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Authors, please answer C and D in the brief questionnaire below.   

A.  Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? (Y/N)___N______  
Can you record movies/images using your own microscope camera? (Y/N)___N.A.______  
If no, JoVE will need to record the microscope images using our scope kit (through a camera port or one of the oculars). Please list the make and model of your microscope: _____________________________________________
B.   Software Usage: Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N)___N_____ 
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 individual steps using the step numbers listed in this document. (Please do not list entire sections.) 
2.1, 2.11, 2.12, 3.2, 4.9
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  Please list 1-2 individual steps using the step numbers listed in this document. (Please do not list entire sections.) ___________________________
2.11 – Digestion of yeast cell walls is an important step in this protocol. To ensure success, VRC is added to all the digestion mixture, and zymolyase is vortexed and separately added to each individual sample to maintain the consistency of the digestion timing for each sample because this enzyme precipitates quickly. 
3.2 -  Transferring the samples to low-adhesion tubes at this step is critical to prevent excess cell lost during the subsequent formamide washes. This step is one major optimization offered by our protocol. 
E.  Will the filming need to take place in multiple locations? (Y/N) ___N____ If yes, how far apart are the locations? ___________________________________________________

1. Introduction (Experimental Goal and Author Interviews) – As the beginning of your video, the introduction should clearly present the goal of your method to the viewer and its significance.  Other information can be provided according to the various statements below, but the total introduction should not exceed 150 words. 

A. Experimental Goal: (read by voice talent at JoVE)

The overall goal of this optimized single molecule RNA in situ hybridization, or smFISH, (Voiceover: pronounced “S.M. fish”) is to detect and quantify individual RNA molecules on a per-cell basis during the vegetative growth and meiosis of budding yeast. (Intro) 


B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.1. Elçin Ünal: This method reveals the cell-to-cell variability in gene expression and intracellular RNA localization and is a powerful technique for studying gene regulation. 
1.2. Jingxun Chen: Aside from the unique information that can be revealed by smFISH, the main advantage of this technique is that, once optimized, it is robust and highly reproducible.

C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)  

	N.A.
D. Introduction of Demonstrator: (Said by you on camera. Don’t forget to smile!)

	N.A.  




















Protocol: (read by voice talent at JoVE)

2. Sample Fixation and Digestion

2.1. A meiotic culture will be used for the demonstration of this protocol. [1-MED] To fix the culture in 3% formaldehyde, add 1840 µL of the culture to 160 µL of 37% formaldehyde in a 2-mL microcentrifuge tube. [2-CU] Invert about 5 times to mix. [3-MED-TXT] 

2.1.1. Talent taking a flask of a meiotic culture out of the incubator.
2.1.2. 1840 µL of the meiotic culture being pipetted from flask into a 2-mL microcentrifuge tube that already contains 160 µL of 37% formaldehyde.
2.1.3. Talent capping the microcentrifuge tube and inverting it 5 times. TEXT: Fix ~3.5 OD600 of cells

2.2. Place the tube on a roller drum at room temperature for 20 minutes. [1-MED]

2.2.1. Talent placing the microcentrifuge tube on a roller drum and then turning the drum on.

2.3. After 20 minutes, continue fixing at 4 ˚C with rotation overnight. [1-WIDE/MED]

2.3.1. Talent taking the tube from the roller drum at RT… 
2.3.2. Added shot: …Put the tube into a roller drum inside a cold room. (Author Note: 2.3.1 is split into two steps because the cold room is in a different location from my bench).

2.4. On the following day, prepare for the digestion by first thawing 200 mM Vanadyl Ribonucleoside Complexes or VRC at 65 ˚C for at least 10 minutes. [1-MED-TXT] 

2.4.1. Talent putting a tube of VRC into a 65 ˚C water bath/heater.  TEXT: Addition of VRC during digestion will improve the consistency of smFISH results.

2.5. To prepare the digestion master mix, first pipette 2125 µL of Buffer B into a 15-mL tube. [1-MED] Then vortex the warm VRC for 5 seconds to fully resuspend it and add 200 µL of VRC to the 15-mL tube. [2-MED] The mix should appear light brownish green in color. [3-ECU]  

2.5.1. Talent pipetting 2125 µL of Buffer B into a 15-mL tube.
2.5.2. Talent vortexing the VRC and then pipetting 200 µL of VRC into the 15-ml tube.
2.5.3. Extra close-up shot of the 15-ml tube to show that the master mix is a light brownish green color.

2.6. Centrifuge the meiotic sample at 21,000 x g for 1.5 minutes at room temperature. [1-MED-TXT] Aspirate the supernatant carefully, placing the vacuum tip on the opposite side of the pellet to avoid disturbing the pellet.  [2-CU/ECU]

2.6.1. Talent putting the microcentrifuge tube from 2.3 (and a balance) into the centrifuge and starting the spin. Please get multiple usable takes; shot will be repeated many times later. TEXT: 21,000 x g; 1.5 min
2.6.2. *film as written.

2.7. Resuspend the cells in 1.5 mL of cold Buffer B by pipetting up and down to mix. [1-CU]

2.7.1. 1.5 mL of cold Buffer B being added to the microcentrifuge tube and cell suspension is pipetted up and down. Please get multiple usable takes; shot will be repeated later.

2.8. Centrifuge at 21,000 x g for 1.5 minutes. [1] Remove the bulk of the liquid by vacuum aspiration leaving behind about 100 µL. [2-CU] Resuspend the cells in 1.5 mL of cold Buffer B. [3]

2.8.1. Use shot from 2.6.1. 
2.8.2. *film as written. Please get multiple usable takes; shot will be repeated later.
2.8.3. Use shot from 2.7.1.

2.9. Centrifuge the samples, [1] remove the liquid, [2] and resuspend the cells in 1.5 mL of cold Buffer B again. [3] 

2.9.1. Use shot from 2.6.1.
2.9.2. Use shot from 2.8.2.
2.9.3. Use shot from 2.7.1.

2.10. Centrifuge at 21,000 x g for 1.5 minutes. [1] Aspirate the liquid completely by pipetting. [2-CU]

2.10.1. Use shot from 2.6.1.
2.10.2. A P1000 being used to pipet up all the wash liquid.

2.11. Resuspend the cells in 425 µL of digestion master mix and vortex briefly. [1-CU] Add 5 µL of zymolyase to the tube and vortex for 2-3 seconds to mix. [2-CU-TXT] 

2.11.1. 425 µL of digestion master mix being added to the tube and then tube is vortexed.
2.11.2. 5 µL of zymolyase being added to the tube and then tube is vortexed. TEXT: 100T 10 mg/mL zymolyase

2.12. Place the tube on a roller drum and digest at 30 ˚C for 15-30 minutes. [1-WIDE-TXT] After 15 minutes, check the cells by microscopy every 5 minutes [2-MED] and stop the digestion when about 80% of cells appear non-transparent and non-refractive. [3-LM] 

2.12.1. Talent entering a warm room with the tube, putting the tube on a roller drum and turning on the drum.  TEXT: 30 ˚C; 15-30 min 
2.12.2. Talent at the microscope checking the cells.
2.12.3. Show ‘80PercentDigested.ai’ 

2.13. Centrifuge the tube at 376 x g for 3 minutes. [1-MED-TXT] Remove the supernatant completely. [2-CU] 

2.13.1. Talent putting the microcentrifuge tube (and a balance) into the centrifuge and starting the spin.  Please get multiple usable takes; shot will be repeated later. TEXT: 376 x g; 3 min
2.13.2. Supernatant being completely pipetted out of tube. Please get multiple usable takes; shot will be repeated later.

2.14. Gently resuspend the cells with 1 mL of Buffer B by pipetting up and down 1-2 times to mix. [1-CU]

2.14.1. 1 mL of Buffer B being pipetted into the tube and then the cells are gently pipetted up and down.

2.15. Centrifuge the tube [1] and remove the buffer. [2] Gently resuspend the cells in 1 mL of 70% ethanol and incubate at room temperature for 3.5 to 4 hours. [3-MED]

2.15.1. Use shot from 2.13.1. Talent puts in centrifuge and press start. (Author Note: the solution is in a different color, so we decided to take a new shot here)
2.15.2. Use shot from 2.13.2. Supernatant is pipetted out. 
2.15.3. Talent adding 1 mL of 70% ethanol to the tube, pipette up and down gently, and then caps the tube and sets it in a rack at RT.

3. Hybridization 

3.1. To begin the hybridization procedure, centrifuge the tube of cells at 376 x g for 3 minutes. [1-MED-TXT]

3.1.1. Talent putting the microcentrifuge tube from 2.15 (and a balance) into the centrifuge and starting the spin. TEXT: 376 x g; 3 min

3.2. Remove 500 µL of the 70% ethanol from the tube. [1-CU] Gently pipet up and down to resuspend the remaining cells, and transfer the cells to a low-adhesion tube. [2-CU]

3.2.1. 500 µL of the 70% ethanol being pipetted from the tube.
3.2.2. *film as written.

3.3. Jingxun Chen: “Transferring the sample to a low-adhesion tube is critical for preventing excess cell loss during the subsequent formamide washes.” [1-INTERVIEW]

3.3.1. Author speaking to camera.
 
3.4. Centrifuge the low-adhesion tube [1-MED] and remove all the ethanol. [2-CU]

3.4.1. Talent putting the low-adhesion microcentrifuge tube (and a balance) into the centrifuge and starting the spin. Please get multiple usable takes; shot will be repeated later. TEXT: 376 x g; 3 min. 
3.4.2. All ethanol being pipetted from the tube.

3.5. Add 1 mL of 10% formamide wash buffer to the tube and gently pipet up and down 2-3 times to resuspend the cells. [1-CU] Allow the cells to sit at room temperature for about 20 minutes while preparing the Hybridization Solutions as described in the text protocol. [2-MED]

3.5.1. *film as written.
3.5.2. Talent capping the tube and then setting it in a rack at RT.

3.6. Centrifuge the sample [1] and remove the supernatant into hazardous waste. [2-CU] 

3.6.1. Use shot from 3.4.1.
3.6.2. Supernatant being pipetted into hazardous waste.

3.7. Add at least 50 µL of each Hybridization Solution to the tube and flick the tube to mix. [1-MED]

3.7.1. *film as written.

3.8. Incubate at 30 ˚C on a roller drum for at least 16 hours in the dark. [1-MED-TXT]

3.8.1. Talent putting the tube on the roller drum (inside the warm room), turns on the drum, and puts a storage bin over the roller drum to keep out the light.  TEXT: 30 ˚C; ≥ 16 h

4. Washing and preparing cells for imaging 

4.1. When the hybridization is complete, place the tube of cells into a foil-covered box to protect from light. [1-MED] Centrifuge the sample at 376 x g for 3 minutes. [2] 

4.1.1. Talent removing the tube from the roller drum in the incubator. (from 3.8)
4.1.2. Use shot from 3.4.1. Author Note: We did a new shot for the centrifugation step here because we centrifuged with a balance of 50 uL, which is a different balance tube.

4.2. Remove the supernatant into hazardous waste by pipetting. [1-CU] Resuspend the sample in 1 mL of 10% formamide wash buffer by gently pipetting up and down 2-3 times. [2-CU]

4.2.1. *film as written. 
4.2.2. *film as written.

4.3. Place the tube of cells back into a foil-covered box to protect from light [1-CU] and incubate at 30 ˚C for 30 minutes. [2-MED-TXT] 

4.3.1. *film as written. Please get multiple usable takes; shot will be repeated later.
4.3.2. Talent putting the foil-covered box into the 30 ˚C incubator.  Please get multiple usable takes; shot will be repeated later. TEXT: 30 ˚C; 30 min

4.4. After 30 minutes, centrifuge the sample. [1-MED] Remove the supernatant to hazardous waste by pipetting, leaving about 50 µL. [2-CU] Resuspend the sample in 1 mL of DAPI solution by gently pipetting up and down 2-3 times. [3-CU]

4.4.1. Talent putting the tube (and a balance) into the centrifuge and starting the spin. Please get multiple usable takes; shot will be repeated later.
4.4.2. A p1000 being used to pipette up the supernatant, leaving about 50 µL. 
4.4.3. *film as written.
 
4.5. Once again, place the tube of cells into the foil-covered box [1] and incubate at 30 ˚C for 30 minutes. [2-TXT]

4.5.1. Use shot from 4.3.1. Place the tube of cells back to the foil-covered box again.
4.5.2. Use shot from 4.3.2. TEXT: 30 ˚C; 30 min. 

4.6. Centrifuge the sample [1] and remove the supernatant completely by pipetting. [2-CU] 

4.6.1. Use shot from 4.4.1.  
4.6.2. *film as written.

4.7. For samples that will not be imaged immediately, resuspend the pellet in 50 µL of GLOX Buffer without enzymes. Pipet up and down 3-4 times to mix. [1-CU] Keep in the foil-covered box [2-CU] at 4 ˚C until ready to image. [3-MED]

4.7.1. 50 µL of GLOX Buffer without enzymes being added to the sample and sample is pipetted up and down.
4.7.2. Tube being put inside a foiled-covered box.
4.7.3. Talent putting the foiled-covered box into the fridge.

4.8. For samples being imaged immediately, add 15-20 µL of GLOX buffer with enzymes. [1-CU] Pipet 5 µL onto a coverslip, and put the coverslip on a slide. [2-CU]

4.8.1. 15-20 µL of GLOX buffer with enzymes being added to a sample and pipetted up and down.
4.8.2. *film as written.

4.9. Place a laboratory wipe on top of the slide where the coverslip is placed. Gently press on the wipe to set the slide. [1-CU]

4.9.1. A wipe being placed on top of the slide where the coverslip is placed, the wipe is gently pressed with fingers and liquid is seen coming off from all four edges of the coverslip.

4.10. Place the slide into a box covered by aluminum foil [1-CU] for transfer to the microscope room. [2-WIDE/MED-TXT] 

4.10.1. *film as written.
4.10.2. Talent taking the foil-covered box into the microscope room. TEXT: Refer to the text protocol for image acquisition and image analysis.


5. Results: smFISH detects individual mRNA isoforms of NDC80 in single cells

5.1. This protocol was used to examine the expression of the NDC80 gene, which expresses two mRNA isoforms: [1-LM] the long undecoded transcript isoform has a 400-basepairs 5’ extension [2-LM] in comparison to the short isoform. [3-LM] 

5.1.1. Show only the topmost NDC80 cartoon from ‘Chen et al_Figure 4A Schematics.ai.’  
5.1.2. Chen et al_Figure 4A Schematics.ai. Add the NDC80luti cartoon.
5.1.3. Chen et al_Figure 4A Schematics.ai. Add the NDC80ORF cartoon.

5.2. Two sets of probes were designed: [1-LM] the CF 590 set binds to the unique 5’ region of the long isoform, [2-LM] and the Q 670 set binds to the common region of both isoforms. [3-LM] Under optimized conditions, distinct smFISH spots were clearly identified for both probe sets. [4-LM]

5.2.1. Chen et al_Figure 4A Schematics.ai.  
5.2.2. Chen et al_Figure 4A Schematics.ai.  Highlight/circle the purple dots in the NDC80luti cartoon.
5.2.3. Chen et al_Figure 4A Schematics.ai.  Highlight/circle the green dots in both the NDC80ORF and NDC80luti cartoons.
5.2.4. Add Chen et al_Figure 4A Images.ai. 

5.3. The two probe sets were used to study NDC80 expression during vegetative growth and meiosis. [1-LM] In vegetative cells, robust signal from the Q 670 probe set was detected, [2-LM] but not from the CF 590 probe set. [3-LM] In contrast, robust signal from both probe sets was detected in meiotic prophase, [4-LM] and the majority of the spots had co-localized signal. [5-LM]

5.3.1. Chen et al_Figure 5A.ai.
5.3.2. Chen et al_Figure 5A.ai. Highlight or zoom in to only the top (vegetative growth) Q 670 image. 
5.3.3. Chen et al_Figure 5A.ai. Highlight or zoom in to only the top (vegetative growth) CF 590 image. 
5.3.4. Chen et al_Figure 5A.ai. Highlight or zoom in to both Q 670 and CF 590 images of the bottom row. (Meiotic prophase)
5.3.5. Chen et al_Figure 5A.ai. Highlight or zoom in to the bottom merge image. (Meiotic prophase)

5.4. Northern blot analysis confirmed [1-LM] that the long isoform was expressed specifically in meiosis. [2-LM]

5.4.1. Chen et al_Figure 5B.ai.
5.4.2. Chen et al_Figure 5B.ai. Draw box around the four NDC80luti bands in S phase/meiotic prophase lanes.

5.5. Vegetative cells were found to have a median of 5 short isoform transcripts per cell, [1-LM] whereas in meiotic prophase cells, the median significantly dropped to 4 transcripts per cell. [2-LM] In meiotic prophase, the median number of long isoform transcripts per cell was 21 and 100% of the cells expressed the transcript. [3-LM]

5.5.1. Show only top two (green) plots of Chen et al_Figure 7.ai.  Highlight ‘Vegetative growth’
5.5.2. Top two (green) plots of Chen et al_Figure 7.ai.   Highlight ‘Meiotic prophase’
5.5.3. Add the 2 purple plots of Chen et al_Figure 7.ai.  Highlight ‘Meiotic prophase’


6. Conclusion (said by authors on camera)
6.1. Jingxun Chen: Once mastered, this technique can be done in 72 hours if it is performed properly.
6.2. Jingxun Chen: While attempting this procedure, it’s important to first optimize the digestion duration and the concentration of smFISH probes required to achieve the optimal signal-to-noise ratio.
6.3. Jingxun Chen: In addition, remember to add VRC during digestion and the overnight hybridization to prevent nuclease activity. 
6.4. Jingxun Chen: Don't forget that working with formaldehyde and formamide can be extremely hazardous and proper PPE and disposal of the chemicals should always be taken while performing this procedure.   
6.5. [bookmark: _GoBack]Elçin Ünal: With its development, this technique paved the way for researchers in the field of meiosis to explore dynamic gene regulation and RNA subcellular localization in budding yeast.
6.6. Elçin Ünal: After watching this video, you should have a good understanding of how to perform single-molecule RNA FISH during budding yeast meiosis.


Provided Media

2.12 – 80PercentDigested.ai
5.1 – Chen et al_Figure 4A Schematics.ai – schematic of the smFISH probes used for detection of NDC80luti and NDC80ORF
5.2 – Chen et al_Figure 4A Schematics.ai – schematic of the smFISH probes used for detection of NDC80luti and NDC80ORF transcripts
5.2 – Chen et al_Figure 4A Images.ai – Representative images of NDC80luti and NDC80ORF transcripts in meiotic prophase cells, under optimized conditions 
5.3 - Chen et al_Figure 5A.ai – Representative images of NDC80luti and NDC80ORF transcripts in vegetative cells versus in meiotic prophase cells 
5.4 - Chen et al_Figure 5B.ai – Northern blot analysis of NDC80luti and NDC80ORF expression in meiotic prophase. 
5.5 - Chen et al_Figure 7.ai – Quantification of NDC80luti and NDC80ORF in vegetative cells versus in meiotic prophase. 


General Preparation

It’s critical for a smooth and organized shoot that all reagents are accounted for, in advance.   

Any overnight or long incubation steps should be recognized and specimens/samples be prepared in advance so that prior steps can be recorded and shooting can continue with pre-prepared specimens/samples.  

All tubes/flasks should be pre-labeled neatly before we arrive.  

Ex. Luciferase assay done in 96 well plates should be labeled with negative/positive control wells and experimental samples are labeled accordingly.

You will receive more detailed preparation instructions are included in the email accompanying the finalized script.
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