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Authors, please fill out the brief questionnaire below.   
A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) 

No
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N)

No

C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps

Step 3.3 (filtering media), Step 5.2 (inoculation), Step 5.7 (passively acquiring samples),

Step 5.8 (acquiring large samples), Step 6.3 & 6.4 (mixing strains for competitions),

Step 7.3 & 7.4 (picking clones from the evolved population)

D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  

An important aspect of this procedure is maintaining sterility. We ensure success by always wearing gloves when handling the chemostats and using ethanol whenever it is necessary to expose tubes and vessel ports. 
1. Introduction (Schematic Overview and Interview)
A. Schematic Overview (read by voice talent at JoVE):

Conceptual Narrative:
The overall goals of the following presentation are to describe the principle of the chemostat, demonstrate their operation, and to provide examples of applications that use chemostats. (Intro)
This is achieved by first assembling the chemostat vessel, inoculating, and then continuously adding new media while removing old media and cells at a constant rate.   (P1: *Begin by bringing the pieces of P1 together with the word “assembling”, then add yeast to the chemostat vessel with the word “inoculating”. Next add the drips from the pump into the chemostat vessel and fill the effluent tube with media starting at the chemostat vessel and begin dripping into the collecting receptacle with the word “adding”.)
Mathematical modeling describes the change in cell density and the change in concentration of a growth-limiting nutrient within each chemostat. (P2: Zoom in on the chemostat vessel from P1 and bring into view a single yeast.  Have the yeast bud into 2 and then 4 while adding the equations shown in P2 to the screen)  

The use of these equations allows for the prediction of a single non-zero stable steady-state at which cell and nutrient concentrations are constant and the specific growth rate of the cells is equal to the rate at which the cells are removed.   (P3: Show the graph and wipe in the lines from left to right as if they are being drawn in real time. (There is a video chemostat.avi that has already done this if you would like to use that instead.) Draw an arrow to the part where they flatten and designate that point as “Steady State Reached”.)

By combining the precise control of cell growth and the environment within the chemostats with other technologies, results that enable systems-level investigations into cell growth regulation, genetic changes, and adaptive evolution are obtainable. (P4: Begin by showing yeast growing in the center of the screen from the start until “technologies”.  Then, fade into the P4 image and zoom in on the Cell growth regulation graphs when they are mentioned and over to the adaptive evolution image when it is mentioned.)
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B.  Interview: (Said by you on camera. Don’t forget to smile!)  
1.1. David Gresham: The main advantages of this technique over other methods of cell culture, is that growth rate is controlled and the external environment of the cells is kept constant.   

1.1.1. Interview style: Author saying the above 

1.2. Naomi Ziv: This method can help answer key questions in the fields of cell biology and evolution, such as what is the molecular basis of cell growth regulation and adaptive evolution in defined environments.  

1.2.1. Interview style: Author saying the above 

1.3. Nathan Brandt: Visual demonstration of this method is critical as setting up and maintaining chemostat cultures is difficult to learn due to the large number of steps and components involved.   

1.3.1. Interview style: Author saying the above 

Protocol (read by voice talent at JoVE):

2. Assembling the Chemostat Vessels

2.1. Begin this procedure by first turning on the Sixfors system using the main switch.
2.1.1. MED: Talent approaches the Sixfors system and turns it on.
2.2. Next, thoroughly rinse the chemostat vessel, stirrer assembly, and attached tubing with deionized (DI) water. Check all the tubing and o-rings and replace any worn out looking pieces.
2.2.1. MED: Talent works at sink, rinses each piece of equipment

2.2.2. CU: Talent holds tubing and o-rings *show damaged o-ring if possible and replace it.
2.3. Once the stirrer assembly and drive shaft have been assembled, fill the vessel with 300 mL of DI water.
2.3.1. MED: Talent assembles the pieces together and adds dI water to the vessel.
2.4. Check the electrolyte level of the dissolved oxygen probe making sure that the bottom casing is filled halfway with electrolyte solution. 
2.4.1. MED: Talent picks up oxygen probe and adds electrolyte solution to the correct level.

2.5. Next, calibrate the pH probe.  Once calibrated, detach the probe from the feremtor, rinse with DI water, and insert it into the port on the chemostat vessel. Screw until finger tight.
2.5.1. MED: Talent calibrates the pH probe

2.5.2. MED: Talent detaches the probe, rinses it, andp laces it into the chemostat.
2.6. With the probes connected, place the chemostat vessel in the rack making sure to note on the vessel which fermentor the pH probe was calibrated with.  
2.6.1. MED: Talent places the vessel in the rack and places a label on it in reference to the pH probe.

2.7. Finally, prepare the probes and tubing for autoclaving by placing the cap on the pH probe and cover the dissolved oxygen probe and all free tubing ends with foil.  

2.7.1. MED: Talent places cap on the pH probe and places it into an autoclave bin with tubing already covered with foil.

2.7.2. MED: Talent places bin into autoclave and closes door.
3. Preparing the Media 
3.1. Autoclave an empty carboy that is capped with a rubber plug containing an air inlet and media outlet. Ensure that the end of the media tubing is covered in foil.
3.1.1. MED: Talent places prepared carboy into the autoclave.
3.2. Attach a 500mL filter cup to a 100 mL media bottle. Remove the cotton filter from the filter with forceps sterilized in ethanol and immediately attach to the filtration port on the media carboy.
3.2.1. MED: Talent attaches filter cup to the bottle, removes cotton filter, and attaches port to carboy.

3.3. Attach the media carboy to a vacuum source and filter-sterilize 10 liters of freshly prepared media by adding it to the filter cup.
3.3.1. MED: Talent attaches carboy to vacuum, turns on the vacuum, and adds media to the filter cup.

3.3.2. CU: Media drips through the filter into the carboy.
3.4. When filtration of media is complete, close off the filtration port with a metal clamp.
3.4.1. MED: Talent applies clamp to the filtration port.

4. Calibrating dO2 Probes and Setting up Chemostat
4.1. After the chemostat vessels have been autoclaved and allowed to cool down place the vessel in its corresponding heat jacket. Connect the temperature probe, pH probe, and dO2 probe. Let the vessel sit with power on for at least 6 hours to allow the dO2 probes to polarize.
4.1.1. MED:  Talent places chemostat vessel into its heat jacket, connects the probes in the order they are in in the text.

INSERT 4.4 (4.4.1 AND 4.4.2) HERE
4.2. Next, place the end of each effluent tube into a separate collecting receptacle. Connect the air supply via an autoclaved filter and turn on airflow. The water in each vessel should flow out of the effluent tubes, which indicates that all seals are properly formed. 
4.2.1. MED: Talent sets up collecting receptacles.

4.2.2. MED: Talent puts the filter in-line, connects the air supply, and turns it on.  

4.2.3. CU: Show water dripping into a collection receptacle.
4.3. Adjust the height of the effluent tube to the desired working volume of 300 mL. 
4.3.1. MED: Talent adjusts the height of the effluent tube.(*show ruler in video) 
4.4. Then, connect the media carboy to the chemostat vessel. Use ethanol in order to keep tube ends as sterile as possible. Then, thread the pump tubing through the pump and open the clamp. 

4.4.1. MED: Talent wipes end of tube with ethanol and connects it to the chemostat vessel.

4.4.2. MED: Talent places tubing through pump and removes the clamp.

4.5. Manually press the pump until the media starts to flow into the chemostat vessel. Then, release the tubing from the pump. When the media reaches the effluent tube, reattach tubing to pump and clamp. 
4.5.1. MED: Talent works the pump, manually pressing the pump.

4.5.2. CU: Follow the flow from beginning until it starts to enter the effluent tube (EDITOR: Show the flow from the beginning until it starts to enter the vessel.  Then move to the next shot.)

4.5.3. MED: Talent detaches the tubing from the pump and reattaches it. (EDITOR: *Continue showing the flow after detaching the tubing from the pump until it reaches the effluent tube, then show the tubing being reattached.)
4.6. With the media primed, start running the basic program with impeller set to 400 rpm and the temperature set at 30 (C. (TEXT: 400 RPM, 30 (C)

4.6.1. MED: Talent begins the program. Show the setting and the spinning impeller if possible.
4.7. Next, calibrate the dO2 probes by turning off the air supply and switching to nitrogen gas. Wait at least one hour and record the measured value as “low read”. Switch back to an air supply containing an ambient oxygen concentration and wait at least one additional hour.  Record this measurement as the “high read” value. 
4.7.1. MED: Talent turns on nitrogen gas. *Show line from gas to the vessel if possible.

4.7.2. CU:Talent calibrates low read on sixfors interface 

4.7.3. MED: switches the air supply to ambient air.

4.7.4. CU:Talent calibrates high read on sixfors interface 

4.8. At this point, initiate data recording using Iris software. 
4.8.1. MED: Talent works at the computer and initiates the data recording.
5. Acquiring cell samples grown in steady-state conditions
5.1. Prior to inoculation, sterilize the top of the culture vessel with 70% ethanol.

5.1.1. MED: Talent wipes down the top of the culture vessel

5.2. Then, remove the screw on the vessel top and pipette 1 mL of an overnight culture into the vessel, replacing the screw when finished.

5.2.1. MED: Talent removes the top, adds the culture to the vessel, and replaces the top.

5.3. Once cultures reach their early stationary phase, initiate the pumps and establish a desired flow rate by specifying the number of seconds the pump is on and off.  The pump delivers media at a rate of 0.11 mL/s. Using the Sixfors interface, define a program that specifies the pump timing, temperature, and impellor speed.  Then, start the program.

5.3.1. Use 5.4.1 MED: Talent works at the interface setting up the program and starts it. (Editor: The authors said to replace 5.3.1 with 5.4.1, but it may belong after 5.3.2 to match the VO better. See what looks best.)
5.3.2. CU: Show media dripping into the output or the vessel *whichever provides a better shot.
5.4. Using the Sixfors interface, define a program that specifies the pump timing, temperature, and impellor speed.  Then, start the program.

5.5. After at least two hours, record the time and use a graduated cylinder to measure how much media has been removed from the vessel.  The amount removed will equal the volume that has been added to the chemostat vessel and can be used to calculate the empirical dilution rate. 

5.5.1. MED: Talent removes the collecting receptacle and pours the expunged media into a graduated cylinder.  (TEXT: Dilution Rate = Veffluent/Vculture/time).

5.6. Sample the outflow and use it to measure cell density. Adjust the pump settings to achieve steady state growth over time. 

5.6.1. MED: Talent takes a sample from the outflow.

5.6.2. MED: Talent places cuvette holding the sample into the spectrometer.
5.7. Once a steady state has been achieved, acquire small samples by taking them from the effluent tube over the course of a few minutes by letting it passively flow into a collection tube. 
5.7.1. MED: Talent takes a small sample by passive flow.

5.7.2. CU: Show cuvette being filled by passive flow.
5.8. Gene expression and metabolite analyses require larger samples.  These can be quickly acquired by releasing the screw holding the metal end of the effluent tube and slowly lowering the tube. When a large volume is removed, the flow rate must be reduced to maintain the same dilution rate. 

5.8.1. MED: Talent releases the screw and lowers the tube to collect a large sample.

5.8.2. MED: Talent adjusts the flow rate.
6. Analysis of growth rates between genotypes in controlled environments using flow cytometry-based competition assays 
6.1. First, establish steady state cultures of two yeast strains with identical dilution rates and volumes.  Passively sample 1 mL from each vessel to be used as controls for subsequent flow cytometry analysis. 
6.1.1. MED: Talent takes sample from both vessels in separate tubes.
6.2. Spin down the cells for 1 minute at 6000 rpm, re-suspend them in 1 mL of PBS, and store the tube at 4 (C. 
6.2.1. MED: Talent places tubes into centrifuge and closes the lid.

6.2.2. MED: Talent removes media and adds PBS to the tubes.
6.3. Next, place the effluent tube from one vessel at a time into an autoclaved graduated cylinder. Release the screw and gently push down to expel 150 mL of cells from the chemostat, returning the metal end of the effluent tube to its original position when finished. 
6.3.1. MED: Talent removes large sample from the one chemostat, then the other.
6.4. After sterilizing the area, remove the screw on the top of the chemostat vessel, place a sterile funnel in the opening, and add 150 mL from the other culture. Then, retighten screw and repeat with the second vessel. Each vessel now contains a 50/50 mixture of the two strains.
6.4.1. MED: Talent adds yeast from one culture into the other, following the steps in 6.4.

6.5. Passively acquire samples every 2-6 hours for 2-3 days, store samples in PBS and analyze strain proportions in each sample using flow cytometry.
6.5.1. MED: Talent acquires a sample passively.

6.5.2. MED: Talent working with flow cytometry setup.
7. Experimental adaptive evolution

7.1. After establishing a steady-state chemostat culture using a strain of known genotype with a defined nutrient-limitation, maintain the unperturbed culture for several hundred generations replenishing the media reservoir with fresh media as necessary.

7.1.1. MED: Talent changes out media reservoir and empties the flowthrough.

7.2. Maintain a fossil record of the adapting population by passively sampling the outflow every 2-3 days.  Store the sample in 15% glycerol at -80 (C.  
7.2.1. MED: Talent passively samples the outflow.
7.2.2. MED: Talent adds 15% glycerol to the sample. (TEXT: Store at -80 (C) 
7.3. After completion of the selection, plate a sample of cells on solid agar plates.  
7.3.1. MED: Talent removes rack of tubes from the -80 (C freezer.
7.3.1 (identical to 7.2.1) - MED: Talent passively samples the outflow (TEXT: Final sample).
7.3.2. MED: takes a sample, and spreads it onto an agar plate.
7.4. Once cells have grown into colonies, pick an unbiased sample of colonies using toothpicks and inoculate clones into individual wells of a 96-well plate containing 100µL of media.  
7.4.1. CU: Talent picks a single colony from the plate.
7.4.2. MED: Talent places toothpick into one of the wells of the 96-well plate already containing media.
7.5. Allow clonal samples to grow overnight, then add 100µL of 30% glycerol to each well and store in -80 (C until used for genomic analysis. 
7.5.1. MED: Talent removes 96-well plate from the incubator.

7.5.2. MED: Talent adds glycerol to the wells of the plate.

7.5.3. MED: Talent places samples into the freezer.
8. Results:   Chemostats: The ideal tool for steady-state growth, competition analysis, and evaluation of evolution.  
8.1. A major advantage of chemostats is its ability to control the growth rate of cells.  The percentage of yeast cells which are budding, shown here on the y-axis, is a good representation of their growth rate. As seen here, this percent increases in a near linear manor with increased dilution rate.

8.1.1. LABMEDIA: Figure 5a

8.2. Faster dilution rates result in faster growth rates which may leads to systematic increases in gene expression represented here by an increase in UTR2 mRNA abundance.

8.2.1. LABMEDIA: Figure 5b *start with Figure 5a still on the screen and replace with Figure 5b at “which”

8.3. However, systematic decreases in gene expression may also occur with increased growth rate as in the case of ASM1.

8.3.1. LABMEDIA: Figure 5c 

8.4. The relative fitness of different genotypes can be determined by conducting competition assays in chemostats using fluorescently labeled cells and flow cytometry analysis.

8.4.1. LABMEDIA: Figure 6a *Pan from left to right

8.5. Shown here is a representative result in which a mutant strain was competed against a fluorescently tagged wildtype strain. In this example, the mutant strain has a 40% growth rate advantage per generation.
8.5.1. LABMEDIA: Figure 6b

8.6. Whole genome sequence analysis can be used to identify acquired mutations in cells with increased fitness following long-term selection in chemostats. For example, independent adaptive evolution experiments in sulfur limiting conditions identified recurrent amplification alleles at the SUL1 locus, a high affinity sulfur permease. 

8.6.1. LABMEDIA: Figure 7 (Place the image on the screen, then highlight the common region between the dotted lines with the words “recurrent amplification”.)

9. Conclusion (said by authors on camera)
9.1. Naomi Ziv: Following this procedure, other methods like mass spectrometry, flow cytometry and next generation sequencing can be performed in order to answer similar questions about systems-level regulation of cell growth and adaptive evolution.

9.2. David Gresham: After its development, this technique paved the way for researchers in the fields of microbiology and cell biology to explore how cell physiology and molecular processes are affected by variation in cell growth rates.

9.3. Nathan Brandt: After watching this video, you should have a good understanding of how to set up and maintain chemostat cultures as well as the different ways in which samples are acquired for different applications. 
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, as well as an introduction to your videographer, closer to your filming date.
( 2012, Journal of Visualized Experiments


