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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)____Y____  
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.) 
_2.5, 3.3, 4.3, 4.4, 6.7__________________________________________
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.)
Step 6.7 (double merger device operation) – this step involves multiple reagent syringes and requires fine-tuning of flow rates to achieve the desired performance standard. To ensure success, we inspect all microfluidic devices for imperfections (dust, broken channels, etc…) before use and carefully verify droplet behavior under the high-speed camera before collecting emulsions. 
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 experiment is to generate barcoded genomic sequencing data from tens of thousands of single cells using a series of microfluidic devices. (Intro)

B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.1. Benjamin Demaree: This method achieves unparalleled single-cell sequencing throughput. We use microfluidics to encapsulate, lyse and barcode cells individually, preserving underlying genomic heterogeneity which is lost in conventional shotgun sequencing studies.
1.2. Benjamin Demaree: The main advantage of this technique is that it is high-throughput and capable of producing single-cell sequencing data from tens of thousands of cells.

C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.3. [bookmark: _GoBack]Daniel Weisgerber: Although we work with microbes in this demonstration, the workflow can be adapted for use with different cell types through minor modifications to the microfluidic device dimensions.

Protocol: (read by voice talent at JoVE)
2. Encapsulation of Cells in Agarose Microgels  
2.1. To begin the protocol, prepare 1 mL of 3% weight per volume, low-melting temperature agarose in 1x Tris-EDTA, or TE buffer [1-MED-TXT]. Keep the agarose solution on a 90 °C heat block just until syringe loading [2-MED].
2.1.1. Talent gathers reagents and combines them to create the agarose, TEXT: See accompanying text protocol for detailed guidance
2.1.2. Over the shoulder, talent places agarose on heat block, if possible, capture the temperature setting of the heat block 
2.2. Resuspend cells in 1 mL of phosphate buffered saline, or PBS…and spin the cells [1-MED-TXT]. Aspirate the supernatant…and resuspend the cell pellet in 1 mL of 17% v/v density gradient medium in PBS and keep the cells on ice until the syringe loading [2-CU].
2.2.1. Talent adds PBS and resuspends cells, then places them in the centrifuge. Show the text when talent is placing the tube in the centrifuge. TEXT: 3,000 x g, 3 min, RT 
2.2.2. Focus on the contents of the tube as talent aspirates the supernatant, show how much supernatant is remaining above the pellet. talent resuspends the supernatant, then places the tube on ice 
2.3. Next, load a 3 mL syringe with fluorinated oil, or HFE, containing a 2% w/w PFPE-PEG surfactant, fit it with a 27-gauge needle, and place it into a syringe pump [1-MED-TXT].
2.3.1. Over the shoulder, talent loads the syringe with fluorinated oil, and points that it is fit with a 27-gauge needle, then places it into a syringe pump. TEXT: PFPE-PEG: perfluoropolyether-polyethylene glycol
2.4. Load the cell suspension and molten agarose into 1 mL syringes, both fit with 27-gauge needles, and place them into syringe pumps [1-CU]. 
2.4.1. Talent loads cell suspension and agarose into the syringes. Focus on the cells and the agarose loaded into the syringes, then how the syringes are placed into the syringe pumps 
2.5. Then set a space heater to high and position the heating surface 10 cm away from the syringe [1-MED-TXT]. Ensure that the temperature measured at the syringe is ~80 °C [2-MED]. 
2.5.1. Talent places space heater close to syringe, then sets it to high, and measures that it is ~10 cm away from the syringe, TEXT: Caution: Maintain heater at recommended distance 
2.5.2. Talent checks the temperature, if possible, show that it is ~80 °C
2.6. Before inserting the tubes into the device, prime the pumps to remove the air from the line [1-MED]. Connect the syringe needles to the microfluidic device inlets using pieces of polyethylene, or PE tubing [2-CU]. 
2.6.1. Talent primes the pumps and checks that air is removed from the line
2.6.2. Show where the syringe needles are connected to the device as talent makes connection
2.7. Connect a piece of tubing to the outlet and place the free end in a 15 mL collection tube [1-CU-TXT]. After dropmaking, place the collection tube at 4 °C for 30 min to ensure the complete gelation of the agarose [2-MED].
2.7.1. Talent connects tubing to outlet, and places free end in collection tube, TEXT: See accompanying text protocol for dropmaking flow rates
2.7.2. Talent places tube in cold storage and sets timer for 30 min 
3. Breaking the Agarose Microgels  
3.1. Remove the lower layer of oil from the collection tube using a 3 mL syringe fitted with a 20-gauge needle, taking care not to disturb the top layer of the agarose droplets [1-CU].  
3.1.1. Focus on the contents of the tube and talent removing the lower layer of oil until complete. Then show that the top layer of the agarose droplets has not been disturbed for a beat
3.1.2. Talent breaks up emulsions and shows the broken up emulsions to the camera
3.2. Add 1 mL of 10% v/v PFO in HFE to break the agarose drops from their surfactant layer [1-CU]. Pipet this solution up and down for 1 min to thoroughly coat the emulsions, which should be homogenous and free of clumps [2-CU].
3.2.1. Talent adds PFO in HFE to the drops 
3.2.2. Catch talent in the middle of pipetting the solution up and down (so that it does not need to be captured for one full minute). Focus on the solution as talent pipets up and down, then shows that solutions is homogenous and free of clumps 
3.3. Spin the conical tube at 2,000 x g for 1 min to collect the agarose microgels [1-MED]. Aspirate the PFO/HFE supernatant, and ensure that the microgels are now free of their surfactant layer and are clear [1-CU].
3.3.1. Over the shoulder, talent places the conical in the centrifuge and enters settings, if possible, capture the settings entered in the shot 
3.3.2. Talent aspirates the supernatant and shows tube to camera that microgels are clear
3.4. After washing the microgels, verify the cell encapsulation in the microgels under a microscope at a 400X magnification by staining a 10 µL aliquot of gels with 1x nucleic acid stain [1-MED]. 
3.4.1. Over the shoulder, talent is at microscope analyzing the gel TEXT: See accompanying text protocol for wash steps  
4. Generating Barcode Droplets by Digital PCR 
4.1. Plug the cells inlet of a co-flow dropmaker device with a small piece of lead solder [1-CU]. 
4.1.1. Talent plugs cells inlet with small piece of lead solder. Show how the inlet is plugged with lead solder for a beat after it is done 
4.1.2. Capture that syringes are loaded, then connected to inlets using PE tubing. Then show the molten agarose inlet connected to the barcode PCR mix 
4.2. Before inserting the tubes into the device, prime the pumps to remove the air from the line [1-MED]. Connect a piece of tubing to the outlet and place the free end in a 0.2 mL PCR tube [2-MED]. 
4.2.1. Side view, talent primes pumps to remove air and inserts tube into device.
4.2.2. Side view, talent connects tubing to outlet and places free end in PCR tube 
4.3. Use the flow rates on the screen for dropmaking [1-MED-TXT]. Collect the drops into the PCR tubes with ~50 µL of drops in each tube [2-CU].
4.3.1. Over the shoulder, talent adjusts the flow rates, TEXT: 600 µL/h: the HFE 2% w/w PFPE-PEG, 200 µL/h: PCR mix
4.3.2. Show the drops being collected in the PCR tubes 
4.4. After the dropmaking, carefully remove the lower layer of HFE oil from the emulsions using gel-loading pipet tips….and replace it with FC-40 fluorinated oil containing a 5% w/w PFPE-PEG surfactant [1-CU]. Then program the thermal cycle [2-MED-TXT]. 
4.4.1. Talent removes the lower layer of HFE oil, then adds FC-40 fluorinated oil 
4.4.2. Side view, talent programs the thermal cycle, TEXT: 98 °C: 3 min, 40x of (98 °C: 10 s, 62 °C: 20 s, 72 °C: 20 s), 72 °C: 5 min, hold 12 °C.
5. Tagmentation of Genomic DNA in Droplets
5.1. Connect the syringes containing HFE, tagmentation mix, and microgels to the microfluidic device inlets using pieces of PE tubing [1-MED]. 
5.1.1. Talent connects syringes to microfluidic devices with PE tubing
5.2. Before inserting the tubes into the device, prime the pumps to remove the air from the line [1-MED]. Connect the syringes containing HFE, tagmentation mix, and microgels to the microfluidic device inlets using pieces of PE tubing [1-MED]. Connect a piece of tubing to the outlet and place the free end in an empty 1 mL syringe with the plunger drawn to the 1 mL line [2-CU-TXT].
5.2.1. Side view, talent removes air from pumps 
5.1.1. Moved shot: Talent connects syringes to the microfluidic devices with PE tubing. 
5.2.2. Focus on the areas of connection as talent brings tighter tubing to outlet and places free end in empty syringe with plunger drawn, and indicates where the 1 mL line is, TEXT: See accompanying text protocol for dropmaking flow rates 
5.3. Next, verify the microgel encapsulation rate under a light microscope at 400X magnification [1-MED-TXT]. 
5.3.1. Over the shoulder, talent is at microscope analyzing the microgel. Show the figure in a splitscreen with the video footage. LAB MEDIA: Figure 4C. TEXT: ~80-90% should contain microgel 
5.4. Fit the syringe containing the tagmentation emulsions with a needle and incubate it upright in a heat block or oven for 1 h at 55 °C to fragment the genomic DNA [1-CU].
5.4.1. Talent places needle on syringe and places it in heat and sets timer for 1 hour. Show how the syringe is sitting in the heat block or oven 
6. Single-Cell Barcoding by Microfluidic Double Merger 
6.1. Prepare the barcode droplets for the merger by replacing the FC-40 oil fraction with HFE 2% w/w PFPE-PEG [1-MED]. Carefully transfer the drops into a 1 mL syringe, fit it with a needle, and place it into a syringe pump [2-CU].
6.1.1. Talent replaces the oil fraction with PFPE-PEG 
6.1.2. Talent transfers the drops into a syringe with a needle and places it into the syringe pump  
6.2. Load the incubated and tagmented microgel droplet syringe into a syringe pump [1-CU]. 
6.2.1. Talent loads syringe into syringe pump 
6.2.2. Talent merges the droplets 
6.3. Next, connect the 3 NaCl syringes to the 2 electrode inlets and single moat inlet using pieces of PE tubing [1-CU].
6.3.1. Talent connects three syringes to the 2 electrode inlets and then a single moat with PE tubing
6.4. Before inserting the tubes into the device, prime the pumps to remove the air from the line [1-MED]. Connect the 3 HFE syringes mounted on pumps to the 2 spacer oil inlets and dropmaking oil inlet using pieces of PE tubing [2-CU].
6.4.1. Side view, talent removes air from line 
6.4.2. Talent connects syringes to spacer oil inlets and dropmaking oil inlet 
6.5. Then shoot all droplet reinjection tubing with an antistatic gun before connecting the tubing to the syringe needles [1-MED]. Connect the PCR mix syringe, microgel drops syringe, and barcode drops syringe to their respective inlets with PE tubing [2-MED].
6.5.1. Talent shoots reinjection tubing with antistatic gun 
6.5.2. Talent connects the syringes to their respective inlets with PE tubing
6.6. Connect the needle of the electrode syringe to a cold cathode fluorescent inverter using an alligator clip [1-CU]. Set the inverter’s DC power supply to 2 V [2-MED]. 
6.6.1. Focus on the connection as talent combines the needle of the electrode syringe to the inverter 
6.6.2. Over the shoulder, talent sets inverter’s power supply to 2 V
6.7. Run the double merger device with the recommended flow rates [1-MED-TXT]. Collect the drops into PCR tubes with approximately 50 µL of emulsion in each tube [2-MED].
6.7.1. Talent enters flow rates into double merger device, TEXT: See accompanying text protocol for flow rates 
6.7.2. Talent collects drops into PCR tubes
6.8. Prior to the thermal cycling, carefully remove the lower layer of HFE oil from the emulsions using gel-loading pipet tips and replace them with FC-40 fluorinated oil containing a 5% w/w PFPE-PEG surfactant [1-MED]. Then program the cycle [2-MED-TXT]. 
6.8.1. Talent replaces lower oil later with fluorinated oil  
6.8.2. Side view, talent programs the cycle, TEXT: 65 °C: 5 min, 95 °C: 2 min, 30x (95 °C: 15 s, 60 °C: 1 min, 72 °C: 1 min), 72 °C: 5 min, hold: 12 °C
6.9. To recover the DNA from the thermal-cycled droplets, pool the droplets into a microcentrifuge tube and break the emulsions using 20 µL of PFO [1-MED]. Vortex them for 10 s to mix [2-MED]. Spin the tube [3-MED-TXT]. 
6.9.1. Talent pools droplets into one tube and adds PFO to break up the emulsion 
6.9.2. Talent vortexes the mixture
6.9.3. Side view, talent places the tube in the centrifuge and enters settings, TEXT: 10,000 x g, 1 min, RT
6.10. Carefully remove the upper aqueous layer from the tube using a pipet and transfer it to a new microcentrifuge tube [1-MED]. Discard the oil phase [2-MED]. Finally, proceed to sequencing and analysis steps [3-MED/WIDE]. 
6.10.1. Talent removes aqueous layer and transfers it to a tube
6.10.2. Talent discards oil phase 
6.10.3. Talent prepares reagents for subsequent steps
7. Results: Ultrahigh Throughput Sequencing of Single-cell Genomes
7.1. A histogram of the barcode counts versus the group size shows that a significant portion of the valid barcode groups is just above the 7.5 kbps per group threshold size, which excludes the PCR-mutated orphans [1-LM]. 
7.1.1. Figure 6A. Show the entire figure with all text except the text “7.5 kbps/barcode.” Show that text on the graph when said. When “significant portion…” is said add a yellow arrow from the top of the bar on the far left stretching to the right of the graph. 
7.2. The relative abundance of the cell types from a synthetic 10-cell community of 3 gram-negative bacteria, 5 gram-positive bacteria, and 2 yeasts was calculated by counting the raw reads and the barcode groups [1-LM]. 
7.2.1. Figure 6C. Show the entire figure with all text. When “10-cell community” is said, highlight the text on the x-axis in yellow until “2 yeasts” is said. When “raw reads” is said add yellow arrows pointing to the blue bars for a beat, and when “barcode groups” is said add black arrows pointing to the red bars for a beat. 
7.3. A circular coverage map of B. subtilis reads from all barcode groups illustrates the uniformity of SiC-seq reads with no observable dropout regions, where the average coverage was 5.55x [1-LM].
7.3.1. Figure 7. Show the figure without the inset in the middle, and with all text. When “average” is said change the dotted line to yellow, if possible. If not possible, superimpose a yellow line on top of the gray dotted line. 
7.4. The uniformity of coverage was verified with a frequency distribution of normalized coverage values [1-LM]
7.4.1. Keep 2.3.1 on the screen without any added graphics, and add in the inset in the middle of the graph. 

Conclusion (said by authors on camera) Video editor: Numbering was like this when the authors sent post shoot edits. I am not sure if these statements were slated like this.
2.1. Daniel Weisgerber: While attempting this procedure, it’s important to maintain an encapsulation rate of around one barcode or cell for every ten droplets. This limits the likelihood of double encapsulation events, which can convolute the single-cell data.
2.2. Benjamin Demaree: After watching this video, you should have a good understanding of how to setup and operate the microfluidic devices used to generate single-cell sequencing data. Once mastered, this technique can be done in 8 hours or two four-hour days.
*Note to the Authors: Interview statements will be edited to conform to the length restrictions. I am happy to help if you have any questions.
   

Provided Media

Insert your media filenames here.

(No media files requested)


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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