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Abstract

Chemostats are continuous culture systems in which cells are grown in a tightly controlled, chemically constant environment where culture
density is constrained by limiting specific nutrients.1,2 Data from chemostats are highly reproducible for the measurement of quantitative
phenotypes as they provide a constant growth rate and environment at steady state. For these reasons, chemostats have become useful
tools for fine-scale characterization of physiology through analysis of gene expression3-6 and other characteristics of cultures at steady-state
equilibrium.7 Long-term experiments in chemostats can highlight specific trajectories that microbial populations adopt during adaptive evolution
in a controlled environment. In fact, chemostats have been used for experimental evolution since their invention.8 A common result in evolution
experiments is for each biological replicate to acquire a unique repertoire of mutations.9-13 This diversity suggests that there is much left to be
discovered by performing evolution experiments with far greater throughput.

We present here the design and operation of a relatively simple, low cost array of miniature chemostats—or ministats—and validate their use
in determination of physiology and in evolution experiments with yeast. This approach entails growth of tens of chemostats run off a single
multiplexed peristaltic pump. The cultures are maintained at a 20 ml working volume, which is practical for a variety of applications. It is our
hope that increasing throughput, decreasing expense, and providing detailed building and operation instructions may also motivate research
and industrial application of this design as a general platform for functionally characterizing large numbers of strains, species, and growth
parameters, as well as genetic or drug libraries.

Video Link

The video component of this article can be found at http://www.jove.com/video/50262/

Introduction

The dynamics of microbial growth and evolution are fundamental to microbiology, ecology, genetics, and biotechnology. The most common
method of culturing microbes is in batch, where cells are inoculated at low density into nutrient-rich broth and grown to saturation. Though
straightforward to perform using standard laboratory equipment, batch cultures experience a fluctuating chemical environment and
correspondingly changing cellular physiology. This heterogeneous growth environment can result in secondary growth and stress effects that can
mask subtle physiological differences. Experimental evolution by serial batch transfer can select for complex mixtures of growth-phase specific
subpopulations, complicating attempts to connect adaptations to specific selective conditions. Measurement of quantitative phenotypes can be
difficult due to noise from imprecise sample timing and variation in features such as lag time. Continuous cultures provide an alternative growth
regime where cells can be reproducibly cultivated in a chemically homogeneous environment at a defined growth rate to reach a physiological
steady state. Because of these advantages, studies of experimental evolution and characterization of cellular state often utilize the controlled
environment of continuous cultures like the chemostat.14

Appreciation of these advantages has led to a resurgence in interest in chemostat cultures.15 Since their introduction in 1950,1,2 chemostat
systems have been developed to function on a variety of scales ranging from liters to microliters and for a variety of applications.16-19 These
various designs, which range from commercially produced bioreactors to glassblown vessels to custom microfluidics platforms, share general
design principles. A culture chamber is stirred and aerated (usually by bubbling air through it) and the microbes contained therein are kept
homogeneously dispersed throughout the culture chamber at all times. Fresh medium of defined composition is added continually and the rate
of addition controls growth rate and influences the chemical environment experienced by the culture. An overflow sets the culture volume in the
growth tube, and through this overflow the culture will be sampled at the same rate at which fresh medium enters. In this way cultures quickly
reach a physiological steady state at which many biological parameters remain constant. Despite the advantages of chemostats and reports of
these various platforms in the literature, widespread adoption has been limited by difficulties in building and operating these systems, and high
costs associated with commercial options. Furthermore descriptions of how to make and use these devices can be opaque.

We present designs and instructions for use of a small-footprint array of miniature chemostats built from readily available parts at low cost. We
observe highly consistent experimental parameters and reproducible results when comparing our device to reported data for yeast cultured in
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larger volume commercial bioreactors. This includes reproducibility of cellular physiology as seen through reaching steady-state equilibrium
within 10-15 generations and obtaining similar culture densities at equilibrium. Additionally, gene expression patterns are consistent between
ministats and a commercial larger-volume platform. Stability of dilution rate, optical density and reproducibility of gene expression between three
replicate cultures demonstrate the robustness of our platform. We also show that the same adaptive mutations arise over similar experimental
evolution timescales as with larger volume chemostats.

Protocol

Use appropriate sterile technique throughout the protocol.

1. Assembling Parts for and Preparing the Ministat Array

1. Order all parts.
2. Clean glass tubes. Mark tubes at 20 ml volume.
3. Make cork assemblies with air, media, and effluent ports and place them at the top of the cleaned glass culture tubes.
4. Prepare humidifying chambers and arrange all non-autoclaved parts.
5. Make air, effluent, and media tubing using sufficient tubing lengths and compatible couplings.
6. Connect each type of tubing (air, media, and effluent) to the cork assemblies and foil filters and the media quick-connect to prepare them for

the autoclave.
7. Prepare a carboy for use in making sterile chemostat medium.
8. Prepare the culture sampling bottles by inserting a two-hole rubber stopper with appropriate fittings. Foil each filter to prepare them for the

autoclave.
9. Fit the assembled array neatly into one or more autoclave trays and autoclave all parts.
10. Make and filter chemostat media into autoclaved carboys.

2. Setting Up an Experiment

1. Fill each hydration flask with 700 ml ddH2O.
2. Place the autoclaved ministats into the heating block set at the desired temperature.
3. Place the airlines into the 4-port manifold and turn on the air pump.
4. Connect the effluent lines to the 100 ml collection bottles.
5. Remove the foil from the end of the media tubing and media carboy and connect the two quick connects. Thread each length of pump tubing

through a peristaltic pump cartridge and click them into place. Turn on the media pump.
6. Let the chambers fill. Turn off the media pump.
7. Spray the cork assemblies with 70% ethanol and inoculate the cultures using a syringe. Save a sample of the inoculum as a frozen glycerol

stock if desired. Let cultures grow for 30 hr.
8. Adjust the height of the effluent needle until the culture volume is set to 20 ml with the air flow turned off. This may take several adjustments

over the course of an hour. When finished turn the air flow back on.
9. Turn the media pump on.
10. Empty the effluent sampling bottles, which contain media collected while setting the working culture volume, and record the time.
11. To take a time-zero measurement place the effluent lines into sterile collection tubes for 15 min-2 hr (depending on what volume you wish to

sample for DNA analysis). Also make a glycerol frozen stock for each culture at this time if desired.

3. Daily Measurements

1. As with your time-zero measurement, sample on ice for 15 min-2 hr (as required for your experiment) on ice and record the time sampled for
DNA and frozen stock samples.

2. For RNA samples either collect a small volume using a syringe and 22G 5" needle from the culture or uncork each ministat to harvest the
entire culture. Samples must be taken quickly, collected by filtration, and frozen immediately in liquid nitrogen.

3. Measure the effluent collected since the last sampling for each ministat to quantify dilution rate. Adjust dilution rates if needed by readjusting
the pump setting or tuning the fine adjust on individual pump lines.

4. Replace effluent lines in empty collection bottles.
5. Quantify cells/ml as well as other endpoints of interest and make a glycerol frozen stock.

4. Post-experiment Cleanup

1. Place all tubing in separate trays and rinse excessively with ddH2O. Dry tubing using an aquarium pump.
2. Clean the cork assemblies with ddH2O and use needle insert to clean the needles, aspirating and dispensing water in turn. Wipe the outside

of the needles and cork to remove any residual media.
3. Clean the glass tubing with water and ethanol, and remove physical contaminants with 3 balled up Kimwipes and forceps.
4. Rinse and dry all parts again before use.

Representative Results

The ministat array described above and in (Figure 1A, B) was used to culture a haploid MATa laboratory strain of budding yeast (S288c)
under sulfate-limiting conditions as described previously.10 We tested efficacy for common chemostat applications including determination of
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physiology and experimental evolution. To validate the ministats, we repeated several experiments previously performed in industrial fermentors
modified for chemostat use.10,20,21 ATR Sixfors fermentors were run at a 300 ml working volume, over ten times the volume of the ministats,
and have considerably different modes of culture aeration and agitation. We attempted to replicate equipment stability, steady state physiology,
experimental evolution results, and gene expression patterns obtained with these fermentors.

Since uniformity of dilution rate and aeration are important aspects of the chemostat design, we measured the actual dilution rate across 32
ministats after 15 generations of growth and found that with a target dilution rate of 0.17 vol/hr (4-5 drops/min) we achieved an average dilution
rate of 0.17208 with a standard deviation of 0.0075 across 32 replicates. This range was within our typical tolerance of +/-0.01 vol/hr difference
from the target setting, beyond which large-scale changes in gene expression have been observed.22-23 Across 4 ministats the air flow rate
was determined to be 307.5 ml/min with a standard deviation of 9.57 ml/min. This suggests that air-flow into the chambers is robust and evenly
divided between the 4 chambers and is a value similar to that described for aeration in industrial fermentors.20

We previously observed recurrent amplification of the high-affinity sulfur-ion transporter SUL1 in 8/8 sulfate-limited evolution experiments in
yeast.10 Given the consistency of results under this condition we chose sulfate-limitation to test our system's ability. A requisite element of
chemostat culture is the need to maintain a constant chemical environment. Fluctuations in the abundance of a limiting nutrient or other changes
in the environment typically result in a change in the number of cells in a given culture. We measured optical density as a proxy for cell number
(Figure 2A) and measured reproducibility across 16 replicate cultures, finding an average A600 of 1.12 (~109 cells) after ~15 generations of
growth with a standard deviation of 0.057 units, or 5.1%. For comparison, measurements taken from 4 replicate cultures grown in the industrial
fermentors showed a standard deviation of 2.5%. Cells were well-mixed in the growth chamber: measurements of OD and cell count taken from
the effluent track were equivalent to samples taken directly from the culture tube (data not shown). These results demonstrate the robustness of
our platform and ability to maintain a constant chemical environment within a similar tolerance as the industrial fermentor.

As a more sensitive readout of physiology, we compared genome-wide steady state gene expression from cultures grown under sulfate limitation
in the ministats and in the industrial fermentor. Gene expression in the ministats showed a high degree of similarity across three biological
replicates (Figure 2B). We previously noted that for RNA derived from two replicate Sixfors chemostats and co-hybridized to a microarray,
expression of 99% of genes fell within a 1.5-fold range, allowing the use of 1.5X as an empirical significance cutoff.21 Gene expression from
three replicate ministats, compared pairwise, showed 99% of genes fell within a 1.5-1.7 fold range, comparable to results from the industrial
fermentors. The three samples were hybridized to individual arrays and the pairwise ratios calculated afterwards, so these values include inter-
array noise in addition to biological noise, potentially overestimating the variation between replicates as compared to the published, co-hybridized
results. 138 genes were differentially expressed >1.5-fold in all three ministat replicates as compared to a sample collected from a matched
culture grown in the industrial fermentor. Genes decreased in expression in the ministats were heavily enriched for iron metabolism. This
signature may reflect the different metal composition of each device configuration: the Sixfors apparatus includes a metal impeller and aeration
assembly immersed in the culture, and the media carboys previously used also required metal hardware. The ministat utilizes stainless steel
needles, but no other metal components. Genes with increased expression were largely associated with cell membranes, though the biological
significance of this association is unclear.

Finally, we tested experimental evolution under these conditions. After 250 generations of sulfate-limited growth, 4/4 clones tested from 4
independent evolving populations showed amplification of SUL1 as detected by array Comparative Genomic Hybridization (CGH, Figure 2C).
This result is consistent with findings in larger volume chemostats over similar time intervals.10

 

Figure 1.  A. Design and arrangement of the ministat array. B. Design of the culture chamber.
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Figure 2.  A. Experimental data showing that cultures reach equilibrium within ten generations of growth (n=16). B. Expression data for three
biological replicates S1-3 sampled during steady state under sulfate limitation compared to a common reference grown in a matched sulfate-
limited Sixfors chemostat. C. SUL1 amplifications recovered in ministats after 250 generations of growth in a sulfate-limited environment.
Genomic DNA from each evolved clone was compared to ancestral DNA by CGH as described.21 Mean copy number was calculated for each
amplified region and is shown next to each amplicon. All microarray data are deposited in the GEO database under accession GSE36691.  Click
here to view larger figure.

Discussion

Chemostat cultivation in the ministats, as with any chemostat, requires attention to detail and trouble-shooting. Since contamination is of great
concern in continuous culture experiments, we typically look via microscope for bacterial and fungal contamination upon inoculation and every
50 generations during long-term evolution experiments. To date we have not observed contamination across 96 evolution experiments of greater
than 300 generations (data not shown). To test for cross-contamination between ministats and the potential for microbes to colonize the culture
chamber by way of the effluent line we ran 16 ministats such that every other ministat was inoculated with yeast as above and the remainder
were not inoculated with any culture. The cultures were sampled into a communal waste container, which was emptied every other day. Thus
if it were possible for contaminants to enter through the effluent line we likely would have observed that in this experiment. During three weeks
and greater than 100 generations of growth in this checkerboard pattern of inoculated and non-inoculated cultures we did not observe growth in
non-inoculated ministat culture tubes, suggesting that contamination from outside yeast or other microbes is unlikely to occur in experiments of
similar time frames.

Although the ministats were designed to operate in a fashion analogous to commercial chemostats, the modular nature of this arrangement
allows for optimization to fit the users' needs and budget. The peristaltic pump used in this protocol can achieve flow rates between 0.0186
vol/hr to 3.6 vol/hr (data not shown). Increased control of dilution rates could be achieved with alternative pump models. Note that operation at
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lower dilution rates may require substitution of a higher gauge needle to achieve the same frequency of droplet delivery. Population size is an
important consideration for proper design of evolution experiments. The standard dilution rate and nutrient concentration used here provides a
relatively large population size (~109 cells) of the same order of magnitude as published evolution studies.11 Larger or smaller populations could
be maintained by changing the working volume or limiting nutrient concentration. Increased mutation supply could also be obtained by working
with strains with elevated mutation rates.

The ministats could also be improved over our current design. For instance condensation can collect on the culture tube walls and can be
greatly reduced by using a deep waterbath, incubator, or constant temperature room. Though clumping and wall growth in sulfate limited cultures
appears to be relatively rare, appearing in 5/48 evolution experiments by 300 generations (data not shown), a variety of surfactants are available
that may aid in decreasing or delaying this trait. In the event that clumping interferes with adequate culture mixing, increased agitation can
be achieved by reducing the number of ways each air pump is divided, or by adding a stirring apparatus. Additional probes for dissolved gas
concentration, pH, or other parameters could also be included, as in some other designs.17

Despite potential modifications, using the ministats as described in this protocol, we observed highly consistent experimental parameters
and reproducible results when comparing our device to reported data for larger volume commercial chemostats. This included reproducibility
of cellular physiology as seen through reaching steady-state equilibrium within 10-15 generations (Figure 2A) and obtaining similar culture
densities at equilibrium. Gene expression patterns were consistent across three biological replicates in ministats and between ministats and
commercial large-volume platforms (Figure 2B), with the exception of iron metabolism genes. These expression differences are likely caused by
changes in metal content of the two devices or improvements in the quality of media ingredients. Our data suggest that ministats will be useful
for physiology or competition experiments where a consistent environment is required.

To test if the ministat design is sufficient for experimental evolution applications we evolved cultures under sulfate limitation for 250 generations
and used CGH to characterize amplification at the SUL1 locus - a hallmark of long-term evolution under these conditions in larger volume
chemostats.10 We observed amplification of SUL1 in clones from 4/4 independent evolution experiments in sulfate-limited media (Figure 2C).
Taken as a whole these data suggest that ministats are a robust platform that may be useful for a variety of traditional chemostat applications.
Though we demonstrated their use in culturing budding yeast, the ministats should also be compatible with other organisms and similar designs
have in fact been used for culturing bacteria and other yeast species.16,17,25 Furthermore the smaller culture volume and correlated decreased
need for media may make ministats an attractive alternative for experiments requiring expensive or exotic reagents as can be the case in
chemical or genetic screens.
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