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Our understanding of metabolic interactions between small symbi-
otic animals and bacteria or parasitic eukaryotes that reside within
their bodies is extremely limited. This gap in knowledge originates
from a methodological challenge, namely to connect histologi-
cal changes in host tissues induced by beneficial and parasitic
(micro)organisms to the underlying metabolites. We addressed this
challenge and developed chemo-histo-tomography (CHEMHIST), a
culture-independent approach to connect anatomic structure and
metabolic function in millimeter-sized symbiotic animals. CHEMHIST
combines chemical imaging of metabolites based on mass spectrom-
etry imaging (MSI) and microanatomy-based micro-computed X-ray
tomography (micro-CT) on the same animal. Both high-resolution
MSI and micro-CT allowed us to correlate the distribution of metab-
olites to the same animal’s three-dimensional (3D) histology down
to submicrometer resolutions. Our protocol is compatible with
tissue-specific DNA sequencing and fluorescence in situ hybridiza-
tion for the taxonomic identification and localization of the associ-
ated micro(organisms). Building CHEMHIST upon in situ imaging, we
sampled an earthworm from its natural habitat and created an in-
teractive 3D model of its physical and chemical interactions with
bacteria and parasitic nematodes in its tissues. Combining MSI and
micro-CT, we present a methodological groundwork for connecting
metabolic and anatomic phenotypes of small symbiotic animals that
often represent keystone species for ecosystem functioning.
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multimodal mass spectrometry imaging

arthworms represent a prime example of a keystone species

(1) that experiences constant chemical interactions with bac-
teria (2), fungi (3), plants, and small invertebrates (4) across soil
ecosystems. Even within their tissues earthworms harbor symbiotic
microbes (5) and small animal parasites (6) that trigger internal
metabolic responses such as innate immunity.

Unlike the metabolites used by earthworms for the digestion of
leaf litter (7), the metabolites involved in the chemical interactions
between earthworms and their associated (micro)organisms are
unknown. For instance, most lumbricid earthworms harbor species-
specific bacteria in their excretory organs. Still, it is unclear whether
the symbionts complement the host through vitamins or detoxifi-
cation of nitrogenous waste products (8). In addition to mutualistic
bacteria, nematodes infest the muscles, blood vessels, and excretory
organs in over 10 earthworm species (9). Investigating the meta-
bolic interactions between earthworms and their associated part-
ners could allow us to unravel how earthworms have become the
engineers and janitors of soil ecosystems across the globe (4, 10).

The sum of mutualistic, commensal, and pathogenic interac-
tions results in a unique anatomic and, in particular, metabolic
phenotype for nearly every host individual (11, 12). Resolving
this variability, in situ imaging of both metabolic and cellular
phenotypes of the same host organ revealed metabolites which
drive metabolic heterogeneity of the symbiotic partners (13, 14).
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For instance, correlative metabolite imaging of the respiratory
epithelia in a symbiotic invertebrate showed that within tens of
micrometers the same species of intracellular bacterial symbionts
produces different membrane lipids (13). Notably, metabolic
interactions between animals and their microbes are not re-
stricted to symbiotic tissues (15). Along the gut-brain axis, mi-
crobial metabolites produced in the gut can affect tissues across
the host reaching the brain (16). Therefore, extending correlative
chemical imaging into three-dimensional (3D) approaches can
be crucial for capturing the distribution of metabolites involved
in symbiotic interactions occurring in animal hosts (17).
Previous studies have addressed this methodological chal-
lenge. They combined nondestructive magnet resonance to-
mography with metabolite imaging, so-called matrix-assisted
laser desorption/ionization (MALDI) mass spectrometry imag-
ing (MSI), which enabled the colocalization between the distri-
bution of individual metabolites and the 3D anatomy of organs
(18) and pathogenic abscesses (19-21). The spatial resolution
used in these approaches was ideal for imaging animals with
millimeter-sized organs such as mice. However, the majority of
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animals used as symbiosis models (22), apart from medical studies,
have body sizes of only a few millimeters to centimeters. Imaging
their 3D anatomy and associated (micro)organisms together with
their metabolite profiles requires each imaging technique to
achieve micro- to nanometer resolutions. To assess the metabolic
interactions taking place at the interface between host tissue and
associated (micro)organisms in situ imaging of the symbiotic
tissues is essential.

The integration of micro-computed tomography (micro-CT) and
MALDI-MSI technologies is an emerging approach to image an
animal’s 3D histology and spatial chemistry at micrometer scales
(23). Micro-CT is a noninvasive approach allowing X-ray imaging
of 3D histology, and unlike magnetic resonance tomography micro-
CT can reach subcellular resolution (24-27). For metabolite im-
aging, MALDI-MSI techniques have also reached subcellular res-
olutions (28, 29). For imaging animal models, both techniques
usually have been applied separately, following two different im-
aging workflows. The principal obstacle is that MSI requires tissue
sectioning and thus cannot be applied before nondestructive 3D
imaging. Conventional micro-CT, on the other hand requires
chemical contrasting of soft tissues (30), which would change the
chemistry of the sample and interfere with subsequent MSI (31).

Here we present chemo-histo-tomography (CHEMHIST) that
combines MALDI-MSI and micro-CT, providing a framework
for imaging both the spatial chemistry and 3D microanatomy of
the same small symbiotic animal. Our objective was to make
CHEMHIST also applicable to animals directly sampled from
their natural habitat through state-of-the-art in situ imaging and
tissue-specific metagenomic DNA sequencing within the same
pipeline. CHEMHIST provides an up to two orders of magni-
tude higher resolution than previous correlative 3D MALDI-
MSI approaches. This advance allowed us to take an earthworm
from the environment and create a 3D atlas of its chemical and
physical interactions with bacteria and nematodes naturally oc-
curring inside its tissues.

Results and Discussion

We used earthworms as target organisms for developing our
correlative high-resolution tomography and metabolite imaging
workflow. They are easily accessible and their diverse associations
with parasites and microbes result in phenotypic heterogeneity
that demands correlative imaging at scales from millimeters to
micrometers.

CHEMHIST Workflow for Creating a Multimodal 3D Atlas. CHEMHIST
consists of three major steps. First, we physically divided the
sample that was snap-frozen in its habitat for the different fixa-
tion and sample preparation procedures of MSI and micro-CT
(Fig. 14). Second, we imaged the samples with MSI and micro-CT,
resolving organ-sized structures measuring tens to hundreds of mi-
crometers, instead of using time-consuming high-spatial-resolution
measurements. This trade-off between spatial resolution and imaging
speed allowed us to record the 3D anatomy from tissue blocks and
the distribution of metabolites across tissue sections of the whole-
animal width and reconstruct our CHEMHIST 3D model (Fig. 1B).
In the third step, we complemented our organ-scale CHEMHIST
overview with high-spatial-resolution measurements by remeasuring
specific regions of interest. From the combined 3D overview, we
determined tissue regions that were colonized by microbes or par-
asites and exhibited a specific chemistry, to guide high-resolution
MSI and micro-CT to these regions. By combining multiscale
imaging for micro-CT (25) and MSI (32) we could screen for
micrometer-scale physical and chemical interactions inside a
millimeter-sized animal without producing excessive amounts
of data. Because we used the CHEMHIST 3D model as an over-
view to guide the high-resolution measurements, we referred to the
3D model as an atlas (33).
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To apply MSI and micro-CT to the same animal, here to an
earthworm (Lumbricus rubellus) (34), we had to treat the sample
in a manner that preserves both morphology and spatial distri-
bution of metabolites but without one technique interfering with
the other. For CHEMHIST, snap freezing provided a trade-off
between preserving enough anatomic details for micro-CT without
modifying the distribution of metabolites for MSI. For micro-CT
and MSI we divided our frozen sample into two sample types:
tissue blocks and tissue sections. The tissue blocks of 1- to 3-mm
thickness were trimmed off the frozen sample with a razor blade
and tissue sections of 16-pm thickness were sectioned off each
tissue block with a cryotome (Fig. 14). We obtained tissue blocks
for micro-CT and tissue sections for MSI. Additionally, we stored
consecutive tissue sections from in between the tissue blocks for
high-resolution MSI and spatially targeted metagenomics se-
quencing. Obtaining both sample types in an alternating manner
provided sample pairs of one tissue block for micro-CT and one
adjacent tissue section for MSI (Fig. 14). We chose cross-sections
over longitudinal sections, which was critical to apply our alter-
nating sectioning approach and obtain cubic tissue samples to fully
take advantage of 3D imaging with micro-CT. Additionally, the
smaller cutting plane of cross- instead of longitudinal sections
resulted in higher-quality tissue sections as the tissue was not
stabilized with chemical fixatives. Sharing the same sectioning
interface, each tissue section anatomically and chemically matched
its adjacent tissue block, which allowed us to precisely correlate
micro-CT and MSI data despite segregating the tissues.

To generate the anatomic 3D atlas, we imaged each of the five
tissue blocks with micro-CT at a 4.4-um-volume pixel (voxel) size.
From the five micro-CT datasets, we virtually reconstructed a 3D
anatomy model of the specimen (Fig. 1B and SI Appendix, Fig. S2).
To gain an overview on how metabolites are distributed through-
out the sample, we imaged four cryo-sections with MALDI
time-of-flight (TOF)-MSI at a 25-pum pixel size (SI Appendix, Fig.
S3). After MSI we imaged the histology with bright-field microscopy
and we specifically labeled bacterial cells with fluorescence in situ
hybridization (FISH) in each of the four tissue sections (13) (Fig. 1B
and ST Appendix, Fig. S4). Notably, MSI approaches using MALDI
are not yet capable of resolving single bacterial cells and we
therefore relied on the correlative FISH signals to establish a cor-
relation to the metabolite signals. To complete the 3D CHEMHIST
atlas, we coregistered the two-dimensional (2D) imaging MSI,
FISH, and bright-field microscopy datasets into the anatomic 3D
model (Fig. 1B and SI Appendix, Fig. S2).

CHEMHIST Provides a Cross-Kingdom Link between Spatial Chemistry
and 3D Anatomy. Organ-specific anatomy as well as chemistry are
inherently linked to organ functioning, such as in movement, di-
gestion, or signal transduction. Each metabolite imaged with MSI
is identified by a mass-to-charge ratio (m/z). To study the associ-
ation between organ-specific metabolites and 3D anatomy of the
earthworm, we grouped all m/z images by spatial distribution and
matched each image group to the respective organ we recon-
structed from the micro-CT data. We used unsupervised spatial
clustering to group similarly distributed metabolites (35) and we
used manual segmentation and thresholding of gray values to re-
construct individual organs from the 3D micro-CT data (Fig. 1 C
and D). Both analyses allowed us to delineate overall chemical
and anatomical features and gain an overview on the anatomic 3D
structure and metabolic function of each organ.

With MSI we located metabolites in individual organs in situ at a
hundred- to thousand-fold increased precision as opposed to
manual dissection of each organ (Fig. 1F). For example, among the
metabolites located in the musculature (Fig. 1F), we found lom-
bricine, an annelid-specific energy storage metabolite that was
highly abundant in the musculature of the animal (36) (SI Ap-
pendix, Table S1). Another metabolite with organ-specific locali-
zation is protoporphyrin, a pigment only located in the dorsal part
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CHEMHIST revealed organ-specific chemistry in the posterior segments of an earthworm. (A) Division of the animal into alternating tissue sections for
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metabolite imaging and microscopy and tissue blocks for tomography. (B) Three-dimensional CHEMHIST atlas at organ scale (imaging techniques: orange;
organ labels: black). (C) Segmentation of the 3D micro-CT data (surface models, semiautomatic segmentation) and (D) 2D MALDI-TOF-MSI data to delineate
the spatial chemistry across all four sections applying unsupervised spatial metabolite clustering. Each metabolite cluster is highlighted with a separate color
(i.e., nematode cyst cluster in green). Sectioning planes of sections s1 to s4 indicated in C by dashed wedge. (E) Examples of surface models of individual
organs and (F) individual metabolites located in the organ shown in E throughout sections s1 to s4. Color bars in F show relative ion abundances for MS
images, normalized to the total ion counts. (Scale bars in B, C, and E: 2,000 um and in F: 500 pm.) Two-dimensional scale bars in 3D models as

approximate scale.

of the epidermis in lumbricid earthworms (37) (SI Appendix,
Table S1).

The critical advantage of our sequential 2D MSI and 3D
micro-CT approach is the potential to detect local deviations in
the metabolite composition in correlation to an organ’s 3D
structure. For instance, the earthworm’s intestine appeared as a
homogeneously filled tube but the metabolites varied consider-
ably along the length axis of the specimen (Fig. 1 E and F).

Combining micro-CT with MSI also allowed us to identify dis-
continuous organs and anatomic abnormalities throughout the
animal that indicated metabolic heterogeneity. For instance, the
nephridia, which harbor symbiotic bacteria (5, 8), occur pairwise in
each segment and were not present in each tissue section used for
MSI (Fig. 2). The 3D CHEMHIST atlas helped to locate histo-
logical structures that originated from sectioning planes through
the nephridia (Figs. 1 B and 2 A). Applying correlative FISH
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microscopy on the same tissue sections after MSI (13) with probes
targeting eubacteria enabled us to locate bacterial accumulations
across each tissue section and identify the symbiotic tissues of the
nephridia (Fig. 2 4, D, and E). This approach enabled us to use
the fluorescence signals of the labeled bacteria to screen for me-
tabolites that spatially correlated to the bacterial accumulations in
the nephridia identified from the 3D atlas (Fig. 2 B and C and S/
Appendix, Fig. S4) (13).

Guiding High-Resolution MSI and Micro-CT to Visualize Host-Parasite
Interactions with CHEMHIST. The 3D CHEMHIST atlas of a field-
collected earthworm also facilitated the analysis of structures in
detail that are not part of an earthworm’s anatomy blueprint.
Our analysis of the 3D atlas indicated 20- to 30-pm- (in diame-
ter) sized parasitic worms encysted in the earthworm tissues.
To showcase our combination of micrometer-scale metabolite
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Fig. 2. Bacterial cells within organs have unique molecular fingerprints. (A) The 3D model shows the surface reconstruction of the nephridia, including the
bacteria-containing ampullae of the second tissue block between tissue sections s1 and s2. (B) The ion images of whole tissue sections show an unidentified
metabolite m/z 1,116.833, with the highest colocalization between MALDI-MSI and FISH signals. Red boxes in s1 to s4 indicate magnified areas, shown as MSI
and bright-field overlay in C. (D) FISH microscopy images and (E) FISH and bright-field overlay with bacteria labeled in red. Color bar in B shows relative ion
abundances for MS images shown in B and C. (Scale bars of whole tissue sections s1 to s4 in B: 500 pm and in magnifications in C-£: 250 pm.)

imaging, nanometer-scale histology, and metagenomics se-
quencing, we visualized the metabolic and anatomic phenotypes
of these small worms and surrounding host tissues in situ (Fig. 3).

The cysts containing the nematodes occurred irregularly, in-
creasing in size and density toward the posterior of the earth-
worm (Figs. 1 B and 3 4 and SI Appendix, Fig. S6). By specifically
targeting cyst tissues for DNA sequencing and phylogenetic analysis,
we identified the nematodes as Rhabditis maupasi (SI Appendix, Fig.
S5). The species resides as parasites in the nephridia and coelomic
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cavities in common earthworm species such as Lumbricus terrestris,
L. rubellus, Allobophora longa, and Allobophora turgid (38).

In earthworms, these cysts are called brown bodies and are
produced to encapsulate and degrade organic debris, microbes,
or parasites through reactive oxygen species (39, 40). To visualize
the nanometer-scale 3D histology during the degradation pro-
cess of single nematodes in the brown bodies, we used syn-
chrotron radiation-based (SR) micro-CT. This high-resolution
micro-CT technique allowed us to rescan cyst areas with high
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Fig. 3. Using the 3D CHEMHIST atlas to guide high-resolution imaging of the interactions between earthworm and parasitic nematodes. (A) Micro-CT model
with the coregistered MSI sections (s3.1 and s3.2) and the tissue volume (v1) imaged with high-resolution SRmicro-CT. (B) Isosurface 3D rendering of the
nematodes (blue) and a virtual sectioning plane (xy) through the SRmicro-CT image stack (v1). (C) Overlay of the micro-CT and SRmicro-CT (magenta outline,
xy plane) to show the increased resolution and detail gained with SRmicro-CT. (D) Virtual plane through the SRmicro-CT data shows sections of nematodes in
the cysts (magenta outlines). (E) Three-dimensional renderings of four nematodes of which two were surrounded by a homogeneous deposit (cyan cloud). (F)
High-resolution MSI shows distribution of two metabolites, for orientation the bright-field image of section s3.2 shows the nematodes (magenta outlines)
magnified in a cyst. The distributions of spermidine (m/z 146.1645, [C;H19Ns + H]*) and PAF (m/z 482.3588, [C,4H5,NOgP + H]*) and an overlay of both me-
tabolites is shown (PAF in cyan and spermidine in magenta). (G) Relative quantification of spermidine colocalized with nematode tissues (outlined in Fand S/
Appendix, Fig. $8) inside 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 pm and in D-F: 50 pm.)
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densities of nematodes at an 11 times increased resolution
(0.325-pm voxel size) in comparison to the resolution used for
the 3D overview atlas (Fig. 3 4 and B).

In the brown body tissue, SRmicro-CT revealed distinct histo-
pathological states of the nematodes, only known from stereomi-
croscopic observations of live animals (41). We found nematodes
that contained highly electron-dense inclusions and nematodes
that were in the process of disintegrating into a granular mass,
possibly induced by the earthworm’s immune response (Fig. 3 D
and E and SI Appendix, Fig. S6) (41). We also found histologically
intact nematodes, some of which were surrounded by a homoge-
neous deposit (Fig. 3 D and E). This deposit was hypothesized to
be a humoral response of the earthworm against the nematodes in
the coelomic cavity (6).

The histology of these nematodes within the brown bodies was
described in the 1970s. Today, our integrated micrometer-scale
metabolite imaging provides insights into the potential metabolic
function of the earthworm’s humoral response and the nematodes’
metabolic reaction. Our analysis of the 3D CHEMHIST atlas in-
dicated a distinct tissue chemistry of the nematode cysts (Fig. 1B).
Supporting a tissue-specific chemistry of the host—parasite inter-
action, the spatial clustering of the MSI data grouped a set of
metabolite images (Fig. 1F) that only occurred in the brown bodies
(see Fig. 1D).

To guide detailed metabolite imaging of single nematodes, we
chose an adjacent tissue section with nematode cysts (Fig. 3F and
SI Appendix, Fig. S7). We imaged the encysted nematodes with a
high-resolution MSI technique, termed atmospheric-pressure
(AP) MALDI-orbitrap-MSI, that provided an 8-um pixel size,
which is three times higher than the spatial resolution used in the
3D overview. For data analysis and exploration, we coregistered
both high-resolution AP MALDI-orbitrap-MSI and SRmicro-CT
datasets into the 3D atlas, extending the 3D model by different
levels of resolution of the same structures (Fig. 34).

The high-resolution metabolite images revealed that most
nematodes were surrounded by a platelet activation factor (PAF),
specifically lysophosphatidylcholine (lysoPC)O-16:0/0:0 (Fig. 3F
and SI Appendix, Fig. S7 and Table S1). PAFs are phospholipids
with a single fatty acid chain and serve as inflammatory modula-
tors, conserved in metazoans, across all domains of life (42).
However, beyond the up- and down-regulation of PAF lipids as
humoral immune response their site of production upon animal—
microbe and animal-parasite interactions remained unknown so
far (43, 44). The PAF [(lysoPC)O-16:0/0:0] described here showed
accumulations around the nematodes (Fig. 3F). This PAF is likely
to promote the aggregation of hemocytes (45), which form most of
the brown body tissue (6, 40) and release the reactive oxygen
species (44). Although we hypothesize that the earthworm pro-
duces PAF lipids as an inflammatory response to the nematodes,
from looking at only a snapshot of this metabolic interaction we
cannot exclude that the PAFs originated from the nematodes.
Nevertheless, we show that PAF lipids concentrate at the host—
parasite interface, whereas they are absent in the nematode tissues
but colocalize with aggregated hemocytes (SI Appendix, Fig. S7).

Focusing on the metabolite profiles of encysted nematodes, we
detected twice as much of the polyamine spermidine compared to
nematodes not within the brown bodies. Nematodes that were not
encysted had spermidine signals as low as earthworm tissues
(Fig. 3G and SI Appendix, Figs. S7 and S8 and Table S1). Sup-
plementing spermidine to other nematodes enhanced longevity,
inducing autophagy and suppressing oxidative stress and necrosis
(46). The nematodes encapsulated in brown bodies might increase
their levels of spermidine to inhibit necrosis, as a protection against
the reactive oxygen species of the earthworm. The production of
spermidine as an antioxidative stress response could help some of
the nematodes to survive in the brown bodies until the earthworm
sheds its posterior segments (47), providing an escape mechanism
from their host (41, 48).
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Conclusion

Faced with the intimidating complexity of natural systems, sci-
entists have studied model organisms under controlled condi-
tions and thereby gained an understanding of their detailed
molecular biology. This meticulous research on model organisms
has created a strong foundation of databases and new technol-
ogies. Today, this groundwork allows us to address this com-
plexity in naturally occurring symbioses and tease apart their
metabolic interactions that promote phenotypic heterogeneity.

With CHEMHIST we present a cultivation-independent tech-
nique that does not require prior knowledge of the sample and can
deliver unprecedented in situ visualizations of millimeter-sized
animals and their (micro)organisms. To do so, we exclusively in-
tegrated ex vivo and in situ imaging techniques, limited to “snap-
shots” of a given state of a sample. Studying histological changes as
a function of metabolic interactions between host and symbionts
over time could be a major future avenue for CHEMHIST. This
would require an anatomic and metabolic baseline that could be
established through replication of our pipeline and allow com-
parisons between different life stages or colonization stages in
symbioses.

Notably, CHEMHIST resembles an elaborate workflow that
demands access to the different machines, which can be challeng-
ing for larger sample sizes in the range of hundreds of specimens.
While high-resolution MSI and SRmicro-CT are still limited to
specialized facilities, the laboratory-based MSI and micro-CT set-
ups, which we used to generate the 3D atlas, have become standard
equipment at imaging core facilities of most universities and re-
search institutes. Currently, the acquisition, composition, and
analysis of a CHEMHIST 3D atlas as presented in this study takes
within 1 to 3 mo. The increased imaging speed and sensitivity of
most current micro-CT and MSI technologies would allow the
processing of tens of samples within a similar time frame, enabling
the replication of our CHEMHIST approach.

Extending histotomography (26) into CHEMHIST opens
nearly uncharted territory for label-free correlative imaging.
Although our approach provided a wealth of biological and
biochemical information, our approach of dividing the sample
for the separate techniques led to a loss of 1 to 5% of the sample
tissue that could have contained relevant details. Addressing this
drawback, future technical developments of CHEMHIST could
integrate phase-contrast SRmicro-CT (49), an emerging tech-
nique that allows quantitative 3D imaging of tissues without
contrasting agents at nanometer scales (50, 51). Serial MSI after
phase-contrast SRmicro-CT would provide data for a lossless
anatomic and metabolic 3D model of the same organism (52)
and the basis for machine learning-based correlations between
modalities in 3D (53).

We envision that our advances in correlative chemical and
structural in situ imaging will drive discovery-based research and
fuel scientists’ hypotheses on the metabolic interactions of their
symbiotic systems.

Materials and Methods

Chemicals and Reagents. All chemicals were obtained from Sigma-Aldrich
unless specified otherwise.

Tissues and Sample Collection. An adult earthworm (L. rubellus) (34) was
collected from soil in a polder region of the central Netherlands (supplied by
Lasebo BV) and rapidly frozen in isopentane cooled with liquid nitrogen.
The posterior end (30 segments, ~2 ¢cm) was embedded in 2% carboxy-
methylcellulose (CMC) gel and subsequently solidified at —20 °C. Using a
precooled razor blade, the embedded earthworm was trimmed inside a
cryochamber. Sectioning of the frozen sample block was performed as fol-
lows. The first tissue section (1 to 3 mm) was cut with a razor blade from the
frozen CMC block. The block was then trimmed and several 16-um 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 trans-
ferred onto Bruker ITO glass slides via thaw mounting. Small crosses (1 to 2
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mm) were drawn around the dried samples using a white paint marker
(Edding 751) as a reference for the computational alignment (14). The slides
were stored at 4 °C prior to MSI matrix application. The tissue blocks were
used for micro-CT measurements and the adjacent thin sections for correl-
ative bright-field microscopy, MSI, and FISH imaging.

Micro-CT. The frozen tissue blocks were defrosted in 8% paraformaldehyde.
This chemical postcryo fixation with paraformaldehyde and osmium tetroxide
allowed us to minimize the tissue damage induced by thawing and to preserve
subcellular detail for high-resolution micro-CT. Contrasting was achieved using
an aqueous 1% osmium tetroxide/acetone (1:1 vol/ivol) solution for 2.5 h at
20 °C. Dehydration and infiltration were conducted according to the 45,345
FLUKA Epoxy embedding medium data sheet. The resin blocks were pre-
trimmed with a fretsaw then fine-trimmed using a razor blade (54). Trimmed
embedded earthworm tissue blocks were mounted individually on glass rods
with a hot-melt gun. A Nanotom M computed tomography system (GE Mea-
surement & Control) was used for the micro-CT data acquisition of the tissue
blocks with the following X-ray parameters: 110 kV, 120 pA, 0.75-s exposure
time, averaging = 4, scanning time = 1.5 h, number of projections acquired
during scan = 1,500. The tomographic reconstruction was performed using the
phoenix datos|x 2.2 reconstruction software (GE Measurement & Control) and
resulted in a voxel size of 4.4 pym. The 16-bit volume was saved in *.vgl format.
This format was imported into the 3D-visualization software VGStudio (2.2)
(Volume Graphics) for cropping, histogram and bit dept (to 8 bit) adjustment,
and data format (to *.raw format) conversion.

Synchrotron Radiation-Based Micro-Computed Phase-Contrast X-Ray Tomography
P14 Beamline. After determining the position of the encysted nematodes in the
laboratory-based micro-CT data, one small tissue block (~1 x 1 x 3 mm) was cut
out from the third tissue block with a razor blade in an area that contained the
nematodes. This block was mounted onto a SPINE sample holder (55). Mea-
surements were carried out on the European Molecular Biology Laboratory
(EMBL) undulator beamline P14 at the PETRA-IIl storage ring (DESY at Hamburg,
Germany) using the propagation-based phase-contrast imaging setup described
in refs. 56 and 57. X-ray energy of 18 keV was used. The X-ray images were
obtained using an X-ray microscope (Optique Peter) consisting of an LSO:Tb
scintillator with a thin active layer of 8 um, an Olympus UPlanFL 20-fold objective
lens, a 45°-reflecting mirror, an Olympus 180-mm tube lens, and a PCO.edge 4.2
scientific complementary metal-oxide-semiconductor sCMOS camera with a
2,048- x 2,048-pixel sensor with a pixel size of 6.5 pm. The effective pixel size of
0.325 pm resulted in a 666- x 666-um? field of view. To ensure artifactless phase
retrieval (58) in the near-field edge-enhancing regime, each tomographic ac-
quisition consisted of four measurements at sample-to-detector distances of 5.9,
6.4, 7, and 7.9 cm. A total of 1,850 projections covering 185° of continuous ro-
tation 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 acquisi-
tion took less than 2 min. Three measurements with overlapping areas were
acquired along the vertically shifted sample to acquire the full length.

SRmicro-CT Data Processing. Data processing was carried out using in-house
Python software, performing flat-field correction, phase retrieval, and tomo-
graphic 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 (59). Subsequently, a four-distance noniterative holographic recon-
struction procedure (60) was applied with a 8/p ratio of 0.17 to obtain a pro-
jected phase map of the sample at the given angle. The tomographic
reconstruction was then performed using the tomopy Python module (61) with
the gridrec algorithm and Shepp-Logan filter. The three reconstructed volumes
were coregistered with the commercial software Amira 6.7.0 (Thermo Fisher
Scientific), which did not require any nonlinear operations because we used the
transform editor.

MALDI-TOF-MSI. For MALDI-MSI, a matrix consisting of 7 mg-mL™" a-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) using the following parameters: z-distance of the capillary
25 mm and pressure of compressed air 2 bar; the flow for the first layer was
15 pL-min~" and for layers 2 to 8 20 uL-min~".

MALDI-MS imaging was performed using an Autoflex speed LRF MALDI-TOF
(Bruker Daltonik) with MALDI Perpetual ion source and smartbeam-Il 1 kHz
laser and reflector analysis in positive modes (18). A spot size of 25 pm was used
and 500 shots per sampling point were acquired using a “random walk” pat-
tern with 100 shots per location within the sampling spot. The mass detection
range was set to m/z 100 to 1,280 with 200-ppm accuracy. For data processing
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and visualization of the MALDI-MS imaging data, fleximaging 4.0 (Bruker
Daltonik) was used.

AP MALDI-Orbitrap-MSI. High-spatial-resolution MSI was performed using an
atmospheric-pressure scanning microprobe MALDI source (AP SMALDI10;
TransMIT GmbH) with a Q Exactive plus Fourier transform orbital trapping
mass spectrometer (Thermo Scientific). A nitrogen laser with a wavelength
of 337 nm and 60-Hz repetition rate was used for desorption and ionization.
The laser beam was focused to an 8-um ablation spot diameter and a step
size of 8 pm in x and y was used to scan the sample. Mass spectral acquisition
was performed in positive mode and m/z 100 to 1,000 Da with a mass re-
solving power of 140,000 (dataset in Fig. 3) at m/z 200 with a mass accu-
racy <5 ppm. Additional datasets for the annotation of metabolites in
METASPACE (62) and MS/MS experiments were recorded with a resolving
power of 240,000 (S/ Appendix, Table S1) at m/z 200 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-MS? The identification of spermidine and PAF was supported by
MALDI-MS? experiments (S/ Appendix, Table S1 and Fig. S9). For PAF we
obtained enough ions to use on tissue MALDI-MS? in positive-ion mode with
the mass analyzer set to a resolution of 240,000 at m/z 200 and a collision
energy of 25 eV in the higher-energy C-trap dissociation (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 MS' m/z values of spermidine measured from the tissue with
the MS' m/z values from a spermidine standard. The standard was spotted
onto a glass slide and fragmented with MALDI-MS?, in positive-ion mode
with the mass analyzer set to a resolution of 240,000 at m/z 200 and a col-
lision energy of 30 eV in the HCD cell.

MALDI-MSI Data Analysis and Visualization. The *.raw files were centroided
and converted to *.mzML format with MSConvert GUI [ProteoWizard, version
3.0.9810 (63)] and then to *.imzML format using the imzML Converter 1.3 (64).
SCiLS Lab software (SCILS; Bruker Daltonik GmbH) version 2019b was used for
spatial segmentation analysis and alignment of bright-field microscopy and
MSI datasets as a template for selection of regions of interest.

DNA Extraction and Metagenomics Sequencing. Genomic DNA was extracted
using the DNeasy Blood & Tissue Kit (Qiagen). In brief, the nematode cysts
from one consecutive tissue section of tissue section s3 (S/ Appendix, Fig. S5)
were scraped off the glass slide using a sterile scalpel and transferred into a
tube containing 180 pL buffer ATL and 20 pL proteinase K. The tissue was
digested at 56 °C for 3 d. Subsequent extraction steps were performed
according to the manufacturer’s instructions. In the end 100 pL elution
buffer were applied to the column and incubated at room temperature for
10 min. After the first round of elution, a second elution 100 pL of buffer
was performed and the two elutions were pooled. The extracted DNA was
stored at 4 °C until further processing.

Illumina-library preparation and sequencing were performed by the Max
Planck Genome Centre. In brief, DNA quality was assessed with the Agilent
2,100 Bioanalyzer (Agilent) and genomic DNA was fragmented to an aver-
age fragment size of 400 base pairs (bp). An Illumina-compatible library was
prepared using the TPase-based DNA library protocol. One nanogram of
genomic DNA was cut and specific sequences were introduced by the Illu-
mina Tagment DNA Enzyme (lllumina). Products were amplified by KAPA 2G
Robust polymerase (Roche) with 15 cycles to enrich and to add library-
specific barcoding information to the PCR products. After quality check by
LabChip GX II (PerkinElmer) libraries were pooled and sequenced on an
Illumina HiSeq 3000 sequencer with 2 x 150-bp paired-end mode. Three
million 150-bp paired-end reads were sequenced on a HiSeq 3000 (lllumina).

Parasitic Nematode Phylogenetic Analyses Using the Small Subunit Ribosomal
RNA Gene. We used phyloFlash v3.3 beta1 (https:/github.com/HRGV/phylo-
Flash) (65) to assemble full-length small subunit (SSU) genes from the met-
agenomic reads. The nematode SSU matrix was constructed from the
assembled Rhabditis related sequence, the available full-length SSU genes of
all species level representatives of the Rhabditis group, and Teratorhabdlitis
sequences as an outgroup. The sequences were aligned using MAFFT v7.394
(66) in G-Insi mode. The phylogenetic tree was reconstructed using FastTree
v2.1.5 (67) with a GTR model, 20 rate categories, and Gammaz20 likelihood
optimization, generating approximate likelihood-ratio-test values for node
support. The tree was drawn with Geneious R11 (https://www.geneious.com)
and rooted with Teratorhabditis as an outgroup.
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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 postfixed for 1 h at 4 °Cin 2% paraformaldehyde in phosphate-
buffered saline (PBS). The sample was dried under ambient conditions and
then prepared for catalyzed reporter deposition FISH following ref. 68. For
in situ hybridization, general probes were used that target conserved regions
of the 16S ribosomal RNA in bacteria (EUB I to IlI; I: 5-GCT GCC TCC CGT AGG
AGT-3, II: 5-GCA GCC ACC CGT AGG TGT-3', lll: 5'-GCT GCC ACC CGT AGG
TGT-3') (69, 70). To visualize tissue containing DNA, samples were stained for
nuclei with DAPI for 10 min at room temperature, washed three times for
1 min, and mounted in a VECTASHIELD/Citiflour mixture (2:11) with 1 part PBS
(pH 9) under a coverslip (Menzel glass, 24 x 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, 10x objective)
with a tile-scan Macro for Axio Vision was used. Individual images were ac-
quired 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 of Amira 6.7.0 were used for segmentation, surface rendering, and
3D coregistration (54). The 3D imaging platform AMIRA provided a graphical
user interface (GUI) to visualize and coregister 3D and 2D imaging data (Movie
S1). Using GUI-based software allows non-computer scientists to integrate
their own correlative imaging data without programming and readily enables
3D data exploration and analysis.

The individual micro-CT volumes were imported as *.raw files and manually
realigned, based on the estimates of the location and composition of shared
morphological features, such as the overall number of the earthworm seg-
ments. Exact spacing of the intervals between tissue blocks relied on an esti-
mate, as the precise thickness of tissue used for the sections could not be
recorded due to loss of tissue during sectioning. Subsequently, the light
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microscopy images were coregistered into the spaces between tissue blocks,
using morphologic structures in the orthographic cross-section of the micro-CT
data as a reference. Based on the previous alignment of the 2D-imaging mo-
dalities in SCILS Lab, the coregistration parameters could be applied to the FISH-
and MALDI-imaging data. All 3D graphical processes and applications with high
computation demands were performed using a 3D imaging workstation
(Windows 7 Professional, 64 bit, Intel Core i7-5960X central processing unit with
16 processors x 3.5 GHz, 128 GB RAM, and NVIDIA Quadro P6000 with 24 GB).

Data Availability. All microscopy and (SR)micro-CT datasets can be directly
downloaded from Figshare: laboratory-based micro-CT (https://doi.org/10.6084/m9.
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