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Mass Spectrometry Method Development and Application to
Investigate Plant-Microbe and Microbiome-Host Symbiosis
Caitlin Keller
Under the supervision of Professor Lingjun Li
University of Wisconsin-Madison

Abstract

Mass Spectrometry is a powerful tool to analyze different biomolecules in a tissue
section. Both liquid chromatography-mass spectrometry (LC-MS) and mass spectrometry
imaging (MSI) techniques are useful for large-scale detection and identification of small
molecules, peptides, and proteins in samples, with MSI additionally being able to determine the
spatial distribution of molecules within a tissue section. In this thesis, LC-MS and MSI
approaches were applied to study symbiotic relationships. In the plant Medicago truncatula, a
symbiotic relationship with rhizobia bacteria in specialized organs, root nodules, of the plant
results in the reduction of atmospheric nitrogen into ammonia (termed biological nitrogen
fixation). MSI methods were developed to investigate the small molecule and peptide content in
the root nodules. Furthermore, a developed MSI method was applied to study salt stress, which
negatively affects development of the symbiotic relationship in the root nodules. The other
relationship explored was the complex interactions between the gut microbiome and its host. To
investigate this complicated relationship, multiomics studies, which combine two or more single
omics studies, such as metabolomics and proteomics, were utilized to achieve a more
comprehensive analysis of the gut microbiome. Developed multiomic approaches were applied
to study the response of the gut microbiome to pathogenic infection. Overall, this work develops
a multifaceted approach to investigate symbiotic relationships, resulting in new method
development, improved MSI sample preparation protocols, and increased knowledge about

molecular players involved in the symbiosis.
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Introduction and Research Summary

Mass spectrometry (MS) is a robust and sensitive technique for qualitative and quantitative
measurements of the various types of biomolecules present in a tissue. Liquid chromatography
(LC)- MS can detect and, with tandem MS (MS/MS) capabilities, identify hundreds to thousands
of molecules in a single run, which is advantageous for large-scale profiling and relative
quantitation of molecules. However, the spatial resolution of the molecules in the tissue is lost
during the extraction process. Mass spectrometry imaging (MSI) profiles molecules directly in a
tissue section, allowing for determination of the spatial localization of molecules in a tissue.
Although there are many ionization methods for MSI, matrix-assisted laser desorption/ionization
(MALDI) is very commonly used for MSI. By combining LC-MS/MS and MALDI-MSI, large-
scale detection, quantitation, and localization of biomolecules are possible. This work studies
plant-bacteria symbiosis and the microbiome-host relationship via LC-MS/MS and MALDI-MSI
to investigate the various biomolecules involved in these important biological systems. In Chapter
1, a general overview of the work described in this thesis is provided. Chapter 2 describes the use
of MS and MSI techniques to study metabolites, peptides, and proteins in plant science. A sample
preparation procedure for MALDI-MSI of peptides in the root nodules of the plant Medicago
truncatula can be found in Appendix I, and a discussion of the challenges in metabolite
identification and the various tools available to aid in metabolite identification can be found in
Appendix Il.

MALDI-MSI has exhibited significant utility in the localization of metabolites in plants,
including Medicago truncatula.? 3 A study of the metabolites involved in biological nitrogen
fixation in Medicago truncatula root nodules through MALDI-MSI and LC-MS/MS can be found

in Appendix I1l. MALDI-MSI can also be used to study the molecular changes due to salt stress,



which negatively affects root nodule formation. As root nodule formation is critical for the
symbiosis with rhizobia bacteria, a better understanding of the metabolites involved in salt stress
would be beneficial. Metabolites were imaged in root nodules grown in low and high salt
concentrations to determine the distribution changes in the root nodules in response to salt stress,
the details of which are in Appendix IV. The study of salt stress in the root nodule was continued
with a novel MALDI source capable of higher spatial resolution. Efforts in improving the spatial
resolution in MALDI-MSI look to decrease pixel size in order to resolve smaller molecular
features. In Chapter 3, an atmospheric pressure (AP)-MALDI source was investigated as it allowed
for higher spatial resolution imaging. Initially AP-MALDI imaging of metabolites in root nodules
of Medicago truncatula was compared to vacuum MALDI-MSI. Then, AP-MALDI-MSI was
applied to study salt stress in Medicago truncatula root nodules.*

Although MALDI-MSI is commonly applied to study metabolites, imaging of endogenous
peptides with MALDI-MSI is less commonly employed.®> As endogenous peptides have critical
roles in the plant, including root nodule development,® a MALDI-MSI method to image peptides
in plants was developed. Chapter 4 describes the initial study developing a MALDI-MSI method
to study peptides in Medicago truncatula root nodules.” Different mutant lines with altered peptide
content were compared to wild-type plants, and peptides were identified with LC-MS/MS. While
numerous peptides were imaged in this study, nodule-specific cysteine-rich (NCR) peptides, which
are critical for proper formation of the symbiotic relationship in the root nodules, were not
identified. As a result, Chapter 5 describes the optimization of MALDI-MSI sample preparation
through inclusion of sample washing procedures to image NCR peptides. Multiple NCR peptides
were identified with the optimized strategy and LC-MS/MS was used to confirm identifications.

Appendix V describes the optimization of LC-MS/MS sample preparation procedures on



Medicago truncatula seedling plants to identify endogenous peptides from plant extractions.
Multiple extractions were attempted with various sample clean-up preparation steps.

The other biological system studied in this work is the gut microbiome, which has critical
roles in human health. Due to the complexity of the microbiome, multiomics studies are beneficial
as they allow for characterization of different molecule types in the microbiome. For example,
metagenomic analysis of changes in microbiome composition can be combined with metabolomics
or metaproteomics studies.® ® Chapter 6 describes the cecum extraction optimization for combining
metabolomics, peptidomics, and proteomics studies into a single multiomics analysis. Three
different extraction methods commonly employed for metabolomics, peptidomics, and/or
proteomics studies were compared. Peptidomics is less commonly combined with other omics to
study the microbiome. By including peptidomics with metabolomics and proteomcis, more
detailed knowledge of molecular processes occurring in the gut can be obtained, including
information about communication in the gut via signaling peptides.

The optimal extraction found in Chapter 6 was then applied to two multiomcs studies
investigating the microbiome’s response to infection by either Salmonella enterica Typhimurium
or Candida albicans. Chapter 7 describes the metagenomics and metabolomics study utilizing LC-
MS to look at compounds produced by the microbiome after pathogenic infection.’® A model of
the human gut microbiome was introduced to germ-free mice as a model system. Humanized,
infected mice were then compared to humanized mice with no infection and mice monocolonized
with the pathogen. In Chapter 8, the study was further expanded to investigate the metabolomic,
peptidomic, and proteomic changes in the microbiome due to infection. Both Salmonella enterica

Typhimurium and Candida albicans infections were again utilized with the humanized mice model



system. The inclusion of peptidomics to the workflow allowed profiling of neuropeptides involved
the response to infection in the gut.

The multiomics studies on the microbiome focused on identifying molecular compounds
in the cecum. In order to localize target compounds to the mucosal layer, where members of the
microbiome reside, MALDI-MSI of mouse intestine samples was explored in Appendix VI.
Different instrumentation platforms, including time of flight instruments capable of high spatial
resolution, as well as different matrices were compared. Additionally, a PVDF membrane set-up
was explored to investigate bacteria interactions via MALDI-MSI. Bacteria are grown in wells on
top of the PVDF membrane, and molecular communication occurs within the membrane. The
ability of MALDI-MSI to detect signaling molecules produced by the bacteria in the PVDF
membrane is described in Appendix VII.

Although the majority of the work presented in this thesis focuses on microbial
relationships with their host, other projects utilizing MS techniques to study various biological
systems were performed. Appendix VIII describes the optimization of MALDI-MSI workflow to
detect endogenous peptides in the pancreas islets of Langerhans. These islets produce many
endogenous peptides, including insulin, and therefore pancreas tissue is a good target tissue for
MALDI-MSI.t 2 Appendix 1X describes the use of MALDI-MSI to image a Gd chelate
alkylphosphocholine analog molecule in tumor, liver, and kidneys. The Gd chelate molecule is
based upon previous alkylphosphocholine analog technology that allows for tumor specific uptake
of the molecule for magnetic resonance imaging.** MALDI-MSI was used to visualize the drug
distribution in various tissues, and to investigate other molecular changes occurring due addition
of the molecule. Finally, Appendix X describes the use of MALDI-MSI to investigate the lipid

molecules providing insulation in the electric eel.



Chapter 9 provides overall conclusions derived from the studies presented in this thesis and
describes potential future directions. Chapter 10 describes the MALDI-MSI studies on Medicago
truncatula root nodules, including both the small molecule changes due to salt stress and the
optimization of MALDI-MSI to study NCR peptides, for a broader audience as part of the

Wisconsin Initiative for Scientific Literacy project.
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Abstract

Plant-omics is rapidly becoming an important field of study in the scientific community
due to the urgent need to address many of the most important questions facing humanity today
with regard to agriculture, medicine, biofuels, environmental decontamination, ecological
sustainability, etc. High performance mass spectrometry is a dominant tool for interrogating the
metabolomes, peptidomes, and proteomes of a diversity of plant species under various conditions,

revealing key insights into the functions and mechanisms of plant biochemistry.

Plant-omics

Plant science is one of the oldest!? areas of scientific research but is still an extremely
important and rapidly developing area of study. Plant life plays an essential role in these
challenging issues. For example, growing robust crops with increased yield not only affects the
agriculture industry, but also plays a role in environmental sustainability and contamination. Non-
food crop plants are being studied and developed as biofuels for sustainable energy.*’
Additionally, the ability of plants to withstand attacks from pests and pathogens in their
environment is being studied in the medical community in light of the rise of drug-resistant strains
of infections.2** Plant-derived natural products provide a potentially rich source of drug
candidates and target compounds for drug discovery and development.*?” Research on plants is
essential to finding solutions to these major issues, and the key to finding viable solutions lies in
integrated, holistic studies and collaboration between scientists.
In molecular biology, the term “—ome” refers to the study of the global or total changes in an
organism’s DNA or genes (genome), proteins (proteome), metabolites (metabolome), etc. -Omics

(genomics, proteomics, metabolomics, etc.) has come to refer generally to the study of large,



10

comprehensive biological datasets focused on investigating changes in these -omes. Therefore,
plant-omics can be described as a holistic study of any or all —omes, specifically in plants. Figure
1 depicts the different classes of -omics and the interactions between them. Multi-omics (i.e. a
combination of genomics, transcriptomics, proteomics, peptidomics, and/or metabolomics)
strategies could provide large-scale insights into complex plant systems that could otherwise be
misinterpreted if only one —ome was interrogated.

Recent years have seen an explosion of new -omics technologies that have the potential to
enable ground-breaking discoveries in plant sciences.*® In the field of genomics, next generation
sequencing and advances in genome analysis have helped to lay a foundation for other,
downstream -omics studies. Transcriptomics, proteomics, peptidomics, and metabolomics can
provide further insights into the inner workings of plant cells, cell-cell communication, and even
plant-environment interactions.

Traditional biological tools for studying plant-omics include SNP genotyping for
genomics, RNA-Seq and gene expression microarrays/ gene chips for transcriptomics, gel
electrophoresis, ELISAs (enzyme-linked immunosorbent assay), protein microarrays and
chromatography for proteomics, and chromatography and NMR (nuclear magnetic resonance) for
metabolomics. These assays are still widely used in plant science research, often in combination
or as a supplement to mass spectrometry analysis, especially when it comes to proteomics and
metabolomics.

This Feature will focus on three —omic classes, proteomics, peptidomics, and
metabolomics, which have made great advances in the plant-omics field due to the innovation of
mass spectrometry. It will summarize the current state of mass spectrometry in plant-omic

research, highlighting the different mass spectrometry techniques, especially mass spectrometry
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imaging, discussing several examples, and providing an outlook for where the field is headed. This
is not intended to serve as a comprehensive literature review but rather to provide readers with an

overview of how mass spectrometry can be used to benefit plant science research.

Chromatography- Mass Spectrometry in Plant-omics

Coupling chromatography to mass spectrometry, via either liquid chromatography-mass
spectrometry (LC-MS) or gas chromatography-mass spectrometry (GC-MS), is a powerful
technique for analyzing proteins and peptides (LC-MS), and small molecules (both LC-MS and
GC-MS) as they provide a great depth of information and offer higher sensitivity, selectivity, and
greater structural determination capabilities compared to methods such as IR and Raman
spectroscopy. GC-MS detects small volatile or derivatized nonvolatile molecules at lower
concentrations compared to other techniques for structural characterization, such as NMR.*°
Similarly, protein gels have a limited separation capacity and detection ability often suffers from
bias to a specific class or size of proteins, which decreases the number of proteins that can be

identified compared to MS.?°

Proteomics

Proteomics is used to describe the comprehensive study of the proteins present in an
organism, or a particular part of the organism. Thus, proteomics provides a more comprehensive
understanding of the molecular components produced and utilized by organisms to sustain various
processes required for life. Traditional plant proteomic studies utilize gel electrophoresis in the
workflow. However, gel electrophoresis suffers from several limitations including difficulty in

analyzing highly basic or acidic proteins, bias towards more abundant proteins and limited
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dynamic range, making low abundance proteins hard to detect, and an inability to separate
insoluble membrane proteins.?® 2! The higher sensitivity, selectivity, and structural determination
capabilities of LC-MS make it an advantageous technique for a wide range of applications in plant
proteomics, including descriptive proteomics of a sample, comparative proteomics using
quantification techniques, post-translation modifications, and protein-protein interactions.??
Proteomics studies can be classified as either top-down or bottom-up. A study by Lagrain
et al. used a top down approach to identify high molecular weight glutenin subunits (HMW-GS),
which are responsible for variability in wheat quality. HMW-GS have long repetitive sequences
with few cleavage sites for trypsin, making the bottom-up approach difficult due to low protein
coverage, meaning isoforms and post translation modifications are difficult to distinguish.
Relative average mass matching was used to identify HMW-GS along with o5-gliadins via LC-
MS analysis. Overall, they demonstrated a useful method for the characterization of HMW-GS
via top-down MS.2® Top-down studies provide high accuracy protein structure determination,
maps of post translational modifications (PTMs), and information on single amino acid
polymorphisms.?* Bottom-up analysis is more prevalent than top-down analysis for a variety of
reasons, despite the usefulness of the top-down approach. Intact proteins are harder to separate
than peptides as they are generally less soluble, meaning that separation of proteins prior to MS
analysis is a challenge. Advances in the separation of intact proteins can improve the number of
proteins identified in top down studies. For example, Tran et al. separated proteins with solution
isoelectric focusing, gel-eluted liquid fraction entrapment electrophoresis, and nanocapillary liquid
chromatography prior to MS analysis to reach a 20 fold increase in proteome coverage,® and
Valeja et al. developed a 3D liquid chromatography separation involving hydrophobic interaction

chromatography, ion exchange chromatography, and reversed phase chromatography to improve



13

protein identifications with top down analysis.?® However, these methods have yet to be applied
to plant science. Also, top down approach requires more sample than bottom up method due to
low ion counts for fragmentation, and a limited number of bioinformatics tools are available for
data analysis.?*

Currently, the bottom-up approach is used much more frequently than the top-down
approach, and one benefit of the bottom-up approach is that it enables the identification of proteins
in complex mixtures.?> A study by Li et al. investigated the changes in the proteome of
Arabidopsis thaliana (Arabidopsis) seedlings in response to strigolactones, which are hormones
that control shoot branching, as well as other aspects of growth and development. The study used
iTRAQ, a common chemical label for MS? quantification, for relative proteome comparisons
between a wild-type and a mutant version of Arabidopsis in the absence and presence of a
strigolactone synthetic analog. Of the 2095 proteins identified across all samples in the wild-type,
19 were found to be reproducibly up-regulated (fold change greater than 1.25) and 18 were
reproducibly down-regulated (25% or greater decrease). The up-regulated and down-regulated
proteins for the mutant were nine and two respectively. This study identified proteins not
previously known to be in the strigolactone pathway.?’

The identification of post-translational modifications (PTMs) is a key area of proteomics
as PTMs play a large role in the function of a protein. For example, phosphorylation sites regulate
cell differentiation and signaling networks, and play a role in substrate specificity. In bottom-up
proteomics, a specific PTM, such as phosphorylation, is enriched for after digestion, by affinity
purification for example, and then LC-MS/MS analysis is performed to identify the peptides with
that PTM.%2 Rose et al. used the model legume, Medicago truncatula (Medicago), to investigate

phosphorylation changes due to Nod factors, which are necessary for rhizobia infection and nodule
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development in the symbiotic relationship. The study identified 13,506 phosphosites in 7739
proteins and determined that Nod factor (NF) initiation resulted in changes in phosphorylation, but
not overall protein levels. Figure 2 shows the proteome and phosphoproteome changes in the
wild-type, nfp mutant, and dmi3 mutant plants. Changes in phosphorylation sites in wild-type
plants but not in the nfp mutant were analyzed in order to determine changes in NF signal
transduction. The combination of transcriptional, translational, and post-translational experiments
performed resulted in a wealth of new information regarding the Nod factor signaling cascade.?®
The depth of information provided by bottom-up proteomics studies comes at the cost of
complexity in the experimental workflow and data processing. After protein extraction, the sample
can undergo multiple steps, including digestion, chemical labeling, PTM enrichment,
fractionation, and desalting prior to LC-MS/MS analysis depending on the scope of the study.
Similarly, much effort is required after the MS acquisition in data processing. Well-annotated
gene sequences are necessary in order to create predicted MS? theoretical fragmentation spectra
for matching to experimental data. Obtaining well-annotated gene sequences is one of the more
complex parts of plant proteomics data analysis as the size of plant genomes can vary
tremendously. For example, sequencing studies estimate genome sizes from approximately 420
Mb for rice,3%-%2 to 2300 Mb for maize,* to 17,000 Mb for wheat.®* In comparison to the human
genome (3000 Mb), most plant genomes are just as complex, and many of the larger plant genomes
are not yet sequenced.>® Plant genomes that are not sequenced or not well-annotated pose a
challenge to a data analysis process that requires well-annotated gene sequences. Also, software
to match peptides to the original protein must consider the false discovery rate and how to assemble

proteins from a list of peptide spectral matches when peptides may match more than one protein.®
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Peptidomics

Peptidomics, the study of endogenous peptides produced by an organism, is a relatively
new and underdeveloped field branching off of proteomics; therefore there is a growing need to
investigate the role endogenous peptides play in an organism on a molecular level.*”* Known
plant peptides include phytohormones (with signaling roles in both defense and non-defense
processes), a wide range of defense peptides, and protease inhibitors. As signaling molecules,
plant peptides play roles in cell division, development, nodulation, reproduction, and defense.* 42
Thus, peptides affect nearly all parts of the plant and a better understanding of them could lead to
improvements in crop yields and pharmaceutical products.*®

As it stands, relatively few examples illustrate the usefulness of peptidomics analysis.
Ohyama et al. studied the peptides excreted by Arabidopsis plants into the liquid culture growth
media by LC-MS analysis. To validate their method, CLE44 overexpressor plants, which encode
for a known secreted peptide, were grown. Analysis by LC-MS/MS revealed the expected secreted
peptide. They then investigated an uncharacterized gene family encoding secreted peptides.
Analysis of an overexpressed model gene for this family revealed a 15 amino acid peptide with
PTMs.* Chen et al. investigated defense signaling peptides in tomato plants. Endogenous
peptides before and after stress induction were compared using a hypothetical peptide database
created from predicted cleavage sites. Analysis revealed 14 new peptides and one known peptide
that were up-regulated after wounding by more than 2 fold. One novel peptide, CAPE1, was found
to have an expression pattern similar to a known peptide (systemin) and was investigated further.*
Haruta et al. investigated the interaction of the peptide RALF in Arabidopsis thaliana using a
metabolic °N labeling technique and MS analysis to determine the signaling pathway for the

regulation of cell expansion. The study found that RALF interacts with the receptor FERONIA to
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suppress cell elongation. Furthermore, phosphoproteome analysis showed that the RALF-
FERONIA interaction phosphorylated H*-adenosine triphosphate 2, which inhibits proton
transport, giving a mechanism for extracellular alkanization caused by RALF.*® As peptidomics
becomes more wide spread, studies will be able to go beyond discovery experiments to further
explore the functional roles of peptides in plants.

Peptidomics employs similar workflow, and data processing steps as proteomics.
Although a trypsin digest is not necessary, fractionation and other separation steps are necessary
for complex samples. Also, data processing requires a tandem mass spectra database for
identification of the peptides. Database searching is complicated by the fact that the cleavage sites
that create the peptides are not always known, and there is no trypsin digest to create predictable
cleavages and -COOH groups at the C-terminus, which complicates spectra interpretation.*® If all
partial sequences from the protein database are compiled, the database size increases
tremendously, thus increasing the database searching time, the number of false positives in the
decoy database, and the score needed to confidently identify positive hits.*> Additionally, plant
peptidomics is further complicated by the low abundance of many plant peptides, which is further
challenged by endogenous proteolytic degradation.** Careful sample preparation and data
processing will help to provide high quality results that improve current knowledge on plant

peptidomics.

Metabolomics
As the end products of various biochemical processes catalyzed by enzymes, metabolites
provide useful molecular insight into an organism’s biochemistry at a given time. With molecular

weights typically under 1000 Da, metabolites are often classified as small molecule analytes.
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Metabolites are either primary metabolites, meaning that they are essential to a plant’s growth and
development, or secondary metabolites, which are diverse chemicals produced by plants that may
have specific impacts on other organism. Metabolomics in plants is of particular importance as
plants produce many nutrients and vitamins, and genetic engineering of plants to produce more
nutrients and vitamins in the edible portions of the plant is an important area of plant metabolomics
research.*’ The fact that metabolites cannot be deduced simply from genetic data, unlike
transcripts and proteins, creates a challenge for the field of metabolomics. Metabolomics uses a
range of analytical techniques, including MS, NMR spectroscopy, and laser-induced fluorescence
detection, of which MS is a selective and sensitive method commonly used, to characterize the
metabolites present in an organism at a given time.*®

The information learned from metabolomics studies in plants has the potential for great
impact in improving plant response to stress, agricultural efficiency, and food quality.*” For
example, Oms-Oliu et al. studied the metabolites present in tomato fruit before, during, and after
ripening. GC-MS analysis revealed major changes during the ripening process, such as an
increases glucose, fructose, cell wall components, and amino acids. Additionally, metabolites like
mannose and citramalic were found to strongly indicate a post-harvest state.*® Metabolomics can
also provide insights into a plant’s response to stress. Zhang et al. used a combination of
transcriptomics and metabolomics to study the effect of drought conditions on Medicago
truncatula. Many thousands of transcripts changed in response to drought and GC-MS analysis
identified changes to hundreds of metabolites. The combination of the two datasets helped to
characterize the regulation of the metabolomics pathways under drought conditions.® An
alternative ionization approach worth mentioning is leaf-spray mass spectrometry, a fairly new

technique, based on paper-spray technology, where plant tissues cut in the shape of a triangle
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produce a spray into the inlet of the mass spectrometry from either an electrolyte present in the
tissue or from an added solvent upon application of an electric field.>! Leaf spray has been used
in a number of studies for detection of a variety of metabolites.>?

Sample preparation starts with quenching the plant tissue, which stops the metabolic
processes in a cell through the use of low temperatures, such as flash-freezing with liquid
nitrogen.>®> An extraction of the desired metabolites follows quenching, and separation of
metabolites into subclasses prior to LC or GC-MS helps with the analysis of complex samples. A
wide concentration range of metabolites in conjunction with a large number of metabolites with
differing chemical properties make metabolite samples complex, and challenging to analyze.>
Data processing of the complex datasets in metabolomics experiments can influence the quality of
the results.>® Also, the indirect relationship between metabolomics and genomics creates a
challenge in confidently identifying metabolites. A combination of high-resolution, accurate mass
matching, MS/MS fragmentation data, and retention time comparisons between pure standards or

database information and experimental data are needed for identification of metabolites.>®

Mass Spectrometry Imaging

One of the exciting new developments in mass spectrometry that is becoming more widely
used for plant-omics is mass spectrometry imaging (MSI). MSI shows great promise for biological
studies because it allows for molecular analysis of tissue while retaining information about the
spatial distribution of the different analytes in the tissue sample.’” The conventional tissue
extraction methods described above for proteomic, peptidomic, and metabolomic studies do not
provide the spatial information that MSI can provide; however, liquid extraction is still the method

of choice for large-scale studies as MSI is lower throughput and less reproducible when acquiring
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a large amount of samples. Several other biological techniques allow for the visualization of
macromolecules in various cellular structures, such as immunolocalization or other techniques that
rely on the interactions between the analyte and an external probe, and therefore require clear
knowledge of the analytes of interest and specifically target larger molecules such as proteins.
Mass spectrometry lends itself to discovery experiments in which a multitude of analytes, from
metabolites to proteins, can be detected and studied without prior knowledge of sample contents.
Herein, we discuss four different MSI techniques (MALDI, SIMS, DESI, and LAESI) and how
they are being applied to plant-omics. Table 1 summarizes the optimal analytes, mass range, and
spatial resolutions of these four different MSI techniques.
Before discussing the different ionization sources used for MSI, there are a variety of different
types of mass analyzers that offer distinct advantages and disadvantages when it comes to MSI
experiments. Arguably the most common type of mass analyzers used for MSI are time-of-flight
(TOF) and TOF/TOF analyzers in which the m/z is determined by the time the ions take to travel
from the ionization source through the TOF tube.>® A wide mass range of molecules (theoretically
unlimited) can be detected with these types of instruments with fast analysis times and MS/MS
capabilities for molecular identification, however the mass accuracy and mass resolving power are
low compared to other instrument types.

Orbitrap Fourier transform mass spectrometers are gaining popularity in MSI applications.
In an Orbitrap mass spectrometer, m/z values are determined by measuring the axial oscillation
frequency of ions moving back and forth along a spindle-like electrode, where the spinning ions
generate a small current that is detected at either end of the electrode, and the mass of the ion is
related to the oscillation frequency.>® While the Orbitrap provides superior mass resolution and

mass accuracy, disadvantages of the commercially available MALDI-Orbitrap compared to TOF
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instruments are the larger laser beam size, which limits the spatial resolution of the images to
approximately 75 um (although custom instrument modifications have produced laser beams as
small as 3 um spatial resolution), slower acquisition speed thus longer analysis time, and limited
mass range (maximum of 4000 Da as higher m/z compounds are difficult to retain during the orbital
rotation). Additionally, the commercial MALDI-LTQ Orbitrap has capabilities for CID (collision-
induced dissociation) and HCD (high-energy collisional dissociation) MS/MS fragmentation,
which both can be used to obtain more complete fragmentation coverage of metabolites and
peptides and improved molecular identifications. Hybrid methods have been developed by the
Young Jin Lee group that utilize the hybrid linear ion trap and Orbitrap portions of the MALDI-
LTQ Orbitrap instrument to reduce the data acquisition time while collecting even more molecular
information by interspersing ion trap scans and MS/MS scans during the longer Orbitrap scan
using a spiral step plate motion.®

Fourier transform ion cyclotron resonance (FT-ICR) mass analyzers are also used for some
MSI applications. In this type of instrument, ions are trapped in a magnetic field and excited by
an electric field, thus leaving the ions rotating at their cyclotron frequency that generates a current
which is detected by the mass spectrometer. FT-ICR mass analyzers can provide extremely
accurate mass measurements, has MS/MS capabilities, and have a higher upper mass limit of

detection compared to Orbitraps; however, like the Orbitrap, suffer from long analysis times.

Matrix-Assisted Laser Desorption/lonization

Matrix-assisted laser desorption/ionization (MALDI)-MSI is the most popular type of MSI.
A workflow comparing the sample preparation, data acquisition, and examples of raw data for LC-

MS and MALDI-MSI workflows is shown in Figure 3. For this technique, tissues of interest are
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trimmed or harvested from the plant and immediately frozen before being sectioned on a cryostat
into slices that are typically 10-20 pm thick.5! Next, the tissue sections are thaw-mounted onto a
stainless steel conductive plate, indium-tin-oxide (ITO)-coated conductive glass slides, or regular
glass slides, depending on instrumentation.? The next step, MALDI matrix selection and
application, is critical to the experimental workflow as the type of matrix chosen will determine
the types of analytes that can be ionized and the application method will control the matrix crystal
size which in turn defines the maximum image resolution.®*% Conventional matrices include 2,5-
dihydroxybenzoic acid (DHB) and a-cyano-4-hydroxycinnamic acid (CHCA)® for positive mode
and 9-aminoacridine (9-AA)® for negative imaging mode. Less traditional matrices such as TiOz,
gold, or silver nanoparticles®”®° 1 5-diaminonapthalene (DAN)™, 2,3,4,5-tetrakis(3’,4'-
dihydroxylphenyl)thiophene (DHPT)™, and 1,8-bis(dimethyl-amino) naphthalene (DMAN)' 73
are being used more frequently and are reported to improve spectral quality, crystallization and
vacuum stability.”* Spatial resolution and reproducibility of results are limited by the matrix
crystal size and application consistency, among other instrumental parameters such as raster step
size and laser beam diameter.”” Matrix can be applied manually with an artist airbrush, with
automated systems’®, via sublimation’’, or filtered onto tissue through a small (~20 um) sieve or
mesh.”® ™ The matrix allows for ions to be generated, which is essential for mass spectrometric
analyses as the mass spectrometer can only detect charged particles.

After the matrix is applied to the sample and the analytes are co-crystallized with matrix,
the sample plate is loaded into the mass spectrometer on a moveable X-Y stage. A laser is fired at
the sample plate, causing the matrix to be ablated and form a gas plume in which matrix and analyte
ions are formed. The moveable X-Y stage allows for the laser to raster across the sample and mass

spectra to be collected at every pre-defined raster point. After completing the 2D raster, ion images
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for each mass in the spectrum can be shown and the software will display the relative abundance
of each ion as a colored map of signal intensity across the raster area.

One advantage MALDI-MSI for biological analysis is that it can generate larger ions, such as
peptides and proteins, which is one of the reasons why MALDI is the most widely-used MSI
technique.®” 882 The matrix absorbs much of the incident laser energy, providing soft ionization
for analytes , which allows for the ionization of larger molecules (m/z over 100 kDa).®
Unfortunately, while there are advantages for the analysis in the high mass range, there are
disadvantages in the low mass range. One disadvantage to using MALDI is that the matrix itself
produces ions that can interfere or mask analyte ions in the small molecule mass range. This can
be somewhat avoided using high resolution instrumentation or novel matrices.8” 70-72.84-88 There
are several excellent reviews that highlight the application of MALDI-MSI (and other MSI
techniques) to plant metabolomics, peptidomics, and proteomics.8%-%

As previously stated, MALDI-MSI is the most highly used type of MS imaging, possibly
due to its versatility and availability. MALDI-MSI can be used to detect a wide range of molecules
from metabolites to peptides to proteins; although there are currently far more studies using
MALDI-MSI for plant metabolomics. Our lab recently used MALDI-MSI to study the symbiotic
relationship between the model legume, Medicago truncatula, and the nitrogen fixing bacteria,
Sinorhizobium meliloti. We compared combinations of wild-type (wt) and mutant strains of plant
(dnfl) and bacteria (fixJ) and identified metabolites, such as heme, various amino acids, and other
organic acids that are present in functional, nitrogen-fixing nodules (wt-wt) and absent from non-
functional nodules (wt-fixJ, dnf1-wt, or dnf1-fixJ).%> % Figure 4 shows representative images of
some of the metabolites detected in this study. The information gained from using this technique

could provide valuable insight into the biological nitrogen fixation process in legume plants by not
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only identifying metabolites that may be involved in this process, but by also localizing these
molecules within the root nodule structures. Collaborative work between the Young Jin Lee and
Basil Nikolau groups highlights MALDI-MSI for subcellular-level imaging of metabolites in
maize leaves, providing insights into the known asymmetric metabolism associated with different
tissue types within these leaves.®” This proof-of-principle study of understanding molecular details
and localizations at the sub-cellular level shows exciting promise for deeper interrogation of the
biological mechanisms and implications. Plant peptidomics is a relatively under-explored area in
mass spectrometry, and especially so in mass spectrometry imaging. One of the very few reports
on plant peptide imaging focuses on imaging cyclotides in petunias. Using MALDI-MSI, Poth et
al. were able to detect novel cyclotides (defense-related cyclic plant peptides) from petunia
leaves.%® The goal with this study would be to genetically enrich major crop species to be able to
express cyclic peptides of their own, thus enhancing crop protection. While mass spectrometry
analysis is the gold standard for proteomic analysis in general, there are very few reports using
MALDI-MSI for plant proteomics. A previous review highlights MALDI-MSI of proteins in
soybean cotyledons in a proof-of —principle figure,?? and a known allergenic protein in peaches
was shown to be localized to the skin of the peach using MSI,% but no further applications of MSI

to plant proteomics have been reported so far.

Secondary lon Mass Spectrometry

Secondary ion mass spectrometry (SIMS) is a long established technique and, unlike
MALDI, it does not require special preparation or matrix application, although some optional

methods, such as the addition of a matrix or a thin coat of metal nanoparticles, can improve the
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imaging results.’%® 10 Remarkably, SIMS is able to reliably achieve less than 1 pum spatial
resolution, making it the method of choice for subcellular investigations.

Like MALDI-MSI, in SIMS-MSI the sample is put under high vacuum. Instead of ionizing
with a laser like in MALDI, the sample on the surface is bombarded with high energy primary ions
which facilitate the ionization of the analytes.!?? 1% The ijonized analytes, or secondary ions, are
sputtered from the sample surface into the mass analyzer for analysis. The highly focused ion
beam in SIMS provides excellent spatial resolution (less than 1 um); however, the primary ion
source is fairly limited to molecules under 1000 Da because it is a high energy beam that easily
fragments larger molecules, and for this reason, SIMS is especially popular for elemental and
atomic analyses.® %4 SIMS-MSI of primary and secondary metabolites in pea plants and
Arabidopsis thaliana with sub-2 um spatial resolution has been reported by Seyer et al., as shown
in Figure 5.1% A new sample preparation method was developed for SIMS-MSI of Arabidopsis
and the method was applied to confirm variations in flavonoid content in seeds from different
Arabidopsis mutants. While SIMS is one of the oldest MS techniques, its application to plant-

omics is lacking and could be significantly expanded in the future.

Desorption Electrospray lonization

Although the spatial information of a sample is preserved with MSI, MSI has still been
mainly viewed as an invasive process until the development of ambient ionization techniques, such
as desorption electrospray ionization (DESI). DESI is a simple, ambient ionization technique that
channels charged solvent droplets and ions from an electrospray source onto the surface of the
sample, and the impact yields gaseous analyte ions.'® Images can either be collected directly from

the sample surface or indirectly via imprints. Like SIMS, DESI also does not require matrix to
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create ions and actually requires little to no sample preparation at all other than sectioning and
mounting the sample.’®” One disadvantage DESI has compared to vacuum MS methods, SIMS
and MALDI, is that it has lower spatial resolution of approximately 180—-200 pm.%

Like the other MSI techniques mentioned above, DESI has been primarily utilized for
metabolomics studies. Recently published work by Tata et al. used DESI-MSI to study changes
in the potato plant metabolome in response to pathogen invasion.'® Their method of imprinting
the sample on tape and performing DESI-MS and DESI-MSI on the imprint allowed for simple
and rapid metabolomics profiling with minimal sample preparation, and resulted in the first
qualitative study of plant defense against phytopathogen invasion via ambient mass spectrometry.
Hemalatha and Pradeep present a thorough analysis of molecular signatures (primarily
metabolites) from a variety of plant species and tissues using DESI-MSI.1%® This work identified
metabolites with implications in varietal differences, toxic metabolite production, metabolites

during plant growth cycles, plant defense, etc.

Laser Ablation Electrospray lonization

Laser ablation electrospray ionization (LAESI) is another type of ambient ionization and
utilizes the natural water content of cells and tissues as the matrix.**® With LAESI, a laser is used
to ablate molecules in the tissue which are then captured by the electrospray and generate analyte
ions.!*! The Vertes group invented and developed LAESI-MSI for plant sciences. They have
demonstrated the application of LAESI-MSI for live, untreated tissue analysis of metabolites on
plant leaves!'? and have even demonstrated the use of LAESI for 3D MSI of metabolites in S.
Iynise and A. squarrosa leaf tissue as shown in Figure 6.1 3D imaging of molecular distributions

can elucidate the correlation between biochemical processes and the spatial organization of a
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biological tissue. More recently this group has coupled LAESI-MSI with ion mobility mass
spectrometry (IM-MS) of metabolites on P. peltatum leaves.'* They were able to use this
technique to separate structural isomers which is very important as isomers can often have
extremely different biological activities. This technique can theoretically be applied to plant
peptidomics and proteomics as well, but has so far only been demonstrated for the direct detection

of these larger molecules on animal tissue.'®

Data Analysis

Mass spectrometry experiments have the capacity to generate huge amounts of data.
Sorting through and analyzing data is often the greatest bottleneck of MS and MSI experiments.
There have been many different software tools developed for the analysis of metabolomics,
peptidomics, or proteomics datasets.

Metabolomics data processing typically begins with matching obtained accurate masses to
online metabolite databases such as METLIN,!® HMDB (Human Metabolome Database),*'" 118
KEGG (Kyoto Encyclopedia of Genes and Genomes),**® PubChem,'?® MassBank,'?* MMCD
(Madison Metabolomics Consortium Database),*?> LIPID MAPS,*?* 24 and more. Database
searching will often result in multiple potential identifications for a given mass; therefore, to
further narrow down identification assignments, tandem mass spectra collected for each metabolite
of interest can be compared to metabolite standards, tandem mass databases, or in silico
fragmentation tools such as MetFrag.*?® Instrument vendors have released software packages for
metabolomics analyses such as ProgenesisQI (Waters Corporation), Sieve (Thermo Scientific),
ProfileAnalysis (Bruker Daltonics), to name a few, as well as open-source software tools like

XCMS%: 127 and MetaboAnalyst.'?81%  These tools allow for data alignment, normalization,
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automatic feature selection, some statistical analysis, and even metabolite identification prediction
based on MS/MS data, although confident identifications is still lacking. Software tool
development for metabolomics is growing area that could still use further development as many
metabolites share common fragment masses with no consistent fragmentation rules for different
functional groups (unlike peptide fragmentation) that would make accurate fragmentation
prediction achievable at this time, leaving many ambiguous identifications.

Accurate mass matching can also be used to identify peptides and proteins, although the
more widely-accepted approach is to match MS/MS data to sequenced genomes, using software
tools like Mascot, or by de novo sequencing, with software packages like PEAKS*! which is also
useful for endogenous peptidomics studies.™! Several programs, such as BLAST (Basic Local
Alignment Search Tool)!* and MEME,*®* have been developed for homology searches by
comparing putative peptide sequences against a database of closely related species which can
provide insight into key evolutionary and functional roles of peptides.’* In comparison to
metabolomics, the more mature field of proteomics has many software tools, such as Mascot (by
Matrix Science), COMPASS (Coon OMSSA Proteomic Analysis Software Suite),*3® Proteome
Discoverer (by Thermo Scientific), SkyLine,*® Morpheus,'*’ etc., available that perform protein
identifications based on sequencing of peptide fragment ions and protein database searching.

MSI data processing is often less straightforward and less automated than traditional extraction-
based analyses. MSI data processing typically involves manually extracting ion images for each
specific m/z in the mass spectrum and physically checking the quality of the image by making sure
the analyte’s spatial distribution is localized to the tissue with no contaminating ions interfering
with the quality of the image. A list of m/z values with high quality MS images can then be

compiled for further interpretation. Vendor specific MSI analysis software (e.g., FlexImaging
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from Bruker Daltonics, ImageQuest from Thermo Scientific, HDImaging from Waters
Corporation, and TissueView from Applied Biosystems/MDS) or open source software such as
BioMap are commonly used to extract ion images for selected analytes from the collected data.
Fairly recently, MSiReader, a readily available MSI data processing software, has been developed
that has drastically decreased the MSI data processing time in comparison to manual data
processing, allowing for higher throughput and faster overall analysis.**® Large-scale MSI datasets
can easily be tens of GB in size for a single experiment and management of these enormous data
files causes significant challenges in data processing and analysis. Several key techniques have
been developed to specifically address the information and analysis of large MSI datasets, such as
OpenMSI**® and memory efficient algorithms for principal component analysis.*4°

Many bioinformatics tools exist for analyzing a specific type of —omics datasets. Recently,
researchers have been working toward developing plant-specific databases and software tools that
can integrate multiple —omics datasets. The Sumner group reported a tandem mass spectral library
of plant natural products, created using authentic standards and purified compounds.!** The
database focuses primarily on plant secondary metabolites, and contains retention time data as well
as tandem mass spectra collected at six different collision energies. Other plant specific databases
include the Medicago PhosphoProtein Database'#?, The Plant Proteome Database for Arabidopsis
thaliana and maize!*®, the Rice Proteome Database!*4, and Promex which contains tryptic peptide
mass spectra information for a dozen plant species*®. In addition to plant specific databases for
metabolomics or proteomics data, other software tools and databases have been developed to
integrate multiple —omics datasets for a more comprehensive systems-biology view of the results.
The Sumner group has developed MedicCyc specifically for Medicago truncatula metabolic

pathway reconstruction with over 250 pathways of related metabolites, enzymes, and genes.4®
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Similarly, AraCyc'#’, MetaCyc!*®, the Plant Metabolic Network (Plant Metabolic Network (PMN)

on www.plantcyc.org) , and KEGG* are pathway tools for various other plant species.

Outlook

With regard to an integrated —omics strategy, there are obvious concerns about the
complexity and dynamic range of the different classes of analytes being studied. These challenges
have motivated the development of analytical workflows incorporating multi-dimensional front-
end separation strategies and more advanced instrumentation offering superior separation
capabilities and enhanced MS detection with faster scanning rates, better sensitivity, and higher
performance. MALDI-MSI instrumentation with spatial resolution down to approximately 20 pum
is readily available. Custom built instrumentation can achieve a spatial resolution of <3 pm and it
is only a matter of time before these custom instruments become commercially available.50-153
Improvements to ambient ionization techniques can also provide more biologically relevant
information about the plant systems. Adopting these new technologies with important new
capabilities, along with careful sample preparation, can provide dramatic improvements when
integrated into -omic workflows.

In addition to technological advances in instrumentation, the simultaneous development,
advancement, and integration of closely related —omics approaches can guide researchers to a
better understanding and characterization of various biological processes and signaling
mechanisms in plants. Integrated genomics and metabolomics or metabolomics and
transcriptomics studies have recently been reported, and we expect more exciting studies of this
nature in the future.®®*1° By integrating multiple -omics technologies it may be possible to obtain

extensive molecular-level information and elucidate biological functions and underlying
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mechanisms.  Plant-specific bioinformatics tools for integrating multi-omics strategies are
beginning to emerge, but continuous development of wide-reaching, user-friendly software tools
would drastically improve data analysis strategies and holistic knowledge.

A more widespread adoption of MSI as a technique for —omics studies will provide spatial
information of where analytes are located within the plant. Knowing, for example, where
metabolites and the proteins/enzymes that interact with them are located at different developmental
stages could reveal key insights into biological processes and mechanisms within the plant. In
addition to studying plant development, MSI can also provide a way to localize differences in
analytes between tissue types, disease states, genetic differences, or following genetic
manipulation. It could be possible to quickly ascertain the functional potential of plants for various
biotechnological applications such as bioenergy production, environmental decontamination,
natural product production, and many other important applications. Collaborations between
experts in various plant-omic methodologies, plant s