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Author Questionnaire 
1. We have marked your project as author-provided footage, meaning you film the video yourself and provide JoVE with the footage to edit. JoVE will not send the videographer. Please confirm that this is correct. 
√ Correct 

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

3. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage? Yes
If Yes, we will need you to record using screen recording software.
We recommend using the screen capture program OBS. JoVE’s tutorial for using OBS Studio is provided at this link: https://review.jove.com/v/5848/screen-capture-instructions-for-authors?status=a7854k
As these files are necessary for finalizing your script, please upload all screen captured video files to your project page as soon as possible. https://review.jove.com/account/file-uploader?src=22524908

4. Proposed filming date: To help JoVE process and publish your video in a timely manner, please indicate the proposed date that your group will film here: 10/31/2026


When you are ready to submit your video files, please contact our China Location Producer, Junling Cheng.


Current Protocol Length

Number of Steps:  34
Number of Shots:  58 

Interviews 

Authors: Statements have been edited for length and clarity. 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. Li Cui: We use heavy-water Raman micro-spectroscopy to ask which bacteria in native soil are metabolically active and how activity varies between individual cells.
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. Li Cui: Existing cultivation, DNA-based, and bulk assays cannot resolve single-cell activity; our protocol directly detects anabolic isotope incorporation in individual bacteria.
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. Li Cui: This protocol measures deuterium incorporation in individual bacteria and quantifies the fraction showing detectable activity within soil microbial communities.
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. Li Cui: The key challenge is keeping labeling, cell recovery, and Raman acquisition consistent and using matched water controls to compare soil samples reliably.
1.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. 


How can future studies build on this work? Describe the questions or research directions that can be investigated next.
1.5. Li Cui: Future studies can use Raman-DIP to compare bacterial activity across soils, environmental gradients, management practices, and experimental treatments.
1.5.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. 




Protocol  
2. Soil Collection and Preparation of Labeling Solutions
Demonstrator: Junqi Gao

2.1. To begin, collect fresh soil in sterile containers [1]. Remove visible roots and stones [2] and pass the soil through a 2-millimeter sieve [3].
2.1.1. WIDE: Talent collecting fresh soil in sterile containers.
2.1.2. Talent removing visible roots and stones from the soil.
2.1.3. Talent passing the soil through a 2-millimeter sieve.
2.2. Record the time between soil collection and labeling [1]. Record the initial gravimetric water content [2] and the soil temperature at the sampling site [3].
2.2.1. Talent recording the time between soil collection and labeling.
2.2.2. Talent recording the initial gravimetric water content.
2.2.3. Talent recording the soil temperature at the sampling site.
2.3. Dispense an amount equivalent to 1 gram of dry soil into each sterile incubation vessel [1]. Prepare at least 3 independently incubated biological replicates for each labeling condition [2].
2.3.1. Talent dispensing an amount equivalent to 1 gram of dry soil into each sterile incubation vessel.
2.3.2. Talent preparing at least 3 independently incubated biological replicates for each labeling condition.
2.4. Calculate the volume of liquid required to reach the predefined gravimetric water content [1]. Keep the final water content identical between the water and deuterium oxide conditions [2].
2.4.1. Talent calculating the volume of liquid required to reach the predefined gravimetric water content.
2.4.2. Talent maintaining an identical final water content between the water and deuterium oxide conditions.
2.5. For the reference setup using air-dried soil, add 200 microliters of liquid to 1 gram of dry soil [1] to achieve an approximately 20 percent gravimetric water content [2].
2.5.1. Talent adding 200 microliters of liquid to 1 gram of air-dried soil.
2.5.2. Talent preparing the soil at approximately 20 percent gravimetric water content.
2.6. Prepare equal-volume water and deuterium oxide labeling solutions [1]. For the water control, use 200 microliters of sterile water [2].
2.6.1. Talent preparing equal-volume water and deuterium oxide labeling solutions.
2.6.2. Talent preparing water control with 200 microliters of sterile water.
2.7. For the deuterium oxide condition, mix 100 microliters of deuterium oxide with 100 microliters of sterile water [1] to obtain a 50 percent volume-per-volume deuterium oxide solution in the added liquid [2].
2.7.1. Talent mixing 100 microliters of deuterium oxide with 100 microliters of sterile water.
2.7.2. Talent preparing the 50 percent volume per volume deuterium oxide solution in the added liquid.

3. Stable Isotope Labeling and Soil Incubation
Demonstrator: Junqi Gao
3.1. Distribute the predetermined volume of water or deuterium oxide labeling solution evenly over the surface of each soil sample [1].
3.1.1. Talent distributing the predetermined volume of water or deuterium oxide labeling solution evenly over the surface of each soil sample.
3.2. Gently mix each sample to distribute the added liquid uniformly without compacting the soil [1].
3.2.1. Talent gently mixing the soil sample to uniformly distribute the added liquid without compacting the soil.
3.3. Seal the incubation vessels and incubate the samples for 24 hours at 28 degrees Celsius [1].
3.3.1. Talent sealing the incubation vessels and placing the samples for incubation.
3.4. At the end of the labeling interval, proceed immediately to cell extraction [1]. Process all samples consistently [2].
3.4.1. Talent proceeding immediately to cell extraction at the end of the labeling interval.
3.4.2. Talent processing all samples consistently.
4. Extraction and Washing of Microbial Cells
Demonstrator: Junqi Gao
4.1. Add 5 milliliters of 0.02 percent volume-per-volume Tween 20 in phosphate-buffered saline to each labeled sample containing the equivalent of 1 gram of dry soil [1].
4.1.1. WIDE: Talent adding 5 milliliters of 0.02 percent volume per volume Tween 20 in phosphate-buffered saline to each labeled soil sample.
4.2. Vortex each suspension vigorously for 30 minutes to detach microbial cells from the soil particles [1].
4.2.1. Talent vortexing each soil suspension vigorously.
4.3. Transfer the entire soil suspension to a high-speed centrifuge tube [1].
4.3.1. Talent transferring the entire soil suspension to a high-speed centrifuge tube.
4.4. Carefully underlay the suspension with 5 milliliters of 0.8 gram per milliliter Nycodenz solution [1]. Maintain a sharp interface [2] and avoid mixing the layers.
4.4.1. Talent carefully layering the soil suspension with 5 milliliters of 0.8 g/mL Nycodenz solution.
4.4.2. Shot of the sharp interface between the suspension and Nycodenz solution.
4.5. Centrifuge the layered sample at 8,000 g for 60 minutes at 4 degrees Celsius using minimal braking [1].
4.5.1. Talent placing the layered sample in the centrifuge.
4.6. Using a sterile pipette, carefully collect the middle, cell-containing layer [1] and transfer it to a clean tube without disturbing the soil pellet [2].
4.6.1. Talent carefully collecting the middle, cell-containing layer with a sterile pipette.
4.6.2. Talent transferring the collected cell-containing layer to a clean tube without disturbing the soil pellet.
4.7. Wash the recovered cell fraction 3 times with sterile deionized water [1]. During each wash, centrifuge the cell fraction [2] and resuspend the pellet [3].
4.7.1. Talent washing the recovered cell fraction with sterile deionized water.
4.7.2. Talent placing the cell fraction in the centrifuge during the wash.
4.7.3. Talent resuspending the pellet after centrifugation.
4.8. After the final wash, resuspend the cell pellet in a validated and recorded volume of sterile deionized water [1].
4.8.1. Talent resuspending the cell pellet in the validated and recorded volume of sterile deionized water.

5. Preparation of Cells for Raman Spectroscopy
Demonstrator: Jiazhi Ding
5.1. Place a clean, aluminum-coated microscope slide on a dust-free, level surface [1].
5.1.1. WIDE: Talent placing a clean aluminum-coated microscope slide on a dust-free, level surface.
5.2. Pipette 2 microliters of the washed cell suspension onto the slide [1].
5.2.1. Talent pipetting 2 microliters of the washed cell suspension onto the aluminum-coated microscope slide.
5.3. Allow the spotted suspension to air-dry completely at room temperature in a dust-free environment [1].
5.3.1. Shot of the spotted suspension air-drying on the microscope slide in a dust-free environment.
5.4. Before spectral acquisition, identify fields containing spatially separated, intact cells with typical bacterial size and morphology [1] and minimal mineral debris [2].
5.4.1. SCREEN: A field containing spatially separated, intact cells with typical bacterial size and morphology being identified.
5.4.2. SCREEN: The selected field being shown with minimal mineral debris.

6. Single-Cell Raman Spectral Acquisition
Demonstrator: Jiazhi Ding
6.1. Switch on the confocal Raman microscope [1] and allow the optical and laser systems to stabilize, following the manufacturer's instructions [2]. 
6.1.1. WIDE: Talent switching on the confocal Raman microscope.
6.1.2. Talent allowing the optical and laser systems to stabilize according to the manufacturer's instructions.
6.2. Calibrate the Raman-shift axis using the silicon band at 520.6 inverse centimeters [1].
6.2.1. Talent calibrating the Raman-shift axis using the silicon band at 520.6 inverse centimeters.
6.3. Configure the instrument with a 532-nanometer neodymium-doped yttrium aluminum garnet laser [1], a 300-grooves-per-millimeter grating [2], and a 100-times air objective with a numerical aperture of 0.90 [3].
6.3.1. Talent configuring the instrument with a 532-nanometer neodymium-doped yttrium aluminum garnet laser.
6.3.2. Talent configuring the instrument with a 300-grooves-per-millimeter grating.
6.3.3. Talent configuring the instrument with a 100-times air objective with a numerical aperture of 0.90.
6.4. Set the acquisition window to 600 to 3,200 inverse centimeters [1] and the integration time to 15 seconds per cell [2]. Set and report the laser power at the sample [3], and keep the laser power, integration time, grating, objective, and all other acquisition parameters constant across matched samples [4].
6.4.1. Talent setting the acquisition window to 600 to 3,200 inverse centimeters.
6.4.2. Talent setting the integration time to 15 seconds per cell.
6.4.3. Talent setting and reporting the laser power at the sample.
6.4.4. Talent maintaining constant acquisition parameters across matched samples.
6.5. Acquire a background spectrum from a cell-free region of the aluminum-coated slide using the same acquisition settings [1].
6.5.1. Talent acquiring a background spectrum from a cell-free region of the aluminum-coated slide using the same acquisition settings.
6.6. Focus the laser on the center of an intact, isolated cell [1] and acquire 1 Raman spectrum from the cell [2].
6.6.1. SCREEN: Show the laser focused on the center of an intact, isolated cell.
6.6.2. Talent acquiring 1 Raman spectrum from the intact, isolated cell.
Authors, please upload all screen captured video files, along with a screen capture summary, to your project page as soon as possible. https://review.jove.com/account/file-uploader?src=22524908

6.7. Exclude a spectrum only for a predefined technical reason, such as a dominant mineral signal, cell aggregation, excessive fluorescence, laser damage, or incomplete acquisition [1]. Do not exclude a cell because its carbon-deuterium ratio is unexpectedly high or low [2].
6.7.1. Talent excluding a spectrum only for a predefined technical reason, such as a dominant mineral signal, cell aggregation, excessive fluorescence, laser damage, or incomplete acquisition.
6.7.2. Talent retaining cells regardless of an unexpectedly high or low carbon-deuterium ratio.
6.8. Select cells without reference to their apparent Raman signal [1] and sample systematically across the entire dried spot [2]. Acquire comparable numbers of spectra from each biological replicate [3].
6.8.1. Talent selecting cells without reference to their apparent Raman signal.
6.8.2. Talent systematically sampling cells across the entire dried spot.
6.8.3. Talent acquiring comparable numbers of spectra from each biological replicate.
6.9. Analyze at least 100 cells per replicate as a starting point [1]. For heterogeneous samples, continue acquisition until the estimated active-cell fraction and carbon-deuterium-ratio distribution stabilize [2], or apply a distribution-convergence method to assess sampling sufficiency [3].
6.9.1. Talent analyzing at least 100 cells per replicate.
6.9.2. Talent continuing acquisition until the estimated active-cell fraction and carbon-deuterium-ratio distribution stabilize.
6.9.3. Talent applying a distribution-convergence method to assess sampling sufficiency.

7. Raman Spectral Processing and Determination of Active Cells
Demonstrator: Jiazhi Ding
7.1. Remove cosmic-ray spikes from all spectra [1]. Apply identical baseline-correction parameters to all spectra [2].
7.1.1. WIDE: Talent removing cosmic-ray spikes from all spectra.
7.1.2. Talent applying identical baseline-correction parameters to all spectra.
7.2. Integrate the baseline-corrected intensity from 2,040 to 2,300 inverse centimeters to obtain the carbon-deuterium area [1].
7.2.1. Talent integrating the baseline-corrected intensity from 2,040 to 2,300 inverse centimeters to obtain the carbon-deuterium area.
7.3. Integrate the baseline-corrected intensity from 2,800 to 3,100 inverse centimeters to obtain the carbon-hydrogen area [1].
7.3.1. Talent integrating the baseline-corrected intensity from 2,800 to 3,100 inverse centimeters to obtain the carbon-hydrogen area.
7.4. Calculate the carbon-deuterium ratio for each cell using the carbon-hydrogen band as the internal spectral reference [1]. Calculate the ratio by dividing the carbon-deuterium area by the sum of the carbon-deuterium area and the carbon-hydrogen area [2].
7.4.1. Talent calculating the carbon-deuterium ratio for each cell using the carbon-hydrogen band as the internal spectral reference.
7.4.2. SCREEN: The carbon-deuterium ratio being calculated. 


7.5. For each soil and analytical batch, calculate the mean plus 3 standard deviations for each matched water-control biological replicate [1]. Use the mean of these replicate-derived values as the operational deuterium-labeling threshold [2].
7.5.1. Talent calculating the mean plus 3 standard deviations for each matched water-control biological replicate.
7.5.2. Talent calculating the mean of the replicate-derived values to determine the operational deuterium-labeling threshold.
7.6. Classify a deuterium-oxide-exposed cell as detectably active during the labeling interval when its carbon-deuterium ratio exceeds the operational threshold defined for the corresponding soil and analytical batch [1].
7.6.1. Talent classifying a deuterium-oxide-exposed cell as detectably active when its carbon-deuterium ratio exceeds the corresponding operational threshold.
7.7. Calculate the active-cell fraction as a percentage by multiplying 100 by the number of above-threshold cells divided by the total number of technically valid Raman-measured cells [1].
7.7.1. SCREEN: The active-cell fraction being calculated.
8. Replicate-Level Analysis and Reporting
Demonstrator: Jiazhi Ding
8.1. Treat independently labeled soil samples as biological replicates [1] and individual cells as nested measurements within each replicate [2].
8.1.1. WIDE: Talent organizing independently labeled soil samples as biological replicates.
8.1.2. Talent treating individual cells as nested measurements within each biological replicate.
8.2. Plot the single-cell carbon-deuterium-ratio distribution for each biological replicate [1] and calculate the active-cell fraction separately for each biological replicate [2]. Then, summarize the replicate-level estimates [3].
8.2.1. SCREEN: The single-cell carbon-deuterium-ratio distribution being plotted.
8.2.2. SCREEN: The active-cell fraction being calculated.
8.2.3. SCREEN: The replicate-level estimates being summarized.
Authors, please upload all screen captured video files, along with a screen capture summary, to your project page as soon as possible. https://review.jove.com/account/file-uploader?src=22524908

8.3. For each sample, report the numbers of spectra acquired, excluded, and retained [1]; the threshold value and final deuterium oxide fraction [2]; and the labeling time and temperature [3]. Also, report the predefined technical exclusion criteria [4].
8.3.1. SCREEN: The numbers of spectra acquired, excluded, and retained for each sample being reported.
8.3.2. SCREEN: The threshold value and final deuterium oxide fraction for each sample being reported.
8.3.3. SCREEN: The labeling time and temperature for each sample being reported.
8.3.4. SCREEN: The predefined technical exclusion criteria for each sample being shown.












Results

9. Results 

9.1. Representative spectra contained a strong C-H (c-h) band from 2,800–3,100 inverse centimeters [1], while deuterium oxide-exposed cells that incorporated deuterium exhibited a distinct C-D (c-d) band from 2,040–2,300 inverse centimeters [2]. 
9.1.1. LAB MEDIA: Figure 1A. Video editor: Highlight the gray shaded region labeled 'C-H'.
9.1.2. LAB MEDIA: Figure 1A. Video editor: Highlight the magenta line labeled 'Active bacteria' in the gray shaded region labelled 'C-D'.
9.2. The deuterium oxide-exposed cells had a mean active-cell fraction of 18.0 plus minus 2.6% across three biological replicates [1].
9.2.1. LAB MEDIA: Figure 1B. Video editor: Highlight the text 'Active cells: 18.0 ± 2.6%'.
9.3. In representative biological replicate one, 15 of 100 deuterium oxide-exposed cells exceeded the operational threshold [1].
9.3.1. LAB MEDIA: Figure 1B. Video editor: Highlight the D₂O points above the gray dashed line.
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