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Temporal sorting of microdroplets can identify productivity differences of itaconic acid
from libraries of Yarrowia lipolytica

Emily K. Bowman,*? Phuong T.Nguyen Hoang® , Angela R. Gordillo Sierrac, Karoline M. Vieira Nogueirad, and Hal S. Alper?¢

Microdroplet screening of microorganisms can improve the rate of strain selection and characterization within the canonical
Design-Build-Test paradigm. However, a full analysis of the microdroplet environment and how well these conditions
translate to culturing conditions and techniques is lacking in the field. Quantification of three different biosensor/analyte
combinations at 12-hour timepoints reveal the potential for extended dose-response ranges as compared to traditional in
vitro conditions. Using these dynamics, we present an application and analysis of microfluidic droplet screening utilizing
whole-cell biosensors, ultimately identifying an altered productivity profile of itaconic acid in a Yarrowia lipolytica-based
piggyBac transposon library. Specifically, we demonstrate that the timepoint for microdroplet selection can influence the
outcome of the selection and thus shift the identified strain productivity and final titer. In this case, strains selected at earlier
timepoints showed increased early productivity in flask scale, with the converse true as well. Differences in response indicate
microdroplet assays require tailored development to more accurately sort for phenotypes that are scalable to larger
incubation volumes. Likewise, these results further highlight that screening conditions are critical parameters for success in

high-throughput applications.

Introduction

High throughput microbial engineering relies heavily upon
the canonical Design-Build-Test cycle (1, 2). While recent advances in
DNA design and synthesis have helped usher in this capacity for high-
throughput biology, they also create a substantial bottleneck in the
test step, thus requiring more creative solutions for high throughput
screening of microbial strains (3-6). Efforts to switch away from bulk
liquid handling and long chromatography/separation dependent
analysis techniques help improve the throughput of the test step.
Certainly, established methods such as fluorescence activated cell
sorting, microtiter plate cultivation, and agar-plate based screens
represent alternatives. In contrast, the fluidics miniaturization and
parallel culturing capability of microfluidic droplet systems help
bypass many of the limitation in high-throughput metabolic
engineering that are inherent even in these alternative approaches
(2, 7-10). To this end, microdroplet systems uniquely enable a
physical encapsulation of cells and their extracellular phenotypes
such as small molecule secretion.

A remaining challenge for microdroplet screening is the
capacity to transduce a chemical concentration into a rapidly
detectable signal. Recent applications accomplish this task through
to the use of cell based biosensors (2, 7-11), chemical sensors (12),
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growth-based assays (10), and even mass spectroscopy for label-free
sorting (13). However, the true utility and adoption of high
throughput microdroplet screening and selection is predicated on its
capability to deliver strains that perform as expected outside of the
microdroplet. Limited studies have attempted to draw parallels
between microdroplet and liquid phase production, especially as it
relates to the parameter of time and production.

Overall assumptions regarding microdroplet sorting
systems have led to difficulties in scaling identified strains (5, 14, 15).
Specifically, the small-volume environments of microdroplets often
identify condition-specific, beneficial gene perturbations that may
not perform similarly in flask or bioreactor conditions (5). Moreover,
iterative and prolonged microdroplet-based high throughput
screening (as with any screen with an inherent growth step)
inadvertently creates a selective environment for increased
biomass—a phenotype that often negatively correlates with
metabolic flux for small molecule production (16, 17). Compounded
on these challenges, previous work has observed inconsistencies in
strain performance upon scale-up, specifically comparing small-scale
cultivation to larger scale bioreactors (17). These challenges aside,
previous applications of fluorescent based microfluidic sorting have
typically utilize the same incubation time used in larger cultures,
including our own prior efforts (7, 9, 18). However, full
characterization of the microdroplet environment is still on-going, as
analysis of microdroplets is limited by access to analytical devices for
immobilizing microdroplets for prolonged observation, as well as
sensitive sensing and measuring techniques such as Mass
Spectrometry Assisted Droplet Sorting (MADS) (13, 14).

Despite many challenges, the microdroplet environment,
while clearly very different from other culturing methods including
bioreactors, flasks, tubes, and even deep well plates (14, 15), is well-
suited for selections and thus necessitating studies on cellular
dynamics. More specifically, limited studies have investigated the
importance of time-based selections when using these pico-liter
sized microdroplets as a means of selecting for larger-scale
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productivity trends. To address these limitations, this work seeks to
answer the question of whether the time-dependent selections in
microdroplets will correspond to the fermentation profiles of strains
outside of microdroplet conditions. Put another way, this work seeks
to identify whether microdroplet selections can be used to select for
shifts in cell productivity and thus achieve more exponential or more
stationary phase production.

As an initial characterization, we studied the biosensor dynamics
of three separate whole cell biosensors with known production
strains. Once we identified a product with the greatest dynamic
range in microdroplets, we investigated the influence of time-
dependent selections (in this case, 24, 48, 72, and 96 hour) in
microdroplets on the identification and performance of Yarrowia
lipolytica strains for itaconic acid production using a transposon
mutagenesis library. We demonstrate that sorts conducted earlier
indeed result in identifying strains that show improved early
productivity outside of the microdroplet. Likewise, the corollary is
also proven that later-timepoint sorts identify strains betters suited
for production later in the culturing process. Finally, through in
microdroplet characterization of production, we can demonstrate
the correspondence of the pico-liter culturing environments to
larger-scale cultivation techniques. Ultimately, this work identified
strains that were enriched for distinct production phenotypes
including increased exponential productivity (a disruption in Ypgm1)
and higher final titer/growth independent production (a disruption
in Ygsy1).

Materials and Methods

Strain Cultivation

All Yarrowia lipolytica production strains (2, 7, 19) were
grown in either YPD containing 2% glucose (for microdroplet analysis
and large flask time-course), or Yeast synthetic defined (YSD) media
(2% glucose, YNB (Difco 6.7g/L), CSM complete (Thomas Scientific)).
Naringenin production strains also utilize p-coumaric acid at a final
concentration of 2mM as previously described (20). Flask cultures
were grown at 28°C and shaken at 225rpm. Novec 7500 fluorinated
oil was used due to its inherent oxygen permeability. Fresh oil was
assumed to be oxygenated through atmospheric exposure as it is
easily gas-permeable. Microdroplet encapsulated cultures were
grown in a standing incubator at 28°C with oil-changes every 12-hour
to maintain oxygenation of culture. E. coli itaconic acid biosensor (21)
was pre-cultured before microdroplet encapsulation in LB-Kan
(50ug/ml) at 37C for 18 hours. E. coli Naringenin and TAL biosensors
were pre-cultured as previously described (7).

Cell Encapsulation in Microdroplets

Production strains used here were those developed
previously for TAL(22), Naringenin (20) and Itaconic Acid
production(19).  Yarrowia lipolytica production strains were
encapsulated at a rate of 0.1 cells per microdroplet. Their
corresponding biosensor cells were co-encapsulated at a rate of 10
cells per microdroplet. Encapsulation for the time courses was
performed in two rounds, with timepoints taken from the same
encapsulation at timepoint 0 as well as 12- and 24-hour intervals to
achieve response curves.
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Piggybac library generation in the itaconic acid producing
strain of Yarrowia lipolytica took place as previously described(7).
Yarrowia lipolytica piggyBac library members were encapsulated in
microdroplets at a rate of 0.1 cells/droplet. This was chosen based
on Poisson distribution modelling to limit the number of co-
encapsulation events, as previously described (7, 23). Cells were
encapsulated in YPD +Kan + 20% Optiprep to achieve neutral
buoyancy and select for the ItcR biosensor plasmid (21). E. coli
biosensors were co-encapsulated with the Yarrowia library members
at a rate of 10 cells/droplet. Ensuring saturation of biosensor cells
within the microdroplet helped minimize fluorescent signal variation
due to growth variability of the E. coli. Microdroplets were generated
using a Sphere Fluidics Fluorescence Activated Droplet Sorter (FADS),
in 2.5% Pico-Surf™ in 3M Novec 7500. Oil flowrate was set to
1000uL/hr, and aqueous was set to 800uL/hr to achieve a droplet
diameter of roughly 95um. Microdroplets were incubated at 28°C
without shaking and with 12-hour oil exchanges to ensure
oxygenation of emulsions.

Emulsion Fluorescence Collection

To achieve biosensor response curves in microdroplets,
emulsions of co-encapsulated production strains were run on the
FADS (Sphere Fluidics) at a 0 timepoint and 12- or 24-hour intervals
to collect histograms of the fluorescence response. No voltage was
applied as we were only collecting fluorescent response information.
The sorting apparatus was set up as previously described (7).
Histograms were exported from the sorting software
(Supplementary Figure 1).

PiggyBac Library Emulsion Sorting

Post-incubation, microdroplets were sorted at four
different timepoints, 24, 48, 72 and 96 hours. These timepoints were
chosen to represent early (24) mid (48,72) and late (96) fermentation
stages. Microdroplets were re-injected into Sphere’s Pico-sort chip
at a rate between 15-30ul/hr, with spacing oil containing no
surfactant (3M Novec 7500) at a rate between 2000-3000 ulL/hr to
ensure sufficient spacing. Sorting was carried out by applying a
voltage to microdroplets as they passed through the sorting chamber
as previously described (7). Gating was applied to the top 1% of the
population based on fluorescence measurements. 400,000
microdroplets were sorted at each condition to achieve 10X library
coverage (with a 0.1 cell/droplet loading frequency). This resulted in
the collection of roughly 1000 total sorted isolates. This number
varied based on which timepoint was sorted. Specifically, the 24hr
timepoint was the most difficult to achieve resolution for and
required two iterative rounds of sorting to achieve statistically
significant enrichment for improved itaconic acid producers. The
second round only collected a total of 800 microdroplets.

HPLC Analysis

All supernatant samples were filtered with 0.2um nylon
filters. Itaconic acid quantification was carried out on an Agilent
HPLC, utilizing an Aminex Zorbax aq column with 0.1% TFA in Water
as the aqueous phase and 0.1% TFA in Acetonitrile as the organic. All
standards for itaconic acid production in Yarrowia lipolytica PO1J
were made in spent media that matched the composition and time
of fermentation of the samples to reduce noise. However, for
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complex media (YPD), this increased total background in the spectra
and rendered many of our timepoints before the 24-36 hour mark
unreliable. Therefore, higher resolution productivity was gathered
via fermentation in defined media (YSD) to reduce background.

Identification of Piggybac Insertion Sites

Thermal asymmetric interlaced (TAIL) PCR was performed as
previously described (7). Bands identified from round 3 of the
protocol were gel extracted and sent to Eton Bio for sanger
sequencing. Sequences received were blasted against the Yarrowia
lipolytica genome and resulting gene disruptions were identified via
KEGG(24). Degenerate primers and nested primers used are in Table
1 of the supplementary material.

Confocal Imaging of Droplets

For acquiring images, 10 pL of microdroplets were dropped on
glass slides and covered with coverslips. The images were collected
with a Yokogawa W-1 spinning disk confocal on a Nikon Eclipse-Ti2
inverted microscope (Nikon) equipped with a PLAN APO VC
60xA/1.20 water immersion objective. Biosensor emitted
fluorescence was excited with a 488nm line from a 50mW Nikon’s
LUN-F Blues laser and collected with a quadruple bandpass dichroic
mirror and a 525/30 emission filter. All images were taken with a
Photometrics Prime95B EM-CCD camera controlled with NIS-
Elements software. The brightness and contrast of the images
captured were adjusted using NIS-Elements software. Image
processing was performed using Fiji’s Image) software.

Results and Discussion

Characterization of Biosensor Dynamics in Microdroplets

To elucidate the dynamic range of co-encapsulated
biosensors, three established Yarrowia lipolytica strains producing
TAL (22), Naringenin (20), and Itaconic Acid (19) were co-
encapsulated with their corresponding E. coli biosensors (7, 21)
(Figure 1a). Fluorescence measurements were performed on the
sorting instrument (Sphere Fluidics) to collect histograms of
microdroplet count and fluorescence throughout a 96-hour time
course. The top 10% of droplets measured were used to plot a
response-curve (Supplementary Figure 1a-c). Fluorescence
measured at each condition indicate a wide dynamic range from each
biosensor (Supplementary Figure 1). Interestingly, the itaconic acid
strain co-encapsulation with the itaconic acid biosensor shows a
longer range with prolonged detection, with increases in
fluorescence still occurring past the 84-hour timepoint (Figure 1b,
Supplementary Figure 1a).

Based on these observations, we chose to also obtain
confocal images of the microdroplets containing the Y. lipolytica
itaconic acid production strain and the corresponding E. coli
biosensor at 24-hour timepoints to provide an additional
measurement biosensor fluorescent temporal response and
homogeneity (Figure 1c). Throughout the time course, these images
do suggest some biosensor growth within microdroplets. Therefore,
it is possible that in these prolonged sensing conditions net sensor
population growth can result in a dilution of analyte response.

This journal is © The Royal Society of Chemistry 2023
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However, it is also clear from these images that both the total
aggregate fluorescence and biosensor cell-specific fluorescence
increases in a dose-responsive/time-dependent manner. Therefore,
we chose to use itaconic acid production and sensing as a test case
for time course-based sorting of a Yarrowia lipolytica piggybac
transposon library.

Timepoint sorting in microdroplets to enrich for itaconic acid
overproduction

A library of pathway-engineered Y. lipolytica containing
piggyBac transposon insertions was used to screen for improved
itaconic acid production. To achieve a detectable signal, an E. coli
biosensor was co-encapsulated with these Y. lipolytica strains to
achieve fluorescence-dependent readout of concentration. Prior
work and efforts described above have demonstrated that E. coliand
Y. lipolytica tolerate one another well in co-culture microdroplets (7),
thus enabling both early and late sorting capacity with more accurate
timepoints and less emulsion manipulation. Specifically, early
timepoint sorting is achievable using co-encapsulation without
concern for down-time when using approaches such as pico-
injection. Likewise, extended emulsion incubations are enabled
without the consequence of disturbing microdroplet stability that
can occur during pico-injections due to volume addition and
voltage/temperature changes.

Overall microdroplet sorting was carried out as previously
described ((7), Figure 2a) and isolated the top 1% of fluorescent
microdroplets. As previously shown with this itaconic acid producing
strain (19), we chose timepoints relevant to previously defined
productivity curves and that fell within points of interest in the
biosensor response curves from microdroplets. In this experiment,
the library sorting was conducted at four distinct timepoints (24, 48,
72, and 96 hours) to determine the impact of sorting time on
productivity and final titer. Populations of sorted isolates were
characterized through analysis of 24 colonies from each timepoint,
along with their corresponding unsorted controls.. The unsorted
control was obtained via the same sorting method (including applied
voltage), but with no gate applied followed by a similar plating and
selection workflow. These isolated strains were cultivated at the test-
tube scale and supernatant samples were analyzed for itaconic acid
quantification via liquid chromatography (Agilent Zorbax ag). In each
of these cases, enriching the piggyBac library for improved itaconic
acid production resulted in successful, statistically significant
(Welch’s correction T-test) separation of populations at most
timepoints compared with a control, unsorted pool isolated at that
same timepoint (Figure 2b). However, due to the nature of the 24-
hour biosensor response, and the need to iteratively sort this
population, this sorted population versus the unsorted control did
not show significant differences, likely due to the previously
characterized response curve. However, since much of the sorted
population still produced more than the unsorted, the population
was still characterized to determine enrichment capabilities as this
timepoint. Successful population enrichment from these sorts at all
timepoints indicates that the dynamic range, sensitivity, and
saturation properties of the biosensor was sufficient to achieve
signal differentiation at each timepoint.

Flask-based time course experiments highlight parallels with
sorting

Lab Chip 2023, 00,1-3 | 3
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After confirming successful sorts of each timepoint, all isolates
demonstrating an itaconic acid production level above the mean
from the respective sorted condition were selected for a flask-scale
time course experiment. To do so, each isolate was grown in 250mL
flasks containing 50mL YPD media with 2% glucose at 28 2C with
timepoints taken every 12 hours for a total of 96 hours. Collective
production curves for each of the populations show clear trends with
respect to production capability (Supplementary Figure 3). d

To further compare productivity trends, itaconic acid production
from the flask time course is segmented and represented as a
percent of total production at Early (48-36), Mid (72-48) and Late (96-
72) timepoints in the flask (Figure 3ai-iv) For strains that were
isolated using early sort timepoints (24 and 48 hours in
microdroplets), most of the productivity in the flask was likewise
biased toward early timepoints (in this case, 36-48 hours) with strains
peaking in production at around 60 hours (Figure 3ai-ii). For strains
isolated at the late timepoints (72 and 96 hours), productivity was
more gradual in the culture with more itaconic acid produced late in
the culture, especially at the 72-96 hour flask timepoints (Figure
3aiii-iv). It is worth noting that these late-sorting cells ultimately peak
at a slightly higher final titer (Supplementary Figure 3b). Most
striking, however, is the clear difference in percent production
profile between the strains isolated at 24- and 96-hour sorts (Figures
3ai, 3aiv).

To determine if these phenotypes were linked to cell
growth/biomass accumulation, itaconic acid titer was normalized to
OD for the 24 and 96-hour sort condition strains (Figure 3b). The
production patterns obtained here are fairly like the non-normalized
curves (Supplementary Figure 2a-b) and once again highlight a
higher productivity earlier in the fermentation for cells isolated in the
24-hour sort compared with the 96-hour sort. The normalized total
production is also still higher for the strains isolated from the 96-hour
sort. As a result, different productivity profiles and capacities are
identified when distinct microdroplet selection conditions are
imposed.

Due to the high overlap of response curves in each
condition that shared phenotypic production, the top 5
characterized isolates from each condition Top (Figure 2b) at each of
the timepoints were preserved and isolated genomic DNA was used
as a template in TAIL PCR (7, 25-28) for transposon insertion site
identification. It is interesting to note that the various selection
conditions gave rise to both unique production phenotypes and
distinct genetic targets. Specifically, an insertion in the Yomg1 gene
responsible for phosphorylation in the glycolysis pathway was
predominately isolated from the 24 and 48-hour best performing
isolates. In contrast, the 72-and 96-hour best isolates both converged
on the same insertion in the Ygsyl gene which controls glycogen
storage. Disruption location identification was carried out via
sequencing analysis and alignment utilizing KEGG (24). Sequencing
results can be found in the supplementary information appendix.
Interestingly, the 24-hour sort appears to exhibit a range of
production phenotypes, the very late-stage production phenotype as
well as the early-stage productivity (Supplementary Figure 3a). It is
thus not overly surprising that some lower-performing isolates from
the 24-hour sort, but not the 48, show the same, Ygsyl, gene
perturbation as the later sorts. Target convergence within each sort
indicates the robustness of the screening system, and the 24-hour

4 | Lab Chip 2023, 00, 1-3

dual-phenotype isolation may also indicate the timepoint at which
these phenotypes diverge to be isolated individually.

Both genotypes identified contain disruptions in glycogen
synthesis and storage. Due to itaconic acid production utilizing TCA
cycle intermediates, these disruptions likely lead to higher flux
through glycolysis, rather than glycogen synthesis, thus resulting in
more carbon source available to divert to itaconic acid production.
The difference in perturbation for early versus late producers
indicates the role these genes play in cell mass accumulation at
different stages of cell growth. Previous studies utilizing microfluidic
screening for small molecule production typically utilize previously-
defined bioreactor or flask-relevant time points. Thus, we chose to
analyse more than just the end-point to determine if other
phenotypes could be pulled that would be relevant to scaled-up
production.

Interestingly, both of the piggybac insertions identified
here for itaconic acid production have also been identified for the
production of Naringenin and TAL in Yarrowia lipolytica (7). These
previous screens also utilized a similar biosensor-in-microdroplet
approach to identify improved production of these small molecules.
Re-identification of these gene targets increases the likelihood that
their disruption could be beneficial for many small molecule
production applications in this yeast.

Characterizing the in-microdroplet conditions for top performers to
understand strain-biosensor dynamics

To better characterize the correspondence between flask and
microdroplet scale, we re-encapsulated representative isolates from
each of the major populations described above into Y. lipolytica
mono-culture emulsions along with the E. coli biosensor. These
mono-culture emulsions were incubated for a total of 96 hours once
again and run on the FADS (Sphere Fluidics) at 24, 48, 72 and 96 hours
(Supplementary Figure 4, Figure 3c). Fluorescent measurements for
isolates at each production stage were collected via the microdroplet
sorting system, allowing for a direct comparison between
fluorescence obtained and sorted in initial experiments to their best-
performing timepoints. Overlay of fluorescent response in droplets
to production in flasks for the 24hr and 96hr best isolates show
significant overlap (Figure 3c). Patterns show similar responses to
those seen in the initial wildtype experiment (Figure 1b), with the
biosensor fluorescence increasing greatly at the final, 96-hour
timepoint. However, this is likely due to accumulation of product
over time, and interestingly, the biggest differences between isolates
can be seen in the fold-change of fluorescence between the earliest
timepoint (24 hours), and the final timepoint (96 hour). In particular,
the 24-hour isolate showed a 2-fold increase in fluorescence
between the 24-hour timepoint and 96-hour whereas the 96-hour
isolate shows an increase of almost 5-fold in fluorescence. This
difference corresponds well with the production profiles that
indicate an early plateau for the earliest-selected isolates (Figure 3a,
Supplementary Figure 2).

Conclusions

Microdroplet sorting using cell-based biosensors has expedited
the Design-Build-Test cycle for metabolic engineering and synthetic
biology, especially for the case study of improved small molecular
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production (7, 9, 10, 18). By characterizing three distinct biosensor
dynamics in microdroplets, we identified extended dose-response
ranges to production. In particular, we recognized an opportunity to
utilize an itaconic acid biosensor, with its increased response range
in microdroplets, for production phenotype sorting. Utilizing this, we
were able to showcase the flexibility of a microdroplet environment
to uniquely allow for selections of strain productivity for itaconic acid
producing Yarrowia lipolytica. This allowed us to connect in-
microdroplet production to in-flask production and recapitulate
those phenotypes from microdroplets to flasks.

Through this experiment, we showcased distinct early versus late
production phenotypes obtained from time course-based sorting
and identified two insertions responsible for these different
production changes. Applications of this time course-based system
could be used to tailor high throughput screening for limited
biosensor dynamic ranges, improving strain productivity, or
identifying ideal sorting times for improving production using gene
perturbation libraries.
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Figure Legends:

Figure 1: Biosensor dynamics in microdroplets. a) Workflow of emulsion generation and data collection for fluorescence at selected
timepoints. Top performing isolates or wildtype were encapsulated with the same method as sorted isolates. Created with BioRender.com.
Created with BioRender.com. b) Biosensor response dynamics in droplets were measured over time. The itaconic acid producing parental
strain of Y. lipolytica was encapsulated with the corresponding E. coli biosensor and fluorescence was measured on the microdroplet sorter
in 12-hour increments. c) Parental strain fluorescence changes within microdroplets were captured with Nikon™ spinning disk confocal
imaging. These measurements are normalized to the total area measured for fluorescence. To characterize the itaconic acid biosensor
response in droplets more clearly, emulsions were imaged on a spinning disk confocal and fluorescence intensity at each timepoint was
measured (with representative images shown on the right).

Figure 2: Time course sorting of Y. lipolytica piggybac library for itaconic acid production. a) A Piggybac transposon library was generated in
an itaconic acid-producing strain of Y. lipolytica (19, 29) and co-encapsulated with the itaconic acid E. coli biosensor at a ratio of 1 producer
cell to every 10 droplets, and 10 E. coli biosensor cells to every droplet, or 0.1:10 Y.lipolytica:E. coli. After timed incubation of either 24,
48, 72 or 96 hours, emulsions were then sorted using the GFP signal. Created with BioRender.com. b) Post-sort, emulsions were broken and
cultivated in a mixed population and plated for single colonies on YPD-agar plates. US = unsorted, S = sorted. Unsorted is the same emulsion
isolated at the same timepoint but with no selection gate applied, sorted is the same emulsion with a selection gate for the top 2% of cell-
containing droplets. Random isolates from the sort and an unsorted control were picked from plates and grown in YPD on the tube-scale for
their respective fermentation time that corresponded with the sorting timepoint. Supernatant was isolated and itaconic acid titer quantified
via HPLC to determine if the sorts were successful.

Figure 3: Time course fermentations for production phenotype characterization. Top 24 isolates identified from each sort were cultured in
flasks for a total of 96 hours with itaconic acid production and OD sampled every 12 hours. a) Percent production of itaconic acid at early
(36-48hr) mid (72-48) and late (96-72) timepoints for 24 (i), 48 (ii), 72hr (iii) and 96 (iv) hour sorts. Isolates chosen for evaluation represent
the top 24 identified from initial sort analysis (Figure 2b). Percent production at each segment of fermentation was calculated as the change
in itaconic acid titer between the timepoints divided by the total final titer. b) Biological triplicate of defined media fermentations of top
performing isolate from 24 and 96 hour timepoints show the same patterns of production as the rich media. In addition, significant production
doesn’t seem to begin until the 48-hour timepoint for both conditions. This indicates that rich media fermentations, while plagued by high
background, still show a clear picture of what production looks like in a flask for these strains. c) The top performing isolate from each sorting
condition was re-encapsulated with biosensor and fluorescence was collected via the droplet sorter. Fluorescence for each isolate was
collected on separate days, therefore only comparisons can be made within each isolate, not between.
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