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Author Questionnaire
1. Microscopy: Does your protocol require the use of a dissecting or stereomicroscope for performing a complex dissection, microinjection technique, or something similar?  No  

2. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  Yes, all done
3. Filming location: Will the filming need to take place in multiple locations?   No

4. Testimonials (optional): Would you be open to filming two short testimonial statements live during your JoVE shoot? These will not appear in your JoVE video but may be used in JoVE’s promotional materials. No



Current Protocol Length
Number of Steps:  38
Number of Shots: 57 

Interviews
Videographer: Obtain headshots for all authors available at the filming location. 


Authors: Please note that the questions will not appear on screen. Please answer in stand-alone full sentence with sufficient context

INTRODUCTION:

REQUIRED: Summarize your research focus and the main questions it aims to answer.
1.1. Samantha Crossman: We aim to provide a method for non-destructive, high-resolution imaging and 3D reconstruction of legume root nodules.
1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera


Describe the research gap or limitation in existing methods and how this protocol addresses them.
1.2. Meiru Wang: Existing methods disrupt tissue and introduce artifacts that hinder 3D reconstruction; this protocol addresses these limitations by preserving nodules in their native state.
1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera
 

CONCLUSION:
What does this protocol allow researchers to study or measure?
1.3. Samantha Crossman: This protocol allows researchers to visualize the internal and external organization and 3D structure of whole legume root nodules.
1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera


Describe the most important consideration or challenge when performing this protocol.
1.4. Meiru Wang: Important considerations for this protocol are adequate staining for clear tissue contrast and proper embedding to maintain natural morphology.
1.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera Suggested B roll: 2.5.2


Are there any additional methods or analyses that can be performed following this procedure?
1.5. Samantha Crossman: Following this procedure, the volume of various parts of the nodule, such as the whole nodule volume, can be measured.
1.5.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera



Videographer: Obtain headshots for all authors available at the filming location.


Protocol  
Videographer: Please always record an audio slate while filming each shot mentioned in the shotlist.
2. Nodule Harvest and Staining
Demonstrator: Samantha Crossman 
2.1. To begin, using a scalpel, make a straight cut through the root on either side of the nodule of interest, leaving the nodule attached to the root [1].
2.1.1. WIDE: Talent making straight cuts through the root on either side of the nodule with a scalpel while leaving the nodule attached to the root.
2.2. Transfer 8 to 12 nodules into a 20-milliliter glass vial containing 10 milliliters of 70% ethanol [1].
2.2.1. Talent transferring 8 to 12 nodules into a 20-milliliter glass vial containing 70% ethanol.
2.3. To prepare 1% phosphotungstic acid or PTA (P-T-A) solution, add 2 grams of PTA powder to a 200-milliliter wide-mouth square bottle containing 200 milliliters of 70% ethanol [1]. Shake until the solution is completely dissolved [2]. Then, store the solution at 4 degrees Celsius [3-TXT].
2.3.1. Talent adding 2 grams of phosphotungstic acid powder into a 200-milliliter wide-mouth square bottle containing 70% ethanol.
2.3.2. Shot of the bottle being shaken, and the phosphotungstic acid is completely dissolved.
2.3.3. Talent placing the bottle into the refrigerator. TXT: Prepare the stain 1 day before use 
2.4. Remove the 70% ethanol used during fixation [1] and replace it with 10 milliliters of 1% PTA solution [2].
2.4.1. Talent removing the 70% ethanol from the glass vial.
2.4.2. Talent adding 10 milliliters of 1% phosphotungstic acid solution to the glass vial.
2.5. Place the glass vial on an orbital shaker at 80 rpm for 4 weeks at room temperature [1]. Replace the staining solution with 10 milliliters of fresh 1% PTA solution weekly [2].
2.5.1. Talent placing the glass vial on the orbital shaker at room temperature.
2.5.2. Talent replacing the staining solution with 10 milliliters of 1% phosphotungstic acid solution.

3. Nodule Mounting
Demonstrator: Meiru Wang 

3.1. Using a hot plate, melt paraffin in a 100-milliliter open glass beaker at 100 degrees Celsius [1].
3.1.1. Talent melting paraffin in a 100-milliliter open glass beaker on a hot plate.
3.2. After selecting 200 microliter pipette tips for sample embedding, dip the narrow end of each pipette tip into the melted paraffin to seal it [1].
3.2.1. CU: Shot of dipping the narrow end of each pipette tip 1 to 2 millimeters into the melted paraffin to seal it.
3.3. Rinse the sample in 2 milliliters of 70% ethanol in a 35-millimeter microwell dish for 5 minutes [1].
3.3.1. Shot of rinsing the sample in 2 milliliters of 70% ethanol in a 35-millimeter microwell dish.
3.4. To prepare 1% low-melting-point agarose, add 0.2 grams of low-melting-point agarose into a 25-milliliter Erlenmeyer flask containing 20 milliliters of demineralized water [1]. Heat the mixture on a hot plate at 50 degrees Celsius and shake a few times until fully dissolved [2]. Then, place the flask in a water bath at 40 degrees Celsius [3].
3.4.1. Talent adding 0.2 grams of low-melting-point agarose into a 25-milliliter Erlenmeyer flask containing demineralized water.
3.4.2. Talent heating the mixture on a hot plate at 50 degrees Celsius and gently shaking the flask until the agarose is fully dissolved.
3.4.3. Talent placing the flask into a water bath set at 40 degrees Celsius.
3.5. Add approximately 25 microliters of 1% low-melting-point agarose into the upended sealed pipette tips and allow the agarose to cool for 1 minute [1].
3.5.1. Talent dispensing approximately 25 microliters of 1% low-melting-point agarose into the upended sealed pipette tips and keeping it aside. 
3.6. Using fine forceps, pick up one nodule and transfer it into the pipette tip to immobilize it in the 1% low-melting-point agarose [1]. Using a gel loading tip, move the nodule as close as possible to the paraffin-sealed end of the pipette tip without damaging the root nodule [2].
3.6.1. Talent transferring one nodule into the pipette tip with fine forceps.
3.6.2. Talent positioning the nodule near the paraffin-sealed end with a gel loading tip.
3.7. Place the pipette tips containing the root nodules in a rack to allow the low-melting-point agarose to solidify [1]. Seal the open end of each pipette tip with Parafilm to retain moisture [2]. Store the embedded samples at 4 degrees Celsius and scan them within 1 week [3].
3.7.1. Talent placing the pipette tips containing the root nodules in a rack.
3.7.2. Talent sealing the open end of each pipette tip with Parafilm.
3.7.3. Talent placing the embedded samples into storage at 4 degrees Celsius.

4. MicroCT Imaging
4.1. Mount the pipette tips upside down on an appropriately sized sample holder to position the sample as close as possible to the X-ray source and ensure accurate sample centering [1].
4.1.1. Talent mounting the pipette tips upside down on an appropriately sized sample holder, positioning the sample close to the X-ray.
4.2. Open the computed tomography or CT (C-T) software [1]. Screw the sample holder tightly onto the rotation stage of the microCT [2].
4.2.1. SCREEN: 71686_screenshot_1.mp4: 00:03-00:05,  01:48-01:52
4.2.2. Talent securing the sample holder onto the rotation stage of the microcomputed tomography system.
4.3. Turn on the camera view and the X-ray source [1], then turn on the continuous X-ray view screen [2].
4.3.1. SCREEN: 71686_screenshot_2.mp4: 00:02-00:07
4.3.2. SCREEN: 71686_screenshot_2.mp4: 00:08-00:12
4.4. Adjust the sample height vertically to bring the region of interest to the center of the continuous X-ray view screen [1]. Record the sample height for later use [2].
4.4.1. SCREEN: 71686_screenshot_3.mp4: 00:03-00:11
4.4.2. SCREEN: 71686_screenshot_3.mp4: 00:12-00:18
4.5. With the binning set to 512 by 512, adjust the pixel size so that the sample fills most of the field of view while leaving some empty space on each side [1].
4.5.1. SCREEN: 71686_screenshot_4.mp4: 00:05-00:10, 00:18-00:26, 00:41-00:50
4.6. Rotate the sample every 45 degrees and adjust its position until it remains centered in the continuous X-ray view screen [1].
4.6.1. SCREEN: 71686_screenshot_5.mp4: 00:54-01:07, 01:57-02:06
4.7. Then, change the binning to 2048 by 2048 [1].
4.7.1. SCREEN: 71686_screenshot_6.mp4: 00:02-00:08
4.8. In the Scanning Modes menu, choose No Filter and set the voltage to 50 kilovolts and the current to 40 microamperes [1].
4.8.1. SCREEN: 71686_screenshot_7.mp4:  00:05-00:20, 00:28-00:32
4.9. Perform flat field correction by moving the sample down to 68 millimeters so it is outside the field of view [1]. Turn Flat Field Correction off, adjust the Exposure Time until the average X-ray transmission is 55%, and turn Flat Field Correction on [2].
4.9.1. SCREEN: 71686_screenshot_8.mp4:  00:05-00:12, 00:15-00:18
4.9.2. SCREEN: 71686_screenshot_8.mp4:  00:20-00:25, 00:29-00:37, 00:55-01:04, 01:50-01:53
4.10. Then, move the sample back to the previously recorded height [1].
4.10.1. SCREEN: 71686_screenshot_9.mp4:  00:03-00:09, 00:17-00:19
4.11. In Scanning Options, set the file name and the folder location [1].
4.11.1. SCREEN: 71686_screenshot_10.mp4:  00:04-00:05, 00:16-00:19, 00:40-00:42
4.12. Set the rotation step to 0.200 degrees, the Frame Average to 3, the Random Movement to 30, and choose 360-degree scanning [1].
4.12.1. SCREEN: 71686_screenshot_11.mp4:  00:02-00:11
4.13. If desired, adjust Partial Width to exclude excessive empty space and reduce data size. Then click Scan to start scanning [1].
4.13.1. SCREEN: 71686_screenshot_12.mp4:  00:02-00:15

5. Image Reconstruction 
5.1. Open the image reconstruction software and load all the 2-dimensional projections from the scan [1]. 
5.1.1. SCREEN: 71686_screenshot_13.mp4:  00:05-00:13
5.2. Click Preview to visualize the reconstruction results at the location of the green line [1].
5.2.1. SCREEN: 71686_screenshot_14.mp4:   00:02-00:04, 01:20-01:26 Video editor: Highlight the tab being clicked 
5.3. In the Output tab, adjust the histogram. Cut off the flat area on the right and keep the left value at 0 or slightly below 0 [1].
5.3.1. SCREEN: 71686_screenshot_15.mp4:     00:04-00:11
5.4. In the Start tab, click Fine Tuning for post-alignment [1]. Set the Parameter Step to 1 and the Number of Trials to 5, then click Start and OK [2]. Review the results in the Output tab. Click the prv (P-R-V) window, browse through the images, and leave the best alignment displayed [3].
5.4.1. SCREEN: 71686_screenshot_16.mp4:   00:03-00:06
5.4.2. SCREEN: 71686_screenshot_16.mp4:   00:06-00:14
5.4.3. SCREEN: 71686_screenshot_16.mp4:   03:26-03:36
5.5. In the Output tab, click the box next to Use ROI to activate region of interest, or ROI (R-O-I), and select Circle as the ROI shape [1]. Return to the Start tab, move the green line to preview different locations, and adjust the ROI size to match the sample while leaving some empty space around it [2]. 
5.5.1. SCREEN: 71686_screenshot_17.mp4:    00:03-00:08
5.5.2. SCREEN: 71686_screenshot_17.mp4:    00:09-00:20, 01:00-01:03, 01:13-01:20, 02:04-02:05
5.6. Return to the Start tab and move the top and bottom red lines to exclude unnecessary regions from the reconstruction [1]. Move the green line near the red lines and preview the reconstruction in the Output tab to confirm that important data have not been excluded [2].
5.6.1. SCREEN:71686_screenshot_18.mp4:    00:02-00:10
5.6.2. SCREEN: 71686_screenshot_18.mp4:   00:11-00:16, 01:43-01:46,  01:48-01:52, 02:36-02:38
5.7. In the Output tab, save the reconstruction as TIFF images in the desired location [1].
5.7.1. SCREEN: 71686_screenshot_19.mp4:    00:03-00:14
5.8. Return to the Start tab and click Start [1].
5.8.1. SCREEN: 71686_screenshot_20.mp4:   00:03-00:08

6. 3D Visualization and Slice View Export in Dragonfly
6.1. Open Dragonfly software [1] and import the reconstructed TIFF images [2].
6.1.1. SCREEN: 71686_screenshot_21.mp4:    00:06-00:10
6.1.2. SCREEN: 71686_screenshot_21.mp4:   00:40-00:44, 00:49-00:52
6.2. Select all the images and confirm that the image spacing matches the scaled image pixel size in the scan text file [1].
6.2.1. SCREEN: 71686_screenshot_22.mp4:    00:07-00:16
6.3. Adjust the window leveling to achieve a 3-dimensional view with good contrast [1].
6.3.1. SCREEN: 71686_screenshot_23.mp4:    00:03-00:13
6.4. Scroll through the 2-dimensional slice planes [1].
6.4.1. SCREEN: 71686_screenshot_24.mp4:   00:06-00:09, 00:15-00:18
6.5. Right-click the image and export a screenshot of the current view to save slice views as needed [1].
6.5.1. SCREEN: 71686_screenshot_25.mp4:   00:02-00:11


6.5.2. 

Results
7. Results 

7.1. The staining solution successfully increased the contrast of the plant tissue [1]. The signal from the sample was easily separated from the background and the pipette tip [2], allowing unobstructed 3D visualization of the external and internal structures of the entire root nodule [3].
7.1.1. LAB MEDIA: Figure 5C. 
7.1.2. LAB MEDIA: Figure 5A. 
7.1.3. LAB MEDIA: Figure 5A, C. Video editor: Highlight the grey structure. 
7.2. The exterior epidermis showed less contrast than the other tissues [1]. The vascular bundles were clear and well-connected from the bottom to the top of the sample [2]. In transverse sections, the number and split of the vascular bundles were clearly visible [3].
7.2.1. LAB MEDIA: Figure 5C–E. Video editor: Highlight the label “e” and the region it points to.
7.2.2. LAB MEDIA: Figure 5A. Video editor: Highlight the label “vb” and the region it points to.
7.2.3. LAB MEDIA: Figure 5C. Video editor: Highlight the label “vb” and the region it is pointing to.
7.3. The interior tissue showed good contrast, allowing identification of the cortex and plant vacuoles [1]. Infected and uninfected cells were easy to recognize [2]. Coronal and sagittal sections revealed the distribution of the meristematic, infection, and differentiation zones [3].
7.3.1. LAB MEDIA: Figure 5C–E. Video editor: Highlight the labels “c” and “v” and the region it is pointing to.
7.3.2. LAB MEDIA: Figure 5C–E. Video editor: Highlight the labels “ic” and “uc” and the region it is pointing to.
7.3.3. LAB MEDIA: Figure 5D. Video editor: Highlight the labels “ZI”, “Zd”, and “Zm” and the region it is pointing to.
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