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Abstract

We describe a low cost, configurable morbidostat for characterizing the evolutionary pathway of antibiotic resistance. The morbidostat is a
bacterial culture device that continuously monitors bacterial growth and dynamically adjusts the drug concentration to constantly challenge the
bacteria as they evolve to acquire drug resistance. The device features a working volume of ~10 ml and is fully automated and equipped with
optical density measurement and micro-pumps for medium and drug delivery. To validate the platform, we measured the stepwise acquisition
of trimethoprim resistance in Escherichia coli MG 1655, and integrated the device with a multiplexed microfluidic platform to investigate cell
morphology and antibiotic susceptibility. The approach can be up-scaled to laboratory studies of antibiotic drug resistance, and is extendible to
adaptive evolution for strain improvements in metabolic engineering and other bacterial culture experiments.

Video Link

The video component of this article can be found at http://www.jove.com/video/54426/

Introduction

Since the introduction of the first antibiotic drug penicillin, microbial antibiotic resistance has developed into a global health problem1. Although
the acquisition of antibiotic resistance can be retrospectively studied in vivo, the conditions of these experiments are often not controlled
throughout the entire evolution2. Alternatively, adaptive laboratory evolution can reveal the molecular evolution of a microbial species under
environmental stresses or selection pressure from an antibiotic drug3. Recently, many well-controlled evolutionary experiments of antibiotic
drug resistance have elucidated the emergence of antibiotic drug resistance. For example, Austin's group demonstrated rapid emergence in a
properly engineered microfluidic compartmented environment4. The recently developed morbidostat induces systematic mutations under drug
selection pressure5,6. The morbidostat, a microbial selection device that continuously adjusts the antibiotic concentration to maintain a nearly
constant population, is a major advance from the fluctuation test used in microbiology7,8. In the fluctuation test, an antibiotic drug is injected at
high concentration, and the surviving mutants are screened and counted. Instead, microbes in a morbidostat are constantly challenged and
acquire multiple mutations.

The morbidostat operates similarly to the chemostat, a culture device invented by Novick and Szliard in 1950 that maintains a constant
population by continuously supplying nutrients while diluting the microbial population9. Since its introduction, the chemostat has been advanced
and improved. Current microfluidic chemostats have reached nanoliter and single-cell capacities. However, these devices are unsuitable for
adaptive evolution experiments, which require a large cell population with many mutation events10,11. Recently, mini-chemostats with working
volumes of ~10 ml have also been developed to fill in the gap between liter scale bioreactors and the microfluidic chemostat12,13.

Here we present the design and use of a low-cost, automated morbidostat for an antibiotic drug resistance study. The proposed module can be
employed in a shaker incubator in a microbiology laboratory with minimal hardware requirement. The open-source firmware is also easily tailored
to specific applications of adaptive evolution, such as metabolic engineering3. Finally, the morbidostat is integrated into a multiplexed microfluidic
platform for antibiotic susceptibility testing14.

Protocol

1. Assembly and Pretesting of the Morbidostat Device

1. Assembly of the Morbidostat
1. Punch 3 holes on the cap of the culture vial with an 18 G syringe needle. Cut three pieces of polyethylene tubing ~7 cm in length. Insert

these three pieces of polyethylene tubing on the cap.
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2. Use tape to wrap the edge of the cap to serve as the cast for the polydimethylsiloxane (PDMS) mixture. Mix 5 g of A component and
0.5 g of B component of the PDMS in a 150 ml plastic container by stirring manually with a toothpick. Load the mixture into a 10 ml
syringe.

1. Pour the PDMS mixture on the cap with the syringe. Bake the entire cap to cure the PDMS for 8 hr in the oven at 70 °C.

3. Solder the LED anode with the 24 gauge wire and LED cathode with the carbon resistor with a soldering iron. Solder a 680 Ω carbon
resistor with a 24 G wire. Insulate the wire connection using electrical tape.

4. Solder the collector of the photodetector with the 24 G wire and the emitter of the photodetector with a 100 kΩ carbon resistor. Insulate
the wire connection using electrical tape.

5. Place the light emitting diode in the culture vial holder. By following the circuit diagram in Supplementary Figure 2, connect the light
emitting diode and power it with a power supply of 5 V. Ensure that the LED works by using a digital camera that can detect IR (e.g., a
mobile phone camera).

6. Place the photodetector in the culture vial holder. By following the circuit diagram in Supplementary Figure 2, connect the
photodetector and power it with a power supply of 5 V. Connect the wire to both sides of the photodetector resistors to measure the
voltage across the electronic control board.

7. Glue a magnet on the shaft of the cooling fan, which serves as the magnetic stirrer unit. Note that the alignment of the shaft of the
fan to the culture vial, and the spacing between the culture vial and the magnet is very critical for the proper function of the magnetic
stirring unit.

8. Connect each piece of polyethylene tubing of the culture vial into the corresponding piece of silicone tubing for the micro-pumps,
medium bottles, and waste bottle. Turn on the pump for 1 hr and measure the total volume being pumped from the medium bottle to the
culture vial to determine the pump rate. Note that the typical pumping rate should be ~4 ml/hr, which corresponds to the dilution rate D
= 0.33 hr−1 for a 12 ml working volume of the culture vial.

9. Place the whole assembly on a mid-sized (34 cm x 34 cm x 43.5 cm) shaker incubator.

2. Pretesting the Morbidostat
1. Set power supply voltage of cool fan to 5 V to start its motor to test the magnetic stirring bar. Note that the stirring action can be

inspected visually. The voltage that drives the cooling fan motor is precisely controlled by pulse width modulation (PWM).
2. Prepare a series of wild type E. coli samples with optical densities at 600 nm typically ranging from 0.07 to 0.3 for calibration. Place a

test E. coli sample in the culture vial and record the photodetector voltage.
1. Place ~100 µl of the same sample in the plate reader and record the optical density. Use the photodetector voltage versus optical

density data to plot the calibration curve. Note that typically, one unit change in optical density corresponds to ~7.6 V change in
the photodetector with the bias scheme used here.

2. Running the Morbidostat

1. Preparation Before Starting the Daily Experiment
1. Prepare the culture vial with three ultra-chemical resistant Tygon tubings with inner diameter 1/32 inch and outer diameter 3/32 inch for

inlets to form the device as in section 1.1 and in Supplementary Figure 1.
2. Prepare the M9 minimal medium (0.2% glucose) and trimethoprim (TMP) drug containing medium. Sterilize the medium, the medium

bottle, the drug medium bottle, the waste bottle, and the culture vial in an autoclave at 121 °C.
 

NOTE: The TMP is a stock solution that is used to later achieve the concentrations in Table 1 and the TMP drug containing medium is
not autoclaved.

2. Running the Morbidostat
1. On the first day of the experiment, thaw 1 ml of frozen wild type E. coli MG1655 cells for 5 min at room temperature and transfer 120

µl of the cells to the culture vial containing ~12 ml of M9 growth medium. After the first day, thaw 1 ml of frozen E. coli cells from the
previous day for 5 min and transfer 120 µl of the cells to a new culture vial containing ~12 ml of M9 growth medium.

2. Turn on the shaker incubator and set the temperature to 30 °C with no shaking.
3. Start the morbidostat operation by turning on the micro-pump, the magnetic stirring unit, and the optical density measurement.

 

NOTE: During the operation, a feedback threshold algorithm is used to control the drug injection. When the measured optical density
exceeds a preset threshold, the drug injection pump would be turned on and the medium pump would be turned off. Otherwise, the
drug injection pump remains off and the medium pump is on.

4. Monitor the voltage from time to time to ensure there is microbial growth.
 

Note: Because of the freeze and thaw cycle, E. coli cells exhibit a delay of ~4 hr during each day's growth.
5. After ~23 hr, stop the micro-pump by turning off its supply voltage and take out the culture vial. Add 15% glycerol into the culture vial

and freeze the sample at -80 °C for storage.
6. Repeat steps 2.2.1 to 2.2.5.

3. Antibiotic Susceptibility Measurement in 96 Well Format

NOTE: Perform the growth rate measurement in a plate reader with a 96 well format to determine the antibiotic resistance level.

1. Thaw the daily frozen sample at room temperature for 5 min and transfer 15 µl of the cell to the culture vial containing ~15 ml M9 medium.
Allow them to grow until the optical density at 600 nm reaches ~0.1. Divide the 15 ml into 1 ml bottles and add the TMP drug at this step to
obtain the desired drug concentrations as shown in Table 1.

2. Take 200 µl of the sample from step 3.1 and place into each well in the plate reader and allow them to grow for 12 hr5. The optical density at
wavelength 600 nm is recorded automatically during the measurement.
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NOTE: For each data point, triplicate measurements are recorded and averaged to ensure the consistency of the data. The data on optical
density versus time can be used to obtain the growth rate.

3. Plot the growth rate data versus the drug concentration to obtain IC50. Note that IC50 is defined as the drug concentration at which the growth
rate is fifty percent of the maximal growth rate5.

4. Single Cell Morphology and Antibiotic Susceptibility Measurement in Microfluidic
Devices

1. Perform fabrication of the microfluidic devices via multilayer soft lithography from PDMS as described elsewhere15.
1. Use photolithography to make the photoresist mold for the control and flow layers. Note that for the control layer, use negative

photoresist (~15 µm height) and positive photoresist (~8 µm height) to produce a mold on a bare silicon wafer.
2. Prepare PDMS mixtures with cross linking ratios of 5:1 and 20:1 for the control layer and the flow layer, respectively. Put the mixtures

into a desiccator under vacuum to remove any bubbles, for 1 hr.
3. Expose the control layer photoresist molds on silicon wafer to trimethylchlorosilane (TMCS) vapor. Make the control layer of ~6 mm

thickness by casting the PDMS mixture (with cross linking ratio 5:1) on the silicon wafer on the control layer photoresist mold. Bake the
control layer for 40 min at 80 °C for 1 hr in the oven.

4. Make the flow layer by spin coating a PDMS mixture (with cross linking ratio 20:1, spin speed 3,000 rpm for 60 sec) on a flow layer
photoresist mold. Bake the flow layer for 30 min at 80 °C for 1 hr in the oven.

5. Use a razor blade to cut the control layer into the desired chip size (typically 3 cm x 2 cm) and manually peel off the control layer. Place
the control layer on top of the flow layer and align them under a stereomicroscope. Cure the aligned assembly at 80 °C in the oven
overnight. Afterwards, soak the assembly in 250 ml of deionized water in a plastic container for 5 hr to dissolve the residual TMCS.

6. Subsequently, punch the inlet holes with 20 G needles and bond the entire elastomer to a glass slide coated with a blank PDMS layer
(PDMS cross linking ratio 5:1, spin speed 2,000 rpm for 30 sec) by air plasma treatment for 40 sec at 1.2 Torr air pressure.

7. Carry out extensive baking for 36 hr at 80 °C to reduce the cytotoxic effects from PDMS. Note that this baking step is critical to
minimize the toxicity to the bacterial cells.

2. On Chip Growth Experiment
1. Before loading into the microfluidic device, flush it with deionized water for 1 hr and M9 medium for 1 hr.
2. Thaw the daily frozen sample at room temperature for 5 min and inoculate a new test tube with fresh M9 medium. Place the sample in

a shaker incubator at 37 °C overnight.
3. Dilute the microbial sample 10 fold with M9 medium and load it into the microfluidic device by pressuring the microbial sample

container at 5 psi. Then load the TMP drug medium into the chip by pressuring the drug medium container at 5 psi. Execute the mixing
between the microbe and drug by actuating the micromechanical valve between the two chambers on the microfluidic chip for 15 min.

4. Place the microfluidic chip in the microscope incubator mounted on the inverted microscope. Acquire the cell image in the growth
chamber every hr for 8 hr with the CCD camera mounted on the inverted microscope.

5. Use the custom program script to calculate the cell numbers through a threshold algorithm on the cell image data18. Note that the cell
number data are averaged typically over three microfluidic chambers.

Representative Results

The above-described morbidostat is schematized in Figure 1. The common morbidostat operations, including experimental evolution, antibiotic
susceptibility test and cell morphology checking, were validated in an E. coli MG1655 culture exposed to trimethoprim (TMP), a commonly used
antibiotic drug5,6. TMP induces very distinctive stepwise increases in drug resistance, and the mutations are clustered around the dihydrofolate
reductase (DHFR) gene. Therefore, TMP is a highly effective standard drug for validating the morbidostat operation. Each day, the microbe is
expected to grow above the preset optical density threshold and trigger the drug injection as shown in Figure 2a. The drug injection is expected
to inhibit the growth and as a result, decrease the optical density. Several trial runs may be needed to determine the optimal drug concentration.
As a rule of thumb, we increase the concentration of the drug medium by 5-fold after finding that the drug medium fails to suppress the
growth. After the entire course of the experiment, daily frozen samples are thawed and used to determine IC50, a quantitative measure of
the drug resistance level. The plot in Figure 2b shows the temporal increase in the antibiotic drug resistance. The drug resistance increased
approximately 1,500-fold to ~1,000 µg/ml over ~12 days, consistent with previous findings in laboratory evolution5 and clinical isolates19. The
DHFR point mutations in the last-day mutant were measured by Sanger sequencing and are listed in Table 2. One mutation is found located on
the promoter region and indicates that single point mutation in the promoter region can significantly change the expression level of the DHFR
enzyme20. Another mutation at location 49,910 is located in the gene region of DHFR and is close to the active site of the DHFR enzyme21. The
acquisition of drug resistance with multiple mutations proves the usefulness of the morbidostat, as the selection on drug containing agar plate
tends to confer only the single mutation.

As a more sensitive readout of the cell morphology, the single-cell morphology check with antibiotic susceptibility is carried out in a parallel,
multiplexed microfluidic platform14. Figure 3 shows the design of the multiplexed microfluidic chip. Micrographs of the bacterial cells (Figure 5)
reveal morphology changes in both wild type and mutant strains under sub-inhibitory concentrations of TMP. Wild type strains show significant
filamentation while the mutant strain shows no significant filamentation. This morphology change at a single cell level can be used in the rapid
diagnostic of antibiotic resistance. Figure 4 displays the on-chip growth curves at various concentrations of TMP. The mutant sample shows a
significant increase in antibiotic drug resistance. The on-chip growth data in Figure 4 is also consistent with the IC50 value from the plate reader
displayed in Figure 2b.
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Figure 1: Schematic of the morbidostat. The morbidostat is a continuous culture device that measures the optical density of the microbial
population, and accordingly adjusts the drug concentration. The device runs in drug-injection mode and drug-dilution mode. Please click here to
view a larger version of this figure.

 

Figure 2: Growth curve and increase of antibiotic drug resistance level. (a) Representative growth curve under feedback. The microbial
growth is inhibited by the antibiotic drug, whose injection is triggered by a threshold algorithm. When the positive growth rate raises the optical
density above the preset threshold (ODTH = 0.086), the device switches to drug-injection mode. Otherwise, the device runs in drug-dilution mode.
Red and purple arrows indicate switching into drug injection and drug dilution modes, respectively. (b) Resistance level of the cells during 12
days of exposure to trimethoprim. The IC50 shows a distinct stepwise increase of antibiotic drug resistance. Please click here to view a larger
version of this figure.

 

Figure 3: Microfluidic devices for investigating cell morphology and on-chip antibiotic susceptibility. (a) Micrograph of the chip layout.
Green and blue compartments are the growth and drug medium chambers, respectively, and the red layout denotes the control layer. The
dimensions of the growth chamber are 450 µm (l) x 400 µm (w) x 8 µm (h). The growth chamber is loaded with the bacteria, and the drug
chamber is loaded with TMP. Scale bar is 1 cm. (b) Magnified view of the same chip. Scale bar = 500 µm. (c) Magnified view of both chambers
before and after mixing. Please click here to view a larger version of this figure.
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Figure 4: On-chip growth curves of E. coli exposed to various concentrations of TMP: (a) wild-type ancestral strain and (b) mutant strain
(at day 12). The mutant sample shows a significant increase in antibiotic drug resistance. Please click here to view a larger version of this figure.

 

Figure 5: Single-cell morphologies (a-d) Bright field images of the cell after treatment with sub-inhibitory levels of TMP. Note the significant
filamentation of the wild type cells in (b), which is absent in the mutants (d). Panels (e-h) are digitalized images of (a-d). All bacterial images
were taken by a CCD camera with a 40X magnification objective. Please click here to view a larger version of this figure.

Supplementary Figure 1: The dimensions and assembly of the culture vial holder. Please click here to download this file.

Supplementary Figure 2: The circuit diagram for the LED and photodetector. Please click here to download this file.

Supplementary Code: Custom script to count the cell number from the acquired cell images from the microfluidic chips.  Please click
here to download this file.

Sample TMP Drug (µg/ml)

Day 1-3 0 0.06 0.12 0.25 0.5 1 2 4 8 16 32

Day 4 0 1 2 3 5 10 20 40 80 160 320

Day 5-7 0 2 4 8 15 30 60 120 240 480 960

Day 8-12 0 3 7 15 30 60 125 250 500 1,000 2,000

Table 1: Drug concentration used to determine IC50 in the plate reader measurement. Drug concentrations in unit of µg/ml are displayed for
the daily frozen sample. As the cells develop higher drug resistance, the drug concentrations used are increased accordingly.

No Location SNP Note

1 49,894 C->T DHFR gene 

2 49,910 T->A DHFR gene 

3 49,795 C->T DHFR promoter

Table 2: Mutation in DHFR identified by Sanger sequencing. The representative sequence data show the three DHFR point mutations in
the last-day mutant (day 12). The promoter and gene regions contain one and 2 SNPs, respectively. The forward and reverse primers used
in the PCR were 3'TCTAGAGAGATCATTACCGA GGACCGCGAACATCTGTCAT5' and 3'ACTAGT TTACCGCCGCTC CAGAATCTCAA
AGCAATAGCTG5'.

Discussion

A low-footprint morbidostat device from low-cost components is demonstrated. The increases in drug resistance level registered by the device
are consistent with those of previous reports5. Designed for evolutionary studies of drug resistance, the device is potentially applicable to
many other experiments. First, a comprehensive database of drug-induced mutations can be established for a large set of clinically relevant
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antibiotics. For example, the evolutionary pathway of multiple drug resistance can be studied by simply increasing the number of drugs used in
the experiment. The main advantage of the module reported here is its flexible configurability, enabling large-scale, parallel experiments under
different experimental conditions.

Although the concept was demonstrated in the microfluidics measurements, the investigative power can be improved by combining microfluidics
with fluidic technology23. The cost per measurement (economy of scale) is dramatically reduced by the lowered reagent consumption and
reduced labor. Here, single cell morphology data can be extracted from the microfluidic platform. Recently, microfluidic morphology testing of
single cells has been successfully implemented in clinical microbiology laboratories, and performs comparably to standard broth serial dilution
tests24. With the increasing availability of microfluidic devices, combined technologies will enable large-scale, high-throughput laboratory
evolution experiments.

Several steps are critical to run the morbidostat. Firstly, because the magnetic stirring unit is formed from magnets and a cooling fan, it is crucial
to align the shaft of the fan to the culture vial. Also, the distance between the culture vial and the magnet is very critical to ensure a stable
operation. Secondly, switching to a new culture vial in the beginning of each day's experiment is also important to avoid biofilm formation.
Otherwise, biofilm formation can occur within 2 or 3 days. Thirdly, because E. coli samples are thawed daily from a frozen sample during
each day's experiment to ensure consistency, it is important to set a delay period of at least 4 hr to avoid a total washing out of the microbes.
Alternatively, one can choose not to freeze E. coli samples and directly use the sample to inoculate a new culture vial to start a new culture.

In a practical setting, the current system design must overcome several limitations to extend its potential usages. The volume of the whole
system is currently limited by the medium consumed per day (during chemostatic operation, one culture vial consumes approximately 0.5 L of
medium per day at the typical dilution rate of 0.33 hr−1). To reduce the working volume, further optimization can be achieved by careful simulation
on the drug-inhibited population dynamics with plumbing parameters25.

Finally, the morbidostat is easily adaptable to a wide range of bacterial culture experiments. For example, by attaching a light emitting diode, the
system could be reconfigured as a photo-bioreactor, enabling the evolutionary monitoring of cyanobacteria or micro algae26. The module can be
extended to anaerobic and microaerobic cultivation in a gas-tight container with adsorbents by wirelessly operating the device in a battery pack.
As another example, the concentration of a toxin could be gradually increased to engineer strains that are resistant to the target chemical27.
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