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Linden Dr, Madison, WI 53706
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Abstract

Tissue sections have long been the subject matter for the application of imaging mass
spectrometry, but recently the technique has been adapted for many other purposes including
bacterial colonies and 3D cell culture. Here we present a simple preparation method for
unsectioned invertebrate tissue without the need for fixing, embedding, or slicing. The protocol
was used to successfully prepare a Hawaiian bobtail squid hatchling for analysis, and the resulting
data detected ions that correspond to compounds that present in the host only during its symbiotic
colonization by Vibrio fischeri.
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Introduction

Imaging mass spectrometry (IMS) of tissue from animals has long been used to map the
molecular information of molecules.! Originally adapted for analysis of thin tissue sections,
IMS has been expanded to a wide range of applications,2=6 with thin tissue sectioning
remaining the most common preparation method for the technology. In an effort to expand
upon the original methods to image organs or tumors, some recent achievements in
unsectioned organism imaging include evaluation of tissue sections of mice,’ zebrafish® and
whole flies.? While a single tissue section 10-20 pm in thickness generates a wealth of data,
it requires significant manipulation of the original host, which can include dissection and
cryopreservation of specific tissues, fixation of the tissue,19 embedding of tissues in specific
substrates such as gelatin,1112 or expertise in sectioning an organism or tissue that is
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primarily composed of water to reduce carry over between sections. Fixing and embedding
have been successfully performed for small cephalopods for fluorescence microscopy and
histology,10:11:13 hut the materials required for such protocols interfere with ionization in a
matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) MS system. There
are also spatial limitations of the target plates which may limit how many time points can be
integrated within one analysis, which can limit spatiotemporal applications. Imaging of
concurrent tissue sections has been performed to construct a 3D rendering of the spatial
distribution of biomolecules,1415 an approach realized only recently.16:17 Tissue
manipulation may adulterate the type of molecular information that is ultimately available
from the resulting data. While some organisms and systems can only be visualized using this
approach, due to size and tissue composition, it is feasible that some invertebrate animals are
small enough to be imaged with intact organs or structures, without any embedding, fixing,
or sectioning.

A system that has yet to see success with embedding and sectioning is the Hawaiian bobtail
squid, Euprymna scolopes, because of its water-based, gelatinous body and its small size,
usually about 2 x 4 mm as a hatchling. £. scolopes is most well-known for its symbiotic
relationship with Vibrio fischeri, the squid is born free of any bacterial symbiont and within
hours acquires V/ fischeri exclusively from the water column, even though the bacteria
comprises less than 0.02% of the bacterial population in the water column.18 The microbial
colonies are housed inside the light organ, which measures a mere 500 um across and sits
under the ink sac inside the mantle cavity that covers the dorsal half of the body.1° The early,
specific microbial colonization factors in this symbiosis have remained elusive and, given
the small size of the organ, would be a model subject for imaging /n situ pre- and post-
colonization.2%:21 Because the bacteria exist only in a small organ, disturbing that organ may
result in loss of material or signal, which motivated the development of an approach where
the light organ is not disrupted. Efforts to apply MALDI-TOF MS analysis to squid tissue
has inspired the development of a minimal sample preparation method presented here.
Several optimization attempts were required to reach the simple, 3-step protocol for
unsectioned £. scolopes tissue preparation. Removal of several biological elements that
generated height differences after desiccation and exposure of the light organ resulted in the
optimal preparation procedure to begin to investigate the chemical communication that
drives this inter-kingdom symbiosis /n situ.

Materials and Methods

Squid colonization.

The wild-type V/ fischeri strain MIJM1100 (ES114) was grown overnight with aeration at
25°C in LBS. The overnight culture was diluted 1:80 in LBS and grown at 25°C again to
ODgqg of approximately 0.2. £. scolgpes that hatched within the 24 h were placed in cups
containing filter-sterilized instant ocean (FSIO) and inoculated with 3.3 x 103 CFU/mI.22 At
4 h post-inoculation, squid were removed from cups, washed in FSIO and transferred with
750 mL FSIO to microcentrifuge tubes to be euthanized by storage at —80°C. For the 48 h
time point, samples were prepared as follows: at 3 h post-inoculation, squid were washed in
FSI0 and transferred to individual Drosophila vials with FSIO and kept in day/night cycling
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room for the additional time (water was changed at 24 h post-inoculation). At 48 h they were
euthanized and any surface-associated V/ fischeri were killed by storage at -80°C.22
Luminescence of these squid was checked before freezing to ensure colonization.22
Aposymbiotic hatchlings were not inoculated with any bacteria, were confirmed to not
contain significant numbers of symbionts by luminescence, and were processed side by side
with colonized hatchlings for the two time points. Four specimens were analyzed: 1)
aposymbiotic hatchlings euthanized at 4 h, 2) aposymbiotic hatchlings euthanized at 48 h, 3)
hatchlings colonized with ES114 euthanized at 4 h, and 4) hatchlings colonized with ES114
euthanized at 48 h.

Microscopy and organism dissection.

Prior to dissection, all of the tools used were sterilized and the squid was dissected on the
same slide which it was imaged on, to minimize transfers and artifacts. A squeeze pipette
was used to transfer the hatchling onto an ITO-coated glass slide (Figure 1A-B). Dissection
was performed using an Imaging Leica MZ16 dissecting microscope equipped with an
RTKE spot camera. Using a PrecisionGlide® needle (21G 1 %, BD), the eyeballs were
completely removed from the eye sockets. Forceps were used to remove the entire mantle by
pulling upward and away from the body, exposing the ink sac and the light organ. Ink was
removed using the same PrecisionGlide® needle. The ink sac was pierced and continually
prodded until the majority of the ink had drained. The squid was rinsed fully in fresh DI
water and the slide gently wiped free of excess material. A small aliquot of the squid ink was
preserved to use as a negative control during IMS. The squid was then returned to the slide
with minimal water and manually arranged so that no tissue was overlapping.

Imaging mass spectrometry.

The slide containing one or multiple squids was put into an oven at 37°C for 2—-4 h to
dehydrate the squid body completely. Following desiccation, the samples were prepared for
MALDI-TOF IMS. A 1:1 mixture of 2,5-dihydroxybenzoic acid (DHB (98%), Sigma) and
a-cyano-4-hydroxycinnamic acid (CHCA (98%), Sigma) was applied viaan HTX TM
Sprayer. The solution for the sprayer was prepared as follows: 5 mg/mL of a 1:1 mixture of
DHB:CHCA was dissolved in 90:10 ACN:H,0 + 0.1% TFA and sonicated to ensure
solubility. The matrix mixture was recrystallized in house as previously reported.# The
following instrument parameters were used to apply the matrix: flow rate = 0.2 mL/min,
velocity = 1100 mm/min, temperature: 30°C, track spacing = 3 mm, passes = 8, nitrogen
pressure = 10 psi, spray pattern = CC, drying time = 0 sec, and nozzle height = 40 mm.

Phosphorus red was used as a calibrant; 0.5 pL of a 1 mg/uL solution in MeOH was spotted
onto the glass directly adjacent to the tissue on the glass. The ink control was mixed with
matrix (1:1 CHCA:DHB in 78:22 ACN:H,0 + 0.1% TFA) in a 1:1 ratio and 1 pL was
spotted. ‘X’ marks were drawn onto the four corners of the glass slide for use as teach points
when assigning the regions of interest for IMS. The full slide was scanned at 1200 dpi using
a Hewlett Packard ScanJet 5550c and imported into the imaging software. IMS data was
acquired using flexControl v 3.4 at 20 pm spatial resolution on an Autoflex Speed LRF
MALDI-TOF mass spectrometer (Bruker Scientific, Billerica, MA) over the mass range
40-1000 Da. In positive reflectron mode, laser power was set to 40%, laser width to 3 and
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reflector gain to 10X. For each raster point 500 laser shots at 2000 Hz were shot in a random
walk method.

Data and Statistical Analysis.

Light Organ

Data was analyzed in fleximaging v 4.1 x 64 (Bruker Scientific, Billerica, MA). All spectra
were normalized to root mean square (RMS). The statistical analysis software SCiLS
(Bruker Scientific, Billerica, MA) was used to determine which mass features were
statistically more abundant in certain conditions. The co-localization algorithm was
employed to detect mass features that were more significant in the light organ region of the
colonized 48 h sample compared to the light organ region of all of the other colonization
conditions, with N=4. Segmentation in SCILS generates areas of analyzed sample that are
defined by shared m/Z’s. Co-localization and Segmentation workflows use the following
parameters: Normalization = TIC, Interval width = 0.1 Da, Denoising = Weak, and
algorithms work on individual spectra.

Extraction and LC-MS/MS Analysis.

Whole light organs were extracted from the four £. scolgpes samples that were not used for
IMS analysis. Light organs were dissected by removing the mantle and cutting the remainder
of the body from the light organ and ink sac. The ink sac was drained and the light organs
were rinsed in DI water to remove residual ink. Each light organ was submerged in 1 mL
EtOAc in a 4-mL vial for at least 12 h, then sonicated for 10 min and 1 mL transferred to
microcentrifuge tubes. Samples were spun in a microcentrifuge for 2 min at 112 RCF and
the supernatant transferred to new microcentrifuge tubes. EtOAc was dried under a steady
stream of air for 15 min or until dryness, and then resuspended in 10 uL of MeOH for LC-
MS/MS.

Organic and polar resin extractions of large-scale WT V. fischeri (ES114) cultures were
generated for LC-MS/MS. A frozen stock of ES114 was revived in 5 mL LBS, after 24 h
was transferred into 30 mL LBS, and after 24 h was transferred into 1 L LBS. Bacteria were
grown in an incubator at 25°C shaking at 225 rpm for 48 h. 20 g XAD16 resin was added
and shaken at 225 rpm for 1 h. The resin was filtered and back extracted with 1:1
DCM:MeOH and dried /n vacuo to generate the organic extract. In the spent media from the
XAD16 resin, 20 g of a 1:1:1 mixture of XAD2:XAD4:XAD?7 resin was added and shaken
at 225 rpm for 1 h, then back extracted in 1:1 ACN:H,0 + 0.1% TFA, shaken at 225 rpm for
1 h. The XAD2:4:7 resin mixture was collected by filtration and dried /n7 vacuo to generate
the “‘polar’ extraction. Both extracts were resuspended in MeOH at mg/mL.

LC-MS/MS data were collected on a Bruker impact |1 gTOF in positive mode with the
detection window set from 50 to 1500 Da. Samples (10 uL each) were subjected to a UPLC
gradient of 10-100% B over 16 minutes (Solvent A: H,O + 0.02% formic acid, Solvent B:
ACN : 0.02% formic acid). The ESI conditions were set with the capillary voltage at 4.5 kV.
Dynamic exclusion was used, and the top nine precursor ions from each MS1 scan were
subjected to collision energies according to mass and charge state (see Table S1). The m/z
806 was fragmented at 44.2 eV. All LC-MS/MS data sets were converted to mzXML by the
export function from Compass DataAnalysis (Bruker) and imported into GNPS. The
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following parameters were used to generate a molecular network: Parent mass error = 0.02
Da, Fragment mass error = 0.02 Da, Minimum matching peaks = 3, Minimum cosine score
= 0.7, with all other parameters at default value.

Results and Discussion

Investigation of communication that drives symbiosis in £. scolopes has been challenging
due to the size and location of the light organ that harbors V/ fischeri. In order to facilitate
extension of this symbiosis to be compatible with MALDI-based imaging platforms, a
method for dissection is done microscopically and only requires three main steps: removal
of the eyeball material (Figure 1C), separation of the mantle from the body (Figure 1D), and
drainage of the ink sac (Figure 1E). Removal of the eyeball material was required to achieve
uniform height after dehydration of the tissue. Removal of the mantle also results in
decreased height overall upon desiccation which allows for more efficient ionization from
the light organ below. When the mantle is kept in place, it is possible to generate ions from
the surface of the squid (Figure S1), and segmentation of the IMS data does not reveal an
area specific to the light organ, because ions cluster by height. Similarly, when the mantle is
flayed open but not entirely removed, ionization only occurs in hot spots across the tissue
(Figure S2). The light organ area becomes more distinctly defined by ions here, but the
differences in height still affect the ionization. Figure S3 shows that complete removal of the
mantle and ink sac results in a region surrounding the light organ that is detected and
segmented based on the unique localization of these signals.

While the idea of unsectioned body imaging is not novel,23 height heterogeneity and
obstructing tissues limit the application of unsectioned imaging, and we sought to solve this
problem in a group of biologically-informative cephalopods. The approach of maintaining
an unsectioned structure of an organism with its microbial symbiont relatively undisturbed
can enhance our understanding of the specialized metabolites and their role in maintenance
or colonization. This is especially true in a system such as the squid- Vibrio symbiosis, where
tissue sectioning is a challenging task (data not shown). Several aspects of the minimal
preparation approach are critical for adaptation to another organism. The first is that any
feature of an invertebrate that contributes to height in a dried sample must be removed prior
to desiccation unless it is completely necessary for analysis. As demonstrated in this
preparation of squid tissue, it is possible to remove many anatomical features that interfere
with height uniformity while leaving important internal regions (namely the light organ)
relatively undisturbed.

Another aspect for consideration during preparation is the removal of interfering chemical
signals. For example, it is known that the squid ink sac holds a rich collection of melanin?4
and almost entirely obscures visual observation of the light organ. If the purpose of the
analysis is to evaluate biomolecular spatial distribution in the entire organism, as opposed to
one single organ, then removal of chemical-rich areas is not necessary. An advantage of
using the unsectioned organism is that the entire sample can be manipulated manually to
create a pseudo 3D viewpoint of the organism for IMS. For example, two hatchlings were
prepared and were mounted on opposite sides: one with its anterior side up and one with its
posterior side up (Figure 2). Because both light organs in these hatchlings were colonized by
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ES114, it was not expected that the IMS analysis would detect differences in metabolite
production, and that is what was observed. Both /7/2’s 192 and 329 were detected in the
light organ of £. scolopes regardless of the mounted orientation of the squid, which also
lends further confidence in the data as these were two distinct hatchlings. The only
significance of the two m/z’s was that they can be easily detected from both the anterior and
posterior side of the organism, indicating that much attention need not be paid to orienting
the squid in a specific way when preparing them for IMS analysis. It also is clear evidence
that even analysis of the entire squid results in several signals that are specifically localized
to the light organ. Isolation of these signals is ongoing for further experimentation and
structure elucidation.

Once it was determined that the analysis of the desiccated unsectioned organism at 20 um
spatial resolution resulted in mass signals that localized to the light organ (Figure S3), we
explored the spatiotemporal presence of specific ions during colonization. Four E. scolopes
samples (Described in Materials and Methods) were evaluated. At 4 hours, bacteria have
aggregated on the outside of the light organ in host mucus and are about to begin the process
of light organ entry. At 48 hours, the light organ has been sufficiently colonized and long-
term symbiosis is beginning to be established. Although statistical analysis using SCiLS was
not able to detect any differences in signals with a default value of p < 0.05, the ion that
presented the most statistical significance when the value was raised to a threshold of p < 0.1
was identified as /2 806. Therefore, the actual p value of this ion lies between 0.1< p <
0.05 (Figure 3). This signal was detected with high abundance in the 48 h colonized squid
and was undetectable in the 48 h aposymbiotic squid.

Because the biological origin (£. scolopes or V. fischeri) of m/z806 cannot be determined
by IMS analysis, LC-MS/MS of light organ extractions of all four samples was conducted
orthogonally. The four light organ extracts were run alongside two WT V. fischeri extracts
(Materials and Methods) and the tandem data were analyzed using Global Natural Products
Social molecular networking (GNPS)?® (Figure S4). Molecular networking allows for the
rapid identification of similarities in ions across samples based on fragmentation patterns as
well as the dereplication of known unknowns compared to the library spectra.?6 These data
generated a small network that indicated /772806 is only present in the £. scolopes light
organ sample that had been colonized with V/ fischeri for 48 hours, but is also a product in
the organic extract of the large-scale WT V/ fischeri culture (Figure 4). Comparison of the
accurate mass and fragmentation patterns of the light organ metabolite and the V/ fischeri
metabolite indicate that /7/2 806 is likely of microbial origin. A putative identification in
GNPS suggests that the ion is a phosphocholine analog (Figure S5), but further structure
elucidation is required to verify this assignment and if there is a biological relevance to
colonization. The TICs of all LC-MS/MS analyses can be found in Figure S6, and the TIC
of the IMS run from Figure 3 can be found in Figure S7.

Ultimately, as long as the organism in question can be manipulated such that the region to be
imaged dries to uniform flatness upon desiccation, the simple preparation method can be
applied to any invertebrate. Even more directly impactful are the questions in the squid-
Vibrio research community that may be answered by this approach. Studying any small
organ /n situwithout the need for labelling or fully dissecting the animal tissue allows
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researchers to gain perspective on the chemical communication patterns that exist between
two symbiatic partners both during colonization and throughout the partnership. The
discovery of m/z806 in the colonized hatchling may indicate a role for the metabolite during
bacterial establishment in the light organ. While orthogonal methods (LC-MS/MS) were
required to verify both the significance and structural features of this metabolite, IMS was
needed to assign biological significance to this compound /n situ.

Conclusions

Optimization of unsectioned body tissue imaging resulted in a minimal sample preparation
protocol of the invertebrate £. scolopes for a MALDI-TOF MS system. The protocol
enabled the successful preparation of unsectioned £. scolopes hatchlings for IMS of small
molecules (<1000 Da) and ultimately facilitated rapid comparison of metabolites between
hatchlings in colonization states. This method may provide a solution to those tissues that
cannot be prepared in the traditional cryosectioning approach, but still require spatial
orientation when mapping metabolites. In the case of E. scolopes, an intact light organ was
required to assign particular molecules to the organ, which cannot be accomplished with a
homogenized tissue sample. This protocol can be applied to any invertebrate organism as
long as its size and desiccation capability can be aligned with the parameters for MALDI-
TOF MS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Preparation of £. scolopes tissue requires a few simple steps. A. Frozen hatchling is

transferred to ITO-coated slide. B. Slide is transferred to microscope for easy visualization.
C. Squid eyeballs are removed by needle. C. Mantle is completely detached using forceps. E.
Ink sac (is) is drained so light organ (lo) is visible. F. Squid is rinsed and returned to slide for
dehydration.
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Figure 2.

Orientation of squid tissue does not affect ionization of metabolites. Both anterior and

Anterior

Posterior

Page 11

posterior orientation of £. scolopestissue generated similar signals, m/z’s 192 and 329,

localized to the light organ region. An ink spot is included as a negative control.
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Figure 3.
Preparation of squid tissue facilitated detection of a colonization signal. Comparison

between a hatchling at 48 hours that had not been exposed to any V. fischeri and a hatchling
that was colonized displayed a metabolite, /77/2 806 that is believed to be a bacterial
metabolite.
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Figure 4.
GNPS Molecular Networking generated a network of phosphocholine analogs that may help

to identify /m/z806. High-resolution LC-MS/MS data is compared to a database of natural
products and fragmentation to assign putative identifications. Inset is network containing
m/z 806 and three other metabolites, including their relatedness via cosine score (1.0 is
identical). The /m/z806 node is a consensus spectrum of all /1/z806.56 scans detected, and
two representative spectra are expanded. Two major fragments match between the colonized
hatchling light organ and the V/ fischeri organic extraction.
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