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SUMMARY:
This method uses mass spectrometry imaging (MSI) to understand metabolic processes in S. alba leaves when exposed to xenobiotics. The method allows the spatial localization of compounds of interest and their predicted metabolites within specific, intact tissues. 

ABSTRACT:
The method presented uses mass spectrometry imaging (MSI) to establish the metabolic profile of S. alba leaves when exposed to xenobiotics. Using a non-targeted approach, plant metabolites and xenobiotics of interest are identified and localized in plant tissues to identify specific distribution patterns. Then, in silico prediction of potential metabolites (i.e., catabolites and conjugates) from the identified xenobiotics is performed. When a xenobiotic metabolite is located in the tissue, the type of enzyme involved in its alteration by the plant is recorded. These results were used to describe different types of biological reactions occurring in S. alba leaves in response to xenobiotic accumulation in the leaves. The metabolites were predicted in two generations, allowing the documentation of successive biological reactions to transform xenobiotics in the leaf tissues. 

INTRODUCTION:
Xenobiotics are widely distributed around the world due to human activities. Some of these compounds are water-soluble and absorbed by soil1, and enter the food chain when they accumulate in plant tissues2–4. The plants are eaten by insects and herbivores, which are prey to other organisms. The intake of some xenobiotics and their impact on a plant’s health have been described5–8, but only recently at a tissue level9. Therefore, it is still unclear where or how the metabolism of xenobiotics occurs, or if specific plant metabolites are correlated to xenobiotic accumulation in specific tissues10. Moreover, most research has overlooked the metabolism of xenobiotics and their metabolites in plants, so little is known about these reactions in plant tissues.

Proposed here is a method to investigate enzymatic reactions in biological samples that can be associated to the tissue localization of substrates and products of the reactions. The method can draw the complete metabolic profile of a biological sample in one experiment, as the analysis is non-targeted and can be investigated using custom lists of analytes of interest. Provided is a list of candidates tracked in the original dataset. If one or several analytes of interest are noted in the sample, the specific tissue localization can provide important information on the related biological processes. The analytes of interest can then be modified in silico using relevant biological laws to search for possible products/metabolites. The list of metabolites obtained is then used to analyze the original data by identifying the enzymes involved and localizing the reactions in the tissues, thus helping to understand the occurring metabolic processes. No other method provides information on the types of reactions occurring in the biological samples, the localization of the compounds of interest, and their related metabolites. This method can be used on any type of biological material once fresh and intact tissues are available and the compounds of interest can be ionized. The proposed protocol was published in Villette et al.12 and is detailed here for use by the scientific community.

PROTOCOL:
[bookmark: _Hlk34212362]
1. Sample preparation

1.1. Obtain the biological sample and either keep it fresh and intact (e.g., do not force it into a tube) or freeze it. The proposed protocol applies to any type of solid biological sample (i.e., plant, animal, or human tissues) to localize compounds in specific tissues.

1.2. Cool down a cryomicrotome to -20 °C. Keep the sample holder and the blade at the same temperature.

1.3. If necessary, embed the object in M1 embedding medium to preserve it during cutting.

1.3.1. Pour some matrix in a plastic mold placed in the cryomicrotome chamber. Rapidly add the sample and pour some more embedding medium to cover it. Maintain the sample in the center of the mold as the matrix solidifies while cooling down.

NOTE: Embedding is not necessary for all biological objects. Homogenous objects such as mouse brains do not need embedding medium and can be cut frozen.

1.4. Place the embedded or frozen sample on the cryomicrotome holder and cut it with a sharp blade. A thickness of 5–30 µm is good for plant samples, which are difficult to cut due to their heterogeneity. Adapt the cutting thickness and temperature to the sample, making several cuts to find the best conditions. In the example provided, the sample was cut at -20 °C. Consider keeping the sample under 0 °C to avoid sample degradation.

NOTE: The use of a binocular microscope placed next to the cryomicrotome can help determine the quality of the slices. The tissues must stay intact.

1.5. Carefully move the slice to an ITO-coated slide using forceps or a small paintbrush, then place a finger under the slide to warm up and dry the sample. Keep the slide in the cryomicrotome chamber until all samples are ready. Take the slide out of the chamber slowly to avoid heat shock.

NOTE: To check which side of the slide is ITO-coated, place a drop of water on the slide at room temperature (RT). The drop will stay round on the ITO-coated side or flatten on the uncoated side.

1.6. Draw marks on the slide using a thin marker pen or correction fluid and scan it with a high-resolution scanner before matrix deposition. The marks will be used to determine the sample's exact position on the slide when it is in the mass spectrometer. The best way to obtain precise points of reference is to draw a grid.
 
2. Matrix deposition

2.1. Prepare the MALDI matrix: weigh 70 mg of α-cyano-4-hydroxyconnamic acid (HCCA) matrix and dilute it in 10 mL of a water and methanol solution (50:50) with 0.2% TFA. Sonicate the matrix for 10 mins at RT. There may be extra solid matrix after sonication.

NOTE: Different types of MALDI matrices can be used depending on the analytes of interest.

2.2. Clean the matrix deposition robot with 100% methanol.

2.3. Using methanol and a precision wipe, clean the slide, holding the samples without touching them and without removing the marks. Add a clean coverslip over the slide in an area without sample. That part of the slide is then placed over the optical detector to track matrix deposition.

NOTE: To optically track matrix thickness, the slide and coverslip must be very clean.

2.4. Use the robot for matrix deposition: place only 6 mL of the matrix solution in the reservoir, and add 2 mL of 100% methanol for a total volume of 8 mL.

NOTE: Recording of matrix thickness along deposition is automatic and can be recovered using a USB stick. The development of a spraying method is not detailed here.

3. Data acquisition

3.1. Place 1 µL of the matrix on a MALDI plate to calibrate the mass spectrometer using the matrix peaks as references. The development of an acquisition method on the mass spectrometer is not detailed here.

3.1.1. Insert the MALDI plate in the source, click “Load Target” in ftmsControl software, and wait for the plate to be loaded.

3.1.2. Choose the position of the matrix spot by clicking on the spot in the image representing the MALDI plate.

3.1.3. Indicate the sample name and the folder in the “Sample Info” tab of the software.

3.1.4. Start acquisition by clicking “Acquisition”.

3.1.5. Move the plate slightly during the acquisition using the mouse pointer on the “MALDI video” tab so that the laser points at different spots.

3.1.6. When the acquisition is finished, go to the “Calibration” tab, choose HCCA calibration list in Quadratic Mode and click Automatic. The global calibration result is indicated in the “Calibration Plot” window and should be less than 0.2 ppm for a SolariX XR 7T.

3.1.7. If the calibration is good, click “Accept” and save the method.

3.2. Once the matrix deposition on the samples is finished, place the slide in a slide adapter and retrieve the position of the marks using a plastic cover.

3.3. In flexImaging software, set up a new imaging run using the first window that opens with the software.

3.3.1. Name the imaging run, select the Result Directory, and click Next.

3.3.2. Indicate the raster size (i.e., user-defined measurement region), choose the method to be used (calibrated at section 3.1), and click Next.

3.3.3. Load the optical image of the slide obtained at step 1.6 after scanning the slide and click Next.

3.3.4. The image opens in a wider window. Use the marks on the slide to teach the position of the slides: in ftmsControl, place the target of the MALDI video window on the exact position of a mark, then come back to felxImaging and click on the exact same point on the optical image. Repeat this for three independent points. The plastic cover bearing the marks is placed on a MALDI plate to recover its position and facilitate teaching.

NOTE: If the marks were made with a marker, adding white correction fluid at the back of the slide can make them stand out during teaching.

3.4. Draw the regions of interest in the samples in the flexImaging software using the “Add Measurement Regions” tools.

3.5. Save the imaging run and an “AutoXecute Sequence” if several samples are to be analyzed.

3.6. Launch a sequence using “AutoXecute Batch Runner” if several samples are analyzed.

NOTE: Synchronize the data regularly to a secure location.

4. Data processing

4.1. Import the raw data to the visualization software (SCiLS Lab) and create a dataset. This is done in two separate steps in this software.

4.1.1. Use the “Batch Importer” tool and select the raw data, indicate the target directory, and click on “Import”. 

4.1.2. After import, several datasets can be combined for further analysis. To combine datasets, use the “File|New|Dataset” tool. 

4.1.3. Select the type of instrument used for acquisition, add the imported datasets by clicking “+”, and arrange the images by clicking and dragging the objects.

4.1.4. Check the mass range settings or modify if needed by indicating the range of interest. Click Next to see the import summary and launch the import.

4.2. Visualize the m/z of interest in the different tissues of a sample and/or in different samples. Simply click on the spectra to select the m/z of interest or type the value in the m/z box.

4.2.1. Perform statistical tests if needed to search for colocalized or discriminative values between different tissues and/or different samples to determine the m/z of interest. The tools are available in the “Tool” menu and will not be described in this protocol.

4.3. Export the m/z of interest (e.g., colocalized, discriminative compounds) as a .csv file from the Object tab. The whole dataset can also be exported if it is not too big (i.e., maximum 60,000 lines). Click on the “Export” icon on the right side of the region of interest indicated by a red arrow.

4.4. Import the .csv file to create a new dataset in the annotation software (Metaboscape). Click on “Projects | Import CSV project”. Be aware that only the exact m/z will be considered, and the isotopic profile is lost.

NOTE: The 5.0 software version allows direct import of data from the visualization software, which enables a more accurate annotation, because the isotopic profile can be considered.

4.5. Annotate with custom-made analyte lists, which can be derived from publicly available databases. A template is given by the software to create analyte lists. 

4.6. Use the prediction software (Metabolite Predict) to perform in silico prediction of the metabolites of the annotated compounds. The developed formula of the compound of interest is needed, either drawn by the user in the software or imported as a .mol file. Then the method is a simple step-by-step protocol.

4.7. Recover the list of metabolites, create an analyte list, and use it in the annotation software to annotate the raw data with predicted metabolites. Alternatively, if the list of metabolites is short, manually search for it in step 4.8.

4.8. Visualize the tissue distribution of the metabolites in the raw data in the visualization software.

4.9. Recover the names of the enzymes involved in the metabolic processes in the prediction software by right-clicking on the predicted metabolite of interest.

REPRESENTATIVE RESULTS: 
This protocol was applied to fresh leaves sampled from a S. alba tree exposed to xenobiotics in the environment. The process is depicted in Figure 1. The first step is to prepare thin slices of the sample of interest. Plant samples are often more difficult to cut than animal samples, as the tissues are heterogeneous and can contain water and/or air. This difficulty is handled using embedding medium, which forms a homogeneous block around the sample. The matrix deposition is facilitated by the use of a robot, avoiding hand manipulation and assuring reproducible results. The MALDI matrix layer thickness is followed during the entire process and can be recorded. Data acquisition requires learning to handle a high-resolution mass spectrometer and to adapt the method to the type of samples and compounds being investigated. Raw data are imported into a visualization software to search for the compounds of interest and display their tissue localization. Discriminative or colocalized compounds can be found using statistical tools available in the software. At this step, only the exact m/z of the compounds are known. The compounds of interest are then exported to the annotation software, which can compare the exact m/z with a custom list of compounds of interest defined by the user. If the exact m/z matches the m/z of a compound of interest, it is annotated. In the context of a metabolic profile investigation, the annotated compounds are selected for in silico prediction of metabolites. The types of biological reaction rules used to generate metabolites are easily chosen by the user, as well as the number of generations over which the metabolites are predicted. The list of predicted metabolites can be used in the annotation software to search for matches between raw data exact m/z and predicted metabolites m/z (Figure 1). The annotated metabolites can be searched for in the visualization software to obtain their tissue localization (Figure 2). The enzymes involved in the metabolism of the original compounds of interest can be recovered to draw the metabolic reactions occurring in the biological sample (Figure 3).

In this example, the drug telmisartan was identified in the plant leaves; it was distributed throughout the tissues. Telmisartan's metabolites were predicted and searched for in the raw data. The annotations showed that one first-generation (I) metabolite was detected in the internal tissues of the leaves and further degraded into second-generation (II) metabolites, which were localized in internal tissues or were more generally distributed in all leaf tissues (Figure 2). These results suggest an active metabolic reaction in the leaves to degrade telmisartan. The process was applied to several compounds of interest annotated in the leaves, and the enzymes involved in the reactions were recovered to investigate their role in the plant's response to xenobiotics accumulation. This gives an overview of the enzymes involved in xenobiotics metabolism in S. alba leaves (Figure 3). 

FIGURE AND TABLE LEGENDS:
Figure 1. General structure of the method. A fresh sample is cut and placed on an ITO-coated slide sprayed with the appropriate MALDI matrix. The MALDI acquisition provides raw data from which the localization within the tissue can be observed with the SCiLS Lab software. Metaboscape is used for annotation, and Metabolite Predict is used for metabolite (i.e., catabolites and conjugates) prediction.

Figure 2. Example of the results obtained on S. alba leaves exposed to xenobiotics. Telmisartan was identified in the plant leaves and visualized in all the tissues. Telmisartan metabolites were predicted and annotated on the raw data to visualize their tissue localization. The first-generation (I) metabolite C33H32N4O3 was localized mainly in the internal tissues, while second-generation (II) metabolites were sometimes more generally distributed. This figure was adapted with permission from Villette et al.12.

Figure 3. Global enzymatic profile proposed for potential reactions occurring in S. alba leaves in response to xenobiotics exposure. The metabolite prediction and annotation on the object of interest suggested the potential enzymatic reactions responsible for the metabolism of the compound of interest. This figure was adapted with permission from Villette et al.12.

DISCUSSION:
The critical part of this protocol is the sample preparation: the sample must be soft and intact. Cutting is the most difficult part, as the temperature and thickness of the sample can vary depending on the type of sample studied. Animal tissues are usually homogeneous and easier to cut. Plant samples often incorporate different structures and therefore are more difficult to keep intact as the blade encounters soft, hard, or empty vascular tissues. It is highly recommended to use fresh tissues when working with plant samples to avoid the formation of ice in the hydrophilic tissues and their destruction. The slices must be moved gently when deposited on the ITO-coated slide. The MALDI matrix was slightly diluted to avoid the clogging of the spray sheet with matrix crystals, which can happen if the 2 mL of 100% methanol are not added at step 2.4.

This method offers an easy one-day sample preparation protocol that provides reproducible results due to the use of a robot for MALDI matrix deposition. The proposed protocol necessitates competence in tissue cutting and mass spectrometry imaging and only applies to compounds that can be ionized. However, it provides molecular identification without the need for labelling as used in immunohistochemistry11. High sensitivity is achieved because the compounds are directly ionized in the tissues or cells, avoiding dilution effects produced by an extraction protocol12. The samples are analyzed in a non-targeted way, which allows for a large-scale profiling of the endogenous or xenobiotics compounds in the samples. Therefore, biological responses to exogenous compounds can be followed. The in silico prediction of metabolites coupled to non-targeted analysis adds another dimension to classical mass spectrometry imaging, because metabolic reactions can be monitored without a priori knowledge of the exogenous compounds that will accumulate in the tissues. To date, only known compounds and a few metabolites have been followed with this method (e.g., drugs of interest fed to rats)13. With the proposed protocol, the original compounds and their metabolites can be localized within the tissues, and the biological responses to the accumulation of exogenous compounds and/or their metabolites can be followed.

This protocol does not only apply to the response of plants to xenobiotics, but can also be used to understand animal metabolism in response to drugs, to follow plant/fungi interactions, plant response to biotic or abiotic stresses, or to understand the evolution of diseases, revealing the metabolic processes in the tissues of interest.
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