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Abstract

Introduction—Controlling gene expression is a fundamental
goal of basic and synthetic biology because it allows insight
into cellular function and control of cellular activity. We
explored the possibility of generating an optogenetic repres-
sor of gene expression in the model organism Saccharomyces
cerevisiae by using light to control the nuclear localization of
nuclease-dead Cas9, dCas9.
Methods—The dCas9 protein acts as a repressor for a gene of
interest when localized to the nucleus in the presence of an
appropriate guide RNA (sgRNA). We engineered dCas9, the
mammalian transcriptional repressor Mxi1, and an optoge-
netic tool to control nuclear localization (LINuS) as parts in
an existing yeast optogenetic toolkit. This allowed expression
cassettes containing novel dCas9 repressor configurations
and guide RNAs to be rapidly constructed and integrated
into yeast.
Results—Our library of repressors displays a range of basal
repression without the need for inducers or promoter
modification. Populations of cells containing these repressors
can be combined to generate a heterogeneous population of

yeast with a 100-fold expression range. We find that
repression can be dialed modestly in a light dose- and
intensity-dependent manner. We used this library to repress
expression of the lanosterol 14-alpha-demethylase Erg11,
generating yeast with a range of sensitivity to the important
antifungal drug fluconazole.
Conclusions—This toolkit will be useful for spatiotemporal
perturbation of gene expression in Saccharomyces cerevisiae.
Additionally, we believe that the simplicity of our scheme will
allow these repressors to be easily modified to control gene
expression in medically relevant fungi, such as pathogenic
yeasts.

Keywords—Optogenetics, dCas9, Gene expression, LINuS,

Fungal drug resistance.

INTRODUCTION

The modified type II CRISPR (clustered regularly
interspersed palindromic repeats) system from bacteria
serves as a versatile platform for genome editing23,25

and transcriptional modulation50 due to its ability to
be targeted to specific DNA sequences using comple-
mentary guide RNAs.25 This single RNA-single pro-
tein CRISPR system is derived from the natural
adaptive immune response of bacteria and archaea. In
the type II CRISPR/Cas system, a ribonucleoprotein
complex formed from a single protein (Cas9), a short
CRISPR RNA (crRNA), and a trans-acting crRNA
(tracrRNA) can carry out efficient crRNA-directed
recognition and site-specific cleavage of foreign
DNA.9,25 This system was further simplified by the
development of a chimeric single-guide RNA (sgRNA)
and a Cas9 protein from the Streptococcus pyogenes
CRISPR. Together these two components are suffi-
cient for targeting the Cas9 protein to a specific DNA
sequence dictated entirely by the sgRNA which is
complementary to it.
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In addition to functioning as a site-specific nuclease,
the endonuclease domains of the Cas9 protein can be
mutated to create a programmable RNA-dependent
DNA binding protein.50 Targeting of the catalytically
inactive Cas9 protein (nuclease-dead or dCas9) to the
promoter or coding region of a gene can block tran-
scription initiation or sterically block RNA polymerase
binding or elongation, leading to suppression of tran-
scription. Nuclease-dead dCas9 is attractive as a
repressor, as Cas9 is known to have a long residence
time (on the order of hours) when guide RNAs with
full complementarity to the genomic target are uti-
lized.39 Use of dCas9 as a repressor at endogenous loci
avoids the need for extensive engineering or circuitry as
repression requires only two components: dCas9 and
the sgRNA. When dCas9 is used to block transcription
in bacteria, gene repression up to 99.9% is possible.50

Using dCas9 and a single gRNA in yeast has been
shown to have only modest effects on gene expression
regulation ranging from no effect to 2–3 fold repres-
sion,8,12,62 though Gilbert and colleagues reported up
to 18-fold downregulation of reporter gene activ-
ity.18,32 The repressor ability of dCas9 can be increased
by addition of a yeast or mammalian transcriptional
repressor domain. The mammalian transcriptional
repressor, Mxi1, is reported to interact with the chro-
matin modifying histone deacetylase Sin3 homolog in
yeast.18,54 Targeting repression with dCas9-Mxi1 has
been shown to repress reporter gene activity up to 53-
fold.18 Other fusions with different repressive domains
have been tested, with most failing to achieve as strong
a repression as Mxi114 (though see Lian et al. for an
exception35).

The ability to temporally and spatially control the
repressive ability of dCas9 and dCas9-Mxi1 fusions
would enable the study and control of gene function at
specific times and places in individual or populations
of yeast cells.15 A relatively straightforward approach
to temporally control dCas9 activity is to regulate its
transcription through an inducible promoter.11,19 It is
also possible to regulate dCas9 by controlling expres-
sion of the guide RNA, for example, through drug-
inducible sgRNA expression.2,28 However, these
approaches have slow response times due to the time-
scale required for transcription and translation.19 To
circumvent these issues, post-translational control
methods have been developed.15 Insertion of ligand-
responsive inteins and hormone-binding domains into
Cas9 have been used to make the activity of the protein
controllable with addition of small molecules.7,36,46

Strategies based on chemically induced dimerization of
split protein fragments, for example the rapamycin-
mediated dimerization of FK506 binding protein 12
(FKBP) and FKBP rapamycin binding domain
(FRB),13 also reconstitute Cas9 activity in the presence

of a small molecule.64 Small molecule-mediated inhi-
bition or degradation of Cas9 add variety to the
repertoire of control approaches.29,41,51,52,55 It is also
possible to control Cas9 activity through chemical
control of the guide RNA activity.31,37,61

Optical approaches have the added advantage of
allowing for spatial precision, so that dCas9 repressive
activity can be triggered in specific places as well as at
specific times. Spatial control is important for
understanding the role of gene expression in regulating
spatially heterogeneous processes, such as the devel-
opment of a fungal biofilm. Light-inducible
approaches have largely mimicked the chemical
approaches including complementation of Cas9 frag-
ments, light-induced two-hybrid systems, and photol-
ysis of a caged unnatural amino acid.20,43,44,49

Development of these systems required extensive
engineering and screening in addition to the expression
of multiple genes, e.g. fusions of photo-associating
domains with Cas9 fragments.

In this article, we explore the possibility of using
light-induced nuclear localization to optogenetically
control the activity of dCas9 variants in a single
polypeptide format. Repressors require access to the
nucleus to function, and control of localization is a
conceptually simple method of regulation that might
allow for control of different Cas9 variants as well as
control in diverse eukaryotic species. We put the nu-
clear accumulation of the dCas9 or dCas9-Mxi1
repressors under optogenetic control using LINuS, an
optogenetic tool for controlling the nuclear
localization of proteins of interest with blue light.45 By
testing different configurations of the dCas9, Mxi1,
and LINuS domains we were able to achieve weak
light-controlled repression. Our results suggest future
directions to improve repression through optical con-
trol of nuclear localization. To improve the utility of
our tool, we engineered the repressors into an existing
yeast optogenetic toolkit1,33 to allow for rapid con-
struction and integration of the repressor targeted to a
gene of interest through an appropriate guide RNA.
Interestingly, we found that basal (dark) repression by
different repressor configurations allowed us to create
populations of yeast with gene expression spanning a
100-fold range. This could be a powerful tool for
generating heterogeneous populations of cells and
studying their response to stimuli, including stress and
drug treatment. This work provides a useful founda-
tion for developing an optogenetic toolkit for
repressing gene expression at a S. cerevisiae gene of
interest. We expect that the simplicity of our
scheme will allow it to be adapted to other important
fungal organisms, including Candida albicans, to allow
the role of gene expression in biofilm formation, drug
resistance, and virulence to be better studied.

BIOMEDICAL
ENGINEERING 
SOCIETY

GELLER et al.512



MATERIALS AND METHODS

Yeast Strains and Growth Conditions

All yeast strains used in this study are listed in the
supplemental information (Supplemental Table S1).
The strain background used in this study is FY
HAP1+22,63 or BY4741.4 TEF1-GFP and TEF1-
mCherry reporter strains were created to test the
function of the light-inducible repressors. We utilized
yeast strain yMM1032 (FY Mata ura3D0 his3D200
leu2D0 lys2-1280 trp1D63 HAP1+) and tagged the
TEF1 gene at its endogenous locus by amplifying ei-
ther mCherry-hphMX or GFP-KanMX with primers
containing appropriate homology downstream to the
native TEF1 (Supplemental Table S1) and transform-
ing this product using standard lithium-acetate trans-
formation.17 After selection on appropriate media
(YPD agar + 300 lg/mL Hygromycin B or 200 lg/
mL G418) and confirmation by colony PCR and
confirmation of tagging by Sanger sequencing we
obtained yMM1384 (FY Mata ura3D0 his3D200
leu2D0 lys2-1280 trp1D63 HAP1 + TEF1-mCherry-
hphMX) and yMM1385 (FY Mata ura3D0 his3D200
leu2D0 lys2-1280 trp1D63 HAP1 + TEF1-GFP-
KanMX). To test for light-induced nuclear-localization
of our dCas9 LINuS fusion proteins we obtained a
strain with a fluorescently labelled nucleus by utilizing
yeast strain yMM84 (Mata ura3D0 his3D1 leu2D0
lys2D0) and tagging the nuclear protein Nhp6A by
amplifying iRFP with primers containing appropriate
homology downstream to the native NHP6A (Sup-
plemental Table 1) and proceeding with transforma-
tion and verification as described for TEF1 tagging.

Standard yeast media was used for all experiments.6

Yeast strains for transformation were grown to mid-
log in YPD. Once transformed, yeast strains contain-
ing plasmids were maintained on appropriate Synthetic
Complete (SC) media lacking amino acids needed to
select for the plasmids (i.e. SC-URA-LEU). Selective
SC consisted of yeast nitrogen base (BD Difco
#291940), amino acid mix with appropriate amino
acids dropped out and a final concentration of 2%
glucose. Yeast assayed for fluorescence via flow
cytometry were grown in low fluorescence media
lacking riboflavin and folic acid as previously
described40,56 with the modification that we used a
commercially available low fluorescence yeast nitrogen
base (Formedium #CYN6501).

Plasmid Construction

All plasmids use in this study are listed in Supple-
mental Table S2. Plasmids were constructed using
recombination-mediated plasmid construction as pre-

viously described.10,38,47 The backbone plasmids, do-
nor plasmids, and primers used are listed in
Supplemental Table S4. Briefly, appropriate primers
were used to amplify from donor DNA a cassette
containing appropriate overhangs to recombine with
the linearized backbone. Insert(s) and backbones were
transformed into yeast strain yMM1032 and selected
on SC-URA or SC-LEU to select for yeast containing
appropriately repaired plasmid. Plasmids from sepa-
rate colonies were then prepped from yeast using the
Zymoprep Yeast Plasmid Miniprep Kit (ZymoRe-
search #D2004) and transformed into chemically
competent DH5alpha E. coli to be further amplified.
Plasmids were then prepped from E. coli and correct
plasmid construction was confirmed by restriction en-
zyme digest followed by Sanger sequencing.

Induction of Repression and Blue Light Delivery

Blue light induction of repression was done in one
of two ways. Cultures of yeast were either exposed to
blue light on (1) a Light Plate Apparatus (LPA)16 in a
dark coffin-shaker (250 rpm) at 30�C or (2) in culture
tubes on a roller drum inside a light-proof 30�C incu-
bator using LEDs fitted to the incubator and roller
drum using custom hardware. Light intensity was
measured using a standard photodiode power sensor
and power meter (Thorlabs #S120VC, Thorlabs
#PM100D). For illumination via LPA yeast cells car-
rying appropriate plasmid combinations were grown
overnight to saturation and then diluted to an OD600

of 0.01. Cells were grown overnight (12–16 h) in a
black 24-well polystyrene assay plate (Artic White,
AWLS-303008) on the LPA. One glass microbead
(Fisher Scientific 11-312A 3 mm or 11-312B 4 mm)
was added to each well of the plate to increase aera-
tion. All LPAs utilized in this study were calibrated as
described in Sweeney et al.60 so that uniform light
doses could be delivered between LPAs and between
experiments. LPAs were programmed to deliver vary-
ing light intensities or duty cycles as described in the
main text. For illumination via custom hardware on
the roller drum, yeast cells carrying appropriate plas-
mid combinations were grown overnight to saturation
and then diluted to an OD600 of 0.01. Cells were grown
overnight (12–16 h) in either clear (Falcon #1495970C)
or black (Millipore Sigma LightSafe # TB1500) 15 mL
conical tubes capped with aluminum foil to allow for
gas exchange. Tubes were placed on a roller drum in an
incubator fitted with blue LEDs in a custom configu-
ration. An average illumination of ~ 25 lW/cm2 was
measured for cultures grown in this configuration. At
each light intensity and for each dCas9 construct, we
performed experiments in at least triplicate with bio-
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logical replicates (individual colonies from the trans-
formation with dCas9).

Time-Course of Repression

Cultures were grown in low fluorescence media
without leucine or uracil (LFM-L-U). Yeast strain
yMM1385 transformed with dCas9 repressors
(pMM469, 472, 488, or 499) and a guide RNA or
empty control (pMM473 or pMM7) was grown over-
night in black 15 mL conical tubes. In the morning,
cells were diluted to OD600 0.01 and 1 mL of this di-
luted culture was transferred to the Light Plate
Apparatus (LPA) with a glass bead (Fisher Scientific
11-312A 3 mm or 11-312B 4 mm). Cultures were
grown at 30�C in a light-proof coffin shaker at
100 lW/cm2 blue light and samples were taken every
4 h. At each timepoint, 50 lL of culture was removed
and stored in 150 lL of PBS2 + 2% Tween-20 at 4�C.
After 24 h all samples were taken for flow cytometry as
described below.

Multiple dilution experiments were performed in
LFM-L-U. Yeast strain yMM1385 transformed with
dCas9 repressors (pMM469, 472, 488, or 499) and a
guide RNA or empty control (pMM473 or pMM7)
was grown overnight in black 15 mL conical tubes. In
the morning, cells were diluted to OD600 0.01 and
1 mL of this diluted culture was transferred to the
Light Plate Apparatus (LPA) with a glass bead (Fisher
Scientific 11-312A 3 mm or 11-312B 4 mm). Cultures
were grown at 30�C in a light-proof coffin shaker at
100 lW/cm2 blue light and samples (50 lL) were taken
every 6 h. After 12 h samples were diluted to an OD600

of ~ 0.01. Flow cytometry was carried out every 24 h.
Rainbow beads (Thermo Fisher Scientific #556286)
were used to calibrate the voltage settings on the flow
cytometer so that samples could be compared between
days.

Flow Cytometry

Repression and gene expression variability of Tef1-
GFP was assayed by fluorescence using flow cytome-
try. Two different cytometry instruments were em-
ployed. Samples analyzed using a BD LSRII multi-
laser analyzer (488 nm laser and 505 LP dichroic filter)
were grown overnight to saturation and diluted back
to OD600 0.01. Blue light was delivered as described
above for 16 h. Cells were then diluted by adding 250
lL of culture to 800 lL of PBS/0.1% Tween-20 and
kept on ice until measurement. Samples analyzed on an
Attune NxT Flow Cytometer were grown overnight to
saturation and diluted back to OD600 0.01. Blue light
was delivered for 12–16 h as described above. To
prepare for cytometry, 50 lL of culture was diluted

into 150 lL of PBS/0.1% Tween-20 in a 96-well plate
(Corning #3788) and kept on ice until measurement.
Samples were analyzed on the Attune using a 96-well
autosampler and the 488 nm laser and 530/30 filter.

Quantification of Flow Cytometry Data

Flow cytometry data was analyzed using FlowJo or
custom-written MATLAB code. Samples were gated
by forward and side-scatter to include single cells.
Samples were then gated by fluorescence based on non-
fluorescent control strains. Unless otherwise indicated,
the median fluorescence value was used to quantify the
fluorescence of a population of cells. Appropriate
statistical tests were used to determine the significance
of changes in fluorescence, as described in the main
text and figure captions where appropriate.

Localization of dCas9-mRUBY2-LINuS

To generate strains containing fluorescently tagged
dCas9 fused to LINuS we created plasmid pMM771
(ConLS-pCCW12-dCas9-mRuby-LINuS-tENO1-Con
RE-Ura3-Ura3’-ColE1-KanR-Ura5’) using the yeast
toolkit construction scheme (see below), digested this
plasmid with NotI and transformed the resulting linear
DNA into yMM1442 (MAT alpha his3D1 leu2D0
lys2D0 MET15 ura3D0 NHP6A-iRFP) using standard
yeast transformation techniques as described above.
Confirmed transformants were grown overnight in
black 15 mL conical tubes in low fluorescence media
lacking uracil (LFM-U). Overnight cultures were then
diluted to OD600 0.05 and grown for ~ 5 h. Optical 96-
well plates (Nunc #265300) were then coated with 30
lL of 2 mg/mL concanavalin A as previously
described21 and incubated at room temperature for
5 min. Then 100 lL of culture was added to the wells
and allowed to settle for 10 min. Excess culture was
removed and cells were washed with fresh LFM-U to
remove nonadherent cells followed by the addition of
100 lL of fresh LFM-U. Cells were imaged and stim-
ulated on a Nikon Eclipse-TI inverted microscope
using a 940 air objective (Nikon 40x Plan Apo) and
Clara CCD camera (Andor DR328G, South Windsor,
Connecticut, United State of America). Cells were
stimulated with 470 nm blue light (Chroma 49002
GFP filter Cube, 470/40x) at ND16, resulting in a light
intensity of 1.0 W/cm2. mRUBY2 fluorescence was
visualized at excitation 560 nm and 630 nm emission
(Chroma 96365, ex560/40x, em630/75 m) and iRFP
was visualized at 650 nm excitation, 720 nm emission
(Chroma 49006, ex650/45x, em720/60 m). For the dark
control, mRUBY2 and iRFP images were taken every
2 min for 8 min. For the blue light stimulated samples,
the program was the same, except that cells were

BIOMEDICAL
ENGINEERING 
SOCIETY

GELLER et al.514



stimulated with blue light for 1 min after the first
image was taken, followed by mRUBY2 and iRFP
images for 8 min.

Growth Curve

Cells were grown to an OD600 of 0.2–0.7 then di-
luted to an OD600 of 0.05 and put in a 96-well plate
(Corning #3370). Growth curves were generated by a
Tecan Infinite M1000 plate reader. Cells were grown
for 60 h with continuous double orbital shaking
(120 rpm) and OD600 readings taken every 30 min.
Four readings were taken for each well for every time
point. Growth rate l was determined for the culture in
each well (except for the dCas9-Mxi1 samples) by fit-
ting the log-transformed OD600 readings to the modi-
fied Gompertz equation described in Reference 65 using
the Trust Region Reflective algorithm implemented in
SciPy.5,26 The dCas9-Mxi1 strains grew too slowly to
fit well to the Gompertz equation, and so l was not
determined for these strains. We observed that in some
cases the early time points were too dilute to give
consistent readings in the Tecan so rather than nor-
malizing by the starting reading as described in
Zwietering et al.65 we added a fourth parameter
N0 to represent the starting concentration and
fit the equation y = A exp(� exp(l * e * (k � t)/
A + 1)) + log N0 where y is the log-transformed
OD600 readings.

Domestication and Creation of yOTK Parts Plasmids

Part plasmids added to the yeast optogenetic toolkit
(yOTK)1,33 format are shown in Supplemental
Table S5. To comply with the yeast optogenetic toolkit
(yOTK) format parts must be domesticated by re-
moval of BsmBI, BsaI, and NotI restriction enzyme
sites. dCas9 (pMM386) was mutated using the Q5
mutagenesis kit and protocol to remove an internal
BsaI site. The restriction enzyme site went from GA-
GACC to GAAACC. This was confirmed using Sanger
sequencing and resulted in pMM814.

Part plasmids were constructed using Golden Gate
assembly as previously described.33 Briefly, the region
of interest was amplified using PCR with appropriate
primers allowing for Golden Gate Assembly by adding
a BsmBI digestion site. This product was then com-
bined with the entry vector (pMM452) at a 1:1 molar
ratio (20 fmol of both) as well as 1 lL of T4 ligase
buffer, 0.5 lL of T7 ligase, and 0.5 lL of BsmBI. This
reaction was put in a thermocycler with the following
protocol: 25 cycles of 2 min at 42�C and 5 min at 16�C,
then 10 min at 60�C and 10 min at 80�C. This reaction
was then transformed into E. coli, plasmids were
confirmed by screening for white colonies and then

prepped for confirmation by restriction enzyme diges-
tion followed by Sanger sequencing.

To create guide RNA parts to target dCas9 con-
structs to specific genomic loci, guide RNAs (sgRNAs)
were constructed according to Reference 33. Oligos
were annealed together by adding 0.5 lL of the top
oligo (100 lM), 0.5 lL of the bottom oligo (100 lM), 5
lL of 10x T4 Ligase Buffer, 1 lL of T4 polynucleotide
Kinase, and 43 lL of H20. This was run in the ther-
mocycler for 30 min at 37�C, 5 min at 95�C, and
slowly cooled to 4�C. Then 2 lg of the sgRNA entry
vector (pMM736) was digested with 1 lL BsmBI, 5 lL
10x NEB3.1, and H2O to 50 lL. This was digested for
1 h at 55�C. Then 1 lL of alkaline phosphatase (CIP,
New England Biolabs #M0290) was added and incu-
bated for 1 h at 37�C. The backbone was purified using
the GeneJet gel extraction protocol. Then, 0.5 lL of
the annealed oligos, 0.5 lL of T4 DNA ligase, 1 lL of
10x T4 DNA ligase buffer, 20–40 ng of vector and
H2O to 10 lL were combined. This was run in the
thermocycler for 30 min at 16�C, 10 min at 65�C, and
cooled to 25�C, 5 lL of the ligated sgRNA was
transformed into chemically competent E. coli, plas-
mids were confirmed by screening for white colonies
and then prepped for confirmation by restriction en-
zyme digestion followed by Sanger sequencing.

Golden Gate Assembly of Cassette and Multigene
Plasmids

Part plasmids (Supplemental Table S5) were used to
construct cassette plasmids (consisting of transcrip-
tional units, i.e. promoter-coding sequence-terminator,
Supplemental Table S6) and multigene plasmids
(consisting of multiple transcriptional units linked to-
gether through assembly connectors with appropriate
homology to integrate into the yeast genome, Supple-
mental Table S7). These were assembled using BsaI or
BsmBI assembly as outlined in Lee et al.33 and An-
Adirekkun et al.1 NEB Golden Gate assembly mix
(E1600) was used for BsaI assembly. The 10 lL
Golden Gate reaction mixture consisted of 1 lL of
NEB Golden Gate Buffer (10x), 0.5 lL NEB Golden
Gate assembly mix, 20 fmol of each plasmid, and
water. We found that using commercially available
NEB Golden Gate assembly mixture, as opposed to
using BsaI, T7 Ligase, and T4 Ligase buffer, increases
the reaction efficiency greatly. For BsmBI assembly,
the protocol was adapted from Lee et al.33 and each 10
lL BsmBI reaction mixture consisted of 0.5 lL BsmBI,
0.5 lL T7 Ligase, 1 lL T4 Ligase buffer, 20 fmol of
each plasmid, and H2O.

The thermocycler program was adapted from Lee
et al.33 and consisted of 20-30 cycles of digestion and
ligation (2 min at 37–42�C; 5 min at 16�C) followed by
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a final digestion (55–60�C) and a heat inactivation step
(80�C for 10–20 min). For final cassettes with internal
BsaI cut sites (i.e. integration vectors), the reaction was
ended with ligation, and final digestion and inactiva-
tion steps were omitted. 5 lL of reaction mixture was
then transformed into DH5a competent E. coli cells
and plated on LB plates with appropriate antibiotics.
Plasmids were then extracted, digested with BsmBI or
NotI-HF as a first-pass test, and sequenced with
appropriate primers for final verification. For both
BsaI and BsmBI assemblies, the efficiencies were found
to be at least 50%. However, final cassettes with
internal BsaI cut sites have notably lower assembly
efficiency.

Assessment of Fluconazole Resistant Phenotypes

Yeast strains (yMM1518-1524, Supplemental
Table S1) carrying different dCas9 constructs as well as
an ERG11 sgRNA were grown overnight in black
15 mL conical tubes in low fluorescence media without
uracil (LFM-U). These overnight cultures were diluted
to an OD600 of 0.1 and serially diluted 1:10, 1:100,
1:1000. A spot analysis was performed by frogging
these dilutions onto a synthetic complete agar plate
lacking uracil (SC-U) with or without 32 mg/mL flu-
conazole (Sigma-Aldrich #1271700). The working
stock of fluconazole was dissolved in DMSO, and
equal amounts of DMSO were added to both the
control and fluconazole plates. Strains were grown at
room temperature in ambient (~ 45 lW/cm2, 488 nm
wavelength) light for 3 days before imaging.

RESULTS

Generation of a Light-Inducible Repressor Using LINuS

We used the promoter of the TEF1 gene as a proof-
of-principle target of repression. TEF1 codes for the
translational elongation factor EF-1a.53 Loss of func-
tion of TEF1 is buffered by the presence of a paralog,
TEF2. It has previously been shown that targeting
dCas9 to the TEF1 promoter leads to repression of
gene expression due to steric hinderance.18,24 We ver-
ified that a constitutively localized dCas9 (dCas9 con-
taining a C-terminal SV40 NLS18) induced repression
in our TEF1-GFP reporter strain when co-transformed
with an appropriate guide RNA (sgTEF1) under the
control of the SNR52 RNA polymerase III promoter
(Supplemental Fig. 1).18

In order to control the nuclear concentration of the
dCas9 repressor, we removed the SV40 NLS and fused
dCas9 to LINuS, an optogenetic tool that allows blue
light control of nuclear import of proteins of interest.45

LINuS is based on the second Light Oxygen Voltage
(LOV) domain of Avena sativa phototrophin 1
(AsLOV2). A nuclear localization signal (NLS) is
introduced into the C-terminal Ja helix of the AsLOV2
domain such that, when the Ja helix unfolds and un-
docks from the AsLOV2 core in response to blue
(~ 450 nm to 495 nm) light absorption, the NLS can
be recognized and bound by endogenous importins
(Fig. 1a). We experimented with fusing LINuS to both
dCas9 and dCas9 tagged with the red fluorescent
protein mCherry (dCas9-mCherry) (Fig. 1b) to allow
blue light-mediated nuclear localization and repression
by dCas9 (Fig. 1c). Plasmids containing either dCas9-
LINuS or dCas9-mCherry-LINuS were co-trans-
formed with a plasmid carrying the sgTEF1 guide
RNA18 into yeast expressing the Tef1 protein tagged
with GFP (Tef1-GFP). Repression of gene expression
was assayed by flow cytometry. We verified for all blue
light stimulation experiments that repression was not
due to photobleaching. Indeed, stimulation with
maximal (100 lW/cm2) blue light for up to 12 h does
not lead to detectable photobleaching (Supplemental
Fig. 2).

In dark conditions, when the NLS within LINuS is
photocaged, we observed in the dCas9-LINuS-ex-
pressing cells a small (1.5-fold) but significant repres-
sion of gene expression (Supplemental Fig. 3). We
attribute this basal repression to the known low levels
of unfolding of the LOV2 Ja helix even in the dark,
which leads to accumulation of the repressor in the
nucleus.59 Fusion of dCas9 to mCherry alleviates this
basal repression, perhaps due to increased protein size
or accessibility of the NLS. Exposing the cells con-
taining both dCas9-mCherry-LINuS and sgTEF1 to
100 lW/cm2 blue light (470 nm) resulted in a modest
(1.6-fold), but significant light-induced repression in
Tef1-GFP protein levels (Fig. 2). In an attempt to re-
duce the leakiness of the system, we added a nuclear
export signal (NES) to the constructs. The NES is
constitutively active, and therefore able to bring the
proteins that are imported in the nucleus during the
dark phase back into the cytosol.45 We selected two
NESs with different strengths, namely the stronger
PKIt and the weaker SNUPN. Both NESs reduced the
level of light-induced repression (Supplemental Fig. 4).
Addition of the PKIt NES also reduced the level of
basal repression in the dark while the SNUPN NES
did not. This result suggests that even small amounts
of basal (dark) nuclear dCas9 in the dCas9-SNUPN-
mCherry-LINuS fusion are enough to cause basal
repression of gene expression. Weak basal repression
of TEF1 by the dCas-mCherry-LINuS and dCas9-
SNUPN-mCherry-LINuS constructs did not cause a
measurable growth defect, in contrast to strong
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repression by dCas9-Mxi1 which caused a significant
reduction in cell growth (Supplemental Fig. 5a, b).

We attempted to measure the nuclear localization of
our dCas9-mCherry-LINuS construct but found that
the mCherry signal was weak and difficult to measure.

We therefore tagged dCas9 with a brighter red fluo-
rescent protein, mRuby2, which is approximately 2.5
times as bright as mCherry.57 We generated the dCas9-
mRuby2-LINuS construct utilizing the yeast toolkit
cloning format discussed below. Using a yeast strain
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FIGURE 1. (a) In the dark state, the Ja helix in LINuS is folded and interacts with the AsLOV2 core domain. This sequesters the
nuclear localization signal (NLS) and prevents it from interacting with importins. Upon blue light exposure, the Ja helix unfolds
rendering the NLS accessible. (b) Schematic of the dCas9-LINuS and dCas9-mCherry-LINuS used in this study. pTDH3 is a
constitutively strong promoter. (c) Blue light induces unfolding of the Ja helix, allowing endogenous importins to interact with the
nuclear localization signal allowing dCas9-mCherry-LINuS to be imported into the nucleus where it sterically inhibits transcription
by binding to promoters or coding regions as guided by the appropriate sgRNA.
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with a fluorescently labelled nucleus (Nhp6a-iRFP) we
were able to visualize the co-localization of dCas9-
mRuby2-LINuS to the nucleus in response to stimu-
lation with blue light (Fig. 3). We found that dCas9-
mRuby2-LINuS localized to the nucleus within min-
utes, and stayed there, consistent with its lack of an
NES. However, there was also clearly some dCas9-
mRuby2-LINuS nuclear localization in the dark, in
agreement with the Tef1-GFP expression data (Sup-
plemental Fig. 3).

The Mammalian Transcriptional Repressor Mxi1
Increases Light-Induced Repression and Variability

of Gene Expression Within the Population

We sought to improve the repressive ability of our
construct by adding the mammalian transcriptional
repressor domain Mxi1.18 In our TEF1-GFP strain,
dCas9-NLS-Mxi1 in combination with the sgTEF1
guide led to 52-fold repression in Tef1-GFP expression
(Supplemental Fig. 1), consistent with previous
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FIGURE 2. Growth in 100 lW/cm2 blue light induces a
significant 1.6-fold repression of Tef1-GFP expression from
the TEF1 promoter (median population fluorescence, n = 3,
p < 0.00005, Welch’s T test) relative to growth in the dark.
Violin plots of Tef1-GFP fluorescence in representative
populations indicate that there is significant overlap
between gene expression in the blue light population and
the dark population.
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FIGURE 3. In response to stimulation with blue light, dCas9-mRuby2-LINuS localizes to the nucleus in Saccharomyces
cerevisiae. Cells were stimulated with 1 W/cm2 blue light for 1 min (blue bar). Time points T1-T6 are 0, 1.3, 3.3, 5.3, 7.3, 9.3 min
respectively. Localization is measured by comparing the nuclear mRuby2 signal (co-localized with Nhp6A-iRFP) to the cytoplasmic
signal in individual cells (n = 108, 143 for light and dark respectively). Fold-change is measured relative to the T = 0 nuclear to
cytoplasmic signal and error bars represent the 95% confidence interval.
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results.18 We hypothesized that the order of dCas9,
Mxi1 and LINuS in the fusion would be important to
ensuring function of all three elements. We therefore
created three different fusion proteins: Mxi1-dCas9-
mCherry-LINuS, dCas9-Mxi1-mCherry-LINuS and
dCas9-mCherry-LINuS-Mxi1 (Fig. 4). The N-terminal
fusion of Mxi1 to dCas9 resulted in a protein that
caused very modest basal repression and no additional
light-induced repression (Supplemental Fig. 6) at
25 lW/cm2 light. We therefore focused on the dCas9-
Mxi1-mCherry-LINuS and dCas9-mCherry-LINuS-
Mxi1 fusions. The dCas9-Mxi1-mCherry-LINuS fu-
sion produced 5-fold repression (Fig. 5a). However,
this repression occurred in both the light and the dark,

and we could not induce further repression by growing
the cells in 25 lW/cm2 light.

Though dCas9-Mxi1-mCherry-LINuS reduced
expression of Tef1-GFP from the TEF1 promoter,
there was still significant overlap in the range of the
repressed (dCas9-Mxi1-mCherry-LINuS + sgTEF1)
and unrepressed (dCas9-Mxi1-mCherry-LINuS + no
guide) populations (Fig. 5b). Subpopulations of yeast
that express specific genes at lower levels can serve as
reservoirs of phenotypic heterogeneity important for
surviving environmental perturbations and drug
treatments.3,34 The relative fraction of a population
considered a low expresser can be defined by a relevant
subpopulation ratio.3 Using the 25th and 75th quar-
tiles of the uninduced population to define low- and
high-expressors respectively, we define NL as the
fraction of the population in the low state and NH as
the fraction of the population in the high state. The
subpopulation ratio (NL/NH) increases 60-fold due to
repression by dCas9-Mxi1-mCherry-LINuS, indicating
that this construct, though not light-inducible, could
be used to understand the consequences of changing
the ratios of low- and high-expressors in populations
of S. cerevisiae.

In contrast, the dCas9-mCherry-LINuS-Mxi1 con-
struct showed less basal repression in the dark than the
dCas9-Mxi1-mCherry-LINuS construct and a modest
light-induced repression when grown in both 25 lW/
cm2 (data not show) and 130 lW/cm2 blue light
(Fig. 6). An examination of the fluorescence distribu-
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FIGURE 4. In order to explore how the orientation of the
Mxi1 repressor domain affected our ability to make a light-
inducible repressor we made three fusion proteins with Mxi1
in different orientations: Mxi1-dCas9-mCherry-LINuS, dCas9-
Mxi1-mCherry-LINuS and dCas9-mCherry-LINuS-Mxi1.
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FIGURE 5. Yeast strains carrying dCas9-Mxi1-mCherry-LINuS with or without the sgTEF1 guide RNA were compared for
repression in light and dark. (a) Co-transformation of dCas9-Mxi1-mCherry-LINuS with sgTEF1 leads to a 5-fold repression in
median Tef1-GFP expression with or without light relative to the no guide control (median fluorescence, n = 3, p < 0.01, Welch’s t-
test). (b) Violin plots demonstrate the increase in expression range in the dCas9-Mxi1-mCherry-LINuS 1 sgTEF1 strains with or
without light relative to the control. Violin plots represent median, interquartile range, and 95% confidence interval on a
representative population of cells (biological replicates).
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tions indicates that light increases the population of
cells in a low-expressing state but also leaves a sub-
stantial fraction of the population in the high
expressing state. Indeed, in response to blue light the
dCas9-mCherry-LINuS-Mxi1 cells start to show
bimodality in expression levels. This is potentially due
to plasmid maintenance, as yeast strains maintaining
two low-copy CEN6/ARS4 plasmids have been shown
to display bimodality in expression.33 However, when
comparing all of our dCas9 constructs, we have only
seen the emergence of bimodality in strains with the
Mxi1 repressor. The Mxi1 repressor is known to
interact with chromatin remodelers,54 and perhaps
converts a fraction of the population into a more
deeply repressed state, leading to expression bimodal-
ity.48

Modulation of Light Duty Cycle Regulates Expression
Level Through the dCas9-mCherry-LINuS Repressor

We next explored the tunability of our dCas9-
mCherry-LINuS repressor as a function of duty cycle.
Cells containing dCas9-mCherry-LINuS and the
sgTEF1 guide were grown for 12 h in the light plate
apparatus at either 15 lW/cm2 or 135 lW/cm2 light
intensity. Duty cycle was varied at 0%, 5%, 25%,
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FIGURE 7. Duty cycle increases repression and expression
variability in strains carrying the dCas9-mCherry-LINuS
repressor. (a) Strains carrying dCas9-mCherry-LINuS and
the sgTEF1 guide RNA were exposed to cycles of 15 lW/cm2

or 135 lW/cm2 blue light at increasing duty cycle (0% off 5%
1 s on/19 s off, 25% 5 s on/15 s off, 50% 10 s on 10 s off 75%
15 s on 5 s off 100% on). Increasing duty cycle increases
repression up to a maximum of 1.5-fold. Error bars represent
95% confidence intervals on the average of the median
fluorescence from n = 3 biological replicates. (b) Duty cycle
increases the population of low expressing cells while leaving
a significant fraction of the population distributed through the
wild-type (dark) expression levels. Dashed lines represent the
first and third quartile for cells carrying dCas9-mCherry-
LINuS/sgTEF1 in the dark. (c) Plotting the subpopulation ratio
(NL/NH) shows that increasing light dosage increases the ratio
of low expressors to high expressors in the population (up to
6-fold for dCas9-mCherry-LINuS-Mxi1).
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50%, 75%, and 100% corresponding to 1 s on/19 s
off; 5 s on/15 s off; 10 s on/10 s off; 15 s on/5 s off and
constantly on. Maximal repression occurred for con-
stant light at 135 lW/cm2 (1.5-fold) corresponding to
the same maximal repression we saw previously with
the dCas9-mCherry-LINuS repressor. We could con-
tinuously change repression between minimal and
maximal levels by varying the duty cycle (Figs. 7a and
7b). By changing duty cycle, we noticed that we could
change the relative fraction of the population at the
highest and lowest levels of fluorescence. Defining the
subpopulation ratio as above (NL/NH), we saw that,
despite a maximal change in median fluorescence of
1.5-fold, we were able to increase the subpopulation
ratio up to 6-fold (Fig. 7c). This relationship holds
when defining the subpopulation ratio using different

thresholds (Supplemental Fig. 7). Thus by tuning the
light duty cycle we can modulate the distribution of
low expressors in the population, which may allow us
to better understand the importance of relative
expression populations.3

Modulation of Light Intensity Regulates Expression
Level Through the dCas9-mCherry-LINuS

and dCas9-mCherry-LINuS-Mxi1 Repressors

We also wanted to understand the dynamic range
achievable by modulating light intensity. We included
the dCas9-mCherry-LINuS-Mxi1 strains to determine
how the chromatin remodeler affects our ability to
repress gene expression. Cells containing dCas9-
mCherry-LINuS or dCas9-mCherry-LINuS-Mxi1 and
the sgTEF1 guide (as well as guideless controls) were
grown for 13 h at the indicated light intensities. No
change in expression was evident in no-guide controls
grown at different light intensities (Supplemental
Fig. 8). Maximal repression for the dCas9-mCherry-
LINuS (1.7-fold) and the dCas9-mCherry-LINuS-
Mxi1 (2-fold) strains occurred at 100 lW/cm2 (Figs. 8a
and 8b). We determined that further illumination at
200 lW/cm2 and 300 lW/cm2 did not increase
repression (data not shown). Plotting the subpopula-
tion ratio (NL/NH) shows that dCas9-LINuS-Mxi1
allows us to change the ratio of low to high expressors
by 10-fold, despite a mere 2-fold change in median
expression level (Fig. 8c).
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bFIGURE 8. Light intensity increases repression and
expression variability in strains carrying the dCas9-mCherry-
LINuS and dCas9-mCherry-LINuS-Mxi1 repressors. (a) Strains
carrying dCas9-mCherry-LINuS or dCas9-mCherry-LINuS-
Mxi1 and the sgTEF1 guide RNA were exposed to increasing
light intensities. Increasing light intensity increases
repression in both the dCas9-mCherry-LINuS repressor and
the dCas9-mCherry-LINuS-Mxi repressor, consistent with
previous results. Error bars represent 95% confidence
intervals on the average of the median fluorescence from
n = 3 biological replicates. (b) Light intensity increases the
population of low expressing cells while leaving a significant
fraction of the population distributed through the wild-type
(dark) expression levels. Dashed lines represent the first and
third quartile for cells carrying dCas9-mCherry-LINuS/sgTEF1
in the dark. The most variable population is dCas9-mCherry-
LINuS-Mxi1 at 100 lW/cm2. This population has significant
overlap with both the dark population as well as the
constitutively repressed (dCas9/sgTEF1) population.
Controls (dCas9 1sgTEF1, dark grey) and dCas9-Mxi1
1sgTEF1, light grey) are shown for comparison. (c) Plotting
the subpopulation ratio (NL/NH) shows that increasing light
intensity increases the ratio of low expressors to high
expressors in the population (up to 10-fold for dCas9-
mCherry-LINuS-Mxi1). The controls (dCas9, dCasi-Mx1)
change the subpopulation ratio (NL/NR) 450- and 1500-fold
respectively and are therefore not shown on this plot.
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Incorporation of the Light-Inducible Repressors
into a Yeast Optogenetic Toolkit

The utility of our tool depends on the ability to
rapidly integrate both the desired repressor (dCas9
variants) and an appropriate guide RNA targeting the
gene of interest into the desired yeast strain. In order to
make this possible, we implemented the unique aspects
of our toolkit as ‘‘parts’’ in an existing yeast optoge-
netic toolkit format (Fig. 9).1,33 In the toolkit format,
each part is characterized as a type (e.g. promoter
types, coding sequence types, terminator types) based
on function and location in the complete gene
expression cassette (Fig. 9). The yeast toolkit33 con-
tains a part that can be modified to integrate the
appropriate guide RNA with complementarity to the
desired genomic region (234 Combination Parts). Parts
can be assembled into cassettes, fully assembled tran-
scriptional units which express a single component, e.g.
dCas9-mRuby2-LINuS, and then further assembled
into multigene plasmids which contain both the dCas9-
based repressor and the required guide RNA. The
implementation of the essential elements (dCas9, LI-
NuS, Mxi1, LINuS-Mxi1, see Supplemental Table S5)
as parts allows us to build multigene plasmids con-
taining the light-controlled repressor and appropriate
guide in as little as 2 days using a Golden Gate cloning
scheme.

Using the toolkit, we reconstructed five repressors
containing varying configurations of dCas9, LINuS,
mRuby2, and Mxi1 (Fig. 10a) based on our initial re-
sults with the LINuS and Mxi1 configurations. We
found that dCas9-mRuby2 was a more effective con-
stitutive repressor than dCas9 alone (Fig. 10a, Sup-
plemental Fig. 9), perhaps due to increased steric
hindrance. All constructs containing LINuS showed
light-induced repression at 100 lW/cm2 similar to that
seen for our original mCherry constructs ranging from
1.2 (dCas9-mRuby2-LINuS) to 1.3-fold (dCas9-mRu-
by2-LINuS-Mxi1) (data not shown). We found that
the repressors showed varying levels of basal (dark)
repression ranging from 2- to 20-fold (Fig. 10a). We
took advantage of this basal repression to in silico

generate a population of yeast cells with expression
varying over a 100-fold range (Figs. 10a and 10b) by
sampling from each of the repressor populations.

Generation of Yeast Strains with Varying Sensitivity
to Fluconazole

Though we did not set out to make repressors with
varying levels of basal (dark) activity, this finding
presented us with the opportunity to generate yeast
with varying levels of (dark) repression for important
drug resistance genes. As a proof-of-principle, we
generated multigene cassettes containing the five
repressors shown in Fig. 10a and a guide RNA tar-
geting the gene ERG11.58 The ERG11 gene encodes
lanosterol 14-alpha-demethylase, the enzyme which
catalyzes C-14 demethylation of lanosterol to form
4,4¢¢-dimethyl cholesta 8,14,24-triene-3-beta-ol in the
ergosterol biosynthesis pathway in Saccharomyces
cerevisiae.27 Mutants in the ERG11 gene are known to
be sensitive to fluconazole, an antifungal medication
that targets ergosterol synthesis and is widely used to
treat a number of fungal infections.30 A spot test
demonstrated that these strains, each containing a
different repressor, exhibited a > 10-fold range of
sensitivity to fluconazole in line with the expression
differences in Tef1-GFP from the TEF1 promoter seen
in Fig. 10a (Fig. 11). Strains without a dCas9 repressor
construct (Fig. 11) or containing dCas9 repressors
without a guide RNA showed no increased sensitivity
to fluconazole (Supplemental Fig. 10a). The various
repressors with the ERG11 guide showed no difference
in growth on plates lacking fluconazole (Supplemental
Fig. 10b). We also tested repression of ERG25, C-4
methyl sterol oxidase, another enzyme involved in
ergosterol biosynthesis. Repression of ERG25 has been
shown to cause increased resistance to fluconazole,58

but we could not detect this effect in our assays (data
not shown).

DISCUSSION

In this study, we demonstrated that light-controlled
nuclear localization of dCas9 achieved by fusing it to
the light-inducible nuclear localization tool LINuS45

can be used to manipulate gene expression in popula-
tions of Saccharomyces cerevisiae yeast cells. More-
over, we showed that the construct bearing an
additional repressor domain (Mxi1) more strongly re-
pressed gene expression. We selected the model protein
Tef1 (translational elongation factor EF-1) because it
has commonly been utilized to characterize the dCas9
and dCas9-Mxi1 repressors in S. cerevisiae. However,
our choice of dCas9 as the DNA binding element
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bFIGURE 9. We generated dCas9, LINuS, and Mxi1 as either
coding sequence or terminator parts, with and without stop
codons and constitutive NLSs to allow for versatile
repressors to be constructed using the toolkit. Part
plasmids contain unique upstream and downstream BsaI-
generated overhangs to assemble into the appropriate
position in ‘‘Cassette’’ plasmids. Cassette plasmids are fully
functional transcriptional units that are further assembled into
multigene plasmids using BsmBI assembly and appropriate
Assembly Connectors. This figure utilizes the color
scheme and organization from Lee et al. 33 and An-
Adirrekun et al. 1 to illustrate how the new optogenetic
components integrate with the existing yeast toolkit. (P,
Promoter; T, Terminator; S, Scar)
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means that specificity of the repressor can be changed
by modifying the co-expressed guide RNA. To make
creation of cassettes containing both the repressor of
choice and an appropriate guide RNA (sgRNA) a ra-
pid and simple process, we have integrated the essential

elements of our repressors into ‘‘parts’’ that can be
used with an existing yeast toolkit34 to generate epi-
somal or integrating constructs using a Golden Gate
cloning scheme. Using this strategy we can assemble
and verify a repressor to target a gene of interest in less
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FIGURE 10. (a) Basal (dark) repression of Tef1-GFP varies in the different repressor configurations. Each violin plot represents
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randomly combining cells from each population, we can in silico generate a population of cells with expression varying over a 100-
fold range, from the highest values to the most repressed (dCas9-Mxi1-mRuby2) values (‘‘Combined’’).
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than 2 weeks. We demonstrated this by targeting the
ERG11 gene and demonstrating a range of drug sen-
sitivity due to variable basal repression (discussed
further below).

The light-induced repression achieved by our
repressors over the timescale we have studied is rel-
atively modest (up to 2-fold). We hypothesize that
basal repression, as well as time for dilution of the
existing Tef1-GFP protein, leads to this low level of
light-inducible repression. This suggests future ave-
nues for improving the light inducibility of our
repression including utilizing stronger nuclear
localization signals, tethering of dCas9 in the cyto-
plasm to reduce basal repression, tuning expression
levels of the dCas9 repressors, and balancing LINuS
with a different nuclear export signal. Despite being
modest, the light-inducible repression achieved is still
enough to change the relative proportions of high-
and low-expressors in populations of yeast up to 6-
fold (dCas9-mCherry-LINuS) or 10-fold (dCas9-
mCherry-LINuS-Mxi1).

We discovered that our different repressor con-
structs, in addition to light-inducible repression, show
a 20-fold range in median basal (dark) gene repres-

sion. Using a combination of these repressors, we
demonstrated that we can generate populations of
yeast that repress the expression of Tef1-GFP over a
100-fold range (Fig. 10). Yeast promoters used in
metabolic engineering naturally span a 1000-fold
expression range.33 However, generation of expression
heterogeneity by transforming a library of repressors
is attractive as it requires modification of only one
genetic locus (with a dCas9 repressor and guide
RNA) and does not require modifying the promoter
of the gene of interest. We are particularly excited to
use this basal repression to better understand the
emergence of drug sensitivity and resistance, particu-
larly in fungal populations. Fungal and human cells
share very similar cellular structures and machineries,
making it difficult to find drugs that aggressively
target the fungal cell without significant toxicity in
humans. Only four major classes (azoles, echinocan-
dins, polyenes, and nucleoside analogs) of fungal
drugs exist, making fungal drug resistance an
emerging health concern. Gene expression variability
is known to play a role in promoting yeasts’ ability to
evolve and adapt to drug treatment.3,42 We demon-
strated using our repressors that we could generate
yeast with a > 10-fold range of fluconazole resistance
(Fig. 11). The simplicity of our scheme should allow
it to be adopted in other organisms, particularly pa-
thogenic fungi, where promoter engineering to study
the importance of gene expression on drug resistance
and sensitivity is much more difficult than in S.
cerevisaie.
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