SUPPLEMENTARY INFORMATION

TABLE OF CONTENTS

1

eVOLVER Design and Construction

1.1 Open-Source Hardware Framework

Distributed Network Architecture

Individually Controllable Experimental Parameters
Interchangeable Fluidic Module for Liquid Handling

Integrated Millifluidic Devices for Complex Fluidic Control
Reconfiguration of eVOLVER for Common Culture Experiments
Common Considerations when Running eVOLVER
Open-Source Frameworks for Biology

— bt o e
ONOOUAWN

Supplementary Methods and Discussion

2.1 Characterizing eVOLVER Operation and Stability with Long-term
Bacterial Growth

2.2 Conducting Experimental Evolution Across a Multidimensional
Selection Space

2.3 Growth Selection Under Temporally Varying Selection Regimes

2.4 Catalog of Integrated Millifluidic Devices Developed

2.5 Dynamic Media Mixing for Ratio Sugar Sensing

2.6 Automated Passaging for Biofilm Prevention

2.7 Parallel Yeast Evolution and Mating in Automated Cell Culture

2.8 Chemostat Function Demonstration

Supplementary Figures

Supplementary Tables

References

NN = =
abhoO~NONMNDD

29
29

30
31
37
39
40
40
43

45

70

75



1 eVOLVER Design and Construction

Here we present the eVOLVER platform, a multi-objective framework for diverse automated
cell growth applications. The eVOLVER platform is designed for high-throughput real-time
monitoring and continuous control over experimental parameters for large numbers of cultures
in parallel. We define experimental parameters as the measurable and/or controllable aspects of
the culture environment; for the experiments in this study, we focus on stir rate, temperature,
optical density, and rate/composition of fluid flow, but these could be expanded to include any
number of parameters (e.g. culture pH, other optical probes). For multiple experimental
parameters, how is individual control over many culture vessels achieved? First, the key to
individual control lies in equipping each culture vessel with a programmable “Smart Sleeve”,
which contains the hardware required to measure and adjust each experimental parameter.
Activity is customized and coordinated across Smart Sleeves in a robust, open-source hardware
infrastructure capable of monitoring and regulating each parameter in real-time, outlined in
Section 1.1. Second, developing eVOLVER as a network-based framework proves to be
enabling in two ways (Section 1.2): (a) network connectivity/compatibility enables a single
computer to efficiently communicate to and operate several devices in parallel, creating a
distributed solution for scaling to large numbers of cultures; (b) implementing modern
communication protocols to stream data unlocks the internet of things, empowering users with
the ability to remotely monitor an experiment and compile data in cloud-based databases. In
Section 1.3, we describe how to calibrate and control the core experimental parameters for the
Smart Sleeve configuration employed in this study, as well as introduce the methodology for
customizing (modifying, adding or subtracting) experimental parameters according to the needs
of the user. In Section 1.4, we introduce the fluidic module of eVOLVER, which similarly to the
Smart Sleeves, can control different configurations of liquid handling elements, such as an array
of peristaltic pumps, to control fluid flow individually for each culture vessel simultaneously.
Next, in Section 1.5, we describe a paradigm for programmable fluidic handling in continuous
culture, achieved by novel millifluidic devices with integrated valves. Leveraging the eVOLVER
fluidic module to control these devices, we vastly expand the capabilities of the system beyond
simple input/output functions to complex fluidic manipulations for new continuous culture
applications. In Section 1.6, we discuss specific strategies for implementing additional
commonly sought functionalities in the eVOLVER framework. In Section 1.7, we address
considerations for use of eVOLVER, including media requirements, network connectivity, device
maintenance and lifetime, and prevention of contamination.

1.1  Open-Source Hardware Framework

General Summary

The eVOLVER hardware framework contains three levels of organization: (1) programmable
sensors and actuators (e.g. Smart Sleeve components, pumps/fluidic control elements) (2) a
Motherboard and microcontrollers, and (3) a Raspberry Pi. At the level of individual culture
vessels, Smart Sleeves enable individual control over several experimental parameters in the
culture (Figs. 2, S1). Specifically, each sleeve contains sensors and actuators (e.g. heaters,
LEDs, thermometer/thermistor) that measure and adjust aspects of the culture environment of a
glass vial housed within. At the next level of organization, the Motherboard, Arduino
microcontrollers, and other core electronic boards form a robust hardware infrastructure that
communicates internally and coordinates activity of each individual Smart Sleeve to control each
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experimental parameter. At the final level of organization, a Raspberry Pi forms a link to the
outside world by relaying information and commands to and from a computer/server, permitting
the same computer/server to run many eVOLVER devices across a network. Layered on top of
the hardware framework, control software enables programmable feedback between
parameters and orchestrates experiments at an abstract level, providing an easy method of
customization that is shareable with other users. Below we present the core hardware
framework as well as the particular configuration enabling the experiments described in this
study.
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Figure S1. Summary of eVOLVER hardware infrastructure. (a) Electrical connections from Smart
Sleeve to Motherboard: Sensors integrated into each sleeve interface with control elements on the
Motherboard via a pluggable 14-pin ribbon cable (left). The connections from the cable are split and
routed to the seven sensor/actuator slots (SA slots) to interface with the appropriate control circuit and
microcontroller (right). (b) Hardware configuration used for experiments in this paper: SA slots 1 to 5 are
populated with components to control stirring, temperature, and optical density (see Figs. S4, S5, S7,
respectively). Two SA slots are left open for customization. (¢) Photographs of Smart Sleeve and custom
parameter boards. The Smart Sleeve disconnected from the Motherboard (left). A ribbon cable connects
the Smart Sleeve to Motherboard (center). Printed circuit boards with the appropriate footprint can be
plugged into SA slots for control/measurement of Smart Sleeve components (right).
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Smart Sleeve

The programmable Smart Sleeve is the foundational unit on which the eVOLVER is built
(Figs. 2, S1). The Smart Sleeve is comprised of all the sensors and actuators required to control
the culture conditions inside a 40 mL borosilicate glass vial. At the core is an aluminum sleeve,
which surrounds the vial and is used to control temperature via two resistive heaters and a
thermistor integrated within. Near the base of the vial sits a 3D printed part that houses and
aligns the optical density LED and photodiode. Below that sits a fan motor equipped with
magnets to rotate a stir bar within the vial. The Smart Sleeve represents one of the most easily
customized features of the eVOLVER: by changing which sensors and actuators are used and
their layout, the user may develop culture vessels that fit their experimental needs. For a
detailed description of the sensors and actuators used to control stirring, temperature, and
optical density in Smart Sleeves featured in this study, as well as strategies for modifying the
Smart Sleeve to fit experimental needs, refer to Section 1.3. Liquid handling is also controlled at
the level of the individual culture vessel, yet these components are housed in a separate fluidic
module, described in Section 1.4.

The sensors and actuators on each sleeve are integrated in a small printed circuit board
(PCB), termed the Component Mount Board (CMB). We designed the CMB such that we can
easily solder electrical connections and efficiently manage/package wiring from the
sensors. The CMB is a very simple PCB, containing only a few resistors, and is straightforward
to redesign and inexpensive to manufacture, if needed. The simplicity in the CMB leads to
robustness in the system. For example, any accidental overflow and spillage from the vials (e.g.
from clogged fluid lines or user error) should minimally impact the rest of the system, as critical
components are located at the Motherboard rather than the sleeve itself. Ribbon cables provide
a modular way to connect the integrated Smart Sleeves to the Motherboard.

The CMB is designed to rest atop a 3D printed piece, which houses optical density and
temperature components (see Section 1.3). The printed part can be fabricated with any
commercial or DIY 3D printer, readily available at almost any university or hacker space, and
customized to the requirements of the user. For example, if a user wanted to change the mode
of optical density detection between scattering and absorption, they could redesign the 3D
printed part housing the LED-diode pair such that it would have the correct offset angle for the
desired mode of measurement.

Motherboard

Forming the core of the hardware framework, the Motherboard is designed to be modular
and enable individual control of an array of Smart Sleeves. In particular, PCBs can be designed
to plug into the Motherboard for customization of how sensors are read or actuators are
controlled. In the depicted setup, the Motherboard contains 7 customizable sensor/actuator slots
(SA slots) that interface with the components of the CMB for each Smart Sleeve (Fig. S1). In
this study, we used 5 of the 7 slots for control of three experimental parameters (stir, OD,
temperature). The two additional slots can be used for custom sensors or actuators to expand
capabilities with new parameters. Alternatively, one can retool any of the other 5 SA slots for
their own experimental needs.

In more detail, two wires from each of the sensors/actuators on the CMB, bundled in a
ribbon cable, are electrically routed through the Motherboard to one of 7 different SA slots. A
total of 224 wires (7 SA slots x 16 vials x 2 wires) is required to properly route all
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sensors/actuators to the correct SA slots. Each SA slot consists of an array of 70 metal female
pins. A PCB with the correct male pin layout would be able to plug into a slot, namely the
customizable control boards (Figs. S1, S2). These are modular PCBs that can either read a
sensor or power an actuator, permitting measurement of or control over parameters,
respectively. In the configuration described in this study, we engineered two boards to occupy
these slots, the ADC board and the PWM board, which are described in more detail below.
Technical information on all boards is available online at fynchbio.com.

a CORE ELECTRONIC BOARDS

HARDWARE FRAMEWORK FOR INTEGRATION AND CONTROL OF EXPERIMENTAL PARAMETERS

RASPBERRY PI W/ RS485 SHIELD 16 CHANNEL MOTHERBOARD

SAMD 21 ARDUINO 4 CHANNEL RS485 BOARD
Open Sof:r(e Arduino 32-bit Chip for Serial Communication
Microcontroller between 4 Arduinos and Raspberry Pi

CUSTOMIZABLE ELECTRONIC BOARDS

PLUGGED INTO MOTHERBOARD SMART SLEEVE
16CH ANALOG DIGITAL CONVERTER 16CH PULSE WIDTH MODULATION COMPONENT MOUNT BOARD
Measures voltage difference Expands Arduino to 16ch PWM capabilities Simplifies connecting sensors &

across resistor for 16 channels. (up to.5 amp / channel) for control actuators on sleeve to the motherboard
of individual transistors.

Thermistor Measurement DCMotors LEDs
Photodiode Measurement Solenoids Photodiode
LEDs DC Motor (Stirring)

Heating Resistors (2)
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Figure S2. Catalog of electronic boards. (a) Core eVOLVER electronic boards: A Raspberry Pi, a small
Linux board with RS485 shield plugged in for serial communication with Arduinos (upper left). 16-channel
Motherboard with 5 (of 7) SA slots filled (upper right, see also Fig. S$1). Auxiliary board used for control of
48 fluidic control elements (e.g. peristaltic pump, solenoid valves) (lower left). Arduino microcontroller (32-
bit/48MHz ARM) pluggable into the Motherboard for control of SA slots (lower center). RS485 Board
enabling serial communication between the Arduinos and Raspberry Pi (lower right). (b) Customizable
eVOLVER electronic boards: The 16-channel analog to digital converter board (ADC) is used to measure
temperature or photodiode values simultaneously across all vials (left). The 16-channel pulse width
modulation board (PWM) amplifies a 3.3V signal from the Arduino to the required voltage for control of
motors, solenoids, or LEDs (center). These two types of PCBs are plugged into the Motherboard at SA
slots to control sensors and actuators on the smart sleeve. Components of the smart sleeve are mounted
on the CMB and then connected to the Motherboard (right) (see Fig. S1).
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Arduino Microcontrollers

The 7 customizable SA slots are organized under 4 SAMD21 Arduino
Mini microcontrollers. This layout permits control over 4 different experimental parameters.
Experimental parameters are controllable characteristics of the culture, such as the temperature
or stir rate. The control of one parameter often requires more than one sensor and/or actuator,
and thus requires more than one SA slot. For example, to control the temperature (parameter) of
the culture, one SA slot is used to measure temperature (sensor, interfaces with ADC board)
and another is used to heat the culture (actuator, interfaces with PWM board). The boards at
these two SA slots are controlled by a single microcontroller to efficiently coordinate SA activity
(e.g. sequential tasks, fast feedback control).

Managing several experimental parameters simultaneously across several cultures is a non-
trivial, data-intensive task. The use of multiple microcontrollers permitted us to divide the load by
experimental parameter for functional parallelization. Our design is analogous to that of personal
computers, where specialized functionalities are enabled by modular supplementary electronics
(e.g. graphics cards) which interface on a single motherboard. This approach was crucial for
managing the complexity inherent in defining multidimensional growth environments.

Importantly, this design also facilitates modifications to the system by segregating each
function, analogous to reconfiguring or swapping out components in a desktop computer. When
modifications are made (either to microcontroller software or to the boards interfacing at the SA
slot), adjustments are confined within a single experimental parameter and do not impact any
other parameters of the system.

16-Channel Pulse Width Modulation (PWM) Board

One of the customizable control boards, the PWM board is designed to plug into the
Motherboard and enable an Arduino to easily and quickly control many actuators (e.g. motors,
LED, heaters) in parallel. For example, 16 individual LEDs can be connected to the PWM board
and each of the LEDs can be set to a different brightness and updated to a different value in
fractions of a second. The board has two main functions: (1) amplifying the 3.3V signal from the
Arduino to a higher output voltage (5V to 24V), depending on the voltage source, and (2)
expanding the Arduino pulse width modulation (PWM) capabilities from 3 to 16 channels. PWM
is essential since it allows digital signals to have a more analog-like output. Analog-like outputs
enable finer control of experimental parameters. For example, the temperature control of the
system would be noisier if the input was toggling between the heaters fully on and off. With
PWM, the user can instead use a simple PID controller to feedback from temperature
measurements to optimize for a specific, highly controllable heat output. The PWM board can be
daisy chained such that a single Arduino can in principle control hundreds of channels.

16-Channel Analog Digital Converter (ADC) Board

Another customizable control board, the ADC board is designed to plug into the
Motherboard and measure the signal from dozens of sensors in the system. The sensors
currently integrated in each sleeve are simple and can be measured with basic voltage divider
circuits. The sensor and resistor are placed in series, and the voltage across a resistor changes
when the measurement from the sensor changes. The board reads this voltage and has two
main roles: (1) remove noise from the signal through a low pass filter and (2) multiplex the signal
from all 16 channels to one analog input pin on the Arduino. When the signal arrives at the input
pin, the Arduino changes the analog signal to a digital signal via its own 12-bit ADC.



1.2 Distributed Network Architecture
Communication and Parallelization via Raspberry Pi

Most laboratory equipment is controlled via local serial communication. Likewise, in
eVOLVER, a RS485 serial communication protocol is used internally to send updated parameter
values and receive current measurements to/from the Arduinos. All serial communication occurs
on the same channel. In typical lab equipment, the data is then transmitted to a local computer
via USB, usually requiring the equipment and computer to be in the same physical location. This
may work well for a single system, but physical limitations arise when trying to scale to high-
throughput studies on multiple systems (e.g. 100’s of vials). Consequently, a solution was
needed to scale the interface between many eVOLVER units and a computer/server monitoring
the experiment.

To address this, eVOLVER is designed as a network-based tool, operating similar to how
servers and computers communicate within the same network at a university or company. Each
16-vial eVOLVER unit contains one Raspberry Pi, a small Linux board, that helps
relay information from the device back to the computer via an Ethernet port. Performing three
main functions, the Raspberry Pi board: (1) enables the system to easily interface with modern
internet protocols, (2) monitors and updates the Arduino microcontrollers with the desired
configuration settings (e.g. temperature set points, fluid commands), and (3) gathers data from
the Arduinos for user consumption. This enables a single laboratory computer/server to run
many eVOLVER units distributed across physically different locations (e.g. different rooms,
floors), since the devices can be connected via router (Fig. S3).

Directing Customizable, Repeatable, and Shareable Experiments with Software

Each time a user runs a unique eVOLVER experiment, a new custom Python control script
is generated. This has two major implications for running continuous culture experiments. First,
experiments are easily customizable by simply adapting the Python code to meet the needs of
the experiment without changing any of the hardware components. This approach is used
throughout this study, for everything from defining different experimental conditions (e.g. optical
density windows, dynamic temperature profiles), to feedback between parameters (e.g.
turbidostat dilution calculations), to incorporating higher-level computations (e.g. growth-rate
dependent event triggering). Second, experiments are easily replicated by simply copying the
Python script from one experiment to a new file. By using the exact same control algorithms, the
conditions can be tightly matched between experiments. This approach is used throughout this
study, particularly for validation experiments, in which a strain isolated from an evolution or
genetic screening experiment is then tested in the same environmental conditions from which it
was isolated. Furthermore, this permits sharing protocols between users who have the same
hardware layouts. Not only is this advantageous for collaborations between labs and replication
studies, but it also accelerates the rate at which new users can learn the device. Basic
experiment control scripts are made available at fynchbio.com; online code repositories may
be used to collect and share additional, user-generated experiment control scripts.

Connecting Biological Laboratory Equipment to the Internet of Things

Typically, in the laboratory, experimental data is collected, analyzed, and stored in local files
on a user's computer. Each user has their own preference or standard procedure to analyze and
display the data, making sharing and curating information difficult. Consequently, though
potentially valuable, raw data is infrequently shared. The eVOLVER framework offers a solution
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to this problem. Since eVOLVER uses modern communications protocols, the device can
stream data directly to a database and utilize cloud tools. This can facilitate how experiments
are done in several ways: (1) real time monitoring of experiments from anywhere with an
internet connection, (2) standardization and curation of growth data between experiments, and
(3) interfacing with cutting-edge cloud tools for analysis and segmentation of data. These
aspects of the eVOLVER framework promote scalability even beyond high-throughput
experiments, facilitating modern ways of ingesting and analyzing data. Towards this end, we
have developed back-end code and a Python library to easily stream data from eVOLVER to a
server for real time visualization and analysis of data. More information can be found at
fynchbio.com.
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LAB COMPUTER Can run multiple eVOLVER platforms
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Figure S3. Network architecture of eVOLVER platform. (a) Cloud framework enables live, remote
visualization of experiments. A user programmable Python script controls an eVOLVER unit and streams
collected data to the cloud. A single computer can handle many concurrently running Python scripts and
thus many eVOLVER units. (b) Raspberry Pi enables eVOLVER to be controlled remotely and
parallelized. The Raspberry Pi in each eVOLVER unit has an application program interface (APIl) by
which the lab computer (or any computer on the network) can query and record the status of the
experiment. Based on the Python script running, the lab computer can then send configuration changes
or commands to the Raspberry Pi and change any experimental parameter on that eVOLVER unit. This is
then carried out internally via RS485 serial communication between the Raspberry Pi and the Arduinos.



1.3 Individually Controllable Experimental Parameters

Customizability was a key design consideration when developing the eVOLVER. In Section
1.2, we describe the utility and ease of writing software to program feedback between
experimental parameters for designing novel experiments. In this section, we describe how one
can customize the hardware to modify/add parameters of interest. Additionally, we present the
components and systems used for the measurement and control of three core experimental
parameters in each Smart Sleeve: stirring, temperature, and optical density.

Modifying, Adding, and Removing Experimental Parameters

A key feature of our hardware framework is that it enables adding, subtracting, and
modifying components without changing the rest of the system (Fig. $2). For example, if the
user wants to add an LED to each culture vessel for dynamic light induction during continuous
culture, traditionally this would require redesigning and rebuilding the entire system. In contrast,
using the eVOLVER framework, the user can add experimental parameters with minimal
modifications to the current system. For example, to add light induction as an experimental
parameter, the user could follow these steps:

1. Modify the Smart Sleeve to incorporate the LED where desired on the device. This

involves only redesign of the CMB, the 3D printed tube holder, and the aluminum sleeve.
These components are simple to design and fabricate with minimal experience.
Template designs are made available at fynchbio.com.

2. Plug in PCB to corresponding SA slot. The LED must be properly connected to the
ribbon cable via the CMB, making an electrical connection to one of the 7 SA slots. To
control an LED, a PWM board (same as above) can be used to control the intensity.
Alternatively, if the user has additional specific requirements, one could engineer their
own custom control PCB to plug into this slot to control the LEDs.

3. Program the Arduino micro-controller to customize how serial commands translate to
LED brightness. First, set up a unique address of the Arduino micro-controller such that
the serial commands matching this address will be interpreted by the correct Arduino.
Second, custom routines can be programmed to permit rapid computation, sequential
actions, or internal feedback. Template routines are made available at fynchbio.com.

Specifics for implementing additional commonly desired parameters and functionalities in
eVOLVER are found in Section 1.6.

Stirring

The eVOLVER platform features tunable and independent stir rate control across culture
vials. Stirring in eVOLVER is actuated by 12V brushless DC motors with attached neodymium
magnets. The fastened magnets spin a stir bar (20 mm x 3 mm, PTFE coated) within an
autoclaved glass vial (28 mm x 95 mm, borosilicate). The stirring module utilizes a single SA slot
on the Motherboard; in the particular configuration described in this study, we utilized SA slot 1
(Fig- S4). The two leads of the motor (12V & GND) are connected to a screw terminal on the
component mount board, from which a ribbon cable connects the smart sleeve to the
Motherboard. The PWM board (plugged into the SA slot) can control each motor independently
to achieve different stir rates across eVOLVER vials. Briefly, the 16-channel PWM board
amplifies a 3.3V signal from the Arduino microcontroller to a 12V signal to actuate the motor.
Arduino 1, which manages SA slot 1, was programmed to take in serial inputs from the



Raspberry Pi and translate the serial values to different stir rates, determined by pulsing the
motor ON and OFF at different ratios (Fig. S4).

STIRRING

b MOTHERBOARD
PROGRAMMABLE STIR RATE SERIAL OUTPUT FROM RASPBERRY PI
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
HIGH, MED, LOW, OFF, HIGH, MED, LOW, OFF, HIGH, MED, LOW, OFF, HIGH, MED, LOW, OFF,
- vial 8 setting l—l (UPDATED EVERY 30 SEC)
ribbon cable ARDUINO INTERPRETS SERIAL INPUT

VIAL 8 : HIGH
N

VIAL 8
ARDUINO 1

7 time (ms)

INDIVIDUALLY CONTROLLED STIR RATE

Bs (CONTROLS 12V SIGNAL)
B 12V
DC MOTOR

SASLOT1

RECOMMENDED
c CALIBRATION WITH SMARTPHONE CAMERA (240 FPS) OFF
s N €

F 1
1500

w/ 25 mL of water z
1000

RPM

500 | == jnitial calibration
== 3 weeks later

0 2 4 6 8 10 12
eVOLVER Stir Setting

Figure S4. Individually controllable stirring utilizing DIY parts. (a) Photographs of eVOLVER stirring
components. A 30 mm x 30 mm computer fan affixed with neodymium magnets actuates stirring in the
eVOLVER smart sleeve (left). Two 1/8” acrylic sheets are used to space the magnets from the glass vial.
The 3D printed part and CMB are fastened with screws (center, right). Electric leads are connected to the
CMB with a screw terminal. (b) Schematic of system design for eVOLVER stirring module. The computer
fan spins a stir bar (20 mm x 3 mm, PTFE coated) within a glass vial (28mm x 95 mm, borosilicate) (left).
The Arduino interprets the serial command from the Raspberry Pi, amplifies the signal with the PWM
board, and applies a 12V signal to the motor (right). The stir rate is determined by the ratio of pulsing the
fan ON and OFF. (c¢) Stir rates can be roughly calibrated by using a smartphone camera recording at
=240 frames per second. Calibration curve shown is for a single Smart Sleeve. Stir rate was calculated
multiple times in a five second window, with error bars depiction standard deviation of these
measurements. Rotations per minute varies with different types of stir bars and volume of liquid in the
vessel due to drag. Stir rates remain stable after 3 weeks of continuous use.
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Temperature

In contrast to current approaches in which all culture vessels are housed in a single
incubator'?, we developed a module for individually controlling the temperature of each Smart
Sleeve in the eVOLVER. This not only allows the cultures to be maintained at distinct
temperatures, but also reduces thermal mass, permitting dynamic temperature profiles. For the
configuration described in this study, the temperature module utilizes SA slots 2 and 3 on the
Motherboard (Fig. S5).

Typically, there are three main components to temperature control: (1) a thermometer, (2) a
heater, and (3) a feedback controller. In our setup, the thermometer and the heater are
integrated in the Smart Sleeve while the feedback controller is located on the Motherboard.
Specifically, the temperature is measured by a 500 ym thick temperature-sensitive resistor, or
thermistor (Semitec, 103JT-025). The sensor is integrated into the sleeve between the 3D
printed part and the aluminum tube, and the thermistor is soldered onto the component mount
board (CMB) after assembly. The aluminum tube enables even heat distribution/dissipation and
shields the culture from ambient light (important for other measurements/parameters). Two
heating resistors (20 Ohm 15 W, thick film) are screwed onto the aluminum tube for better
contact and connected to the CMB via soldering. In our setup, the four leads, 2 from heating
resistors and 2 from thermistor, are connected via a ribbon cable to the Motherboard and routed
to SA slots 2 and 3, respectively. In slot 2, a 16-channel PWM board amplifies a 3.3V signal
from the Arduino microcontroller to a 12V signal to actuate the heating resistors. Slot 3 contains
a 16-channel ADC board, which reads the voltage difference across a 10 kilo Ohm resistor, and
is responsible for analog filtering and demultiplexing the signal from the thermistor. These slots
are connected to and are programmatically controlled by Arduino. Briefly, the Arduino code
interprets serial inputs from the Raspberry Pi, updates the set point on the PID controller, and
responds with the current measured temperature. Temperature settings can be updated as
frequently as every 30 seconds. To determine how much to turn the resistive heaters on, the
Arduino is programmed with a simple PID control algorithm. The PID controller can be easily
tuned via software to obtain the desired overshoot and time delays. The Arduino then controls a
PWM board (on SA slot 3) to interface with the resistive heaters and get the desired heat output.

Calibration of the temperature measurement in the sleeve was performed by comparing the
temperature of water measured in the vial using a thermocouple to the values returned by the
thermistor (Fig. $6). The dynamics of heating were determined by tracking temperature during a
programmed step function, again comparing thermocouple and thermistor readings; the
thermistor measures the temperature of the sleeve, while the thermocouple measured the actual
water temperature. At room temperature (23°C for this experiment), a single culture (20 mL) can
reach a temperature of 42°C in roughly half an hour with the current hardware setup (Fig. S6).
During an experiment, the transient offset between the recorded temperature and actual
temperature may vary due to ambient temperature and volume of liquid. At steady state, the
temperature can be maintained to +/- 0.1°C, with properly tuned PID constants. Max
temperature and rate of temperature ramp can be changed with different power sources (e.g.
24V power source could reach temperatures >55°C).

It should also be noted that at different temperatures, the optical density readings are
affected accordingly. This effect was measured in both yeast cultures and evaporated milk (Fig.
S$6). See the next section for more detail.
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TEMPERATURE
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Figure S5. Individually controllable temperature achieved by feedback between thermometer and
heaters integrated in the Smart Sleeve. (a) Photographs of eVOLVER temperature components. A
temperature-sensitive resistor, or thermistor, with a compact form factor, 25 mm x 3.6 mm (left). Sensor
integrated into Smart Sleeve in between the 3D printed part and spray painted aluminum tube (center).
Two heaters are screwed onto the aluminum piece and all components are soldered onto the CMB (right).
(b) Schematic of system design for eVOLVER temperature module. The resistive heaters and thermistor
are integrated into the Smart Sleeve and interface with PWM and ADC boards at SA slots 2 and 3,
respectively. Arduino 2 manages both boards and interprets the desired temperature settings and
responds with the current temperature (right). The temperature is maintained with a PID controller
programmed into the Arduino. The controller interprets the input from the ADC board in slot 3 to
determine the output of the PWM board in slot 2.
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Figure S6. Temperature control characteristics in eVOLVER Smart Sleeves. (a) Temperature
calibration curves. Top: A thermocouple was used to measure the temperature at different thermistor
readings. The points were fit with a line and all temperature measurements in the experiment were
calculated based on the fitted line. Bottom: Recalibration, after a year of use, demonstrates stable and
robust temperature control in Smart Sleeves. (b) Temperature offset between aluminum sleeve and liquid.
To measure the temperature offset during dynamic temperature changes, the integrated thermistor (upper
left) and a thermocouple (lower left) simultaneously recorded temperature at two different locations during
a square wave (right). (¢) Impact of temperature changes on optical density readings. Optical density
calibration curves for yeast cultures (see Fig. S8) were generated at three different temperatures, and
verified separately by ODgg spectrophotometer readings (left). To characterize temperature-induced OD
offset without cells, evaporated milk was used to generate another set of calibration curves at different
temperatures (right).

Optical Density

Based on previous work', optical density measurements in a bioreactor can be measured
with a simple 900 nm infrared (IR) LED and photodiode pair. There are two practical benefits of
using 900 nm scattered light instead of the classic ODegoo. First, at 900 nm, turbidity/optical
density measurements are less dependent on the absorbance spectrum of the media, meaning
calibration is required less frequently before each experiment. Second, wavelengths in the
visible range are preserved for light induction and colorimetric assays. To maximize scattering,
the LED-diode pair is offset at a 135° angle. The 3D printed part is designed to house the LED-
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diode pair slightly above the height of the stir bar, at the correct angular offset. The part can be
easily customized and printed to the users required specifications with any 3D printer.

In the eVOLVER configuration used in this study, the IR LED and photodiode pair (4 leads)
are each connected to the CMB via screw terminals in SA slots 4 and 5, respectively (Fig. S7).
In SA slot 4, a 16-channel PWM board amplifies a 3.3V signal from the Arduino microcontroller
to a 5V signal to power the IR LED. A resistor is placed on the CMB to limit current and prevent
the LED from burning out. SA slot 5 contains the 16-channel ADC board, responsible for analog
filtering and demultiplexing the signal from the photodiodes. The ADC board reads the sensor
by measuring the voltage difference across a 1M Ohm resistor, located on the Motherboard.
Both slots are managed by Arduino 3 in the system developed in this manuscript. Briefly, the
Arduino code interprets serial inputs from the Raspberry Pi, flashes ON the IR LEDs to measure
turbidity, and responds with the current measurements. In the present system, optical density
can be measured every 30 seconds, limited by the time taken for the Arduino to average diode
readings (to minimize noise).

For convenience, density readings from the 900 nm LED-diode pair were calibrated to ODggo
measurements from a spectrophotometer, and the calibration curve fit with a sigmoidal function
(Fig. S8a). Spectrophotometer readings were performed on a Spectramax M5 using 300 uL of
media in a 96-well flat bottom plate; users may substitute density calibration data from
measurements used in their labs. The optical density measurements in all experiments are
calculated based on the calibration curve fit for each Smart Sleeve (Fig. S$8). For our
experiments, calibration was performed using a dilution series of yeast cells suspended in
distilled water, but in theory any cell type and/or solution of interest (such as evaporated milk)
could be used. A custom MATLAB script was developed to facilitate the density calibration
process, particularly important for bringing new eVOLVER units on line. Following calibration,
the system was used to compare growth of S. cerevisiae (FL100) cells in eVOLVER vials to that
in 250 mL flasks with 50 mL of media shaken at 300 rpm (Fig. $8). Finally, to quantify the
variance in growth across eVOLVER vials, 96 cultures across six 16-vial eVOLVER units were
grown in parallel and aligned (Fig. S8). These results demonstrate that eVOLVER cultures are
repeatable, and exhibit comparable growth rates to cultures in shaken flasks.

As previously mentioned, varying temperature induces a shift in the optical density readings
(Fig- S6). In measurements performed on yeast cells, we observed the largest shift near the
center of the optical density calibration curve, while at low or high OD, the shift due to
temperature was minimized. This information was used to select a density range for
experiments in which temperature was controlled dynamically (see Fig. 4). As cells may shift in
size in response to heating, we also quantified temperature-induced offset in optical density
readings using evaporated milk.
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Figure S7. IR LED-photodiode pair integrated in each Smart Sleeve enables individual monitoring
of optical density. (a) CAD drawing and photographs of a 3D printed part for housing optical parts.
Designed on CAD software, printed parts housing the IR LED and photodiode are customized for 135°
offset to maximize scattered light (left). Completed part printed from CAD file (center). CMB assembled
with mounted LED and photodiode via screw terminals (right). (b) Schematic of system design for
eVOLVER optical density module. The IR LED (SA slot 4) and photodiode (SA slot 5) are integrated into
the Smart Sleeve (left). A resistor is placed on the Smart Sleeve to limit current through the LED. A
turbidity measurement is triggered by a serial command from the Raspberry Pi, and consequently, the
Arduino responds with the current optical density measurements (right). The Arduino coordinates the
timing when the LED flashes ON and the photodiode starts collecting measurements.
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Figure S8. Optical density calibration and growth characterization. (a) Optical density calibration
curves. Optical density is measured by a 900 nm LED-diode pair (see Fig. S7) and calibrated to an ODggg
measurement performed on a Spectramax M5 using 300 uL of media in a 96-well flat bottom plate. The
calibration curve is fitted with a sigmoidal function. All optical density measurements in the experiments
are calculated based on the fitted calibration curve for each Smart Sleeve. Sensitivity of OD
measurements can be tuned by swapping the photodiode resistor. Top: A larger photodiode resistance at
a lower LED intensity (2125 a.u.) gives a larger dynamic range, robust after 4 months of use. Bottom: A
smaller photodiode resistor at a higher LED power gives a smaller dynamic range, but with more
precision. This setting is also robust over time (1 year of use). Both traces are representative of a typical
Smart Sleeve. (b) Comparison of cell growth in flask vs Smart Sleeve. Comparison of yeast cells grown in
flasks in a shaking incubator with cells grown in SDC in 18 different Smart Sleeves across 6 different
eVOLVER systems (left). (¢) Comparison of cell growth across Smart Sleeves. We characterized
variability of yeast growth across 96 Smart Sleeves (6 different eVOLVER platforms). Traces were aligned
at 0.2 OD before plotting in order to normalize for different lag phases.
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1.4 Interchangeable Fluidic Module for Liquid Handling

In this section, we describe the implementation of an additional board, separate from the
main Motherboard, that we developed for fluidic control of each culture vessel. This design
enables individual control over the liquid handling, just as Smart Sleeves enable individual
control over other culture parameters. However, consolidating these components into a
dedicated board facilitates changing between different modes of liquid handling.

Automated cell culture relies on programmable input/output of culture media. Fast and
accurate, peristaltic pumps are typically used for this application'. For a single media input, a
culture vessel requires two peristaltic pumps, one for influx and one for efflux. The influx line
routes the media from the source into the culture, and the efflux line takes out waste media to
maintain a fixed volume. Timing and coordination of these pumps is important for any
automated cell culture application. A single input/single output system is the most basic type of
fluidic control, and yet applying this scheme to a large number of independently-controlled
culture vessels can prove challenging. To address this, and in anticipation of wanting to access
even more complex fluidic functions, we developed a dedicated Auxiliary Board, separate from
the Motherboard. The auxiliary board can simultaneously and independently control up to 48
fluidic control elements and supports much-needed abstraction of fluidic routines. The auxiliary
board facilitates simple input/output functions at scale and accommodates more sophisticated
fluidic solutions (see Section 1.5).

The auxiliary board is designed to receive serial inputs from the Raspberry Pi, translate
abstract commands into simple sequential tasks, and simultaneously control up to 48 fluidic
elements (Fig. S9). The board contains many of the same components from the Motherboard
(e.g. RS485, Arduinos, PWM) and serially communicates in the same manner. A typical 16-vial
single media experiment, requiring the use of 32 control elements, consisting of two pumps per
vial: one for influx and one for efflux.

In this study, we applied this common hardware architecture (Fig. S9a) to enable two modes
of fluidic control in eVOLVER: (1) a “basic fluidic scheme”, wherein pairs of peristaltic pumps
control the influx and efflux of media in each vial (Fig. S9b); (2) a “complex fluidic scheme”,
wherein customizable integrated millifluidic devices with pneumatic valves are used to route fluid
in a programmable manner to execute complex fluidic tasks (Fig. S9¢, see Section 1.5).

In the basic eVOLVER setup featured in Figs. 3-4, we constructed arrays of 12V peristaltic
dosing pumps (Adafruit, Product ID: 1150), which are easily implemented and are a good
compromise between speed, accuracy, and cost. With peristaltic pumps and the eVOLVER
hardware framework, fluid flow rates can be controlled in two ways. First, controlling the duration
of pump events permits metering out defined volumes according to calibration curves (Fig.
$10). Second, flow rate can be controlled using the PWM board to apply different current
profiles in order to run the peristaltic pumps at different power levels. This is particularly useful
when seeking lower flow rates, as minimum pump duration (~0.5 seconds) is constrained by the
rate of communication between boards, so reducing power level can increase precision at small
dose sizes.

A small degree of scalability is possible with the basic fluidic scheme of using the auxiliary
board to control individual peristaltic pumps for each fluidic line. For example, running 16 vials in
a typical two-input experiment (such as morbidostat-like experiments’?®) would utilize all 48
channels of the auxiliary board, with three pumps per vial: two for influx and one for efflux. To
permit further scaling of fluidic tasks without significantly increasing the number of pumps
necessary, we developed a different paradigm of millifluidic handling for automated cell culture
(complex fluidic scheme), which utilizes fabricated pneumatically-valved integrated devices (see
Section 1.5).
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Figure S9. Modular fluidic control system for the eVOLVER platform. (a) Hardware for fluidic control.
The Auxiliary Board enables one Arduino to independently and simultaneously control 48 fluidic elements
(e.g. pumps and valves) via three PWM boards. (b) Schematic of system design for basic fluidic control.
Serial commands from the Raspberry Pi are sent to the Motherboard and Auxiliary board on the same
RS485 communication line. The Auxiliary board interprets the appropriate serial commands and actuates
specific pumps for fluids to be metered in and out of a target smart sleeve. (¢) Interchangeable fluidic
systems in the eVOLVER platform. Using the same serial communication and electronic hardware, the
peristaltic pump array can be interchanged with other fluidic control elements, in this case, banks of
solenoid valves used to control fluid routing in integrated millifluidic devices (see Section 1.5).
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Figure S10. Arrayed peristaltic pumps for eVOLVER basic fluidic control. (a) Photograph and
calibration curve of a 16-unit peristaltic pump array. Each pump is wired (12V & GND) to the
corresponding slot on the two 16-pin breakout boards. A ribbon cable connects the pump array to the
Auxiliary board. For a single input turbidostat unit, two such arrays are used, one for influx and one for
efflux. A linear calibration curve was created for each pump, taken from three technical replicates at four
different pump durations. (b) Flow rate measurements before and after an experiment demonstrates
robustness of peristaltic pumps. During the experiment, each pump had a cumulative ON time of over
3,000 seconds (~3L of media).

1.5 Integrated Millifluidic Devices for Complex Fluidic Control

A key development in microfluidics was the design and fabrication of devices containing
integrated (pneumatic) valves that could allow for complex fluidic manipulations with minimal
number of control elements*®. Here, we describe (1) why adapting this technology for the macro
scale is valuable for automated cell culture, (2) challenges faced when scaling to larger flow
rates, and (3) a new framework for fabrication and bonding of millifluidic devices featuring
integrated pneumatic valves. These devices offer a scalable solution to challenges faced by
traditional fluidics.

Importance of Complex Fluidic Tasks
The ability to program complex fluidic tasks could enable entirely new manipulations in

automated cell culture applications (see Fig. 5, Sections 2.4-2.7). For example, when growing
undomesticated microbes, biofilm may form in the efflux fluidic lines and vials in as little as in 12
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hours (e.g. see Fig. 5). The ability to programmatically bypass the vial in order to clean the
fluidic lines with a bleach solution, and passage the culture from one vial to the next as a
preventative measure, would be critical for long-term continuous growth of these microbes.
However, complex fluidic tasks like vial-to-vial transfer, cleaning protocols, and mixed media
inputs are extremely difficult with traditional fluidic systems used by current devices.

In electronics, custom circuits can be readily created by breadboarding; however, this
approach scales poorly to larger, more complex circuits because it relies on tedious manual
assembly and leads to limited durability. Similarly, fluidic systems consisting of flexible tubing
connecting separate control elements, like pumps and valves, can solve simple fluidic tasks.
However, the number of necessary fluidic connections scales with the complexity of the desired
task. For example, even with an optimal valving scheme, the ability to perform automated large-
volume transfers between any two culture vials in a 16-vial eVOLVER unit would require almost
300 fluidic connections and over 20 control elements. As in breadboarding, each connection
would need to be routed individually by fluidic tubing and often by hand, a tedious task.
Additionally, the tubing is usually fairly long, and each connection introduces dead volume,
making the system less robust and impractical. Instead, by creating integrated (pneumatically-
valved) schematics, we sought to make a millifluidic equivalent of a printed circuit board; the
complex fluidic connections are now integrated in a small device that is computer designed,
manufacturable, and much easier to reproduce. With the flexibility of CAD, one would be able to
customize a fluidic device to fit their particular experimental needs.

Fluidic Scaling Problem

The cost of control elements and assembly time of bioreactor units can prove to be a
significant burden as one scales fluidic inputs and outputs for high-throughput operations. As
previously described, most designs rely on a pinch valve or a peristaltic pump to separately
control each of the media sources and another to control waste. For example, a single vial
turbidostat unit with 4 different media inputs would require 5 pumps. A hypothetical 48-vial unit
with the same capabilities would therefore require 240 pumps, at a cost of $7,000 to $10,000.
The key problem is that the number of control elements increases linearly with the number of
vials. Our pneumatically-valved devices can leverage concepts developed in microfluidics in
order to scale throughput by multiplexing and demultiplexing inputs and outputs®’. In this
scheme, the number of controllable vials scales exponentially to the number of control elements,
needing only 30 elements to route up to 16 different fluidic inputs to 48 vials. We project the
costs of this new hypothetical 48 vial fluidic schematic to be $1,000 to $2,000, roughly a 90%
decrease in cost in comparison to current systems.

Desired Characteristics and Properties of Integrated Millifluidic Devices

Though inspired by microfluidic technologies, integrated millifluidic devices for continuous
culture have drastically different design requirements. The following is a list of critical
requirements for this technology in the context of continuous culture:

* Devices need to be on the decimeter scale. Indicated in the nomenclature,
microfluidic devices operate on the nano to micro liter per second flow rate. In contrast,
continuous culture in eVOLVER requires flow rates of roughly ~1 mL per second, a
1000-fold increase. As such, in order to increase flow rate with an appropriate safety
factor, the flow channels and device needs to be at least 10-fold larger than typical
microfluidic devices.

* New prototyping framework is necessary for larger devices. Traditional microfluidic
prototyping techniques rely on standards from the microelectronics industry, namely

20



patterning photoresist on silicon wafers*®, Typically, 100 mm (4 inch) circular wafers are
the largest size the machinery can pattern designs on, which is still too small for complex
millifluidic devices. New fabrication framework is necessary to prototype devices for
continuous culture.

* Design cycle must be fast and repeatable. The success of microfluidics in the
laboratory is, in large part, attributed to rapid and reliable design cycles enabling iteration
and testing of prototypes. New design frameworks for millifluidic devices must be equally
rapid and reliable.

* Device must be transparent. Fluidic systems designed for long-term continuous culture
of microbes will be prone to biofilm formation. The ability to monitor flow through the
device is critical for debugging experimental issues.

* Device needs to interface with pumps, filters, and tubing. Fluidics for laboratory
continuous culture typically interface with syringe pumps, pressurized fluids, sterile filters
and peristaltic pumps. A robust way to interface dozens of connections between the
device and other fluidic elements (e.g. vials, filters) is critical and nontrivial.

* Device must be resistant to 10% bleach and 70% ethanol. Sterilization of the device
is necessary prior to any experimentation. Fluidic materials and fabrication must be
resilient to these chemicals for weeks of continuous usage.

Fabricating Integrated Millifluidic Devices for Automated Cell Culture

Fabrication techniques used for microfluidics (e.g. photolithography, surface treatments) do
not simply translate to larger dimensions. To scale devices to the millifluidic scale, an entirely
new fabrication method is required. First, reagents for photolithography are optimized for
channel heights of 1 to 300 microns. To reach the desired channel height of ~1 mm would
involve tediously stacking photoresist layers together, which requires precise alignment of
photomasks. Second, the chemical glues, like silanes, that are typically used to functionalize
plastic and silicone rubber sheets for bonding are difficult to apply uniformly across a large area
(e.g. 10 cm x 20 cm). Any small pocket where bonding was incomplete compromises the
integrity of the entire device. Finally, the ability to prevent bonding in specific areas of the device
(i.e. the pneumatic valves) is also critical, yet difficult with current techniques. Since there can
be hundreds of integrated valves that must be protected from bonding, the ability to denote
where the bonding occurs via a CAD drawing, instead of by hand, is critical to robust fabrication
of the device.

To fulfill the design criteria previously listed, we developed a simple, robust prototyping
method for fabrication and selective bonding of devices for fluidic control on the eVOLVER
platform (Fig. S11). We used a 40W CO, laser cutter (Epilog Mini 24) to pattern clear PETG
material. Laser cutters are easy to use, readily available at most universities, and can easily
raster a pattern from a CAD drawing. PETG is commonly found in plastic water bottles and is
chemically resistant to ethanol and bleach. The device is divided into two layers, the control
layer (1/4” PETG) and the flow layer (1/8” PETG), which sandwich a silicone membrane (0.01”,
Rogers Corporation, BISCO HT-6240) between them when assembled.

For proper pneumatic valving in the devices, an airtight seal must be formed between all
layers. To bond the layers together, an optically clear laminating adhesive sheet was used
(3M, 8146-3). The adhesive comes as a sheet sandwiched between polyester backings to
maintain integrity of the adhesive. First, the PETG layers are plasma treated for 1 min with
atmospheric gasses at MAX setting (Harrick Plasma, 30W Expanded Plasma Cleaner) to
promote adhesion between the adhesive and plastic. Adhesive (with one side of the backing
removed) is quickly placed onto the activated surface and any bubbles are quickly rolled out.
The PETG sheets with adhesive are then patterned with a laser cutter. To get a deeper cut
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without melting the plastic, the same design was cut three times (20% Speed, 100% Power).
For selective bonding of the device, low laser power is used to raster off the adhesive but not
cut into the plastic (70% Speed, 50% Power). Bonding of the PETG layers to the silicone rubber
is accomplished by plasma treating the silicone rubber sheet and subsequently applying the
sheet onto the adhesive. Clamping the two layers between two 1/2” metal plates immediately
after plasma treatment helps in bonding the two surfaces.

To interface with the device, barbed-to-thread polypropylene connectors (Value Plastics,
X220-6005) were fastened into 10-32 threaded holes on the thicker control layer. 3 mm vias
were punched into the silicone membrane to connect the flow layer to the barbed connectors on
the control layer. The entire fabrication process, from a CAD drawing to a completed device, can
be done in 3 hours.

Characteristics of Pneumatic Valves for Millifluidic Devices

Our pneumatically-valved millifluidic devices enable customizable, programmable routing of
liquid at volumetric flow rates of ~ 1 mL/sec. The valves pinch off fluid flow on the flow layer
when 10 psi is applied to the control layer and enable flow when vacuum is applied (Fig. S11).
Improvement of device bonding will enable application of pressures above 10 psi, necessary
with higher flow rates.

Coordinating New Fluidic Experimental Parameters

Fluidic tasks in eVOLVER are enabled by the sequential actuation of valves in a specific
fluidic network encoded in the integrated millifluidic device. We demonstrate these fluidic
manipulations in a series of experiments (see Fig. 5, Sections 2.4-2.7). Each experiment
utilizes different devices as required to meet the experimental needs. The architectures for most
functions are modular (e.g. multiplexer, vial-to-vial router) and can be combined in order to
achieve more complex functionalities (Fig. S11). For example, simple single media input
turbidostat function utilizes multiplexer and demultiplexer modules. The demultiplexer routes the
media source to the correct vial and the multiplexer routes the efflux from vial to waste. The
same multiplexer and demultiplexer modules are reused in all Fig. 5 applications, but different
multiplexed media selectors and vial-to-vial routers are included as needed in different
experiments.

Software routines to control the control elements (valves and pumps) are also divided into
commonly repeated functions, usually in a similar manner to how fluidic modules were divided.
The code for each fluidic function is preloaded into the Arduino to coordinate tasks between
each fluidic module. For example, a simple dilution event would first actuate valves in the media
multiplexer to select media, then actuate a syringe pump for metering the desired volume,
followed by valves in the vial demultiplexer and multiplexer to route media into the vial and
remove efflux. By loading the routine for abstract functions (e.g. dilute, clean, vial-to-vial
transfer) into the Arduino, robust communication can be ensured, with rapid transition between
sub-tasks and no skipped steps (which could cause incorrect media routing, mis-priming of the
syringe pump, or leaks and other device failures).
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Figure S11. Millifluidic devices featuring integrated pneumatic valves. (a) Characteristics of macro
pneumatic valves. A silicone rubber layer is sandwiched between two PETG plastic layers to form
disposable, pneumatically-valved millifluidic devices (left). Valve layouts and fluidic paths can be designed
with any vector-based CAD software, patterned with a laser cutter, and bonded with adhesive (upper
right). The entire process, from CAD to completed device, can be done in 3 hours. Pneumatic valves and
devices can be daisy chained together for improved scalability (lower right). (b) Integrated millifluidic
devices as fluidic modules. Completed devices are transparent, disposable, and patterned with a laser
cutter (left). Fluidic routing and valving can be customized to form specialized fluidic modules (center).
These modules can be connected in various ways to enable complex fluidic functions (right). (c)
Photograph of 16-channel multiplexer device, with fluidic lines (clear) and pnenumatic lines (blue).
Thread-to-barbed plastic connectors can be fastened onto the millifluidic device to interface with standard
fluidic components.
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1.6 Reconfiguration of eVOLVER for Common Culture Experiments

Rather than propose a single continuous culture device designed to a specific purpose, our
goal with eVOLVER was to demonstrate a design framework that gives the user the freedom to
imagine and carry out virtually any type of experiment that uses automated cell growth
functionality to study cellular fithess. Here, we comment on reconfiguring eVOLVER for several
experiments of significant interest in the community. For further examples, see Table S1.

Chemostat

As one of the simplest forms of continuous culture, small-volume (~mL) chemostat arrays
have been popular in directed and experimental evolution®'°. To run eVOLVER as a chemostat,
one would use the peristaltic pump array with dilution events triggered by a programmed timer,
rather than by optical density (as in turbidostat mode). This alteration can simply be made,
without hardware changes, on the Python code (see Fig. S37). Each vial in eVOLVER can be
programmed with a different dilution rate. Alternatively, more rapid communication can be
achieved by modifying the code on the auxiliary board Arduino that controls the fluidic channels.
In more detail, the pumps described in the manuscript have a fixed flow rate of (~1 mL/s);
however, by varying frequency and duration of turning the pump ON, one could achieve a lower
average target flow rate. For example, by turning on the pump for 1 second every 10 seconds, a
flow rate of 100 uL/s can be reached with a continuous approximation. The input pump can then
be flexibly and dynamically programmed to achieve different rates. The pump can robustly fire
for as short as 0.5 seconds (for a bolus of ~0.5 mL). If the application requires slower or more
continuous flow, pumps can also be switched out for slower motors or tubing diameters. Any
peristaltic pumps pulling less than 0.5 amp/channel could be controlled by the Auxiliary board.

Morbidostat

Morbidostat algorithms have been developed that gradually increase the selection pressure
of an evolving culture, typically based on measured growth rate®. Previously, this algorithm has
been implemented with two media inputs (+ and - drug), requiring three peristaltic pumps per
culture (w/ efflux pump). In a 16-vial eVOLVER unit, this setup can easily be implemented by (1)
controlling 48 pumps with the auxiliary board or (2) using multiplexed fluidics with the millifluidic
devices. The prior being simpler to implement for 2 media inputs and the latter letting one scale
to >2 inputs. As currently designed, the auxiliary board can control up to 48 fluidic elements
(pumps/ solenoids). To run morbidostat mode, one would need to modify the Python code to the
desired growth algorithm (e.g. control rate of drug increase, growth rate threshold to trigger the
drug input).

Optogenetic Control During Continuous Culture

Light inducible protein domains have been used to dynamically control and rapidly prototype
genetic networks'"'2. Hardware for light inducible systems typically rely on batch culture, limiting
experiments to a narrow time window in which all cells across an experiment are in exponential
phase. Attempts at coupling continuous culture to light induction have been limited by
throughput (1-2 cultures) and reconfigurability. Equipped with components for light induction,
eVOLVER would uniquely enable long-term optogenetic perturbations in finely controlled growth
phases across a large number of culture vessels. Due to the modularity of eVOLVER hardware
components, integrating optogenetic control is straight forward and requires minor modifications
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to the system. Details on integrating LEDs into eVOLVER is described in more detail as the
example modification in Section 1.3.

Fluorescence Measurements

Bulk fluorescence measurements have previously been demonstrated by Takahashi et al.
during continuous culture, without the use of a photomultiplier tube (PMT)?. To recapitulate this
setup in eVOLVER, an extra LED-diode pair would be added to the 6th and 7th S/A Slots,
similar to adding LEDs for light induction. Additionally, the 3D printed part would be modified to
house optical filters for better detection of any fluorescence signal. Potential setbacks in this
setup (without a PMT) include potentially a low signal to noise ratio. This can be solved by
multiplexing signal from all cultures into a single PMT via fiber optics. The electronics controlling
the PMT would communicate back to the same RS485 line to be controlled by the same
Raspberry Pi, similar to the auxiliary board. Alternatively, single cell fluorescence measurements
would also be made possible by interfacing eVOLVER with a pipetting robot, droplet
microfluidics, or using the native pump from the flow cytometer sample directly from the
cultures. These systems could interface serially with the Raspberry Pi via RS485/USB or the lab
computer via USB.

Different Culture Volumes

As described in this manuscript, 40 mL culture vessels were chosen for a sufficiently large
population size for full coverage of the genome during evolution. Other applications like
bioproduction, larger library screens, or applications with expensive culture medium might be
better suited with alternative volumes. The modularity of the eVOLVER framework enables
redesign of the Smart Sleeve with limited changes to the rest of the hardware. For example, to
design a sleeve for larger volumes, one would (1) machine a new aluminum casing, (2) obtain a
fan/motor capable of stirring a larger/smaller volume, and (3) redesign a PCB/ 3D printed piece
to optimize position of components (orientation of diode/ LED for O.D. measurements through
larger volume). The rest of the hardware downstream of the Smart Sleeve could potentially
remain the same or have only slight software modifications, depending on size of culture vessel
(e.g. tune PID controller for larger thermal mass).

1.7 Common Considerations when Running eVOLVER

With the appropriate parts (e.g. boards, electronic components etc.) and appropriate DIY
manufacturing equipment (e.g. 3D printer, laser cutter), a 16-vial platform could be built in a
week for $5,000. However, beyond assembly of an eVOLVER device itself, there are several
other challenges to be considered prior to routine use of eVOLVER.

Media Requirements

A primary consideration when running eVOLVER experiments is predicting the media
consumption rate, which is typically orders of magnitude higher than in typical batch
experiments. The required media for continuous culture can be estimated using the following
equation:

] ] Culture Volume [mL] ]
Media Required [mL] = - - * Number of Cultures * Duration [h] (D
Avg.Doubling Time [h]
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It should be noted that additional media (~20mL) is needed during device setup to flush media
input lines.

Network Connectivity

The simplest eVOLVER setup communicates to the lab computer (running Python) within a
local network via an Ethernet connection. Examples of the local network are a user’s personal
router or the building's router at the institution. It is recommended to contact local IT services for
site-specific configurations. This setup does not require connectivity to the internet but is
convenient to have. Empirically, we have observed disruption in communication with eVOLVER
during and immediately after use of remote desktop software to access the lab computer; use of
this software is not recommended with eVOLVER. A more scalable, reliable solution (running
~100s of vials) would be to use a dedicated server to host the Python scripts and visualizations
software (instead of a lab computer). These cloud services can be hosted by the university or
externally via commercial providers (e.g. Amazon Web Services) and accessed on a browser on
any computer. Again, we recommend contacting IT specialists for secure methods of
communication between eVOLVER and the server at your institution. An Ethernet connection
(instead of Wi-Fi) is recommended for all configurations.

Maintenance

We have monitored the lifetime of eVOLVER components since the invention of the device
(~3 years). As in most systems, mechanical parts have the highest possibility of wear and thus
need replacement most frequently. Likewise, in eVOLVER, the peristaltic pumps used have a
lifetime of ~6 months of typical use during continuous culture. Specifically, the silicone tubing
within the head of the pump is frequently compressed when actuating peristaltic pumps and will
tear over time. The head can easily and inexpensively be replaced (~$4/ pump). The computer
fan used for stirring has robustly operated continuously for > 3 years, whereas the magnetic stir
bars are rated for a limited number of autoclave cycles and need eventual replacement. All other
components (e.g. heaters, thermistors, LEDs, diodes, PCB, power sources) have been stably
operating for > 3 years.

Contamination Prevention

While batch culture techniques often utilize biosafety hoods or flame convection currents to
keep workspaces sterile, these are rarely amenable for automated cell culture devices.
Prevention of contamination in eVOLVER is achieved at three levels: 1) sterilization of media,
culture vessels, and fluidic lines, 2) attention to sterile technique, and 3) physical and chemical
barriers to contaminants. First, all media bottles and their adapters, and all components of the
culture vessel (e.g. borosilicate glass vial, magnetic stir bar, cap with fluidic adapters) are
designed to be autoclaved before each use. Fluidic lines on the device are sterilized before and
after each experiment using bleach and ethanol (see General Methods). Second, following
sterilization, sterile technique should be practiced when attaching media lines to culture vials by
working quickly, avoiding physical contact with the ends of fluidics lines, and taking care to
spray gloves with ethanol. Finally, additional physical and chemical measures may be taken
depending on the organism and experiment. For example, the sampling port may be covered by
a sterile membrane for long-term culture. For slow-growing eukaryotic cultures, antibiotics can
be added to the media to exclude bacterial contaminants. UV sterilization of components or
surfaces is another preventative measure to consider.
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Safety Considerations while Operating eVOLVER

eVOLVER electronics modules are connected to high amperage power supplies. Electronic
components may be exposed if improperly constructed and extreme care should be taken to
protect against shock. Consequently, we specifically designed eVOLVER to be robust to
catastrophic liquid spills, by separating the sensitive electronics (Motherboard, Arduinos, and
Raspberry Pi) from the fluidic elements. The only components at risk of being affected by
flooding are the inexpensive electronic components mounted on the Smart Sleeve, and the
motors for each pump. These components are inexpensively and easily replaced, even by users
with limited familiarity with electronic components. We have highlighted this physical separation
between he electronics module and fluidic components in Figs. 1d,e, and included text on this
in the Main (see p. 4). Additionally, we have additional plastic "splash shields" that form a
physical barrier for any drops of liquid from pipetting. Software was also designed to prevent
overflow of vials. For example, the efflux pumps trigger for 5 more seconds than the influx
pumps to prevent overflow (volume dictated by efflux straw length).

1.8 Open-Source Frameworks for Biology

Many biological experiments require varying amounts of customization to fit the experimental
needs of the researcher. However, currently, most laboratory equipment is single-use,
proprietary and expensive, making customization difficult. Consequently, even simple
experiments are usually designed around the capabilities of the equipment, at times severely
limiting how experiments are run. In the last decade, do-it-yourself (DIY), open-source
electronics have risen significantly in popularity due to falling costs of printed circuit board (PCB)
manufacturing and the maturing open-source community. This cultural shift has resulted in
creative, useful, and customizable tools such as 3D printers and small Linux computers
(Raspberry Pi). These open-sourced technologies have changed how manufacturing,
networking, and prototyping are approached, making it easier to build tools to exactly fit one's
needs.

Similarly, the DIY culture has the potential to significantly impact biological experimentation.
In fact, university labs are well suited to driving innovation with open sourced lab tools due to:
(1) local technical competence, (2) resources (e.g. infrastructure, financial), (3) highly specific/
diverse experimental needs, and (4) desire to share and replicate one's work. Despite these
apparent synergies, DIY tools have not been widely used in biological laboratories, and ad hoc
tools built in academic labs are often not robust enough for widespread adoption; often this
decision comes down to valuing robustness over customizability. In order for DIY tools to be
reliable, there must be a framework or standard that is robust, yet still allows flexibility and
creativity for the user. For example, Arduino boards are a hardware framework/footprint to
house a common micro-controller (ATmega328P). This framework became a critical standard
for the community and allows hobbyists to easily program and interface with the micro-controller
for their own application (e.g. drones, 3D printers). With this and other DIY successes in mind,
we sought to develop eVOLVER as a modular, open-sourced hardware framework that is robust
enough for widespread adoption, while still customizable for particular applications.
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Figure S12. Photographs of 16-vial eVOLVER base-unit using “basic” fluidic scheme.
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2 Supplementary Methods and Discussion

2.1 Characterizing eVOLVER Operation and Stability with Long-term
Bacterial Growth

To demonstrate a typical use case of eVOLVER and simultaneously characterize the
operation and stability of the platform, we conducted a long-term E. coli growth experiment in
turbidostat mode using a basic setup with peristaltic pumps for fluidic handling. Throughout the
experiment, we monitored contamination, calibration settings, and stability of both software and
hardware.

An overnight culture of E. coli MG1655 was grown in pre-buffered LB Miller media (pH 7.2).
This culture was used to inoculate 25 mL of M9 media containing 0.4% glucose and 1 ug/L
thiamine (hereafter referred to as M9), and this was grown to mid exponential phase.
Meanwhile, 16 eVOLVER vials were initialized with antibiotic-free M9 media. Eight vials were
inoculated with cells from the mid-exponential culture, interspersed with eight vials that were left
uninoculated. The cultures, maintained at 37°C in turbidostat mode (OD window = 0.15-0.2),
exhibited similar growth rates over the first 48 hours as expected (Fig. S13).

To limit selection for biofilm, manual daily transfers were commenced after 72 hours of
growth, when biofilm accumulation was initially observed. Sequentially, vials were removed from
their Smart Sleeves, 2 mL of culture was diluted into a freshly autoclaved vial containing 23 mL
fresh media, which were then inserted into the vacant Smart Sleeve. Transferring all eight
cultures took approximately 10 minutes, and cultures did not appear to be negatively affected by
these periodic transfers. The cultures were maintained for a total of 250 hours (1.5 weeks),
constituting over 200 generations in exponential growth.

During this time, we observed no unplanned software or hardware failures, consistent with
our other long-term culture experiments. Data collection was momentarily paused during routine
vial examination and transfers, which constituted an expected downtime of less than 1% of
experimental time (Fig. $13). With continuous OD monitoring, we observed no changes in
density in the uninoculated vials, suggesting that neither environmental contamination nor cross
contamination occurred. Additionally, at the conclusion of the experiment, samples were plated
on LB agar plates at two concentrations (undiluted and at 10®), and incubated for 24 hours at
37°C. Only E. coli colonies were isolated from plates derived from the eight active cultures,
confirming that long-term continuous culture and vial transfers were indeed performed in a
sterile manner. Moreover, no colonies were observed on plates derived from the un-inoculated
vials, despite being located adjacent to actively passaged cultures and connected to the same
media sources and waste as the active cultures.

At the conclusion of the experiment, temperature, OD, and fluidics were all re-calibrated, and
their calibration values compared to those from the start of the experiment (Figs. S6, S8, S10).
Calibrations were found to be virtually unchanged over the weeks or months since initial
calibration, spanning hundreds to thousands of hours of use, depending on the component.
Taken together, this control experiment demonstrates that eVOLVER is capable of robust long-
term operation, appropriate for experiments that would be typical across a wide variety of
studies.
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2.2 Conducting Experimental Evolution Across a Multidimensional
Selection Space

In order to showcase eVOLVER'’s ability to conduct long-term, continuous culture laboratory
evolution experiments at high throughput, we explored the relationship between culture density
and fitness in evolving yeast populations. To accomplish this, we configured the eVOLVER to
function as a turbidostat, where culture density is continuously maintained within a constant,
defined density window by an automated, OD-dependent media dilution routine. By varying the
upper and lower thresholds that define each density window, we scanned a multi-dimensional
space of population density at fine resolution to assess adaptive outcomes.

Parallel Evolution Across Density Space

A single colony of prototrophic S. cerevisiae FL100 (ATCC 28383) was pre-adapted in
eVOLVER continuous culture (turbidostat mode, OD 0.25 — 0.3) in Synthetic Complete (SC)
medium + 2% glucose (Sunrise Science Products) for 100 generations. A single colony from this
population was selected as the founder strain (yBWOO1) for the high throughput, density-
dependent evolution (Fig. 3). An overnight culture of the founder was used to seed 78 parallel
eVOLVER cultures at an initial OD 0.05. Each of the 78 populations was maintained in a
specified density regime during continuous culture in SC + 0.06% glucose + 50ug/mL
carbenicillin + 25 ug/mL chloramphenicol at 30°C for 500 h (Fig. 3b). Density regimes were
maintained using an automated feedback scheme between OD measurement and media
dilution. Specifically, a dilution event is triggered by a culture reaching a specified upper OD
threshold; the culture is then diluted to a specified lower OD threshold by activating the pumps
for a duration time calculated by the software. Glucose-limited media was used to induce
periodic diauxic shifts within the observable OD range (Fig. S14). Cultures were sampled every
day. Frozen stocks were made by diluting 200 uL culture with 85 uL sterile 50% glycerol and
stored at -80°C.

Culture densities were monitored continuously, permitting calculation of population size,
mean doubling time (or growth rate), and genome replication events in each vial during the
course of the experiment (Figs. S15-16). Notably, the regimes leading to the fastest growth (i.e.
low density regimes corresponding to >200 cell generations) were not necessarily those
associated with the greatest number of total genome replications, which is a function of both
growth rate and population size (Figs. 3b, $16). It should be noted that these variable
population sizes affect the degree to which different forces in population genetics, including
genetic drift and mutational fixation, affect the outcome of evolution in each condition'®.

At the limiting glucose concentration we used, cultures exhibit a reduced carrying capacity
and observable metabolic or diauxic shifts. Consequently, by simply setting the upper and lower
density thresholds of the culture with eVOLVER, we could observe an impact on the resulting
metabolic niche. For example, if the density window is below the diauxic point, the characteristic
shift is never observed; conversely, if the window is high, the population exhibits two distinct
phases of growth. The duration in each phase and the number of shifts seen per generation of
growth varies across the sampled landscape.

Competitive Fitness in Different Density Niches
At the conclusion of 500 h of continuous growth, each culture was struck out on a YPD plate.

Three colonies were picked from each plate, grown in SC + 0.06% glucose, and frozen in
glycerol (see Methods). These stocks were used to seed competitive fitness assays against the
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fluorescently labeled founder strain (yBWO002) (Fig. 3c). Specifically, for each pairwise
competition, cells were grown in eVOLVER vials (SC + 0.06% glucose + 50 ug/mL carbenicillin
+ 25 ug/mL chloramphenicol) to mid-exponential phase (OD ~0.5), then diluted down to OD 0.05
using the peristaltic pump array. Meanwhile, a 200 mL culture of the founder (yBW002) was
grown at 30°C in a shaken flask to mid-exponential phase, then centrifuged and resuspended to
OD 1.0 in fresh media. A 1 mL aliquot of yBW002 cell suspension was added to each eVOLVER
vial to form a 1:1 ratio of founder to evolved strain at OD 0.1. Competition fitness experiments
were performed in two density regimes: low density (OD 0.05 — 0.15) and high density (OD 0.6 —
0.65) (Fig. 3c). Cells were sampled for flow cytometry at two time points: t = 0 generations (after
reaching the desired density regime) and t = 8-10 generations (length of experiment set by
depletion of media). Quantification of fluorescence ratios was used to calculate relative fitness
(see Methods).

Characterization of Evolutionary Parameters on Niche Fitness

Next, we wanted to determine if resulting fitness measurements were significantly correlated
with any unique environmental parameter during evolution. High and low density fitness
measurements for each colony were plotted on the same scatter plot and clustered using k-
means, yielding three distinct groups: low-density specialists, high-density specialists, and
colonies with low fithess in both measured niches (Fig. $17). Clustering with more than three
groups resulted in subdivisions of one of the above three clusters and did not exhibit significant
fitness differences. We then generated heatmaps describing how individual colonies in each
cluster mapped back to the original evolutionary niche (Fig. $17). To quantitatively describe
how evolutionary history correlated with fithess measurements, we performed student's t-tests
comparing imposed conditions and recorded traits of each cluster (Fig. S17). This analysis
revealed lower OD threshold, AOD, and upper OD threshold to be significant distinguishing
features for low-density, high-density, and low-fitness clusters, respectively. For example, low-
density specialists were derived from density windows with a significantly smaller lower
threshold. These results reveal how simple modifications to evolutionary niches result in diverse
and non-intuitive selection pressures. For example, the high-density specialist cluster is
differentiated by narrow density windows (AOD) rather than a high average OD or upper OD
threshold, as one might have expected. With eVOLVER, we have the ability to continuously
measure, record, and analyze the evolutionary history of the culture to correlate these
parameters to resulting changes in fitness.

2.3 Growth Selection Under Temporally Varying Selection Regimes

There is growing interest in interrogating biological systems in fluctuating conditions that
more closely reflect the dynamics of natural environments'*'. In fluctuating environments,
different phenotypes and adaptations may arise than in environments with monotonic selection
pressure. eVOLVER makes it possible systematically study the relationship between temporal
fluctuation and phenotypic selection, while holding other environmental variables constant. To
demonstrate this, we performed growth selection experiments on a pooled yeast knockout
library'®"®, under conditions in which a single environmental variable—temperature—was
temporally varied.
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Dynamic Temperature Selection on Yeast Knockout Library

A 500 uL aliquot of the pooled haploid MATa yeast knockout collection (Transomic
TKY3502P) was thawed and grown in 500 mL YPD under constant shaking (300 rpm) at 30°C
for 12 h. Cells were then seeded in eVOLVER vials (containing YPD + 50ug/mL carbenicillin +
25ug/mL chloramphenicol) at an initial OD 0.05. Cultures were grown at 30°C for 5.5 h in order
to reach OD ~0.15, and then maintained in continuous turbidostat culture (OD 0.15-0.20) over
the course of the experiment. Temperature perturbations of varying magnitude and period (Figs.
4a,b) were initiated as soon as regular dilution events were underway in all cultures.
Temperature magnitude and period were selected based on thermal range calibrations
performed prior to the experiment (Fig. S6).

Growth rate was clearly observed to vary in response to temperature changes (Fig. 4b). At
low and intermediate temperature magnitudes, growth rate appears to increase along with
temperature. At higher temperatures, growth rates drop significantly during periods of thermal
stress. Notably, no bulk growth was observed for cultures in the 42°C/48hr or 42°C/step during
periods of heat stress. During these periods, no dilution events occur, and therefore the samples
may not be enriched for resistant members of the library as less fit members fail to be removed
from the culture. However, the growth rate does recover during periods of permissive
temperature in the 42°C/48hr population. The onset of this recovery is hastened over time,
suggesting that the cultures may be enriched during the periods of recovery at permissive
temperature as cells that survive the elevated temperature reproduce.

Two mL culture samples were taken every 48 h for six days and frozen at -80°C. For actively
growing cultures, regular automated dilution events were sufficient to replace culture volume lost
by sampling. For the 42°C/step condition, in which no dilution events were triggered because of
a lack of growth, fresh YPD was manually added to replace culture volume after each sample.
Genomic DNA was extracted from each of the 64 samples (16 temperature profiles x 4
timepoints) by thawing at room temperature, pelleting cells at 1000 rcf for 5 min, and then
performing a genomic extraction protocol (see Methods).

Library Preparation and Barcode Sequencing

Library preparation was performed in two stages (Fig. S18b), normalizing DNA
concentration between stages in order to minimize amplification bias from saturation behavior in
PCR. In the first stage, barcodes were extracted from genomic DNA. First, a 1 uL aliquot of
genomic DNA template from each sample was amplified in a LightCycler 480 Instrument Il
(Roche) with SYBR Green | Master Mix (Roche) using primers prCM313 and prCM314 (Table
S83) and the following cycle conditions: (i) denaturation: 95°C for 10 min; (ii) amplification (35
cycles): 95°C for 10 s, 63°C for 5 s, 72°C for 14 s; (iii) elongation: 72°C for 7 min. The resulting
gPCR data was used to quantify the amount of target DNA present in each sample; this
measurement was then used to normalize the DNA concentration across each of the 64
samples and determine a non-saturating number of cycles. Two uL of normalized sample DNA
was then amplified with Q5 polymerase (New England Biolabs) using primers prCM361 and
prCM362 (Table S3) in a 50 uL reaction using the following cycle conditions: (i) denaturation:
95°C for 10 min; (ii) extension (5 cycles): 95°C for 10 s, 64°C for 10 s, 72°C for 14s; (iii)
amplification (20 cycles): 95°C for 10s, 72°C for 20 s; (iv) elongation: 72°C for 7 min. Resulting
DNA was purified using a DNA Clean Concentrator Kit (Zymo Research). To normalize samples
again prior to the second round, DNA samples were quantified via qPCR using the same
primers and conditions as before, then diluted to equal concentration.

In the second stage, indexes and sequencing adapters were added for every timepoint-vial
combination, using a small number of cycles to minimize amplification. Amplification with i5-
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indexed primers prCM363-366 paired with i7-indexed primers prCM373-388 (Table S3) was
performed in a 50 uL reaction using the following cycle conditions: (i) denaturation: 95°C for 10
min; (ii) extension (5 cycles): 95°C for 10 s, 65°C for 10 s, 72°C for 20 s; (iii) amplification (7
cycles): 95°C for 10 s, 72°C for 20s; (iv) elongation: 72°C for 7 min. Resulting DNA was again
purified using a DNA Clean Concentrator Kit. DNA concentrations were determined using a
Nanodrop One® Spectrophotometer, and were mixed in equimolar amounts to form the final
indexed library pool. The pool was diluted to 1 ng/uL and submitted to the Biopolymers Facility
(Harvard Medical School). NextSeq sequencing was used to sequence the 8 bp i5 index, the 8
bp i7 index, and a 55 bp single end read of the barcode construct. Due to shared sequences in
the regions flanking the barcode, PhiX was spiked in at 50% to increase sequencing diversity.

Sequencing Alignment and Frequency Computations

Alignment was performed using custom code harnessing MATLAB's Bioinformatics Toolbox
and Boston University's parallel computing cluster. Reads were tabulated for each vial and
timepoint using the index sequences (Fig. $19), and assigned to the nearest barcode sequence
indicated on the yeast knockout collection database'®. Alignment scores were calculated using
the Smith-Waterman algorithm (swalign function) and assigned based on best score above a
minimum threshold. Four samples had a significantly lower number of reads than the library
mean, suggesting that the library pool was not comprised of equimolar samples; these
timepoints and samples were excluded for principle component analysis and fitness centroid
calculations, as noted below.

Population frequency of each library member was calculated by dividing the number of reads
assigned to each member by the total number of assigned reads for a given indexed sample
(Fig- S20). Wider frequency distributions were observed at Day 6 (compared to Day 0), as a few
members increased in frequency, while many members decreased in frequency, often by orders
of magnitude, indicating specific enrichment for each condition. Similarities in the enrichment
pattern may also suggest similarities between the conditions themselves.

It should also be noted that while the sequencing depth is sufficient for the evenly distributed
samples at Day 0, the wide range of frequencies observed following enrichment would be better
measured at higher sequencing depth with reduced multiplexing of samples. As a result, we
were careful not to draw strong conclusions from library members present at low frequencies in
downstream analysis.

Cross-Correlation Between Temperature Conditions

By prescribing experimental parameters in a programmable fashion, eVOLVER allows us to
scan through environmental spaces. This allows us to identify similarities and differences in how
these environments affect fitness outcomes, drawing conclusions about the environments
themselves. For this experiment, we used the library performance data in order to delineate
regions in temperature magnitude-frequency space that exert similar selection pressures on
cells.

As a first pass, we looked at the correlation in 100 high-performing members from each
condition. High-performing members were defined as those with the largest arithmetic difference
in frequency between initial and final timepoints. When the overlap between these high-
performing strains is quantified by tabulating the number of members shared between each
condition (a simplified cross-correlation metric), relationships in the temperature magnitude-
frequency space are revealed (Fig. S24).

When comparing the degree of similarity between a particular condition and each other
condition, two regions of interest emerge. One region comprised of the conditions of
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low/moderate temperature magnitude and moderate/high temperature frequency exhibits a large
degree of overlap, suggesting these conditions exert similar selective pressures on cells. In
contrast, the conditions on the periphery, particularly those with high temperature magnitude,
exhibit minimal overlap with other conditions, suggesting that unique selection pressures are at
work. This approach is limiting however, as the definition of “high-performing members” biases
which members are considered, rather than considering the entire dataset.

To further examine the similarities and differences between conditions, principle component
analysis was applied. First, the arithmetic difference in frequency between the initial and final
timepoints was calculated for each library member, tabulating the results in a vector for each
condition. Library members that were missing at the Day 0 timepoint were excluded from
analysis. The data from the 36°C/step and 42°C/step conditions were excluded from further
analysis due to insufficient read depth. The frequency difference vectors were used to construct
a 14x14 cross-correlation matrix to quantify the similarity between conditions. Principle
component analysis was applied to the resulting cross-correlation matrix to separate the
conditions across two axes (Fig. S25a) indicating the degree to which different conditions affect
deletion mutant frequency in similar ways. We processed the data from the earlier timepoints
similarly, then projected the cross-correlation results onto the same principle components
calculated from the Day 6 data (Fig. S25c).

We observed three clusters in PCA coordinate space that are relatively stable over time: one
large group that clusters with the mild temperatures, and two small clusters, corresponding to
high temperature/high frequency, and high temperature/low frequency conditions. The library
was divided into subsets with shared Saccharomyces Genome Database® (SGD) annotations
of gene ontology (GO) Welch’s t-statistic was applied to determine whether these GO terms are
linked to significant changes in fitness for the conditions which comprise each PCA cluster.
Correcting for multiple hypotheses, we found several cellular functions to significantly affect
fithness in one or more of these PCA clusters (Fig. S25b). As expected, we observed that
functions directly tied to growth rate (e.g. mitochondrial function, ribosome biogenesis)
significantly altered fithess at mild temperature increases. Interestingly, ribosome components
and processing factors also showed high-frequency sensitivity at high temperatures, suggesting
a potential role for ribosome biogenesis in transitions in and out of stress. We further
interrogated potential sources of frequency-dependence. We found that the high- and low-
frequency groups were characterized by annotations associated with cell cycle checkpoints (e.g.
DNA damage response, organelle fission), which temporally regulate cellular processes and
thus might be expected to affect cellular response to fluctuating stresses at different
frequencies.

Fitness Centroid Calculations

Using eVOLVER to scan along different experimental parameters results in multidimensional
fitness data spanning an environmental space, which can be challenging to visualize and
interpret. In order to aid in analysis and visualization, we chose to transform the fitness of library
members into temperature magnitude-frequency space. To do this, we computed a weighted
fitness centroid, compiling the fitness in each condition into a pair of coordinates in temperature
magnitude-frequency space.

Mean fitness of each library member in a particular condition can be calculated over different
time periods using the population frequency in place of a ratio between two strains (see
Methods). Here the fitness computed over the Day 0 — Day 6 range was used for all
downstream analysis. Fitness centroids for each library member were calculated by averaging
the coordinates of each condition in temperature magnitude-frequency space, with the fitness in
each condition serving as weights. In this manner, library members with differential performance
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across conditions would exhibit shifted fithess centroids towards conditions in temperature
magnitude-frequency space in which they were more fit (Fig. 4¢). In order to avoid quantitative
bias due to low sequencing depth, fitness calculations based on initial population frequencies
below 10 were excluded from the centroid calculation. If more than three conditions of the heat
map were excluded in this manner, a fitness centroid was not calculated for that library member.

To visualize the dataset of fithess centroid calculations, the centroid from each library
member was plotted in a single scatter plot along the axes of temperature magnitude and
temperature frequency (Fig. 4¢). The mean centroid for the population is shifted slightly towards
lower temperature magnitude and higher temperature frequency (or conversely, away from
higher temperature and smaller frequency).

The fitness centroid approach has both advantages and disadvantages. The fitness centroid
metric allows us to capture the relationships between the multidimensional parameters that
prescribe each condition. The metric has proved very useful for simplifying and visualizing the
complex data that results from experiments, which seek to map a parameter space; similarly,
this type of data compression may prove useful for quantitative comparison between strains and
groups of strains. However, as centroids are a non-monotonic metric, this compression also
results in a loss of information. Consider two strains: Strain A is more fit at low temperature but
equivalent to the reference strain at high temperature; Strain B is equally fit to the reference at
low temperatures, but exhibits a fithess deficit at high temperature. In the fitness centroid metric,
both strains exhibit a preference for low temperatures, and would therefore overlap. In another
pathological example, any strain with a symmetric fitness profile with respect to a two-
dimensional parameter space would have the same centroid, regardless of whether fithess is at
a minimum, maximum, or uniform at that point. This may of course be addressed by reporting
additional metrics, such as mean fitness, or higher-order derivatives of the landscape.
Nevertheless, particularly for the fithess landscape being examined in this experiment, the
fithess centroid metric has proved to be a valuable analysis tool.

To verify that the fitness centroid metric correlates with the performance of strains across
each condition, 100 high-performing members from each condition were highlighted on the
centroid distribution map (Fig. $21). For this purpose, high-performing members were defined
as those with the largest arithmetic difference in frequency between initial and final timepoints
(i.e. freqpays — fredoay0). The centroids of high-performing members clustered in a manner that
correlates with the condition in which they were selected, e.g. high performers from the
42°C/48hr condition cluster in the lower right portion of the graph. Library members with
significant fitness centroid shifts along the magnitude or frequency axes were identified (Fig.
$22), including several chaperone and chaperone cofactor genes, which are known to play a
role in thermal stress response®'. We also noted significantly shifted library members associated
with GO terms identified from principle component analysis described previously (see Fig. $25),
mainly annotations associated with cell cycle checkpoints (e.g. DNA damage response,
organelle fission) which we hypothesized to be involved in frequency response.

Finally, in addition to individual centroid calculations, we also calculated a mean fithess
centroid from subsets of the knockout collection annotated on SGD for one of 1011 phenotypes
assigned to at least 5 genes. Welch’s t-statistic was used to determine whether a subset
annotated for a specific phenotype was significantly shifted from the mean centroid of the whole
population. In order to account for multiple hypotheses, all p-values were scaled by a factor of
1011. It should be noted that certain phenotype annotations have further sub-annotations
(“Resistance to Chemicals” could be further sub-divided by chemical, “Competitive Fitness”
could be further subdivided by media condition, etc.) but these sub-annotations were not
considered in the present study. Significant phenotype annotations were identified along both
the temperature magnitude and temperature frequency axes (Fig. S23). In one broad
observation, phenotype annotations were more likely to be significantly shifted towards lower
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temperature magnitudes (sensitive to high temperatures), than towards either end of the
temperature frequency axis. This may be biologically relevant, or simply an artifact of the SGD
database, which is dependent both on the topics of study and methods employed by prior
researchers. We note that dynamic stresses are rarely annotated in the SGD, suggesting new
experimental avenues for assessing gene function and phenotype in platforms and assays that
can controllably apply dynamically changing conditions.

Competition Assay to Validate Fitness Centroid Hits

To validate fitness results from the pooled library screen, we selected four library members
from different regions of the fithess scatter plot: AHSP104, AKAP120, AAHA1, and ASWA2
(highlighted in red in Fig. 4c). The fithess of each strain was assayed in competition with a
neutral control strain, AHO strain from the yeast deletion library. The fithess centroid of the AHO
strain lies close to the mean fithess centroid of the population, indicating it has a neutral effect
on the cell with respect to the thermal stresses applied. Furthermore, this deletion would be
predicted to have minimal effect on the phenotype of the cell, as the strain used to create the
deletion collection contains a nonsense mutation in the HO gene preventing it from forming
functional protein even prior to deletion.

These individual deletion members were grown in YPD at 30°C for 12 h, reaching early
stationary phase. Each of the four strains were mixed 1:1 with the AHO control strain, then each
co-culture was seeded into four eVOLVER vials (containing YPD + 50 ug/mL carbenicillin + 25
ug/mL chloramphenicol) at OD 0.05. Harnessing the programmable nature of eVOLVER,
selection was applied identically as it was for the original pooled experiment. Cells were grown
at 30°C for 5.5 h, and then maintained in continuous turbidostat culture (OD 0.15 — 0.20).
Programmed heat shocks of varying magnitude and frequency were initiated as soon as regular
dilution events were underway in all cultures. The control code was slightly modified from the
original experiment, such that each of the four co-cultures was exposed to four conditions from
the original experiment (33°C/2h, 33°C/48h, 42°C/2h, and 42°C/48h). Two mL culture samples
were taken every 24 h for two days and frozen at -80°C. Genomic DNA was extracted as
described previously.

Relative fitness was determined using the frequency of both the strain of interest and the
AHO strain as determined by qPCR (Fig. S18a). For strain specific amplicons, universal reverse
primer prCM314 (targeting a sequence from the deletion cassette downstream of the barcode)
was paired with a context specific primer for each particular gene, usually a subsection of the
“up45” homology region originally used to create the deletion library®>. A control amplicon
targeted two universal regions of the deletion cassette, primer prCM313 binding upstream of the
barcode, and primer prCM317 binding in the resistance marker. The readings from this
universal control amplicon were used to normalize readings from the strain-specific amplicons,
providing the frequency of each strain in the co-culture. A 1uL aliquot of genomic DNA extract
was used as template for a 20 uL reaction using SYBR Green | Master Mix (Roche) and the
aforementioned primers in Table S3 using the following cycle conditions: (i) denaturation: 95°C
for 10 min; (ii) amplification (35 cycles): 95°C for 10 s, 63°C for 5 s, 72°C for 14 s; (iii)
elongation: 72°C for 7 min. Although frequencies calculated from primers for each of the four
strains were compared to the frequencies calculated from the AHO specific primers, only the
latter was used for computing fitness values in order to prevent bias due to different primer
efficiencies.

Competitive fitness values for each strain of interest were computed using the frequency of
the strain, specifically (1 — freqano), in place of a ratio between two strains (see Methods). The
fitness heatmaps created from the gPCR frequencies in the validation study largely agree with
the fitness heatmaps created from the sequencing data in the original pooled experiment (Fig.
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4d). Of particular note are AHSP104 and ASWA2, illustrating the drawbacks of the centroid
metric in isolation. While both have centroids located in a similar location, the ASWAZ2 centroid
is driven largely due to fithess deficits at high temperature, while AHSP104 strain exhibits
increased fitness at low temperatures.

2.4 Catalog of Integrated Millifluidic Devices Developed

Using the fabrication methods described in Section 1.5, we developed three different
integrated millifluidic devices to carry out complex fluidic tasks for eVOLVER. These devices are
showcased in three continuous culture applications with unique requirements for fluidic handling
(see Fig. 5).

8-Channel Vial Router Device (Used in all fluidic demos)

We developed a pneumatic valving schematic that routes fluid to and from eight different
vials, termed the 8-channel vial router device (design shown in Fig. S27a). The 8-channel vial
router consists of a demultiplexer, which splits a source into 8 channels, influx and efflux ports
that are connected to the vials via tubing, a bridge that permits bypassing the vial, and a
multiplexer that combines all 8 channels back into one. These segments are consolidated into a
common device to minimize necessary fluidic connections between devices. Two 8-channel vial
routers are needed to interface with all 16 eVOLVER vials and can be daisy chained together to
minimize control elements.

As depicted in Fig. S27a, three paths are available per vial on this device: media in via
influx, media out via efflux, and bypass via bridge. The last function is used for washing and
rinsing the integrated device without affecting the vial or tubing connecting it to the device. Any
routine that interacts with a vial is implemented in part by actuating valving in the vial router
device to open the path corresponding to the vial of interest. Each segment of the device can be
operated independently. For example, more complex fluidic functions, like vial-to-vial transfer, is
enabled by routing the efflux of one vial back to the influx of another vial (see Vial-to-Vial
Transfer Device). The vial router device is used in all fluidic demonstrations in Fig. 5.

8-Channel Media Selector Device (Used in Dynamic Media Mixing demo)

The next integrated device, the 8-channel media selector, was developed in order to
permit media mixing via sequential actuations of a syringe pump. As depicted in Fig. S27b, the
media selector consists of three main components: an 8-channel input multiplexer, a syringe
pump port, and valves to select between two 8-channel vial router devices. In more detail, the
integrated multiplexer chooses between 8 possible fluid inputs (air and 7 media types) to be fed
into the vial router devices. Since the two vial router devices are daisy chained (share the same
solenoid control lines), the additional valves described are added to differentiate between the
two possible routes.

In the ratio sugar sensing demonstration (Fig. 5a), this device was used to execute dilution
events requiring mixing media sources (refer to Fig. $26b for logic diagram for this programmed
routine). For the influx portion of a dilution event, one or more medias are sequentially drawn
into the syringe by opening different paths in the input multiplexer, then dispensed into a vial
through the demultiplexer of one of the vial router devices as depicted in Fig. S27a. For the
efflux portion, a path through the multiplexer of the vial router device is opened, then a peristaltic
pump pulls efflux media out through the main waste line. Finally, to rinse the device, the wash
fluid (sugar-free SC media, in this example) is used to flush the syringe and main paths of the
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media selector, as well as the channel used in the vial router device. For this combination of
devices, 25 control elements are required: 15 valves to control the vial router devices, 8 for the
media selector, 1 actuator for the syringe pump, and one for the peristaltic pump in the main
waste line. This amounts to only half of the 48 channels available on the auxiliary board.

Vial-to-Vial Transfer Device (Used in Biofilm Prevention and Yeast Mating demos)

The final integrated device developed in this study, the vial-to-vial transfer device permits
media transfer of culture from any one eVOLVER vial to any other. In order to maintain sterility
within the device, expanded cleaning options were needed as well. As depicted in Fig. S27c,
the vial-to-vial transfer device consists of five main components: a 16-channel input multiplexer,
the efflux-to-influx bridge (enables vial-to-vial), a syringe pump port, a waste port, and valves to
select between 8-channel vial router devices (similarly described in the media selector device
section). Additionally, several additional valves were placed in critical locations throughout the
device to ensure no contamination due to backflow. On this device, one can choose between 16
fluidic inputs (12 media inputs, 3 for sterilization, and 1 air). Note that with the exception of the
efflux-to-influx bridge, this device is essentially an expanded version of the multiplexed media
selector described above, and can carry out all the functions that were possible in the smaller
device. Also note the exponential scaling of inputs, to go from 8 input channels to 16 input
channels only requires two additional control elements (going from 6 to 8).

In the automated passaging biofilm prevention (Fig. 5b) and parallel evolution and mating
(Fig- 5¢) demonstrations, this device was used to execute vial-to-vial transfer events (refer to
Fig. S26¢ for the logic diagram for a typical example of this programmed routine). For the
source vial, first media is drawn into syringe through the multiplexer, then dispensed into the
source vial through the demultiplexer of one of the vial router devices, then culture is pulled
through the efflux line into the syringe as depicted in Fig. $29. For the target vial, the culture
sample is dispensed through the demultiplexer of a vial router device. Finally, the device is
thoroughly sterilized by washing the syringe, the vial router devices, and the entire vial-to-vial
transfer device first with 10% bleach, followed by ethanol, then rinsed with sterile water. For this
combination of devices, 38 control elements are required: 15 valve actuators to control the vial
router devices, 21 for the vial-to-vial transfer device, 1 actuator for the syringe pump, and 1
actuator for the main waste pump. This amounts to just over 3/4 of the 48 channels available on
the auxiliary board, indicating that even more complex fluidic functions are accessible.

Abstract Commands to Automate Complex Fluidic Routines

As evidenced by the complex descriptions of the fluidic routines above, there is a need for
abstraction when sending commands to the integrated fluidic devices. Enumerating specific
control elements seems feasible when dealing with a simple peristaltic array. However, this is
extremely tedious when dealing with the valving schemes of integrated devices. Additionally, as
numerous sequential events are often needed to carry out fluidic tasks in the integrated devices
(e.g.: open valves, then pull syringe, then change valves, then dispense syringe), robust
transition between sub-tasks is needed. A missed step could lead to mis-priming the syringe
pump or incorrectly routing fluid into the wrong location. Both of these concerns are addressed
with abstract fluidic routines encoded as scripts and functions on the Arduino microcontroller
(Fig- $26). This means that an abstract serial command, “dilute vial 3 with media input B”, can
be issued by the user in the Python script but translated by the Arduino into a series of actuation
events, which are rapidly carried out without the need for multiple rounds of communication
between the computer and the Raspberry Pi (often the rate limiting step for other functions).
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2.5 Dynamic Media Mixing for Ratio Sugar Sensing

In order to demonstrate that fluidic multiplexing could be used to manage media composition
for multiple cultures maintained by eVOLVER, we constructed an 8-channel media selector
device that dynamically draws media from multiple input sources and addresses a defined
mixture to a culture of choice. We used this to interrogate and characterize yeast galactose
metabolic gene induction, which is known to respond to ratios of galactose and glucose® (Fig.
5a).

Glucose and galactose solutions were labelled with blue and yellow food coloring,
respectively. These solutions were then used to supplement SC media (also supplemented with
50 mg/mL adenine hemisulfate) in a 4-fold dilution series of each sugar type (1%, 0.25%, and
0.06375%). We measured the 6 resulting medias and a sugar-free control on a Spectramax M5
plate reader spectrophotometer, using absorbance at 630 nm and 430 nm to estimate the
component sugar concentrations independently (Fig. $28).

For the first experiment, yeast cells harboring an integrated galactose-inducible reporter
(pGAL1-mKate2, ySK499) were grown from frozen stocks in YPAD (YPD + 50mg/mL adenine
hemisulfate) overnight, then diluted 1:100 into flasks containing SC + 2% raffinose + 50 mg/mL
adenine hemisulfate and grown for 16 h in a shaking incubator at 30°C. We prepared seven
different medias using color-labelled sugars as before: three SC + glucose medias (1%, 0.25%,
and 0.06375%), three SC + galactose medias (1%, 0.25%, and 0.06375%), and a SC sugar-free
control. By mixing any two of the seven medias, we could create 16 different SC + sugar
compositions: three glucose-only (at 0.5%, 0.125%, 0.031875%), three galactose-only (at 0.5%,
0.125%, 0.031875%), nine different glucose/galactose ratios, and a sugar free control.

Yeast cultures were maintained in eVOLVER at the specified sugar compositions at a
density window of OD 0.2-0.3 for 16 h. This was achieved using the 8-channel media selector
device (Figs. $26-27) to dynamically mix together the appropriate two medias for each vial at
each dilution event. Culture samples were collected at regular timepoints, centrifuged at 1000
rcf for 5 min to pellet cells, and the supernatant was measured in a spectrophotometer as
described above to estimate sugar concentrations. We observed that sugar ratios were
maintained correctly over the course of the experiment, confirming that the syringe pump and
lines were effectively cleaned by the cleaning routine, and that pneumatic control valves did not
leak despite continual use over an extended time (Fig. $28).

The second experiment was performed as above, but food coloring was excluded from the
media so as to not affect cell growth in any way. Yeast cultures were prepared and seeded into
eVOLVER vials as before, and maintained at the specified glucose/galactose ratio at a density
window of OD 0.2-0.3 for 36 h. Culture samples were taken every 2 h for 16 h (with additional
steady state timepoints taken at 24 and 36 h) to determine the induction rate of the galactose
reporter. Flow cytometry was performed on fixed samples, and the percentage of mKate2+ cells
was calculated by gating cells with mKate2 fluorescence higher than the t=0 control
(representing the uninduced state in raffinose) (Fig. 5a). While the ratio-dependence of
galactose regulation is well established®, continuous culture proved valuable to demonstrate
the behavior and steady state induction level of the system at maintained glucose and galactose
concentrations (in contrast to batch culture experiments). Growth rate was also measured
continuously in order to determine a mean growth rate in each media combination (Fig. S29).
Interestingly, growth rate was found to be not only a function of the total sugar content, but also
of the glucose/galactose ratio. On the whole, cells that are utilizing galactose — evidenced by
induction of the pGAL1 reporter — appear to grow slower than cells using glucose, consistent
with single cell data gathered with microfluidics®*.
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2.6 Automated Passaging for Biofilm Prevention

To demonstrate the utility of the millifluidic system for mediating liquid transfer between
cultures, we designed a device capable of overcoming biofilm formation during long-term
continuous growth experiments. To do so, we applied the vial-to-vial transfer device to
continually passage cells into fresh culture vessels in an automated fashion (Fig. 5b).

An overnight culture of Serratia marcescens (ATCC 13880) was grown in pre-buffered LB
Miller media (pH 7.2). This culture was used to seed two eVOLVER vials at OD 0.05. A control
vial was maintained in a density window of OD 0.25 — 0.3 at 30°C for 14 h before enough biofilm
had deposited to affect density measurements. The second vial was grown for 9 h, at which
point a 2 mL aliquot was transferred to a new vial containing fresh media using the automated
vial-to-vial transfer device (Section 2.4 and Fig. $S30,531). This transfer was repeated every 8 h
for a total of 48 h into fresh vials. Every 24 h, spent vials were replaced with fresh vials in order
to reuse the eVOLVER sleeves in a cyclical manner. An automated sterilization protocol was run
in the device following each transfer, wherein all affected fluidic lines were flushed with a 10%
bleach solution, a 70% ethanol solution, and finally sterile water. A 5 mL aliquot of 10% bleach
was also automatically added to the source vial in order to halt further growth. Vials were
photographed at the conclusion of the experiment (Fig. 5b).

While simple in design, this result is impactful for enabling continuous culture for
undomesticated microbes that have proved incompatible with routine continuous culture. It
provides a non-chemical means to prevent biofilm, preventing possible toxic or other unintended
effects on vegetative growth in the culture. This approach also flips the selection for biofilm in
traditional continuous culture systems by, in fact, selecting against adherent cells over time. This
mechanism has been implemented by a few single-purpose devices®*?°, but the flexibility of the
eVOLVER platform permits other types of manipulations due to the customizable nature of the
millufluidic devices. Finally, while the present experiment could be achieved through manual
transfers, the benefits of an automated system are realized for longer-term experiments in which
frequent manual transfers (every 8 h for this species) become burdensome.

2.7 Parallel Yeast Evolution and Mating in Automated Cell Culture

Finally, we sought to apply millifluidic multiplexing in an experiment requiring coordination of
multiple fluidic functions in an automated fashion. We sought to carry out parallel evolution in
two haploid yeast populations, and programmatically mate cells at biologically relevant
timepoints to harness sexual reproduction as a trajectory for adaptaion®” (Fig. 5¢). Such an
experiment required multiplexed media selection, vial-to-vial transfers, and cleaning (Fig. $32)
to all be carried out in a single integrated device, demonstrating that these devices can enable
novel automated cell culture experiments.

Automated Yeast Mating Routine

Overnight cultures of fluorescently labelled haploid MATa (ySK116) and fluorescently
labelled haploid MATa (ySK743) cells were grown overnight in YPD (Fig. S$33). These
overnights were used to seed two eVOLVER vials at OD 0.05 (containing YPD + 50ug/mL
carbenicillin + 25ug/mL chloramphenicol). Cells were maintained at 30°C in a density window of
OD 0.25-0.3 for several generations. Next, the automated vial-to-vial transfer device was used
to transfer 2 mL from each haploid culture into the same vial. This co-culture was grown at 30°C
with constant stirring, but no dilutions, until reaching a density of OD 0.8, thereupon stirring was
halted, allowing cells to settle to the bottom of the vial at high density. After density readings had
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dropped to OD 0.1 (~20-36 h after stirring stopped), the vial was removed from the device, cells
were resuspended by shaking, then a 30 uL aliquot was diluted 1:100 into SD —Ura —Leu
(supplemented with 2% glucose and 50 mg/mL adenine hemisulfate) selection media and grown
for 24 h to enrich for diploids (Fig. $33). The purity of diploids following selection was
determined using flow cytometry (see Methods) to quantify the proportion of cells expressing
both fluorescent labels vs. a single label (Fig. $33). While haploids of each type do leak into the
final population even after selection, this could easily be addressed with a lethal selection
scheme?®, such as expression of resistance genes for hygromycin, nourseothricin, or G418.
However, in the present work we retained auxotrophic selection to prevent confounding factors
as we applied eVOLVER and the vial-to-vial transfer device to evolve resistance to two
antifungals in parallel.

Parallel Evolution of Antifungal Resistance and Mating

Single colonies of fluorescently labelled haploid MATa (ySK116), fluorescently labelled
haploid MATa (ySK743), and fluorescently labelled diploid control (ySK116x743) cells were
grown overnight in YPD. These overnights were used to seed three eVOLVER vials at OD 0.05
(containing YPAD + 50 ug/mL carbenicillin + 25 ug/mL chloramphenicol). Cells were maintained
at 30°C in a density window of OD 0.25-0.3 for several generations in order to measure a
baseline growth rate. At 16 h post-inoculation, cells from each haploid population were
transferred by the vial-to-vial transfer device into the same fresh vial containing YPAD in order
to create a new pre-drug t, diploid population.

Next, cyclohexamide (CHX) was added to the haploid MATa vial, ketoconazole (KETO) was
added to the MATa vial, and both drugs were added to the diploid control. Using the media
selection portion of the vial-to-vial transfer device, 1 mL aliquots of media at 20x drug
concentration were used to achieve a step-function transition to the final 1x drug concentration
in each vial (0.2 ug/mL CHX for MATa, 6 ug/mL KETO for MATa, 0.2 ug/mL CHX + 6 ug/mL
KETO for the diploid control). Growth rate was continuously tracked, and was found to drop to
roughly 10% of its original value over the 20 h following drug addition (Fig. 5¢). As reported in
previous studies, the KETO-exposed culture was observed to undergo a period of growth
seemingly unaffected for a few generations before slowing®®. While the diploid control exposed
to the combination of CHX and KETO eventually slowed to a halt, exhibiting no bulk growth at all
(data not shown), each haploid population eventually began to recover and increase in growth
rate (Fig. 5¢).

Two automatically triggered timepoints were taken: t; (or “CHX recovery”) was triggered at
68.7 h by the MATa vial returning to 50% of its pre-drug growth rate; and t, (or “KETO
recovery”) was triggered at 98.1 h by the MATa vial returning to 50% of its pre-drug growth rate
(Fig. 5¢). For each timepoint, three vials (containing YPAD + 50 ug/mL carbenicillin + 25 ug/mL
chloramphenicol, but no antifungals) were inoculated by vial transfers: one with treated MATa
haploids only, one with treated MATa haploids only, and one with both in order to create
diploids (Section 2.4 and Fig. S32). Each of the timepoint cultures was grown to OD 0.8,
followed by a period of settling (see Automated Yeast Mating Routine). After waiting to allow
sufficient cell settling (~20-36 h after stirring stopped), a 700 uL aliquot of each bulk population
was mixed with 300 uL of 50% glycerol and stored at -80°C. Simultaneously, 30 uL aliquots
were diluted into 3 mL of liquid selection media (SD —Ura for MATa, SD —Leu for MATa, or SD —
Ura —Leu for diploids) and grown for 16 h, then mixed with glycerol and frozen as before. Cells
were additionally streaked onto solid selection agar (SD —Ura for MATa, SD —Leu for MATa, or
SD —Ura —Leu for diploids) in order to isolate single colonies for sequencing. Diploids from liquid
selection and solid selection were confirmed by flow cytometry.
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This experiment highlights another one of the advantages of an automated system over
manual timepoints, as addressed in the automated passaging for biofilm prevention experiment.
While manual sampling is easy for short routine experiments, automated sampling is extremely
valuable over a long experiment when timepoints are frequent or unpredictable. Programming
the sampling logic permitted us to sample cells at biologically-motivated timepoints (50% growth
recovery) rather than arbitrary, schedule-motivated timepoints. Between remote real-time
monitoring and programmable manipulations, the amount of time spent physically overseeing an
experiment can be greatly reduced.

MIC Assay to Evaluate Antifungal Resistance

To evaluate the degree to which evolved strains and the resulting diploids were resistant to
each drug in isolation or combination, a variant Minimum Inhibitory Concentration (MIC) assay
was performed on cells from each timepoint. Nine samples were across 64 combinations of
cyclohexamide and ketoconazole: founder ySK116 and MATa samples from each timepoint:
yBWO004, yBWO0O05; founder ySK743 and MATa samples: yBWO006, yBWO007; and the three
diploid samples: yBWO003, yBW008, and yBW009; see Table S$2). 100 uL of each frozen stock
created from post-selection cultures was thawed, added to 2 mL YPAD and then grown in
culture tubes in a shaking incubator for 16 h at 30°C. Linear dilution series were prepared for
each drug at 4x concentration in YPAD. In 96-well deep well blocks, 100 uL of each drug media
was added to 200 uL of cells to bring every component to desired final concentration (0-0.56
ug/mL CHX, 0-14 ug/mL KETO, at OD 0.01). Each well received an estimated 60,000 cells from
the non-clonal population that comprised each sample pool. The resulting 400 uL cultures were
grown in a shaking incubator at 900 rpm and 30°C for 24 h, then 200 uL of each culture was
measured on a Spectramax M5 plate reader spectrophotometer. A blank measurement of cells
at the seeding density of OD 0.01 was subtracted from the endpoint measurements to compute
the change in optical density resulting from growth (Fig. S34). This data can be summarized
with contours delineating the region corresponding to an OD = 0.32, roughly 5 generations (Fig.
5c¢).

As expected, each haploid population developed a different antifungal resistance phenotype.
Intriguingly, the CHX evolved pools exhibit a strong resistance phenotype that is specific to
CHX, while the KETO evolved pools have a milder, more generalized resistance phenotype.
Additionally, while CHX resistance is clearly passed on to the diploid pool, suggesting a
dominant mutation, KETO resistance is not passed on, suggesting a recessive mutation in the
haploids. There are numerous mechanisms by which resistance to either drug may be
achieved®?. For the present study, we explored two possible avenues (see below).

It should be noted that as measurements were performed on pooled samples containing
non-isogenic populations, the results may be influenced by the distribution of resistant cells in
the population in addition to the resistance of any particular cells. While not a true MIC assay in
the traditional sense, this assay still provides valuable information about the performance of the
evolving populations over time.

We also note that cell density dependence is commonly observed in antibiotics and
antifungals®. This is likely responsible for the apparently contradictory result that the evolution
experiment was performed at drug concentrations above the measured MIC of the founder
strains. It also suggests additional utility for density tracking in eVOLVER, permitting cultures to
be assayed for resistance to antibiotics, antifungals, or other stressors under conditions of
tightly controlled density in a replicable manner.
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Growth Rate Assay to Evaluate Antifungal Resistance

As an alternative metric to evaluate performance of the diploids formed during the
experiment, a growth rate assay was performed in media containing each drug in isolation or
combination. Three diploid pool samples were assayed: yBW003 from t,, yBW008 from t;, and
yBWO009 from t,. 100 uL of each frozen stock created from post-selection cultures was thawed,
added to 2 mL YPAD and then grown in culture tubes in a shaking incubator for 16 h at 30°C.
These cultures were used to seed duplicate eVOLVER vials containing media with one of four
drug conditions (no drug, 0.2 ug/mL CHX only, 6 ug/mL KETO only, both 0.2 ug/mL CHX + 6
ug/mL KETO) at an initial density of OD 0.1. Each vial received an estimated 3.2 x 10" cells
from the non-clonal population that comprised each sample pool. Cultures were maintained in
eVOLVER at 30°C for 24 h without dilution, while tracking density continuously. Growth rate was
calculated for each culture over the density range OD 0.2-0.8 (Fig. S35). For poorly growing
cultures that did not reach OD 0.8, growth rate was fit on a reduced range in which growth was
observed. As the cells were seeded at moderate density OD 0.1, KETO was not observed to
significantly affect the growth rate during the course of this growth rate experiment, consistent
with previous work suggesting that several generations of growth in KETO are required before
growth inhibition takes effect®®. Despite this limitation, the CHX and combination drug treatments
do exhibit reduced doubling times for diploids formed at later timepoints, compared with
yBWO003 formed from the founder haploids before drug addition.

Sequencing Antifungal Resistance Mutations

We sequenced one potential mutational target for each drug in the evolved haploid lines.
Primers were designed to sequence RPL41A/RPL41B, two paralog genes encoding the
molecular target of CHX®', and ERG3, encoding an enzyme that can confer resistance to azoles
when mutated®. Genomic DNA was extracted (see Methods) from 100 uL aliquots of the
following cultures: 1) MATa founder (ySK116), 2) MATa founder (ySK743), 3) three resistant
clones from the CHX-evolved MATa population (yBWO0O05), and 4) three resistant clones from
the KETO-evolved MATa population (yBW007). The target genes were isolated from genomic
DNA extracts by PCR using primers prCM353-360 (Table S3) in a 20 uL reaction with g5
polymerase (New England Biolabs) with the following cycling conditions: (i) denaturation: 95°C
for 10 min; (ii) amplification (30 cycles): 95°C for 10 s, 62°C for 10 s, 72°C for 40 s; (iii)
elongation: 72°C for 7 min. Resulting DNA was purified using a DNA Clean Concentrator Kit
(Zymo Research), and Sanger sequencing was performed. All three yBWO0O05 colonies were
found to have the same RPL41A/RPL41B sequences as the ySK116 founder, indicating that
resistance is gained via a different mechanism. However, mutations in ERG3 were detected in
all three yBWO0O7 colonies, notably a nonsense mutation in ERG3 at amino acid 60 (Fig. S36);
ERGS3 loss of function mutations have previously been shown to confer resistance to azoles in a
recessive manner®®, suggesting that the mutations observed contribute to the ketoconazole
resistance observed in our populations.

2.8 Chemostat Function Demonstration

We sought to demonstrate that eVOLVER may be operated under different continuous
culture regimes simply by changing the Python script. To do so, we devised and carried out a
simple chemostat experiment without any modification to the hardware or Arduino scripts.

An overnight culture of Escherichia coli TG1 was grown in pre-buffered LB Miller media (pH
7.2). This culture was used to seed 12 eVOLVER vials at initial OD 0.05. The vials were
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maintained at moderate stir rate at 37°C for 2 h before programmed dilutions were initiated.
eVOLVER was programmed to continually dilute vials at six pre-set dilution intervals in
duplicate. Pump intervals (2-8 min) and pump duration (1-4 s = 1.15-4.6 mL) were set to
correspond to dilution rates of 6 hr', 3 hr', 1.5 hr', 1.125 hr', 0.5 hr'', and 0.375 hr'. Density
was tracked continuously for each replicate culture and overlaid (Fig. $37). The doubling times
required to survive each dilution rate are 10, 20, 40, 53.3, 120, and 160 min, respectively, with
the first two being faster than the observed doubling time of our E. coli strain in these media
conditions, leading to rapid disappearance of cells on the density trace (data not shown). This
shows that eVOLVER is capable of performing as a continual-dilution chemostat over a range of
dilution rates that are biologically relevant. Combined with remote real-time monitoring,
eVOLVER can be used to maintain a culture at constant dilution rate while keeping track of
density to identify events that may cause rapid change in growth rate, such as mutation or
contamination.

While this experiment was designed to demonstrate that selection conditions can be
changed with changes to the Python code alone, this is not the only way to enable chemostat
functionality. In fact, communication burden can be reduced by abstracting repeated dilution
routines by altering code on the auxiliary board Arduino controlling the pumps. This strategy has
proved robust in preliminary work.
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3 Supplementary Figures

GROWTH RATE SEGMENTATION (0 - 48 h)
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0.2 h _ hﬂ AM Segmented on first 48h (of 250 h)
i 4 ‘ 1_5 |
> M M ! Wm =
S 0.15 &
< o .
) . 2
Q E. coli, < S . : .
S o1t M9 + 0.4% Glucose S $ . stee é 2
3 = | FE2aEiEeTY
— vial 1 : S *
3 (of 8) traces ) G | .
0.05 | shown — vial 2 0.5
vial 3
0 0 . . . . . . . .
5 5.5 6 1 2 3 4 5 6 7 8
Time (h) Replicate Vials
ROBUSTNESS OF EVOLVER (250 H)
c STATUS DETAILS STATISTICS
events time _
RUNNING Machine running as expected. 70428 readings 250.05h U;;EL'Z;E
PAUSED Paused for visual inspection of vials 10 pauses 8.79 min ]
Paused to change vials for biofilm 7 pauses 59.60 min DO%V4N516|ME
ERROR Crashes in hardware or software 0 0

Figure S13. Long term maintenance of E. coli in eVOLVER. (a) Sample OD traces of E. coli cultures
maintained in eVOLVER. Observed noise is typical of clumpy bacterial cultures (see Fig S14 for yeast OD
trace) and does not affect average dilution rates as data is smoothed prior to triggering dilution events. (b)
Initial growth rate measurements for 8 turbidostat cultures. Over the first 48 hours, 8 E. coli cultures
exhibit similar growth rates in M9 minimal media + 0.4% glucose. Growth rates are calculated in
segments of growth between each dilution event. (¢) eVOLVER is robust over long term culture. No
hardware or software rashes occurred over a 250-hour experiment constituting over 200 generations of
continuous exponential growth. Data collection was halted in periods where experiment was paused.
Pausing was done intentionally for routine procedures (e.g. visual inspection, manual vial transfers) that
limit selection for biofilm in bacterial cultures. These pauses account for a negligible portion of
experimental time.
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HIGH GLUCOSE VS. LIMITED GLUCOSE
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Figure S14. Optical density trace with limiting glucose exhibits diauxic shift. Optical density traces
measured from eVOLVER smart sleeves for the FL100 yeast strain grown in SC medium supplemented
with 2% (orange) or 0.06% (blue) glucose.
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GROWTH RATE OF CULTURES
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Figure S15. Growth rates across all 78 conditions during density dependent evolution. Calculated
growth rates (h™') from optical density traces during the course of evolution. Growth rate calculations were
made after every dilution event based on the number of population doublings completed since the last
event divided by the length of time between dilutions.
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SUMMARY OF EVOLUTION PARAMETERS
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Figure S16. Measured evolutionary parameters during density dependent evolution. (a) Mean
optical density during over the course of evolution experiment. Average densities skew lower than set
point for a few narrow high-density conditions in which required dilutions were near the dose resolution of
the pump. (b) Mean growth rate. From growth rates measured over the course of the evolution
experiment (Fig. S15), we calculated the mean growth rate, depict as a heat map (upper) and a ranked
plot with standard deviation (lower). (¢) Total calculated genome replication events. The average number
of cells was calculated from mean optical density (see Fig. S16a), based on a conversion rate of 10’
cells/mL for an OD 1.0 culture. Number of doublings were calculated based on the mean growth rate
(from Fig. S16b). Replication events were calculated by multiplying average number of cells with the
number of doublings during the experiment. Doubling time and average OD listed for conditions at the
limits. Part of Fig. S16¢ is reproduced in Fig. 3b.
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Cluster Assignments
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Figure S17. Identifying correlations between fitness measurements and evolutionary parameters
via k-means clustering. (a) K-means clustering on low- and high-density fithess measurements. Cluster
centroids are reproducible for n=3 clusters, but not for higher n. (b) Clustering reveals three distinct
groups: low-density specialists (red), high-density specialists (yellow), and the reminder exhibiting low
fitness in both niches (blue). (€) Mapping the three clusters back to the evolutionary niches. (d) Statistical
analysis reveals significant differences between clusters. Student’s t-tests on imposed culture conditions
and recorded evolutionary parameters of clusters indicate significant differences in the evolutionary

conditions in which clustered colonies were derived.
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d qPCR DESIGN

genomic context - 20bp barcode deletion cassette

— <
context specific prCM314

specific qPCR amplicon

prCM3ﬂ13 prcl M317
control gPCR amplicon

b LIBRARY PREP FOR ILLUMINA NEXTSEQ

prCM3n13 prcﬂ M314
O S E—

extracted barcodes

timepoint index (n=4) vial index (n=16)

indexed sequencing library

Figure S18. Design of primers for enumerating yeast deletion library members by gqPCR or
lllumina sequencing. (a) qPCR amplicon design. For qPCR, universal reverse primer prCM314
(targeting a sequence from the deletion cassette downstream of the barcode) was paired with a context
specific primer for each particular gene, usually a subsection of the “up45” homology region originally
used to create the deletion library®®. A control amplicon targeted two universal regions of the deletion
cassette, prCM313 binding upstream of the barcode, and primer prCM317 binding in the KanMX
resistance marker. Quantitative PCR was used to assay the relative quantity of a specific knockout strain
of interest in a genomic DNA extract sample by comparing the specific amplicon to the control amplicon.
(b) lllumina library preparation. lllumina library preparation was performed with PCR in two steps. In the
first step, universal primers prCM313 and prCM314 were used to extract and amplify all barcodes (green)
from a genomic DNA sample. In the second step, an 8-bp “timepoint” index (red) and the i5 lllumina
adapter sequence were attached using one of four unique forward extension primers, and an 8-bp “vial”
index (yellow) and the i7 lllumina adapter sequence using one of sixteen unique reverse extension
primers.
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Figure S19. Summary of raw sequencing counts of yeast knockout library. 244 million sequencing
reads from an lllumina NextSeq run were assigned to one of 64 index pairs corresponding to vial and
timepoint, revealing that sufficient data for frequency analysis was collected for 60 out of the 64 samples.
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Figure S20. Frequency analysis of strains present in each vial at initial and final timepoints of the
pooled YKO library screen. We divided the number of barcodes reads assigned to each strain from the
5149 library members by the total number of reads assigned to each index pair, to determine a frequency
for each mutant in a sample. These frequencies are plotted for the timepoints taken at Day O (black) and
Day 6 (blue). Red line indicates the frequency to be expected if all library members were equally
represented. For library members not detected in a Day 6 timepoint sample, were assigned a frequency of
10°® for plotting. Library members that were missing at the Day 0 timepoint were excluded from plotting.
Note wider frequency distributions at Day 6, in which a few members increase in frequency, but many
members decrease in frequency, often by orders of magnitude, indicating specific enrichment for each
condition. The 36°C/step condition exhibits missing members and inflated frequencies due to insufficient
read depth (see Fig. $19). The 42°C/step data was excluded from analysis due to insufficient growth.
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Figure S21. Fithess centroids of high-performing strains in each vial correlate with selection
conditions. To verify the centroid analysis metric for determining maximally fit strains across each
condition (see Fig. 4c), 100 high-performing members from each condition were highlighted on the
centroid distribution map. High-performing members were defined as those with the largest arithmetic
difference in frequency between initial and final timepoints (i.e. freqpay s — fredqpay o). The centroids of high-
performing members clustered in a manner that correlates with the condition in which they were selected,
e.g. high performers from the 42°C/48hr condition cluster in the lower right portion of the graph.
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Low Frequency (< 0.170)

PHO84, YML122C, BSC1, FAR11, MXR1, IRC21, MTF2, DFM1, SOD2, APJ1, KAP120, TRM7, YPS7, MDM34, SCS2, FMP45, RPB9, SNC1, YOL046C,
RPL24B, YMR052C-A, SRS2, KNH1, FAR3, SAE3, FAR7, YOR365C, YDL172C, PCL6, UBC8, ESC1, ATP4, YGL217C, ISA1, PTH2, CPR6, APM1, PFA3,
GYP6, RPA34, YML048W-A, YPT11, YLR366W, ATP22, MRP21, MET6, YER091C-A, MRPL44, NRT1, ELP3, YOR008C-A, FYV1, MSR1, APQ12, EFT2,
IDH1, RPL19B, FRES5, RPL40A, KTR5, YOLO79W, ACL4, YNL0O50C, YGL108C, VPS5, ROG1, YDR250C, YNL035C, DDC1, YOR114W, YLR217W,
COX5A, HRD3, TOR1, YBR027C, SLI1, SHM2, MRX8, ALY1, YGL039W, SUL1, YGL042C, YER181C, SER1, MRPS16, ESL2, YAL065C, DLD3,
YMRO90W, PUS6, YGR169C-A

High Frequency (> 0.239)

EAF7, TRM10, YDR442W, YLR334C, YGR107W, YCRO050C, HIT1, PFS1, IML3, RAD59, AHA1, YNRO73C, SKN1, RIM8, VPS71, HSP12, MRP13,
YLR281C, SXM1, MRPL51, PAC1, RIM101, YJL206C, YJL206C-A, ECM34, BSP1, SOP4, PUN1, YJL171C, MRPL13, NDE1, TMA10, CPR7, COQ10,
YDL109C, YLR296W, YPR195C, YPR170C, UBP6, MSP1, MRPL50, MKC7, SOD1, FAP1, PEX14, MGR2, RAD16, RPL14A, SGT2, SAC6, CYM1, PPE1,
YMR135W-A, LIF1, NUP188, SPO77, RGI2, MBF 1, MBF1, IRC4, EMC2, MEI5, YDL183C, YCR085W, RTG3, YLF2, IST3, RGM1, SYO1, FUR4, UME1,
STP22, YGR122W, CGR1, SNA2, ENB1, OPI3, NUM1, MLF3, RAD4, YCK2, PEF1, YJR039W, TOM71, SGN1, RPL41A, YER108C, KEX2, MAK3, HMT1,
KIP1, MSB1, SGA1, ATG26, CIT1, ATG2, SWA2, MRK1, GPA1, AIM29, YNL320W, YHP1, RPS23A, RTT109, HRK1, YBR209W, RPO41, PHO81, VEL1,
ELM1, YNL205C, RAD28, AMD1, YMLO35C-A, HST4, INP2, RPS24A, YPS5, YLL056C, YLR257W, STB2, ERV14, STL1, BRR1, HIS1, RTS1, YNL324W,
APP1, YBR139W, NDT80, MAD2, CTL1, RPS30B

Low Temperature (< 36.11°C)

MET3, AIM26, BUD31, WSC2, ATP22, YHR180W, ACL4, COX6, MRC1, ATP11, CDA2, GAS5, IES2, NEM1, POC4, GCV3, SWA2, YHR177W, TIR3,
UBR2, COA1, YDR115W, RPS12, YNR068C, YOR300W, VTS1, YJR056C, VAM3, RTC6, QDR2, TRM9, GLN3, MDY2, RPL21B, YDR149C, RTC6, MTC7,
SWR1, VPS24, CWH43, RPS6B, BCK1, UBA3, UBC4, PEX8, PEP12, LDB18, VPS51, YJR098C, RRT7, PPM1, VBA1, SWI6, AGE2, PHO87, MNT3,
TOMS, PTP1, RPO41, MRPS5, YILO12W, AAC3, DBP3, CAC2, RTG1

High Temperature (> 37.97°C)

YPRO014C, GTS1, SHM2, JSN1, AHA1, KAP120, YDL180W, FMP45, SUL1, YPR027C, YBR219C, STB3, YDR169C-A, PFA3, KTR5, TMA10, BSC1,
YDL183C, MDE1, YML122C, YNL303W, YPT11, PEX7, YPRO97W, YMR244W, SPO20, MUB1, IRC24, FIR1, YOR012W, YMR304C-A, STB2, DFM1,
GMC2, YKRO11C, YNL208W, PET494, YHP1, SNC1, MXR1, SKN1, FRE5, YCR102W-A, HOT13, YBR075W, PRM6, YOR365C, YPR114W, WHI5, MND2,
BRP1, HEF3, YCLO13W, MET32, GLG1, YDR250C, FPR3, AKR2, YOR034C-A, YEL008W, YNR062C, YDR535C, ECM30, DDI1, YKLO70W, TVP15,
YBR259W, YOL024W, MUM3, SPS19, NRT1, LOT5, NIT3, YEL068C, YNLO10W, YKR104W, YCR102C, CCM1, IGO2, YLR296W, LAA1, MDM34, GZF3,
PHOB84, YJL213W, NTO1, TDA11, DLD3, YMR194C-A, ERP1, TIF2, YBRO71W, HOT1, MEP2, YGL159W, YIL100W, MET17, OSH3, JJJ2, VID27, SCM4,
MRPL7, YNL190W, VBA2, SOP4, MCH2, GPM3, STR2, EFM3, MET8, SPO77, MNT4, HMT1, GLO1, YEN1, YNL205C, RTC5, YJR008W, YGL217C, IMA1,
MRPL20, MSB1, RKM5, YGL177W, YGR107W, YOL150C, COX20, MTF2, TMN3, MSN4, YJR124C, GRX7, PTC4, ATG39, YLR312C-B, RAD26, SED1,
YGR127W, SAE3, FMP48, YLR280C, YMC2, ATG13, ALD5, RIM101, SCS2, ESBP6, SPO16, ABZ2, DDP1, YOR072W, SIP5, GIP4, BXI1, PSR1, RIM4,
FCY1, YDR215C, PPE1, YRM1, YGR168C, PIR3, RGC1

Figure S22. ldentifying library members with fithess centroids that significantly differ from
population mean. (a) Determination of significantly shifted library members. We considered library
members with fitness centroids >1 standard deviation from the population mean to be significantly shifted.
(b) Highlighting significantly shifted library members that share annotated functions of interest. Fitness
centroid distribution is reproduced from Fig. 4c, with selected library members colored by annotation. (c)
Complete list of library members with fithess centroids significantly shifted along either temperature
magnitude or frequency axes. Strains are listed beginning with the library member furthest from the
population mean along denoted axis direction. Note that some strains are listed in two lists.
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SIGNIFICANT PHENOTYPE ANNOTATIONS : TEMPERATURE MAGNITUDE AXIS

Population Centroid 37.04
Shift from
Phenotype Name Phenotype Centroid Population Centroi  Count P-value (Scaled)

resistance to chemicals: decreased 36.87 -0.17 18758 1.59E-84
competitive fitness: decreased 36.91 -0.13 7829 9.27€-39
heat sensitivity: increased 36.78 -0.26 791 1.75E-36
metal resistance: decreased 36.78 -0.26 556 1.69E-30
chemical compound accumulation: increased 36.89 -0.15 1928 8.01E-25
vegetative growth: decreased rate 36.85 -0.19 899 1.69E-24
resistance to chemicals: increased 36.94 -0.10 5414 1.68E-21
RNA accumulation: increased 36.65 s s 5.556-19
chemical compound accumulation: decreased 36.91 -0.13 1281 9.55E-14
cell size: increased 36.67 s o 4.136-11
toxin resistance: decreased 36.90 -0.14 634 6.86E-09
oxidative stress resistance: increased 36.83 -0.21 213 3.58E-08
protein/peptide modification: decreased 36.81 -0.23 172 5.08E-08
fonic stress resistance: decreased 36.76 -0.28 107 8.83E-08
alkaline pH resistance: decreased 36.71 e 1.38€-07
chemical compound accumulation: abnormal 36.94 -0.10 1044 2.21€-07
respiratory growth: decreased rate 36.91 -0.12 479 4.58E-06
UV resistance: decreased 36.87 -0.17 210 5.62E-06
desiccation resistance: decreased 36.92 -0.12 638 8.07E-06
respiratory growth: increased rate 36.77 -0.27 84 1.77e-05
fermentative growth: decreased rate 36.74 \ -0.30 97 2.35E-05
growth in exponential phase: decreased rate 36.61 PaEes a 2.796-05
protein/peptide accumulation: decreased 36.82 -0.22 162 5.40E-05
stress resistance: increased 36.88 -0.16 275 6.18E-05
chromosome/plasmid maintenance: abnormal 36.89 -0.15 245 7.31E-05
mutation frequency: increased 36.79 -0.25 91 1.07€-04

i to i 36.76 -0.28 100 1.49€-04
endocytosis: decreased 36.88 -0.16 252 1.99€-04
protein/peptide distribution: abnormal 36.94 -0.10 549 2.39-04
utilization of carbon source: decreased 36.90 -0.14 274 4.25E-04
chronological lifespan: decreased 36.94 -0.10 614 4.45E-04
oxidative stress resistance: decreased 36.94 -0.09 700 5.67E-04
killer toxin resistance: decreased 36.79 -0.25 88 6.07€-04
utilization of nitrogen source: decreased rate 36.97 -0.07 1192 8.24E-04
respiratory growth: absent 36.94 -0.10 508 9.94€-04
lipid particle morphology: abnormal 36.81 -0.23 91 1.24€-03
cell size: decreased 36.82 -0.21 122 2.49E-03
stress resistance: decreased 36.91 -0.13 310 3.57€-03
protein transport: abnormal 36.72 49 3.94€-03
chemical compound excretion: increased 36.89 -0.15 224 4.37E-03
nutrient utilization: increased 36.71 — 28 4.82E-03
toxin resistance: increased 36.91 -0.13 281 7.14€-03
auxotrophy 36.92 -0.12 327 1.14€-02
vegetative growth: decreased 36.92 -0.12 283 1.38E-02
resistance to enzymatic treatment: increased 36.80 -0.24 50 1.39e-02
telomere length: decreased 36.85 -0.19 98 1.43€-02
transposable element transposition: decreased 36.87 -0.17 141 1.65E-02
bud morphology: abnormal 36.82 -0.22 103 1.71€-02
respiratory growth: increased 36.84 -0.20 51 2.92€-02
cold sensitivity: increased 36.81 -0.22 66 3.33e-02
protein/peptide accumulation: increased 36.93 -0.11 332 3.94E-02
resistance to chemicals: normal 36.94 -0.09 364 4.58E-02

SIGNIFICANT PHENOTYPE ANNOTATIONS : TEMPERATURE MAGNITUDE AXIS

Population Centroid 0.2050
. Shift from
Phenotype Name Phenotype Centroid Population Centroid Count P-value (Scaled)
resistance to chemicals: decreased 0.2068 0.0018 18758 5.11E-06
chemical compound accumulation: increased 0.2078 1928 4.47€-05
innate thermotolerance: decreased 0.2100 333 8.28E-04
meiosis: delayed 0.1921 6 9.35E-04
cell death: decreased 0.2016 566 1.65€-03
heat sensitivity: increased 0.2083 791 8.80E-03

Figure S23. Groups of deletion mutants with shared phenotype annotations exhibit shifted
average fithess centroids. We calculated average centroids for subsets of the deletion collection
grouped by shared phenotype annotations on the Saccharomyces Genome Database®™. Welch’s t-test
(two-tailed) was applied to identify phenotype annotations whose subset centroid was significantly shifted
from the population mean along either the temperature axis or the frequency axis. Each significant
phenotype annotation is listed alongside the calculated subset centroid, the arithmetic difference from the
population mean, the significance p-value (scaled to correct for multiple hypotheses), and the number of
library members belonging to the annotation group. Note that certain phenotype annotations have further
sub-annotations (“Resistance to Chemicals” could be further sub-divided by chemical, “Competitive
Fitness” could be further subdivided by media condition, etc.) but these sub-annotations were not
considered in the present work.
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Figure S24. Identities of high-performing strains are shared between similar conditions. For each
condition, 100 high-performing members were defined as those with the largest arithmetic difference in
frequency between initial and final timepoints, (see Fig. $20). The overlap between each condition is
quantified by tabulating the number of strains shared. For each condition, the results are plotted in a heat
map corresponding to the temperature magnitude and temperature period, ranging from no overlapping
strains (blue) to 100% overlap (red).
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Figure S25. Principle component analysis divides selection conditions by shared effect on library.
Principle component analysis was applied to determine whether similar conditions generally selected for
the same library members. (a) Principle component analysis separates conditions into three clusters that
correspond to distinct regions of temperature magnitude/frequency space. Left: Principle component
analysis was applied to a cross correlation matrix between the 14 conditions with sufficient sequencing
read depth. This separates the conditions across two axes. Right: Each cluster corresponds to a distinct
region of temperature magnitude-frequency space: two high-temperature groups corresponding to high-
and low-frequency (purple and yellow, respectively), and a mild temperature group (grey). (b) Gene
ontology terms linked to fithess defects in each group. Welch’s t-statistic was used to identify subsets of
library members with shared annotation and significant fithess defects in each PCA cluster. (c) Clusters
are reproducible at earlier timepoints. To determine stability of these clusters, we projected of the cross-
correlation results from earlier timepoints onto the same axes calculated from the Day 6 data.
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Figure S26. Control structure for millifluidic devices enables unique fluidic programs for each
experiment. (a) Control structure for custom millifluidic devices. Fluidic sub-routines are pre-loaded onto
an Arduino in order to ensure rapid and robust transition between the many sequential tasks needed to
perform fluidic tasks on a custom fluidic module. These sub-routines convert abstract commands (e.g.
dilute vial 1 with media A) into sequential actuation of control elements, such as solenoids for valving, or
peristaltic and syringe pumps for media metering. (b) Logic diagram for dilution event. For routine
turbidostat dilutions, a dilution event triggered by reaching a density threshold consists of three parts: 1)
Open route from appropriate media input, pull fluid into syringe, repeat as necessary in order to mix
medias (as in glucose/galactose ratio sensing experiment, see Fig. 5a), then dispense through
demultiplexer route into vial. 2) Open route through multiplexer to run efflux from vial to waste. 3) Open
media selector route to 10% bleach, ethanol, then sterile water, to sterilize and flush fluidic paths used
during dilution event. (¢) Logic diagram for vial to vial transfers. Transfer of cells from a source vial to a
target vial were triggered either by elapsed time for the biofilm prevention experiment (see Fig. 5b) or by
a growth rate measurement above threshold value for the antifungal evolution experiment (see Fig. 5¢). A
transfer consists of four parts: 1) Open route from appropriate media input, pull fluid into syringe,
dispense through demultiplexer route into source vial. 2) Open route through multiplexer to run efflux from
vial to syringe to collect cells. 3) Dispense through demultiplexer route into target vial. 4) Open media
selector route to 10% bleach, ethanol, then sterile water, to sterilize and flush entire device.
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Figure S27. Schematics of devices used in the present work. (a) Vial router devices. These device
consists of a valves and paths to form a demultiplexer/multiplexer pair in order to route fluid to and from 8
vial; two such devices were used in each 16-vial experiment. (b) 8 channel media selector. This device
consists of an 8-input multiplexer to select a media input and route it to one of two vial router devices.
Sequential syringe pump events permit mixing of media, used to mix a glucose media with a galactose
media in this experiment (see Fig. 5a). (c) Vial-to-vial transfer device. The device used in the biofilm
and mating experiments has an expanded media selector with more inputs (including bleach, ethanol, and
water for flushing) and alternative paths to route cells from the efflux lines of one vial into the influx lines of
another (via the two vial router devices, as before).
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Figure S28. Media mixing for glucose/galactose ratio sensing experiment. (a) Fluidic routing for
ratio sensing experiment. To mix media types, the syringe pump first pulls sequentially from the desired
media inputs. The syringe pump then flushes the syringe content into the target vial and, consequently,
rises any trace amounts of leftover media to waste with sugar-free control media and air. (b) Estimating
sugar concentrations in culture medium. Glucose and galactose solutions were labelled with blue and
yellow food coloring, respectively; these solutions were then used to mix media in a 4-fold dilution series
of each sugar type (1%, 0.25%, and 0.06375%). We measured the 6 resulting medias, and a sugar-free
control, on a spectrophotometer, using absorbance at 630nm and 430nm to estimate the component
sugar concentrations independently. Using the multiplexed media handler, yeast cultures were maintained
in eVOLVER across 16 different combinations of the glucose and galactose medias, by dynamically
mixing any two of the six medias with each other, or the sugar free media (resulting in final concentrations
ranging from 0-0.5% of each sugar). Spectrophotometer readings were collected at regular timepoints
over 16 hours to confirm that the multiplexed media handler could maintain particular media combinations
over the course of an experiment, as depicted photographically in (b) in heat maps in (c).
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Figure S29. Average growth rate varies according to ratio of glucose and galactose. For the
glucose/galactose ratio sensing experiment (see Fig. 5a), mean growth rate for each condition over the
36 h experiment was determined by tracking optical density in eVOLVER. It should be noted that no
growth was observed in the absence of both sugars, as expected.
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VIALTO VIALTRANSFER FOR BIOFILM PREVENTION + YEAST MATING

DEMUX
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Figure S30. Schematic of fluidic routing for vial-to-vial transfer device. Example fluidic schematic for
transfer of cells from vial 3 (source) to vial 4 (target). The syringe pump first pulls from the desired media
input, then flushes the syringe content into the source vial. Instead of pumping efflux to waste, the fluid
and cells from the source vial are pulled into the syringe pump (upper). Next, the contents of the syringe
pump are dispensed into the target vial (lower). Sterilization with bleach and ethanol are required after vial
to vial transfers to prevent contamination across vials.
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AUTOMATED PASSAGING FOR BIOFILM PREVENTION
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Figure S31. Prevention of biofilm formation by automated vial-to-vial passaging. (a) Passaging
scheme. We programmed the vial-to-vial transfer device in order to automatically passage cells every 8
hours from one culture to a vial containing fresh media (see Figs. 5b, $30). (b) Density traces during
passaging. We applied this scheme to maintain a culture of S. marcescens in continuous eVOLVER
culture over 48 h. Following each passage, bleach was automatically added to the old culture, arresting
growth. Every 24 h, these spent vials were replaced with new vials and filled with fresh media, indicated
by red arrow.
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EVOLUTION + AUTOMATED MATING OF YEAST
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Figure S32. Logic diagram for parallel evolution and mating of yeast. (a) Logic for parallel evolution.
Evolution was carried out in two selection vials run in turbidostat mode, supplied with antifungal media.
When a selection vial recovered to 50% of its original growth rate, a timepoint sample was taken: three
vials were inoculated, one with a cells, the second with a cells, and the third with both, to form diploids. In
these vials, stirring was stopped once cells reached high density, in order to promote mating in the mixed
vial. (b) Simplified fluidics scheme for each timepoint. Three timepoints were taken: t, at 16 h, t; at 68.7 h
when the first selection vial recovered in growth rate, and t, at 98.1 h when the second selection vial
recovered in growth rate.

64



a b SELECTIN SD -URA -LEU

o .
— @ 30°C ysK116 ySK743
MATa MATa
turn OFF Mleu2 URA3 LEU2 Aura3

@ MED «— mCherry+ I mNeonGreen+
A |
KQ BN oo ySK116x743

diploid

V- \ LEU2 URA3
- FLUIDICS mCherry+ mNeonGreen+
X
c 12 ' T T T T T d 10!
3Q1:MATa (mCherry+) Q2: DIPLOID (Neon+/mCherry+)
STIRRING STIRRING 1218 95.0
[ ON OFF 1 ]
g 10° = . .
8 os 3 g | g
8ol — : o
2 g £ .0
E & SR
| ¢ 10 = e
g E 10 .
04 E
= (v
S £
§ F INNOCULATION 0
o v
0 |
104 Q4: NON-EXPRESSING Q3: MATa (Neon+)
. - o SAMPLED VIAL 0.53 226
® hoy 100 120 - 1:}‘ ' 1:)B ' 108
TIME (HOURS)

mNeonGreen (BL1-A)

Figure S33. Strain descriptions, selection scheme, and verification of yeast mating protocol. (a)
Logic diagram for yeast mating protocol. Following inoculation with each haploid type, the co-culture was
grown to high density (OD 0.8) which triggered feedback on stirring, turned off to allow cells to settle and
facilitate mating. (b) Genetic manipulations of yeast strains. Two haploid yeast strains were transformed
using one of two constitutive fluorescent reporters carried along one of two different auxotrophic selection
markers, such that diploids formed from these cells would contain both fluorescent reporters and may be
isolated by growing cells in dual-dropout media. (¢) Optical density trace from yeast mating on-device. We
carried out yeast mating in eVOLVER with a program that allowed cells to grow to OD 0.8 in a well-mixed
culture at which point stirring is halted. Over the next 24-36 hours, cells settle to the bottom of the vial,
leading to a transient increase in the density observed by the sensor, followed by a sustained decrease
as the cells fall below the path of the detector. At such high density in static conditions, haploid cells have
the opportunity to form diploids. (d) Verification by flow cytometry. Cells from the aforementioned
automated mating protocol were grown in dual-dropout media to select for diploids, then measured by
flow cytometry. Diploids (expressing both fluorescent markers) were isolated with 95% purity in this
manner, with haploids of each type (expressing a single fluorescent marker) persisting in small, equal
quantities.
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Figure S34. Antifungal resistance in haploid and diploids populations sampled during parallel
evolution and mating experiment. To assay resistance, we performed a variant MIC growth assay with
combinations of the two antifungals on population samples from each timepoint. Cell populations from
each automated timepoint (see Fig. 5¢) were seeded at OD 0.01 across a concentration range of
ketoconazole and cyclohexamide. Heatmaps depict the average change in OD600 for cells in each
concentration following 24 h growth in a 96 well block.
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Figure S35. Growth rate of pooled diploids created during dual antifungal evolution experiment.
As an alternative metric by which to measure the results of the dual evolution and mating experiment (see
Figs. 5¢, $S32), we employed eVOLVER to measure the density and calculate the growth rate of diploids
from each timepoint in different drug conditions. Doubling time was computed over the OD 0.2-0.8 range
for duplicate vials of diploids formed at the “t, pre-drug” control timepoint (yBWO003, white bars), the “t;
CHX recovery” timepoint (yBWO0O08, purple bars), and the “t; KETO recovery” timepoint (yBW009, orange
bars) (see Figs. 5¢, $32) grown in four media conditions: no drug (white background), cyclohexamide,
ketoconazole, and the two drugs in combination. For yBW0O03 control diploids, a doubling time was fit
based on what little growth occurred during the 24 period, as these cultures did not reach OD 0.8.
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FOUNDER: ySK743 CAGGAGACTTTGAACTCCTCTAAACCCCCTAAAAAATGTAGAAGGTTCTACGGGCAGGTGCCATTCCTG
yBWOO7 col 1 CAGGAGACTTTGAACTCCTCTAATGCCCTTTAAAAATGTAGAAGGTTCTACGGGCAGGTGCCATTCCTG
yBWOO7 col 2 CAGGAGACTTTGAACTCCTCTAATGCCGTTTAAAAATGTAGAAGGTTCTACGGGCAGGTGCCATTCCTG

yBWOO7 col 3 CAGGAGACTTTGAACTCCTCTAATGCCCTTTAAAAATGTAGAAGGTTCTACGGGCAGGTGCCATTCCTG
 E T L N S S N A L -

Figure S36. ERG3 sequence alignment reveals nonsense mutation. Alignment of ERG3 sequences
from founder strain and three resistant clones isolated from the ketoconazole selection vial at t,. Several

grouped missense mutations (red) at amino acids 57-59 are followed by a nonsense mutation at amino
acid 60.
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Figure S37. Programming and evaluating a chemostat dilution scheme in eVOLVER. (a) Logic
diagram for chemostat culture. To demonstrate that eVOLVER programs can carry out continual
chemostat culture in a replicable manner, we inoculated 8 vials with E. coli, and maintained these cells
under continual dilutions at 4 specified inter-pump periods, setting the death rate of each culture. (b)
Optical density traces. The optical density of each culture was tracked in order to determine if duplicate
cultures reach similar culture densities.
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4 Supplementary Tables

Table S1. Reconfiguring eVOLVER for common continuous growth and evolution
applications

Study

Experiment

Toprak et
al. 2011

Takahashi
et al. 2015

Milias-
Argeitis et
al. 2016

Hope et
al. 2017

Esvelt et
al. 2011

Morbidostat

Real-time
Fluorescence

measurements

Optogenetic
Control

HT ministat
array

PACE:
Accelerated
Evolution

Dynamic feedback

control over two
fluidic inputs
based on optical
density
measurements

On-line
fluorescence
detector for
measuring
fluorescence
directly in culture
chamber

LED of particular
wavelength used
to induce changes
in light-sensitive
proteins within
culture vessel

96 parallel
chemostats

Provide higher
input control and
throughput for
rounds of phage-
assisted
continuous

Standard sleeve
configuration, but use
additional input pump

array or millifluidic
devices for two inputs

Use open slot for
microcontroller and new
PWM/ADC boards
adapted from OD
control boards to control
new LED/sensor pair
integrated into smart
sleeve

Use open slot for
microcontroller and
PWM board to control
new LED integrated into
smart sleeve

Same as described in
paper, using six
eVOLVER 16-vial units

Several eVOLVER
sleeves in chemostat
mode house the
bacterial substrate for
the phage to infect.
Peristaltic pumps will
meter in a constant
amount of the substrate
into different phage-
containing lagoons,
housed in the remaining
eVOLVER sleeves.
Millifluidic devices will
control precise amounts
of inducer entering the
culture, to tune activity
of lagoon.

70

None, achievable
using components
reported in paper

New SA boards,
additional
LED/sensor pair

Additional
microcontroller and
PWM board, new
LED integrated in
smart sleeve

None

Modify peristaltic
pumps to achieve
desired flow rates in
and out of
chemostats and
lagoons.
Multiplexed
millifluidic devices
will contain valving
necessary to tune
inducer flow rate
and concentration
over time.

Minimal, easily
programmed in
Python

Minimal, based
on optical density
code reported in
paper

Minimal, based
on optical density
code reported in
paper

Minimal, set
repetitive
dilutions using
Python for
coarse-grained
control or
Arduino for fine-
grained control

Fair, program
appropriate flow
rates and new
abstractions for
millifluidic
devices.

Works as is
(code
available)

<1 month,
<$2000

<1 month,
<$50
(Prototype
implemented)

Works as is

3 months,
<$500



Table S2. Description of strains used in this study

Strain/Pool | Parental Strain | Description
FL100 S. cerevisiae MATa reference strain
ATCC 28383
YJW509 S. cerevisiae MATa ade1-14 his3-11,15 leu2-3 trp1-1 ura3-1
W303 strain (Osherovich et al., 2001)%*
MATa haploid
YJW564 S. cerevisiae MATa ade1-14 his3-11,15 leu2-3 trp1-1 ura3-1
W303 strain (Osherovich et al., 2001)*
MATa haploid
TG1 Escherichia coli | supE thi-1 A(lac-proAB) A(mcerB-hsdSM)5, (rK-mK-)
K-12 (Stratagene)
MG1655 Escherichia coli | rph-1
K-12
ATCC 47076
BS 303 Serratia type strain for Serratia marcescens
marcescens
ATCC 13880
yBWO001 S. cerevisiae adapted for 100 generations in eVOLVER, founder for
FL100 strain density dependent evolution expt.
yBW002 yBWO0O01 HO::pNH607 pTDH3-mNeonGreen hygroR
used in competitive fitness assay for density
dependent evolution expt.
ySK499 cYJW509 TRP1::pNH604 pGAL 1-mKate2
used in glucose/galactose ratio sensing expt.
ySK116 cYJW584 URA3::pRS306 pTEF1-mCherry
MATa founder for cyclohexamide evolution vial in
parallel evolution and mating expt.
ySK743 S. cerevisiae LEU2::pNH605 pTEF1-mNeonGreen
W303 strain MATa founder for ketoconazole evolution vial in
MATa haploid parallel evolution and mating expt.
(from YJW509)
yBWO003 ySK116/ySK743 | Diploid pool formed by mating ySK116/ySK743 at t, in
parallel evolution and mating expt.
yBwW004 ySK116 CHX-evolved MATa haploid pool collected at t; in
parallel evolution and mating expt.
yBW005 ySK116 CHX-evolved MATa haploid pool collected at t; in
parallel evolution and mating expt.
yBWO006 ySK743 KETO-evolved MATa haploid pool collected at t; in
parallel evolution and mating expt.
yBWO007 ySK743 KETO-evolved MATa haploid pool collected at t, in
parallel evolution and mating expt.
yBWO008 ySK116/ySK743 | Diploid pool formed by mating yBW004/yBWO0O06 at t;
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in parallel evolution and mating expt.

yBW009

ySK116/ySK743

Diploid pool formed by mating yBW005/yBWO0O07 at t,
in parallel evolution and mating expt.
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Table S3. Primers generated for this study

Primer No. Name/Description | Sequence

prCM313 YKO up f GATGTCCACGAGGTCTCT

prCM314 YKO upr GTCGACCTGCAGCGTAC

prCM317 YKO kanMX r CTGCAGCGAGGAGCCGTAAT

prCM331 HSP104 f GAAATCAACTACACGTACCATAAAATATACAG

prCM338 KAP120 f CAACTGTCAACCGAATCAAATTTTAAAAG

prCM339 AHA1 f GTCTTATTCTTAATCGTTTATAGTAGCAACAATATATC

prCM343 SWA2 f TCGTGGACTAGAGCAAGATTTC

prCM345 HO f CATATCCTCATAAGCAGCAATCAATTC

prCM361 uptag1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGATGT
seqround 1 f CCACGAGGTCTCT

prCM362 uptag2 GACTGGAGTTCAGACGTGTGCTCTTCCGATCTGTCGA
seqround 1r CCTGCAGCGTAC

prCM363 i5001 AATGATACGGCGACCACCGAGATCTACACAACTCGCT
Day 0 ACACTCTTTCCCTACACGAC

prCM364 i5002 AATGATACGGCGACCACCGAGATCTACACTTGAGCGA
Day 2 ACACTCTTTCCCTACACGAC

prCM365 i5003 AATGATACGGCGACCACCGAGATCTACACAAGCCATT
Day 4 ACACTCTTTCCCTACACGAC

prCM366 i5004 AATGATACGGCGACCACCGAGATCTACACTTCGGTAA
Day 6 ACACTCTTTCCCTACACGAC

prCM373 i7001 CAAGCAGAAGACGGCATACGAGATTAAGGCGAGTGA
30C/step CTGGAGTTCAGACGTGT

prCM374 i7002 CAAGCAGAAGACGGCATACGAGATCGTACTAGGTGAC
33C/2h TGGAGTTCAGACGTGT

prCM375 i7003 CAAGCAGAAGACGGCATACGAGATAGGCAGAAGTGA
33C/6h CTGGAGTTCAGACGTGT

prCM376 i7004 CAAGCAGAAGACGGCATACGAGATTCCTGAGCGTGAC
33C/48h TGGAGTTCAGACGTGT

prCM377 i7005 CAAGCAGAAGACGGCATACGAGATGGACTCCTGTGAC
36C/step TGGAGTTCAGACGTGT

prCM378 i7006 CAAGCAGAAGACGGCATACGAGATTAGGCATGGTGAC
36C/2h TGGAGTTCAGACGTGT

prCM379 i7007 CAAGCAGAAGACGGCATACGAGATCTCTCTACGTGAC
36C/6h TGGAGTTCAGACGTGT

prCM380 i7008 CAAGCAGAAGACGGCATACGAGATCGAGGCTGGTGA
36C/48h CTGGAGTTCAGACGTGT

prCM381 i7009 CAAGCAGAAGACGGCATACGAGATAAGAGGCAGTGA
39C/step CTGGAGTTCAGACGTGT

prCM382 i7010 CAAGCAGAAGACGGCATACGAGATGTAGAGGAGTGA
39C/2h CTGGAGTTCAGACGTGT

prCM383 i7011 CAAGCAGAAGACGGCATACGAGATGCTCATGAGTGAC
39C/6h TGGAGTTCAGACGTGT

prCM384 i7012 CAAGCAGAAGACGGCATACGAGATATCTCAGGGTGAC
39C/48h TGGAGTTCAGACGTGT

prCM385 i7013 CAAGCAGAAGACGGCATACGAGATACTCGCTAGTGAC
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42C/step TGGAGTTCAGACGTGT

prCM386 i7014 CAAGCAGAAGACGGCATACGAGATGGAGCTACGTGA
42C/2h CTGGAGTTCAGACGTGT

prCM387 i7015 CAAGCAGAAGACGGCATACGAGATGCGTAGTAGTGAC
42C/6h TGGAGTTCAGACGTGT

prCM388 i7016 CAAGCAGAAGACGGCATACGAGATCGGAGCCTGTGA
42C/48h CTGGAGTTCAGACGTGT

prCM353 ERGS3 f1 TGAAGTGGTTGCAGAGG

prCM354 ERGS3 r1 CCACTTGTGATGAGGCTTG

prCM355 ERGS f2 GGAAGCTCATTATCGAGTACTTC

prCM356 ERG3 r2 CGAATAGCGCATATTGCAC

prCM357 RPL41A f GACTGTACTTTTCTGATGCG

prCM358 RPL41Ar CTACATTGGGTATCACTCAAGTC

prCM359 RPL41B f CTGCGATGCTATCCATTTAC

prCM360 RPL41B r CGGTAACAGCATCTTGCATAG
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