percent threshold between 0 and 100 of the color bar), as the potentially bacterial 

metabolites are relatively low abundant. For orientation, FISH images were used to outline gills (blue), digestive 

system (magenta) and the rest of the tissue section (white) and overlaid with the metabolite images. 
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Transport of symbiont cells, packaged in bacteriocytes and incomplete digestion of the bacteria 

Tracing both bacterial symbionts with specific FISH probes and single cell airyscan CLSM, we found 

that the digestive system was mainly filled with the symbiotic bacteria (Fig. 6). FISH on serial 

PFAcryo sections of whole animals indicated that the majority of symbiotic bacteria appeared to 

remain intact almost until the anal papilla, the location of excretion (Fig. 6a, e and f). 

We could capture the intact food pellets and their contents using PFAcryo sections that were exposed 

to less organic solvents and were not infiltrated with wax. Therefore, the mucus in which the bacteria 

are transported to the esophagus was well preserved, compared to FFPE samples. The mucus pellet 

entering the esophagus contained intact bacteriocytes, few individual symbiont cells and cell debris 

(Fig. 6b). To detect other bacterial and eukaryotic cells, we used DAPI as a general DNA stain. 

Comparing the DNA signals of microbial cells with the symbiont-specific signals in and outside of 

bacteriocytes in the esophagus revealed that the majority of ingested cells were the symbiotic bacteria 

inside bacteriocytes. Entering the digestive system, the bacteriocytes were broken up in the stomach 

(Fig. 6c) and the symbiotic bacteria and host nuclei were transported through the intestine (Fig. 6d). In 

addition to the beneficial symbiotic bacteria in the esophagus (Fig. 4i and j), stomach and intestine 

(Fig. 5c and d), we found characteristic DNA signals of parasites, likely of the genera 

Endozoicomonas and Kistimonas, co-occuring in the colonized and bacteria-free epithelial cells of 

many Bathymodiolus mussels60,61. At this stage in the digestive tract the biomass of the bacteria, 

known to originate from the bacteriocytes (symbionts and parasites), clearly outweighed the DNA 

signals of other microbes and cell debris that was also eaten by the mussel. 

Interestingly, apart from the disruption of the bacteriocytes, the bacterial cells appeared to remain 

intact after passing through the stomach and intestine (Fig. 6e and f). Throughout the full length of the 

digestive system, we successfully stained the DNA and hybridized the 16S rRNA in the forming feces. 

In the last ~300 μm before the anal papilla the intestine was devoid of a feces pellet and showed no 

FISH signals. 
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Figure 6: Digestive system filled with symbionts, showing a strong 16S rRNA labeling and FISH signal 

almost until the location of excretion. MOX colored in magenta, SOX in yellow, DNA in cyan (DAPI) and in 

a to c, autofluorescence in dark blue e.g. mucus of food pellet (fp). This fluorescence imaging was done on a 

pfa-fixed and cryo-embedded animal, which allowed us to preserve mucus structures of food pellet and gut 

content as compared to FFPE procedures. a, Whole animal tissue section (tile scan) with MOX colored in 

magenta, SOX in yellow, DNA in cyan (DAPI) and in a tod, the auto fluorescence in colored dark blue e.g. 

mucus of food pellet (fp) in b. b, c and d, Zoom-ins, recorded from a show a, a food pellet (fp) containing an 

intact bacteriocyte (bc) in the esophagus (eso) of the mussel. b, Stomach (sto) content of the mussel, consisting 

of a mixture of whole and broken up bacteriocytes and intact MOX and SOX cells. d, Intestine, filled with 

mainly symbionts (MOX and SOX), host nuclei (n) and the intracellular or intranuclear parasites (par). The 

strong yellow signals represent undefined fluorescence (ufl), of potentially accumulated probes or ingested 

debris. e and f, Symbiont-filled intestine of consecutive sections with symbiont signals almost until the anal 

papilla (ap). ft: foot, aam: anterior adductor muscle, pam: posterior adductor muscle, g: gill.

__________________________________________________________________________________Chapter 4

197



Discussion 

Almost 40 years after the description of the Bathymodiolus symbiosis1, our ex vivo, in situ imaging 

results could contribute fundamental pieces to the puzzle of this symbiosis ecology. Our data suggests 

a feeding strategy that allows the mussel to harvest its “chemosynthetically-grown” bacteria in a so far 

undescribed feeding mechanism, which we termed “adaptive feeding” (Fig. 7). In turn, this 

mechanism could provide a “way out” for the symbiotic bacteria and resolve the paradox between the 

symbionts’ intracellular lifestyle and their horizontal transmission.  

 

 
Figure 7: Adaptive feeding in symbiont-farming Bathymodiolus mussels as a potential source for 
horizontal transmission. 

The mussel sheds intact bacteriocytes from its epithelia, transports them to the mouth and ingests its 

own cells filled with bacteria. The ingested bacteriocytes are transported to the stomach, broken up 

and passed through the intestine. We hypothesize that through an incomplete digestion of the mussel, 

which is common among filter feeders, a fraction of the eaten symbiont cells is excreted back into the 
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environment alive. Within the extraordinary dense mussel beds, particularly at chemosynthetic 

environments, this release of symbionts could provide a constant source for the horizontal 

transmission in the Bathymodiolus symbiosis.  

 

Shedding of epithelial cells: tissue turnover or a response to sampling or symbiont colonization? 

In animals, the shedding of epithelial cells is a common process termed exfoliation62 or cell 

extrusion56, essential to maintain tissue homeostasis within epithelia. Human gut epithelia shed up to 

1011 cells per day63. During shedding, epithelia must retain their barrier function against microbes and 

toxicants56 through mechanisms like apical or basal extrusion, after which cells can stay alive or 

undergo apoptosis56,63. Disturbed epithelia can alter their shedding rates as a stress response to heat or 

toxicants62,64 and bacterial infections 65-67 or animal parasites68. 

Controlled sampling and fixation procedures resulted in an intact histology and ultrastructure. This 

allowed us to exclude physical damage or decay of the epithelia from ROV collection, hydrostatic 

pressure changes and fixation artifacts. The influence of cellular stress on epithelial shedding could 

play a more important role. In scallops (Placopecten magellanicus) epithelial shedding was induced 

through heat62 and in blue mussels (Mytilus edulis) through administration of copper or cadmium64. 

Notably, the tissues were strongly damaged by the induced shedding process. Unlike this rigorous 

breakdown of epithelia, the shedding in Bathymodiolus mussels did not appear to damage the epithelia 

of the mussel. We observed an apical extrusion of bacteriocytes without breaking the epithelial barrier 

of the gills (Fig. 4a–d).  

Epithelial shedding has been proposed to be an evolutionarily conserved immune-response against 

bacterial infections in mammals and insects65. Upon bacterial infection, the epithelial cells in the gut of 

Drosophila are apically extruded without any sign of apoptosis65. This process was similar to the 

shedding mechanism of the bacteriocytes in Bathymodiolus. The shed cells in Drosophila underwent 

apoptosis at a later stage in the fly’s intestine. In a mouse model, epithelial cells were also shed intact. 

In contrast to Drosophila, two different NF B signaling pathways either induced (NF B2) or 

suppressed (NF B1) apoptosis using apoptosis inhibitors69. An ongoing study in our department 

showed the expression of NF B1 in the gills of Bathymodiolus childressi (personal communication 
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with Målin Tietjen) that could suppress apoptosis of the bacteriocytes. In addition, research from our 

group (data not shown) and another study detected apoptosis inhibitors, highly expressed in the gills of 

Bathymodiolus mussels14.  

Both the NfkB signaling pathways and apoptosis inhibitors, could play a role in the molecular 

mechanisms to shed and transport intact bacteriocytes to the digestive system. The bacteriocyte-

specific, apical extrusion is strong evidence that the shedding is not induced by external factors such 

as heat or toxicants that would result in an uncontrolled shedding, affecting symbiont-free epithelia. 

We hypothesize that the shedding process is linked to the interaction between mussel and bacteria. 

 

“You are what you eat. What if you eat what you are?” – Intracellular farming and extracellular 

digestion 

The key for successful farming inform agriculture to host–microbe symbioses is sustainability. 

However, the idea of an animal actively feeding on its own cells like a perpetual motion machine 

appears contradictory. In the Bathymodiolus symbiosis, the biomass of epithelial cells is up to five 

times increased compared to aposymbiotic epithelial cells through the additional symbiont–biomass. 

The gained nutritional value of the bacterial cells, grown through chemosynthesis could turn this “self-

cannibalism” into a profitable feeding strategy in addition to intracellular digestion and milking. 

In farming symbioses, hosts supply their microbial partners with substrate to ensure that the microbes 

proliferate and thus remain a sustainable food source70 for milking71,72 or digestion73,74. Our 

microscopy data suggests that the particles and bacteria in the mussels’ stomachs, shown in previous 

studies11, likely consisted of bacteriocytes and symbiont cells eaten by the mussel. Based on our 

observations, we propose the concept of intracellular farming and extracellular digestion of symbionts.  

Microbial symbionts can be farmed extracellularly, for example in specialized organs of the host75 and 

outside the host’s body73, like the fungus that is grown by leafcutter ants and intracellularly, as in 

Bathymodiolus mussels13. If symbionts are farmed intracellularly in the gills and digested 

extracellularly in the stomach and intestine, the symbiont cells have to be transported between organs. 

For example, passive relocation of bacteriocytes was observed in the chemosynthetic tubeworm Riftia 

pachyptila73,75. The bacteriocytes are pushed from the center towards the outer body wall as new 
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bacteriocytes are formed in the center of the symbiotic organ76. In wood-eating bivalves, symbionts 

residing in the gills produce enzymes for the digestion of wood77. However, the bacterial enzymes 

need to be transported from the symbiont-housing organ to the digestive system of the bivalves where 

the wood is degraded78. The transport mechanism of these digestive enzymes is still discussed79. One 

hypothesis suggests that intact bacteriocytes transport symbionts and thus the enzymes from gills to 

digestive system 80, similar to our observations. The data we collected in Bathymodiolus mussels of 

two different species provides evidence that such a bacteriocyte relocation is possible. Moreover, this 

transport mechanism appears to play an essential role in the transfer of molecules, such as nutrients 

and specialized enzymes, from the symbionts to the host. Considering the constant transport of 

particles from the gills to the mouth in bivalves, intracellular farming that relies on the connection 

between gills and digestive system through an in-bacteriocyte transport could be a widespread 

mechanism among chemosynthetic bivalves.

 

Physiology of filter-feeding bivalves provides infrastructure for adaptive feeding 

The physiology of bivalves provides an optimal infrastructure to support chemosynthetic symbiosis. In 

fact, the symbiosis between bivalves and chemosynthetic bacteria has evolved multiple times 

independently from across deep-sea and shallow-water ecosystems2,76. In these symbioses, the gill is 

the symbiotic organ that houses the intracellular bacteria, suggesting a link between the physiology of 

bivalves and their evolutionary success as chemosynthetic symbioses. 

The gills provide a maximal surface enlargement for gas exchange, optimal for the symbiotic bacteria, 

which depend on dissolved chemicals from the environment. Shedding epithelial cells (as discussed 

above) is a common process of tissue turnover. At constant shedding rates, the 20-fold enlarged gill 

surface of Bathymodiolus mussels compared to filter-feeding bivalves77, would result in an increased 

overall biomass of shed bacteriocytes. Most animals expel shed cells from gut or skin epithelia into the 

environment. The mussel’s feeding process of consistently transporting particles from the gill towards 

the mouth is a common trait for bivalves and allows the mussels to recycle the cells shed in their body 

cavity32. Mussels can use their labial palps to actively select between food particles, even in the 

micrometer range, they want to ingest or excrete as pseudofeces32,78. Consequently, the large amounts 
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of symbiotic bacteria in the digestive system point towards an intended ingestion by the mussel. 

Digestive systems and their function in bivalves can vary, depending on their diet11,12. Filter feeding 

mussels can excrete ingested bacteria alive, which heavily increases if the digestive system is 

saturated32. M. edulis and an undescribed seep mussel with methanotrophic symbionts have been 

shown to excrete intact bacteria, particularly when fed large amounts9. High primary production in 

chemosynthetic environments paired with the decreasing digestion efficiency of overfed mussels 

likely results in an excretion of living symbiont cells.  

We termed the mechanism of farming, shedding, feeding and excretion of the bacteria “adaptive 

feeding”, because each step appears to be tailored to the infrastructure that is provided by the basic 

physiology of a filter-feeding bivalve.  

 

Adaptive feeding fosters commensalism 

The shedding of bacteriocytes in combination with the high productivity in chemosynthetic 

environments could not only promote mutualistic symbioses but also foster commensalism between 

Bathymodiolus mussels and non-chemoautotrophic vent inhabitants. Commensalism describes an 

interaction where one partner has a benefit but does not harm the other one. Depending on the vent 

site, species of the polychaete genus Branchipolynoe79 live in up to 70% of the Bathymodiolus mussels 

with 1 to 6 individuals per mussel (Supplementary Fig. 1a)80,81. The role of Branchipolynoe has been 

discussed to be parasitic82 or commensalistic83, feeding on the mussel’s tissues or filtered mucus-

particle pellets. Still, the polychaetes’ exact food source and role within the interaction remains 

elusive. One of our high-resolution 3D models showed B. seepensis located under the gills of B. 

azoricus, surrounded by shed bacteriocytes (Fig. 1e and Supplementary Fig. 1c and d). The polychaete 

is mostly found along the here described path of shed bacteriocytes on their way towards the mouth82. 

This polychaete possesses a sucking pharynx (Supplementary Fig. 1b). With a function that is similar 

to a vacuum cleaner, this feeding apparatus could provide a perfect tool to feed on the shed 

bacteriocytes and keep the mantle cavity of the mussels clean. From an ecological perspective, 

polychaete males migrate between mussels and close vent sites80,84 and could serve as a vector for 

symbionts, stuck under the polychaetes’ scales. 
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Adaptive feeding promotes strain variability 

The shedding and digestion of specific bacteriocytes could serve as a regulatory mechanism for the 

mussel to remove specific cells infected with parasitic bacteria. Although we did not observe a 

selectivity in the shedding and digestion of bacteriocytes, shedding the epithelial cells provides a 

mechanism for the mussel to remove intracellular or intranuclear parasites that escaped its intracellular 

immune recognition. So far, the chemical composition of the vent fluids, for example the methane or 

hydrogen content, has been shown to determine the community composition of the symbionts on a 

species85 and strain level24,30. Due to continuous decimation of the intracellular bacterial communities, 

the symbionts have to consistently colonize the newly formed host tissue. Increasing the turnover in 

symbiont cells through shedding could allow the host to faster select for those strains that are best 

adapted to the present conditions at the vent site.  

Compared to most intracellular animal–microbe symbioses, the sulfur-oxidizing symbiont in the 

Bathymodiolus symbiosis shows an extraordinary high, fine-scale genetic variation resulting in up to 

16 metabolically diverse strains30. The basis for most genetic variations is horizontal gene transfer 

from other microbes and gene loss76. In the stomach, the overall symbiont community that was 

previously partitioned in bacteriocytes is now intermixed. A mixture of the symbionts, bacteria from 

the vent site in close proximity and being surrounded by DNA of already lysed cells could present an 

ideal hot spot for horizontal gene transfer. Therefore, the constant intermixing and digesting could be 

one of the mechanisms that promote strain variability, allowing the symbiont communities to adapt 

more rapidly to changes in the chemical composition of the vent fluids.  

 

Symbiont transmission through adaptive feeding –“there’s no easy way out, there’s no shortcut home”

          – Robert Tepper, 1985 – 

The adaptive feeding mechanism we propose provides a potential answer for one of the biggest 

questions concerning the horizontal transmission in the Bathymodiolus symbiosis – “the way out”. Our 

microscopy images agree with observations from feeding experiments9,32 that show, a constant 

shedding and feeding of the mussel results in an excretion of living bacteria. Fueled by the strong 

primary production in chemosynthetic environments, the mussels could be overloading their reduced 
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digestive system and excrete living symbiont cells. In the densely populated mussel beds, this would 

provide a constant source of bacterial symbionts for the colonization of the aposymbiotic juveniles55 

(Franke et al., in prep.) and the reinfection of newly formed bacteriocytes in the same and neighboring 

mussels19. 

In Bathymodiolus, a constant release of symbionts would increase the chances of colonization, 

considering the periodic reproductive cycle of the mussels and the potentially infrequent settlement 

events of the planctotrophic lavae86. In R. pachyptila, death or wounding causes short release of large 

amounts of symbionts21. These short bursts of symbiotic bacteria in the environment are balanced by 

the tube worms by the ability to continuously reproduce4,87. A constant release of symbiotic bacteria 

through adaptive feeding could be essential for the transmission in Bathymodiolus, to counter 

infrequent spawning and settlement events. Furthermore, in Riftia the strain diversity is much lower 

than in Bathymodiolus30. This support the idea that Bathymodiolus mussels constantly turn over their 

symbiotic community to maintain such a high genetic diversity, which is not the case in Riftia that 

once colonized, displays one dominant strain. 

 

Conclusion 

A classical approach in symbiosis research is to identify the organ or cells that house the symbiotic 

bacteria and focus molecular omics approaches and imaging analyses on the symbiotic organ. 

However, narrowing down the perspective to draw conclusions from the interactions between a whole 

animal and its microbial partners can be misleading.  

Linking the 3D cellular processes of the host animal’s physiology with the spatial chemistry and 

community composition of the symbiotic bacteria revealed a new interaction between both partners. 

The process that we termed adaptive feeding has fundamental implications for the nutritional 

interactions and possibly the coevolution between host and symbionts. 

We want to highlight that in addition to conventional techniques, aiming at visualizing animal–

microbe interactions on a whole animal level. Changing the perspective could allow us to understand 

interactions that we have been observing for a long time without putting the mechanisms into the 

correct context. 
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Supplemenatey Figure 1: Branchipolynoe seepensis colonizing mussels as eukaryotic symbiont. a, Image of 

B. pettiboneae in Bathymodiolus platifrons (adapted from from Takahashi et al., 2012)1. b, 3D model from a 

MicroCT scan of a contrasted B. seepensis from the BioBaz cruise 2013 and a virtual sectioning plane through 

the polychaete showing the linear digestive system, the muscular pharynx and some gut content (which we could 

FISH for symbiont signals). c, Virtual section through the high-resolution SRμCT model of a small B. azoricus 

containing B. seepensis, oriented with the posterior side to the front. The polychaete lies under the gill and under 

the anal papilla. d, Rotated zoom-in on the front of the polychaete, embedded in bacteriocytes, a potential food 

source. 

 
 References: 

1 Takahashi, Y. et al. Does the symbiotic scale-worm feed on the host mussel in deep-sea vent 
fields? Researches in Organic Geochemistry 28, 23-26, doi:10.20612/rog.28.0_23 (2012). 
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Future perspectives and Conclusion 

Correlative mass spectrometry imaging from two to three dimensions 

Assembling the pieces – an outlook towards correlative PC-SRμCT, FISH, MALDI-MSI 

I approached the goal of an all-in-one anatomy-symbiont-chemistry visualization of the same non-

culturable organism by setting up a high-resolution imaging pipeline to integrate PC-SRmicroCT, 

MALDI-MSI and FISH (see Fig. 1). The two major challenges were to combine high-resolution 

MALDI-MSI with FISH and (PC-SR)microCT with MALDI-MSI. Through a sequel of studies 

throughout my first three chapters, I designed the integral pieces of this pipeline by:  

- Combining MALDI-MSI with FISH (Chapter 1),  

- Combining MALDI-MSI, FISH and laboratory-based microCT (Chapter 2)  

- Preparation of samples for combining MALDI-MSI with PC-SRmicroCT (Chapter 3).  

Additionally, we tested if PC-SRmicroCT affected subsequent FISH through potential X-ray damage 

of the rRNA or DNA. A total X-ray exposure in the range of hours resulted in low fluorescent signals 

and unspecific binding of the FISH probes, possibly due to low affinity of the probes to the degraded 

target. Switching to a fast scanning mode (2 min. for a full high-resolution 3D scan) allowed us to 

process the tissues for FISH without loss of fluorescent signals and specificity (preliminary data, not 

shown in thesis). Essentially, PC-SRμCT now allows us to generate a detailed 3D model of our 

organism with a resolution at the scale of individual bacteriocytes without influencing downstream 

analyses. 

 

In Chapter 4, I applied these three imaging techniques mostly individually, visualizing an “adaptive 

feeding” mechanism of the Bathymodiolus mussels. Within the time-frame of my thesis, I developed 

the elements required to generate a complete all-in-one anatomy-symbiont-chemistry models an 

advanced visualization of the 3D scenario, presented in Chapter 3 (Fig. 1). To finish this correlative 

imaging pipeline, a specimen that was scanned with PC-SRmicroCT will be serial sectioned and used 

for MALDI-MSI and FISH imaging. From the serial 2D imaging data I can model the chemistry and 

symbiont distributions within the whole organism in 3D. 
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Figure 1: Development of a correlative, multimodal imaging pipeline to create an all-in-one anatomy-

symbiont-chemistry visualization of the same non-culturable organism. The study system is the 

chemosynthetic deep-sea mussel of the genus Bathymodiolus. The three main core techniques were PC-

SRmicroCT to record the 3D anatomy, MALDI-MSI to visualize the spatial chemistry and FISH to specifically 

label and locate the symbiotic bacteria. I developed the individual steps of the pipeline throughout my PhD, but 

the application of the whole pipeline is still in progress. Mussel photo by MARUM. 

 

This will be particularly useful to determine the symbiont biomass and the changes in metabolite 

composition between the different steps of digestion throughout the mussel’s digestive system. In a 

serial approach, the precision in the alignment of the 2D images determines the precision of the 3D 

model1,2. In most cases, a 3D visualization based on section series does not reach the z-resolution of a 

non-destructive, tomographic technique that does not require sectioning. The reasons are the inevitable 

physical modifications of the sample, such as shrinkage, damage, distortion and even loss of sections, 

introduced to samples during fixation, embedding and sectioning.  

Using recently developed computational approaches could allow me to compensate for these artifacts, 

resulting in a more precise 3D model1,3,4. These approaches use “elastic alignment” that distorts the 

sections non-linearly to compensate for the distortions introduced during sample preparation and 

imaging. To improve the analysis across techniques image fusion5, mentioned in Chapter 3, could 

become an important computational strategy to link MSI, microscopy and CT(Fusion). A precise 

alignment of the serial sections could serve as a basis to extend this machine learning approach from a 

2D to a 3D approach6. 
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Four Promising techniques for correlative chemical and host–microbe imaging 

I want to point out four challenging topics that could advance correlative (chemical) imaging of the 

interactions between animals and symbiotic microbes:  

- The fixation of subcellular structures and spatial chemistry 

- The integration spatial transcriptomics with MALDI-MSI 

- The increase in specificity of microCT for different cell types  

- The connection between the spatial chemistry as 4th and time as 5th dimension  

To provide concrete examples, I want to highlight four techniques that I envision could address one of 

each aspect: Cryo-preservation through vitrification, high-resolution spatial proteomics, grating-based 

phase-contrast microCT (GPC-microCT) and light sheet fluorescence microscopy (LSFM).  

 

Cryo-preservation through vitrification 

An imaging technique can only be as good as its sample preparation allows. With MALDI-MSI 

moving into nanometer-scale resolutions7,8, sample preparation has reached a critical step. The fast-

paced increase in resolutions now reveals the effects of the so far “conventional” cryo-preparation of 

samples8. Snap-freezing, thaw-mounting and drying of chemically unfixed tissue causes cracks and 

distortions in the tissues that have previously not been resolved by most MALDI-MSI experiments, 

using pixel sizes around 50 μm. Recent studies have begun to address these fixation problems by 

integrating chemical fixatives, such as glutaraldehyde into the sample preparation for high-resolution 

MALDI-MSI9. This tradeoff showed an improved structural preservation but presents a tradeoff as it 

limits the range of detectable metabolites. For example, amino groups are cross-linked through the 

fixation with aldehydes. Our PFAcryo preservation presented a similar tradeoff, showing improved 

chemical signals over conventional histology procedures10 but a decreased metabolite content, 

compared to fresh-frozen samples.  

Vitrification describes the transformation of a substance into a non-crystalline amorphous solid. For 

example, high-pressure freezing (HPF) has become the state-of-the-art cryo-fixation technique for 

electron microscopy samples11. The vitrification prevents the formation of intracellular water crystals 

that would damage the ultrastructure of organelles and cells. Applying a short, high pressure burst 
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(~2000 bar) of liquid nitrogen (-196°C) instantly freezes the sample into amorphous ice, perfectly 

preserving a sample.  

Although this technique appears to be optimal for a structural and chemical preservation of MALDI-

MSI samples, the downstream sample processing and handling presents multiple caveats that will 

require methodological work. For example, the intracellular ice crystals form as soon as the sample 

reaches temperatures above -80°C12, meaning that sectioning has to be done at a similar temperature. 

The next problem would be the matrix application that follows at ambient or increased temperatures. 

This would mean that the tissue sections have to be warmed up without the formation of ice crystals, 

possibly after freeze-drying. These challenges will certainly be addressed by future scientific studies. 

Concerning the correlative pipeline of this study, the advantage of vitrified samples could be twofold 

for the combination of PC-SRmicroCT and MALDI-MSI. In a previous experiment at a beamline that 

provided a cryogenic scanning setup (P14, EMBL, DESY), conventionally used for protein 

crystallography13, we scanned frozen tissue samples using phase-contrast microCT. These samples that 

were not vitrified and the projection images mainly showed the small ice crystals in the tissue and 

overshadowed the phase-contrast of the tissues. A vitrification of a sample could allow us to first scan 

the frozen sample with PC-SRμCT and generate an anatomic 3D model before MALDI-MSI of a 

perfectly histologically and chemically preserved sample. 

 

Spatial transcriptomics 

Many metabolites are ubiquitously used by animals and bacteria. To study these metabolites in the 

interaction between endosymbiotic bacteria and animals is particularly difficult as the metabolites 

cannot be clearly assigned to each of the partners. Adding a layer of spatial transcriptomic 

information, could provide a multiplexed approach to link the metabolite profiles to the expression 

patterns of mRNAs and to the genome of each partner.  

To spatially resolve mRNA in animal tissues, current approaches have barcoded beads to extract and 

sequence the mRNA from tissue sections and map the 2D expression profiles back by the location of 

each bead. Depending on the bead size, latest high-resolution approaches have reached spatial 

resolutions of 2–10 μm14,15, which is in the similar range of latest high-resolution MALDI-MSI 
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approaches. Relying on tissue sections, the spatial transcriptomic approaches even allow a 3D 

mapping of expression profiles from section series15. The beat-based spatial transcriptomic approaches 

use cryo-sections, which are also used for MALDI-MSI. Notably, both approaches were only tested 

for eukaryotic human cells of brain and cancerous tissues and have not been optimized for mixed 

animal–microbe tissues. However, extracting the mRNA through the beads from the bottom of the 

tissue section and imaging the metabolites from the top with MALDI-MSI would be an exciting 

project to possibly link the spatial transcriptome with the spatial metabolome of host and symbionts.  

 

Grating-based phase-contrast microCT (GPC-microCT)  

Although we could resolve the bacteriocytes with PC-SRmicroCT, we could only differentiate cells as 

bacteriocytes by additionally using FISH to label the bacteria and cell size as a gross measure. For the 

analysis of the bacterial community in the 3D model of the host, it would be essential to determine 

automatically which cells contain bacteria and which cells are symbiont-free. GBC-microCT could 

provide a technique to differentiate between normal epithelial cells and cells that are colonized by 

bacteria. Compared to PBC-microCT, GBC-microCT shows an increased sensitivity to quantitatively 

distinguish between tissues16. The contrast is generated by placing two interference gratings between 

sample and detector to enhance the refraction of the X-rays emitted from the source. They pass 

through the sample and both gratings until reaching the detector17. For instance, GBC-microCT 

imaging of different collagen concentrations showed linear signals that correlated to the content of 

collagen18. Compared to PBC-CT, the spatial resolution of GBC-CT is reduced16 but current research 

also focuses on improving the spatial resolution19. Further developments of GPC-CT could provide a 

completely label-free approach to predict and quantify bacteria-infected cells within a 3D dataset. The 

correlative FISH and MALDI-MSI data could serve as a control for the machine learning approaches6 

to train for the identification of cells filled with bacteria.  

 

Light sheet fluorescence microscopy (LSFM) 

Imaging the metabolites from multiple tissue sections to create a 3D visualization of the spatial 

chemistry could be seen as a 4th dimension, in addition to the three dimensions of the x,y and z-axes. 
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Although such “4D models” already provide a wealth of information, one major aspect is still missing 

— time, which would add a fifth dimension to the data. For clarity, I will refer to the spatial chemistry 

as fourth dimension and time as fifth dimension. The interactions between host animals and their 

microbes often vary over time, for example during the colonization of the host animal. To determine 

the temporal stage of the association is difficult, when analyzing 4D data that represents a single 

snapshot in time. Therefore, a technique would be needed to document the interactions between hosts 

and microbes over time and provide reference points throughout their interactions. 

To visualize the symbiotic bacteria, I mostly used FISH in combination with MALDI-MSI for which 

the tissue had to be sectioned. In general, FISH microscopy does not require sectioning and can be 

applied to whole specimens, i.e. “whole mounts”, for non-destructive fluorescence microscopy, for 

instance CLSM20,21. For imaging whole mount FISH in millimeter-sized animals, CLSM is limited to a 

penetration depth of a few hundred micrometers, illuminating the sample only from one side. 

Furthermore, with increasing magnifications the FOV decreases, requiring more scans to cover a 

whole specimen, which leads to extensive scanning times and can cause photobleaching.  

To overcome the tradeoff between imaging small samples at high magnifications or large samples at 

low magnifications, scientists have invented so called mesoscopes22. Mesoscopes can record large 

specimens from scales in the range of millimeters to over one centimeter at cellular and even 

subcellular resolutions and high imaging speeds. Applying these approaches to host-microbe systems 

could allow us to capture whole mount FISH datasets and in culturable symbioses document the 3D 

interactions between both partners over time. 

I want to focus on LSMF, which has been among one of the first developments in mesoscopy and is 

currently developed into a full mesoscope23. LSFM illuminates the sample through a plane instead of a 

focal point and enables faster scanning and shorter illumination times of larger specimens in 

comparison to confocal approaches24. Additionally, samples can be rotated within the light sheet, 

similar to tomography and imaged from different angles to improve the z-resolution with isotropic 

voxels. Physical improvements of the illumination plane, of imaging speeds and photon dose even 

resulted in live videos of dividing and migrating cells25.  
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For host–microbe systems that cannot be cultured, LSFM could be used in combination with tissue 

clearing agents26 and whole mount FISH to visualize the 3D distribution of labeled symbiont 

communities. For instance, LSFM was used to create 3D maps of the organ development of whole 

human embryos26. The spatial resolution of conventional LSFMs is lower compared to CLSMs and 

could limit the resolution of individual (SOX) symbionts (avg. ~0.3 μm). However, LSFM could 

provide the perfect tool to image the bacteriocyte communities and the symbiont biomass throughout 

the mussel’s digestive system in 3D. With FISH after PC-SRmicroCT, LSFM could be particularly 

useful to correlate 3D symbiont distributions to the 3D anatomy and determine the ratio between shed 

bacteriocytes and symbiont-free epithelia cells. 

For host–microbe systems that can be cultured and possibly genetically modified, LSFM could 

provide temporal information, such as colonization or infection dynamics of host organs. Real time 

LSFM videos of a Vibrio cholerae infection of a zebrafish gut showed that the pathogens trigger 

peristalsis of the host, expelling the resident microbiota27. Combining LSFM with MALDI-MSI and 

FISH could be used to document the spatial interactions between both partners over time, for instance 

throughout colonization and assign metabolic snapshots to specific points in time and individual 

partners. This combination could provide a link between spatial and temporal metabolome of in situ, 

host–microbe interactions at a micrometer scale. 

 

Die “Eierlegende Wollmilchsau” — Do we need all-in-one correlative imaging? 

Many researchers, including myself, have been fascinated by small animals and the “super powers” 

they can gain through their microbial partners. Over the past years I focused on extending the range of 

approaches that allow us to visualize the interactions between animals and bacteria from a new 

perspective. The aim was to create an perspective that puts chemistry and the morphology of cells and 

tissues into context. My answer to the question, weather we even need to combine all of those 

techniques is at first very unsatisfying. It will have to be: “It depends”. To clarify this answer and 

conclude my studies I want to discuss the need for correlative (mass spectrometry) imaging from a 

broader perspective. 
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Imaging different signals from the same structures in the same sample provides high confidence that 

both signals originate from the same location. This can reduce the amount of samples which would be 

required to statistically link the data through replication. Additionally, correlative imaging can 

improve the understanding and communication of scientific data, for instance through the visualization 

of the physical or chemical interactions between organisms. 

Correlative imaging studies also come with an array of limitations, such as increased cost and time 

efforts that often limit the amount of feasible replica. Combining imaging techniques on one sample 

can require tradeoffs for the other techniques. For example, using cryo-fixation for MALDI-MSI and 

FISH resulted in a lower structural but better chemical preservation than chemically fixed tissues. 

Another challenge for correlative imaging is that the individual experiments depend on each other. If 

one step fails, especially as a last technique of a pipeline the whole experiment has to be repeated. For 

instance, for combining MALDI-MSI and FISH the major problem was to do FISH after MALDI-

MSI. During the development of the metaFISH pipeline, I generated considerable amounts of high-

quality MALDI-MSI datasets that that did not allow us to locate the bacteria, after FISH was 

unsuccessful. Consequently, not only the application but also the development of such pipeline 

requires additional efforts.  

 

Above many other imaging techniques, MSI heavily depends on correlative imaging to biologically 

interpret the chemical images. A large portion of the metabolite distributions does not follow the 

patterns our brain has been trained on throughout our lives. Comparable to the colored heat maps 

projected onto a geographical map that we see every day in the weather forecast, our brain requires 

additional information to put abstract data into a familiar context.  

In some cases, increasing the spatial resolution of MSI, which is 5 to 50 times less than microscopy, 

will allow us to make sense of a specific structure, e.g. a cell that we could not differentiate before. 

However, even after we have annotated specific metabolites that appear to resemble a distinct 

structure, we often cannot interpret the biological meaning of the metabolite image by itself. I argue 

that the main reason why we cannot understand a large portion of these metabolite images is, because 

of the missing link to known structures, such eukaryotic and bacterial cells and tissues from where the 
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metabolites were measured. The best example is fluorescence microscopy itself. When localizing 

individual proteins at nanometer scales, general DNA or cytoskeleton stains are essential to place the 

signals that appear as dots into the context of a cell. For MSI it is extremely difficult to find 

metabolites that are a reliable reference to visualize structures with a known location in a cell. The 

problem is that not all metabolites occur in each sample and cannot be detected with all measurement 

parameters (e.g. different mass detection ranges). To exploit the full potential of MSI, particularly 

when applied to complex tissues consisting of animal and bacterial cells, we must link the metabolite 

images to specific cells or tissues. 

 

Correlative imaging promotes the collaboration between people working in different disciplines. For 

example, to generate our CHEMHIST 3D atlas required the collaboration with scientists from different 

disciplines including physics (synchrotronCT), chemistry (MSI), microbiology and zoology (animal–

microbe systems). Consequently, a correlative study has to be planned thoroughly to determine which 

result requires a correlative approach and which result can be achieved by applying each technique 

individually. In most cases a combination of two approaches is enough to answer a specific question, 

for example to link the ultrastructure of microbes to their taxonomy28, to link metabolites to the 

histology29 or specific bacteria30,31.  

For imaging animal–microbe interactions, combining the three targets of host anatomy, bacterial 

symbionts and spatial chemistry will improve the understanding of the system. CHEMHIST can 

generate the most comprehensive picture of the organismal interactions within a single specimen. This 

can be crucial when samples are rare, e.g. when animals cannot be kept in the lab or specific 

interactions can only be found in some individuals, such as animal–parasite interactions. For processes 

that appear to be widespread or when samples are simple to obtain, not all techniques have to be 

applied to the same sample to study a specific process. For instance, we detected the bacteriocyte 

shedding in multiple individuals and could document the process without the application of all 

techniques to the same sample. However, across all Chapters the combination of MALDI-MSI with 

microscopy techniques, especially FISH, was essential to understand the spatial chemistry of the 

symbiosis, from small regions in the symbiotic organ to cross-sections of a whole animal.  
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To conclude, there is no correlative approach that can achieve everything and thus must be applied to 

all animal–microbe interactions. However, from each study that my colleagues and I have conducted 

throughout my PhD, each correlative imaging experiment has revealed new interactions that we only 

understood in the context of correlative (chemical) imaging. 
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