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Abstract
The powerful tools available to edit yeast genomes have made this microbe a valuable platform for engineering. While it is now possible to
construct libraries of millions of genetically distinct strains, screening for a desired phenotype remains a significant obstacle. With existing
screening techniques, there is a tradeoff between information output and throughput, with high-throughput screening typically being performed
on one product of interest. Therefore, we present an approach to accelerate strain screening by adapting single cell RNA sequencing to isogenic
picoliter colonies of genetically engineered yeast strains. To address the unique challenges of performing RNA sequencing on yeast cells, we
culture isogenic yeast colonies within hydrogels and spheroplast prior to performing RNA sequencing. The RNA sequencing data can be used to
infer yeast phenotypes and sort out engineered pathways. The scalability of our method addresses a critical obstruction in microbial engineering.

Video Link
The video component of this article can be found at https://www.jove.com/video/61014/

Introduction
1,2

A primary goal of microbial engineering is to modify microbes to induce them to produce valuable compounds . S. cerevisiae has been the
3,4,5
primary organism for microbial engineering due to its ease of culture and the breadth of tools available for engineering its genome
. However,
a hurdle remains in performing functional screens on the modified yeast: screening throughput lags behind genome engineering by orders
of magnitude. Screening typically involves isolating strains in microwell plates and phenotyping them by measuring production of a specific
6,7
compound . The throughput of this process is limited by the large amounts of reagent needed for assaying individual strains in hundred
microliter reactions. Droplet microfluidics provides an attractive solution to increase the throughput of yeast screening by orders of magnitude
8
by downscaling reactions normally performed in well plates . However, as with well plate screens, droplet screens typically detect single product
9,10,11
compounds, which provides limited information into the global function of the engineered pathway
.
RNA sequencing (RNA-seq) may enable more comprehensive characterization of pathway operation by allowing expression levels of all relevant
12,13
genes to be assessed simultaneously
. Moreover, droplet methods allow thousands of cells to be profiled per experiment, providing the
14,15
throughput necessary to screen libraries of engineered variants
. However, RNA-seq methods are optimized for mammalian cells; yeast,
16
by comparison, have less mRNA per cell and a cell wall that is difficult to remove , precluding their sequencing by existing methods. If a
high-throughput droplet method could be devised to enable yeast RNA-seq, it would provide a scalable, cost-effective, and information-rich
phenotyping platform for yeast engineering.
17

We present a detailed protocol of our recently developed method for sequencing yeast cells using high-throughput droplet microfluidics . To
overcome the challenge of limited RNA, we encapsulate and culture single yeast cells in picoliter hydrogel spheres. Culture duplicates the cells,
yielding hundreds of copies sharing the same engineered pathway; this reduces variation due to single cell gene expression while significantly
increasing the amount of RNA available for sequencing. After culture-based amplification, we spheroplast the cells, removing the cell wall via
bulk enzymatic digestion. Cell membranes remain intact, so that each isogenic colony and its associated mRNA remain encapsulated in their
hydrogel spheres. This allows us to pair the individual colonies with mRNA capture reagents and lysis buffer, and the mRNA to be captured,
14
barcoded, and sequenced following the Drop-Seq workflow . Our method allows transcriptome-wide screening of thousands of isogenic yeast
colonies per experiment.
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Protocol

1. Microfluidic device fabrication
1. SU-8 master fabrication
1. Design the negative mask for the microfluidic channels for Device A and B (Supplemental File 1 and 2) using computer-assisted
design software and have them printed on circuit board film with at least 10 µm resolution.
2. Place a clean 75 mm silicon wafer on a spin coater and pour about 1 mL of SU-8 onto its center. Turn on the vacuum to secure the
wafer to the chuck.
3. For Device A, spin coat SU-8 2150 at 500 rpm for 30 s, followed by 30 s at 2,750 rpm. For Device B, spin-coat SU-8 2100 at 500 rpm
for 30 s, followed by 30 s at 2,500 rpm. This will yield SU-8 layers of thickness 200 µm and 120 µm, respectively.
4. Remove the wafer from the spin-coater and place on a hotplate at 95 °C for 60 min to soft bake.
5. Remove the wafer from the hotplate and let it cool down to room temperature. Place the mask on top of the wafer, and expose under a
collimator 190 mW, 365 nm UV LED for 2 min.
6. Place the wafer on a hotplate set at 95 °C for 5 min for postexposure baking.
7. Remove the wafer and let it cool down to room temperature. Place the wafer in a bath of propylene glycol monomethyl ether acetate
(PGMEA) for 20 min.
8. Rinse the wafer with PGMEA followed by isopropanol. If any opaque residue is visible during this process, repeat the rinsing with
PGMEA and isopropanol. Air dry the wafer.
9. Place the wafer on a hotplate at 95 °C for 3 min.
10. Remove and place the wafer in a 90 mm diameter Petri dish.
2. Polydimethylsiloxane (PDMS) casting on SU-8 master
1. Mix together a 10:1 mass ratio of silicone base to curing agent. Degas the PDMS after mixing for about 30 min.
2. Pour degassed PDMS on top of the SU-8 master until at least a 5 mm thick layer is formed on top of the wafer.
3. Degas the PDMS on top of the wafer for about 30 min.
4. Place the wafer in a 65 °C oven for at least 80 min to cure the PDMS.
5. Cut out the cured PDMS slab from the wafer.
6. Place the PDMS slab with the microfluidic features facing upwards, and punch inlet and outlet holes with a 0.75 mm biopsy punch.
7. Clean a 50 mm x 75 mm glass slide with isopropanol and remove all dust from the microfluidic features side of the PDMS slab with
tape.
8. Expose the cleaned glass slide and the PDMS slab with the microfluidic features face up to 100 Pa (1 mbar O2) plasma for 1 min.
9. Place the PDMS slab with the features face down onto the glass slide to allow for bonding. Place the slide in a 65 °C oven for at least
30 min to complete bonding.
10. Treat all microfluidic channels by flushing with a fluorinated surface treatment fluid. Bake the device in a 65 °C oven for at least 10 min
to evaporate the fluid.

2. Yeast encapsulation in hydrogels using Device A
1. Take yeast growing in a suspension culture and count on a hemocytometer.
2. Resuspend the cells in phosphate buffered saline (PBS) to a concentration of about 750 k/mL. This ensures that 30% of hydrogels will have
one yeast cell in them. Only about half of yeast cells grow into colonies, leading to ~15% of hydrogels containing yeast colonies.
3. Mix ultralow melting point agarose at 2% w/v in PBS and heat at 90 °C until melted. This takes ~10 min.
4. Load the agarose mix into a syringe with an attached 0.22 µm filter into a syringe pump in front of the space heater set to 80 °C.
18
5. Load a syringe filled with the yeast suspension and a syringe containing fluorinated oil with 2% w/v ionic fluorosurfactant into syringe
pumps.
6. Take the coflow drop splitter device made in section 1 and connect the tubing from the syringes into the device. Guide the tubing from the
outlet into a 15 mL conical tube in an ice bucket for drop collection.
7. Flow in the three solutions into the device with the following flow rates:
1. Flow the yeast suspension with the flow rate of 3 mL/h.
2. Flow the agarose mixture at the flow rate of 3 mL/h.
3. Flow the fluorinated oil at the flow rate of 15 mL/h.
8. Collect about 1 mL of emulsion. Wait an additional 5 min to allow the agarose to fully set.

3. Breaking and washing gel for culture
1. Add an equal volume of 20% perfluorooctanol (PFO) in fluorinated oil to the emulsion. Invert the conical tube a few times to allow for the
mixing.
2. Spin down the broken emulsion at 2,000 x g for 2 min. The gels will pellet above the oil and PFO phases.
3. Remove the oil phase and add 2 mL of TE-TW buffer (10 mM Tris pH = 8.0, 1 mM EDTA, 0.01% Tween-20) to resuspend the gels. Transfer
the suspension into a new 15 mL conical tube.
4. Pellet down the gels as in step 3.2 and wash one more time in TE-TW for a total of two washes.
5. Remove supernatant and resuspend gels in 2 mL of media. Transfer to a 5 mL culture tube.
6. Incubate at 30 °C overnight under shaking.
Copyright © 2020 Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License
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NOTE: After the overnight incubation, yeast hydrogels can be kept at 4 °C for several days.

4. Yeast colony lysis
1.
2.
3.
4.
5.
6.
7.

Transfer gels to a 15 mL conical tube and pellet hydrogels at 2,000 x g for 2 min.
Wash hydrogels in PBS 2x.
Wash in 1x spheroplasting buffer 1x.
Perform a 2–50x dilution of spheroplasting enzyme in spheroplasting buffer and add 1 mL to the hydrogels.
Incubate at 37 °C for 1 h. The treated yeast will look more transparent (Figure 3A).
Take the bottom 0.8 mL of hydrogel suspension and transfer into a 1 mL uncapped syringe.
Place the syringe in the 3D printed syringe holder (Supplemental file 3) and spin at 2,000 x g for 2 min. This will cause the hydrogels to
close pack in the syringe head.

5. mRNA capture from lysed yeast colonies using Device B
1. Take 240,000 Drop-Seq beads and transfer into a 15 mL conical tube.
2. Pellet Drop-Seq beads by spinning down at 1,000 x g for 1 min.
3. Remove the supernatant and resuspend beads in 2 mL of 0.9x yeast lysis buffer with 500 mM sodium chloride for a bead suspension
concentration of 120,000 beads/mL.
4. Transfer the bead suspension to a 3 mL syringe with a stir bar inserted.
5. Prepare a syringe containing several milliliters of 2% w/v perfluoropolyether-polyethylene glycol (PFPE-PEG) surfactant in fluorinated oil.
6. Evacuate all the aqueous head of the syringe containing close-packed hydrogels and cap the syringe.
7. Insert the hydrogel, bead suspension, and oil syringes into syringe pumps and connect via tubing into the encapsulation device made in
section 1.
8. Connect from the outlet tubing into a 50 mL conical tube on ice.
9. Flow in the three solutions into the device with the following flow rates:
1. Flow the hydrogels at 0.4 mL/h.
2. Flow the bead suspension at 0.4 mL/h.
3. Flow the fluorinated oil at 1.6 mL/h.
10. Collect ~1 mL of emulsion or run the device until there are no more hydrogels left.

6. cDNA generation, sequencing library preparation, and sequencing
14

1. Add 30 mL of 6x SSC buffer and 1 mL of PFO to the collected emulsion as stated in the Drop-Seq protocol .
2. Continue to follow the Drop-Seq protocol to generate cDNA from mRNA captured on beads, sequencing library preparation, and sequencing
data analysis.

Representative Results
14

We adapted the previously published Drop-Seq workflow for isogenic colony sequencing (ICO-seq) to perform gene expression profiling
of isogenic yeast colonies. We isolated single yeast cells and encapsulated them into agarose microgels (Figure 1A). Following overnight
incubation of microgels, these encapsulated yeast cells grew into isogenic colonies. Before loading gels into a second microfluidic device for
mRNA capture, we digested the yeast cell wall to make the mRNA more accessible (Figure 1B, left). We close-packed these microgels and
merged the mRNA capture beads and lysis buffer. Some droplets contained exactly one bead paired with a lysed yeast colony. All beads in the
emulsion were collected and the cDNA synthesized and sequenced following the Drop-Seq protocol.
We generated isogenic yeast colonies through single yeast cell encapsulation within agarose microgels using a coencapsulation microfluidic
device with an eight drop splitter attached (Figure 2A). We diluted the input yeast suspension to a concentration of ~750,000/mL so that ~30%
of microgels have exactly one yeast in them. Prior to inserting the ultralow melting temperature agarose into the device, we dissolved it at an
elevated temperature and maintained the syringe at this temperature to prevent premature gelation. At the drop-generation junction (Figure
2B), yeast cells were initially encapsulated into 160 µm droplets. Following the drop-generation junction an eight fold splitter divided these
droplets into eight 80 µm droplets (Figure 2C). A syringe filter was attached to the molten agarose to prevent clogs from forming within the
channels, which can be as narrow as 37 µm during the drop-splitting. We collected the emulsion on ice, which immediately began the agarose
gelation process. We calculated the polydispersity of a typical emulsion to be ~6% (Supplemental Figure 1), though polydispersity values up
to 10% are acceptable. Once the agarose gels set, we broke the emulsion and removed the oil phase. The gels were washed in aqueous buffer
before immersion in growth media. Overnight incubation of the microgels resulted in isogenic colonies growing within some of the microgels
(Figure 2D). The percentage of hydrogels containing colonies of at least 20 cells depended on the culture conditions, including incubation time
and media composition. In our demonstration using C. albicans, we determined that about 15% of hydrogels contained a colony after 20 h of
suspension culture.
A second coencapsulation device extracted the mRNA from isogenic colonies (Figure 3A). Prior to loading the yeast microgels into the
microfluidic device, we washed and immersed the gels in a solution to digest the yeast cell walls. Proper digestion of the yeast cells was verified
by microscopy, with treated yeast having a more reflective morphology (Figure 3B). We close-packed the microgels in a syringe and tuned the
gel input flow rate such that one gel was in each drop. A stream of mRNA capture beads in lysis buffer mixed with the close-packed gel stream
prior to the drop-making junction (Figure 3C). We collected a resulting emulsion of 160 µm droplets, and colonies began to lyse and release their
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cellular contents. We loaded beads at a limiting dilution to minimize the number of drops containing multiple beads, but close-packing of the gels
during drop-making resulted in about 10% of collected drops containing one bead with a lysed colony (Figure 3D).
We analyzed gene expression of C. albicans, a species of yeast present in the human gut microbiome, using the ICO-seq workflow. C. albicans
19
is noted for its ability to switch between two different cell states, termed white and opaque . We use an engineered C albicans strain, strain
20
RZY122, which replaces one copy of the WH11 gene, only active in white cells with YFP . We obtained a set of gene expression profiles
using the workflow and used them for analysis of colonies expressing at least 300 unique genes. As a reference dataset, we used C. Albicans
17
expression data obtained from a previously published study and filtered out colonies expressing fewer than 600 unique genes. After performing
21
principal component (PC) analysis and a t-stochastic neighbor embedding (tSNE) dimensionality reduction , we found general concordance
between our sample dataset and the reference (Figure 4A). PC analysis revealed that YFP and WH11 significantly contributed to the first two
PC’s. Furthermore, tSNE analysis revealed three clusters (Figure 4B). While cluster 2 was predominantly comprised of cells from the sample
dataset, clusters 0 and 1 were comprised of cells from both samples. By overlaying WH11 expression on the tSNE (Figure 4C, upper panel),
we determined that cluster 1 likely contained white colonies. We also found that STF2 expression increased in cluster 1 (Figure 4C, lower
17
panel), consistent with previously obtained data . In clusters 0 and 2, WH11 and STF2 were significantly downregulated compared with cluster
22
1 (Figure 4D). Genes involved in fermentation, such as ADH1, were upregulated in cluster 0, consistent with previous studies of opaque cells .
We found that colonies in cluster 2 had decreased ribosomal RNA compared with colonies in clusters 0 and 1. Though the sample and reference
datasets were obtained using the same stock of cells, this result suggests that even subtle differences in experimental handling can affect gene
expression.

Figure 1: Overview of ICO-seq workflow. (A) Yeast growing in a suspension culture were diluted in buffer and coencapsulated with molten
agarose in a flow-focusing droplet generator device to enable the Poisson loading of agarose microgels with single yeast cells. The gels set
when the agarose cooled, the oil/water suspension was broken, and the oil was removed, yielding a suspension of gel beads in water. Following
overnight culture, yeast cells grew into isogenic colonies within the microgels. (B) Colonies were subjected to a cell wall degradation buffer, after
which they were close-packed and coencapsulated with mRNA capture beads in a second microfluidic device. Close packing of the microgels
ensured each drop had one gel, while Poisson loading of the beads reduced the chance of multiple beads within one drop. Collected drops were
processed for cDNA synthesis and generation of a sequencing library. Please click here to view a larger version of this figure.

Figure 2: Generation of isogenic yeast colonies within agarose microgels using Device A. (A) Schematic of microfluidic device, showing
locations of the three inputs and output ports. The drop-making junction is highlighted in red. (B) Close-up of the drop-making junction during
normal device operation. (C) Micrograph of collected droplets, with a close-up of a droplet containing an encapsulated cell (inset). (D) Micrograph
of isogenic yeast colonies in agarose microgels following a 24-hour incubation, with a close-up of two colonies (inset). All scale bars = 100 µm.
Please click here to view a larger version of this figure.
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Figure 3: Lysis and mRNA capture from isogenic colonies using Device B. (A) Schematic of microfluidic device, showing locations of the
three inputs and output ports. The drop-making junction is highlighted in red. (B) Micrograph of yeast colonies following cell wall digestion, with a
close-up of one colony (inset). (C) Close-up of the drop-making junction during normal device operation. (D) Micrograph of collected emulsions
following microgel and bead pairing, with a close-up showing a drop with a bead and a lysed colony (inset). All scale bars = 100 µm. Please click
here to view a larger version of this figure.
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Figure 4: Analysis of white-opaque switching response in C. albicans. (A) tSNE plot of a sample dataset combined with a reference
17
dataset from Liu . (B) Clustering of transcriptomes reveals three clusters visualized on a tSNE plot. (C) Key genes involved in the white-opaque
switching response contributed to variation as determined through principal component analysis. (D) Violin plots of normalized expression levels
of YFP and WH11 by clusters marked on tSNE plot. **indicates p <<< 0.05 and * indicates p << 0.05. Please click here to view a larger version of
this figure.
Supplemental Figures 1 and 2. Please click here to download these filgures.
Supplemental Files 1-3. Please click here to download these files.

Discussion
Our method for isogenic yeast colony RNA sequencing (ICO-seq) adapts a published single cell RNA sequencing platform, Drop-Seq, for highthroughput screening of engineered yeast strains. Yeast cells contain less than 10% of the copies of mRNA of a typical mammalian cell and
16
have a cell wall that needs to be degraded prior to mRNA capture . These two factors preclude the direct application of yeast to Drop-Seq or
other droplet-based scRNA-seq platforms. To address these issues, we encapsulate single cells within hydrogels and grow them into colonies to
provide enough input material for RNA sequencing and we digest the yeast cell wall to generate spheroplasts prior to lysis and mRNA capture.
These changes add additional complexity in the ICO-seq workflow when compared with the original Drop-Seq workflow and are critical steps that
users must ensure proceed smoothly.
Proper operation of Device A is necessary for encapsulating single yeast cells within agarose hydrogels. Proper counting of the input yeast
suspension must be followed to minimize the number of hydrogels with more than one yeast cell, while ensuring that enough hydrogels contain
a single cell to ensure a reasonable cell capture efficiency during mRNA capture. During microfluidic device operation, the agarose gel mixture
must be well dissolved and passed through a syringe filter to minimize the chance of device clogging. The agarose gel mixture is viscous and
the region in which a single channel splits into eight is especially prone to clogging. By centering a high-speed camera to visualize device
operation in that region of the device, users can monitor the uniformity of droplets emerging from each of the eight channels and quickly react if
the uniformity changes due to clogs in any of the channels. Inspection of a small quantity of collected emulsion under the microscope provides a
secondary method for confirming a high-quality emulsion.
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Following growth of yeast colonies within hydrogels, several precautions are necessary for ensuring quality mRNA extraction at the single colony
level. It is important to optimize the time yeast are in hydrogel culture, because if the yeast are left in culture for too long, many will escape the
confines of the hydrogels, leading to a higher background signal during RNA sequencing and lower sensitivity when discriminating between cell
types. Proper generation of spheroplasts using Zymolyase ensures that mRNA will be released following cell exposure to lysis buffer. Visual
inspection of yeast colonies following Zymolyase should yield shinier yeast cells. Improper cell wall digestion will lead to lower RNA capture
efficiency. Lastly, the hydrogels should be close-packed as they are injected into Device B. Monitoring the hydrogel input with a high-speed
camera will allow for the termination of emulsion collection once the hydrogels are no longer close-packed upon input into the device, otherwise
capture efficiency will be impacted.
A potential concern with our method is that microgel culture of yeast may significantly alter gene expression. Previous work investigating yeast
17
gene expression in microgels and on agar demonstrate differences in gene expression averages but overall a positive correlation , though
further investigation of this claim on a variety of yeast strains is prudent. The method also has limited cell capture efficiency due to stochastic
14
loading of mRNA capture beads following Poisson statistics . Currently about 10% of drops contain a bead and a colony, and the rate of double
encapsulations is expected to be under 1%. Double encapsulations lead to confounding elements during RNA-seq data analysis and their
23
filtering remains challenging ; a capture rate of 25% would lead to a corresponding increase of double encapsulations to 5% (Supplemental
Figure 2). Although we demonstrate ICO-seq using the Drop-Seq platform, there are other droplet RNA-seq platforms that introduce mRNA
15,24
capture beads deterministically rather than statistically, such as the commercially available 10x Genomics Chromium platform
. The
integration of those platforms with ICO-seq could boost capture efficiencies beyond what Poisson statistics allow. Lastly, a fundamental limitation
of droplet RNA-seq is the inability to recover cells of interest after sequencing. This limitation should be taken into account when considering the
types of yeast libraries to analyze using this method.
25

26

Cell-to-cell heterogeneity has been demonstrated at the clonal level for microbes such as E. coli and S. cerevisiae revealing new cell states
that a bulk-level analysis would otherwise mask. Bulk RNA-seq analyses performed on C. albicans tend to either look at population-wide
27,28
transcriptome changes, or white and opaque cells as two separate populations
. The application of ICO-seq could lead to the discovery of
additional substates and provide an analytical framework for discovering new cell states within other yeast species. However, the growth of
cells within hydrogels is not limited to yeast: other cell types, such as mammalian, bacterial, and other fungal cells may also be cultivated within
29,30
hydrogels
. The sequencing of isogenic colonies versus single cells leads to the averaging out of biological noise due to cell-to-cell variation,
improving discrimination between cell types. This may help when analyzing cells where genetic diversity centers on specific synthesis pathways.
The expanded possibilities of cell type input to ICO-seq and its potential integration with commercially available droplet RNA-seq platforms
positions ICO-seq as a promising platform for dissecting cellular heterogeneity at the genetic level.
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