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GENETICALLY ENCODED RATIOMETRIC FLUORESCENT BARCODES

GRANT FUNDING
This invention was made with government support under AI110794 and CA 174357

awarded by the National Institutes of Health and 1144155 awarded by the National Science

Foundation. The government has certain rights in the invention.

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority to U.S. Provisional Application No. 62/779,993,
filed on December 14, 2018, the contents of which are incorporated by reference in their

entirety, and to which priority is claimed.

TECHNICAL FIELD

The disclosed subject matter relates to intracellular fluorescent tags, specifically

for flow cytometry and fluorescence microscopy.

BACKGROUND

Networks of dynamically interacting cells and species govern many biological
processes with relevance to human health and ecology. Understanding these cellular
networks, such as the microbiome and the immune system, can enable the elucidation and
prediction of complex behaviors like microbial drug metabolism, pathogen engraftment,
inflammatory disease and cancer. One component to understanding these network
processes is tracking the identities and phenotypes of cells over time. While certain cell
barcoding methods, such as those based on sequencing or exogenous labeling, can capture
system-wide snapshots of cell populations, these techniques are not necessarily easily
adapted for measuring time-resolved rates of change in cell phenotype or population
composition.

These cell barcoding tools should be highly scalable, resolvable, self-renewing,
and conveniently analyzed in a non-destructive manner using widely accessible
instruments. Certain fluorescent proteins (FPs) can be components for building cellular
barcodes because they meet several of these criteria. First, they are genetically encoded
and therefore do not dilute over multiple cell generations. Second, they emit fluorescence
signals that can be easily measured directly form the sample with microscopy and flow

cytometry. Finally, a wide variety of FPs are available with different colors and
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biophysical properties. However, despite their exceptional qualities, FPs can have broad
fluorescence spectra that limit the number of variants that can be resolved simultaneously.
This can restrict FP-based barcoding to experiments containing only a small number (3 to
5) of cell types. While elegant combinatorial approaches can address this challenge,
certain methods exhaust most available fluorescence channels because of their dependence
on three or more FP colors. This can limit their use alongside other fluorescent reporters
and places an upper bound on their scalability. Moreover, certain methods, such as those
based on Brainbow, can face scaling challenges since discrimination between similar hues
becomes increasingly difficult with increasing barcode number, requiring the use of
additional spatial information to fully identify specific cells. Finally, to generate more
than three colors, these methods can rely on stochastic genetic integration of multiple
expression units, which makes barcode generation unpredictable and unassignable a
priori. The above limitations can place restrictions on how and where FP markers can be
used for multiplexed cellular tracking.

As efforts progress in studying, modeling, and even building multicellular
networks, a next generation of multiplex cell barcoding tools is needed for time-resolved
cellular identification, lineage tracing and phenotypic reporting from intact biological

systems.

SUMMARY

The present disclosure provides a nucleic acid construct for labeling one or more
cells, e.g., within a population of cells. In certain embodiments, the nucleic acid construct
includes a first nucleic acid segment encoding a first fluorescent protein, a second nucleic
acid segment encoding a second fluorescent protein, a third nucleic acid segment including
a slippery site, e.g., positioned upstream of the second nucleic acid segment encoding the
second fluorescent protein, and a fourth nucleic acid segment including a frameshift
stimulatory sequence, e.g., positioned upstream of the second nucleic acid segment
encoding the second fluorescent protein. In certain embodiments, the nucleic acid
construct includes a fifth nucleic acid segment encoding a stop codon, e.g., positioned
upstream of the second nucleic acid segment encoding the second fluorescent protein. In
certain embodiments, the fifth nucleic acid segment, e.g., the stop codon, is in frame with
the second nucleic acid segment encoding the second fluorescent protein.

In certain embodiments, a nucleic acid construct of the present disclosure can

include one or more nucleic acid segments encoding a third fluorescent protein, a fourth
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fluorescent protein, a fifth fluorescent protein, a sixth fluorescent protein, a seventh
fluorescent protein, an eighth fluorescent protein, a ninth fluorescent protein and/or a tenth
fluorescent protein. In certain embodiments, the nucleic acid construct can include one or
more nucleic acid segments encoding a second slippery site, a third slippery site, a fourth
slippery site, a fifth slippery site, a sixth slippery site, a seventh slippery site, an eighth
slippery site and/or a ninth slippery site. In certain embodiments, the nucleic acid construct
can include one or more nucleic acid segments encoding a second stop codon, a third stop
codon, a fourth stop codon, a fifth stop codon, a sixth stop codon, a seventh stop codon,
an eighth stop codon and/or a ninth stop codon. In certain embodiments, the nucleic acid
construct can include a second frameshift stimulatory sequence, a third frameshift
stimulatory sequence, a fourth frameshift stimulatory sequence, a fifth frameshift
stimulatory sequence, a sixth frameshift stimulatory sequence, a seventh frameshift
stimulatory sequence, an eighth frameshift stimulatory sequence and/or a ninth frameshift
stimulatory sequence. For example, but not by way of limitation, a nucleic acid construct
of the present disclosure can further include a sixth nucleic acid segment encoding a third
fluorescent protein, a seventh nucleic acid segment encoding a second slippery site, an
eighth nucleic acid segment encoding a second frameshift stimulatory sequence and aninth
nucleic acid segment encoding a second stop codon.

In certain embodiments, the first fluorescent protein, the second fluorescent protein
and/or the third fluorescent protein can be a fluorescent protein selected from the group
consisting of a green fluorescent protein (GFP), a red fluorescent protein (RFP), a
blue fluorescent protein (BFP), a cyan fluorescent protein (CFP), a vellow fluorescent
protein (YFP), an orange fluorescent protein (OFP), a far-red fluorescent protein, a near-
infrared fluorescent protein, a long stokes shift fluorescent protein, a photo-activatable
fluorescent protein, a photoconvertible fluorescent protein, a photoswitchable fluorescent
protein, a timer fluorescent protein and mutants or variants thereof. In certain
embodiments, the first fluorescent protein, the second fluorescent protein and/or third
fluorescent protein are different fluorescent proteins, e.g., the first fluorescent protein, the
second fluorescent protein and/or third fluorescent protein are dependently selected from
a GFP, an RFP, a BFP, a CFP, a YFP, an OFP, a far-red fluorescent protein, a near-infrared
fluorescent protein, a long stokes shift fluorescent protein, a photo-activatable fluorescent
protein, a photoconvertible fluorescent protein, a photoswitchable fluorescent protein, a
timer fluorescent protein and mutants or variants thereof. In certain embodiments, first

fluorescent protein, second fluorescent protein and/or third fluorescent protein are
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dependently selected from GFP, sfGFP, deGFP, eGFP, Venus, mVenus, YFP, Cerulean,
Citrine, CFP, eYFP, eCFP, RFP, mRFP, mCherry, mmCherry, mTurquoise2, mKO2, BFP,
mTagBFP2 and mutants or variants thereof. In certain embodiments, the first fluorescent
protein is a GFP, e.g., eGFP, and the second fluorescent protein is an RFP, e.g., mCherry.
In certain embodiments, the first fluorescent protein is a GFP, e.g., eGFP, the second
fluorescent protein is an RFP, e.g., mCherry, and the third fluorescent protein is a BFP,
e.g., mTagBFP2.

The present disclosure further provides genetically-engineered cells that include
one or more or two or more nucleic acid constructs disclosed herein. In certain
embodiments, the cell is a prokaryotic cell or a eukaryotic cell. In certain embodiments,
the cell is selected from the group consisting of a mammalian cell, a plant cell and a fungal
cell. In certain embodiments, the cell is a mammalian cell. In certain embodiments, the
cell is a plant cell. In certain embodiments, the cell is a fungal cell. In certain
embodiments, the fungal cell is a species of the phylum Ascomycota, e.g., Saccharomyces
cerevisiae, Saccharomyces castellii, Vanderwaltozyma polyspora, Torulaspora
delbrueckii, Saccharomyces kluyveri, Kluyveromyces lactis, Zygosaccharomyces rouxii,
Zygosaccharomyces bailii, Candida glabrata, Ashbya gossypii, Scheffersomyces stipites,
Komagataella (Pichia) pastoris, Candida (Pichia) guilliermondii, Candida parapsilosis,
Candida auris, Yarrowia lipolytica, Candida (Clavispora) lusitaniae, Candida albicans,
Candida tropicalis, Candida tenuis, Lodderomyces elongisporous, Geotrichum candidum,
Baudoinia compniacensis, Schizosaccharomyces octosporus, Tuber melanosporum,
Aspergillus oryzae, Schizosaccharomyces pombe, Aspergillus (Neosartorya) fischeri,
Pseudogymnoascus destructans, Schizosaccharomyces japonicus, Paracoccidioides
brasiliensis, Mycosphaerella graminicola, Penicillium chrysogenum, Aspergillus
nidulans, Phaeosphaeria nodorum, Hypocrea jecorina, Botrytis cinereal, Beauvaria
bassiana, Neurospora crassa, Sporothrix scheckii, Magnaporthe oryzea, Dactylellina
haptotyla, Fusarium graminearum, Capronia coronate and combinations thereof. In
certain embodiments, the cell is Saccharomyces cerevisiae. In certain embodiments, the
first fluorescent protein and the second fluorescent protein are expressed in the genetically-
engineered cell at a ratio of about 1:1,000 to about 1,000:1, e.g., about 1:100 to about
100:1. In certain embodiments, the first fluorescent protein and the third fluorescent
protein are expressed in the genetically-engineered cell at a ratio of about 1:1,000 to about

1,000:1, e.g., about 1:100 to about 100:1. In certain embodiments, the second fluorescent
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protein and the third fluorescent protein are expressed in the genetically-engineered cell at
a ratio of about 1:1,000 to about 1,000:1, e.g., about 1:100 to about 100:1.

The present disclosure further provides a cell population that includes one or more
genetically-engineered cells described herein. The present disclosure further provides kits
that include one or more nucleic acid constructs or genetically-engineered cells described
herein.

The present disclosure further provides methods for labeling a cell that includes
introducing one or more nucleic acid constructs described herein into the cell. In certain
embodiments, the method can include expressing two or more fluorescent proteins from
the one or more nucleic acid constructs. In certain embodiments, the method can further
include determining the ratio of fluorescent between the two or more fluorescent proteins

expressed in the cell.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1A-1C. FIG. 1A is schematic of a DNA construct controlling the ratios
between a first fluorescent protein (FP-1) and a second fluorescent protein (FP-2)
(FRAME-tag). FIG. 1B is a schematic of the translation of mRNA from the DNA construct
and the resulting protein expression. FIG. 1C is a graph depicting frameshift efficiency of
different constructs evaluated by flow cytometry.

Figure 2A-2B. FIG. 2A is a graph of the fluorescence of a population of cells, the
population consisting of different transformed subpopulations transformed with different
FRAME-tags. FIG. 2B is a graph of the fluorescence of a population of cells consisting of
different transformed subpopulations transformed with three-fluorescent-protein FRAME-
tags. The data were measured using flow cytometry.

Figure 3A-3C. FIG. 3A is a series of fluorescence microscopy images of a
transformed yeast cell population transformed with different FRAME-tags. FIG. 3B is a
graph of the fluorescence of the entire cell population discussed in A measured using flow
cytometry. FIG. 3C is a false color version of the merged FIG. 3A, where the cells are
colored based on the FRAME-tag as identified based on the ratio of the fluorescence of
the first fluorescent protein to the fluorescence of the second fluorescent protein.

Figure 4A-4D. FIG. 4A is a schematic of a series of different individual yeast
strains expressing varying levels of the protein Gal4, where each yeast strain was
transformed with a different FRAME-tag. FIG. 4B is a graph showing the change in in

yeast strain populations shown in FIG. 4A tracked by flow cytometry in response to
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different culture conditions. FIG. 4C is a graph showing changes in population distribution
(PD) index based on changing culture conditions. FIG. 4D is a graph of the change in
population fraction of the different yeast strains described in FIG 4 A over time in different
culture conditions. The data were measured using flow cytometry.

Figure SA-5C. FIG. 5A is a schematic showing a series of yeast transformed with
different promoters. Each promotor was linked to a different, known, FRAME-tag. FIG.
5B is a pair of graphs, the left graph showing the population of transformed cells as
measured by fluorescence of a first FRAME-tag fluorescent protein as a function of a
second FRAME-tag fluorescent protein. The right graph shows the promotor activity. FIG.
5C shows the change in promotor activity as a function of different culture conditions and
different yeast strains, the yeast strains described in FIG. 5A.

Figure 6 shows a graph showing the existing set of FRAME-tags and the
theoretical fluorescence ratios that could be used to expand the number of resolvable
FRAME-tags.

Figure 7A-7B. FIG. 7A is a schematic of the frameshift module architecture. FIG.
7B is a schematic showing the predicted structure of different frameshift stimulatory
signals.

Figure 8A-8D. FIG. 8A is a schematic showing the frameshift module position.
FIG. 8B is a graph showing the level of fluorescence of the second fluorescent protein
located after different frameshift modules. FIG. 8C is a chart showing the frameshift
efficiency of different frameshift modules. FIG. 8D is a graph showing the level of overlap
between the fluorescent protein fluorescence ratios each frameshift module produces.

Figure 9A-9B. FIG. 9A is a graph depicting the fluorescence of cells transformed
with a FRAME-tag expressed from a plasmid. FIG. 9B is a graph depicting the
fluorescence of cells transformed with a FRAME-tag expressed from the chromosome.
Fluorescence was normalized by side scatter; contours represent 5% quantiles.

Figure 10A-10B. FIG. 10A is a graph depicting the intensity of fluorescence of
the first protein in a FRAME-tag as a function of frameshift efficiency. FIG. 10B is a graph
depicting the intensity of fluorescence as a function of the position of the frameshift
module.

Figure 11 shows a graph depicting fluorescence data collected from a population
of yeast with 23 subpopulations, 22 of the subpopulations transformed with a different
FRAME-tag.
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Figure 12A-12B. FIG. 12A is a graph depicting the fluorescence of the first protein
in a FRAME-tag and the fluorescence of the second protein in a FRAME-tag as a function
of the expression of three different fluorescent proteins: mBFP2, mTurquoise2, mVenus,
and mKO2. FIG 12B is a histogram depicting the BF2 plot of FIG. 12A.

Figure 13A-13B. FIG. 13A is a graph depicting the fluorescence of yeast strains
transformed with different three-fluorescent protein FRAME-tags. FIG. 13B is a graph
showing the three possible two-dimensional projections of the three-dimensional figure of
FIG. 13A.

Figure 14A-14G. FIG. 14A is a flowchart showing a method of distinguishing
different cell populations based on their fluorescence. FIG. 14B is a set of graphs showing
where the fluorescent data sets Q1Q2R and Q1Q4R were bisected to yield data set Q1.
FIG. 14C is a set of graphs showing where the fluorescent data sets Q1 and Q1-FT4 were
bisected to yield data set Q1-FT4-FT16. FIG. 14D is a set of graphs showing where the
fluorescent data set Q1-FT4-FT16 and qlq2 were bisected to yield data set ql. FIG. 14E
is a set of graphs showing where the fluorescent data sets q1 and FT.2.3.8 were bisected
tovield data set FT.2.8. FIG. 14F is a set of graphs showing where the fluorescent data set
FT.2.8 was bisected to yield data set FT2p. FIG. 14G is a graph depicting the identified
cell population FT2, which was identified because there is no 3™ lowest local minimum.

Figure 15A-15D. FIG. 15A is a graph depicting the sensitivity of the method
depicted by the flowchart of FIG. 14. FIG. 15B is a graph depicting the positive predictive
value (PPV) of the method depicted by the flowchart of FIG. 14. FIG. 15C is a graph
depicting the specificity of the method depicted by the flowchart of FIG. 14. FIG. 15D is
a graph depicting the negative predictive value (NPV) of the method depicted by the
flowchart of FIG. 14.

Figure 16A-16B. FIG. 16A is a graph depicting the PPV of the method depicted
by the flowchart of FIG. 14 as a function of the population fraction of the identified cell
population. FIG. 16B is a graph depicting the data of FIG. 16A at a population fraction of
0.0008 for 21 target strains transformed with different FRAME-tags.

Figure 17A-17C. FIG. 17A is a set of microscopy images taken either of yYEGFP
fluorescence, mCherry fluorescence, merged, brightfield, or false-color. False colors
correspond to the different FRAME-tag transformed in the veast cell as identified by
fluorescence ratio. FIG. 17B is a widefield image of the false-color image of FIG. 17A.
FIG. 17C i1s a graph depicting grouping analysis based on widefield fluorescent
spectrometry images of yeast transformed with different FRAME-tags.



WO 2020/124093 PCT/US2019/066634

10

15

20

25

30

Figure 18A-18C. FIG. 18A is a set of microscopy images taken either of yEGFP
fluorescence, mCherry fluorescence, merged, brightfield, or false-color. False colors
correspond to the different FRAME-tag transformed yeast cells as identified by
fluorescence ratio. FIG. 18B is a widefield image of the false-color image of FIG. 18A.
FIG. 18C is a graph depicting grouping analysis based on widefield fluorescent
spectrometry images of yeast transformed with different FRAME-tags.

Figure 19 shows a schematic depicting a method of tagging cell phenotypes in new
cell strains.

Figure 20A-20C. FIG. 20A is a schematic depicting a construct introduced to a
MaV203 veast strain. FIG. 20B is a graph depicting the survival of the different yeast
strains in different culture conditions. FIG. 20C is a graph depicting the survival of the
different yeast strains under competitive conditions.

Figure 21A-21D. FIG. 21A-C is a graph depicting the Population Distribution
Index (PDI,A), OD600 (B), and both PDI and OD600 (C) of different yeast strains as a
function of histidine (His), 5-fluoroorotic acid (5-FOA), and 3-aminotriazole (3-AT). FIG.
21D is a schematic depicting the numbering of each condition.

Figure 22A-22U provides histograms profiling responses of mixtures of promoter-
mTagBFP2 reporter strains co-exposed to standard conditions (grey), (A) media with 50
mM dithiothreitol (DTT, red), (B) heat shock at 42 °C (red), (C) media with 400 uM cobalt
chloride (CoCl», red), (D) 500 uM copper sulfate (CuSOs, red), (E) an alternate carbon
source (2% galactose, red), (F) a mixed carbon source (2% galactose / 2% raffinose, red),
(G) an increased amount of the carbon source (10% glucose, red), (H) a non-standard
carbon source (2% ethanol, red) for 6 hours, (I) a non-standard carbon source (2% glucose,
red), (J) standard media containing 5% dimethylslfoxide (DMSO, red), (K) media with 5
uM FK506 (red), (L) media lacking an essential amino acid (- histidine, red), (M) osmotic
shock with in media containing 0.7 M sodium chloride (NaCl, red), (N) media with 5 units
zymolyase a cell wall-degrading enzyme (red), (O) oxidative shock with in media
containing 1 mM hydrogen peroxide (H20», red), (P) media with 5 uM a-factor a yeast
peptide pheromone (red), (Q) media containing 0.1% methyl methanesulfonate a
genotoxin (MMS, red), (R) media with 0.01% 5-fluoroorotic acid which is converted to
the antimetabolite 5-fluorouracil (5-FOA, red), (S) media containing 50 mM 3-amino-
1,2.4-triazole a competitive inhibitor of histidine metabolism (3-AT, red), (T) media with

40 mM theophylline (red), or (U) media containing 50% human urine (red), all for 6 hours.
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The mTagBFP2 fluorescent signal was normalized by side scatter and plotted as arbitrary

logical units.

DETAILED DESCRIPTION

The present disclosure provides for nucleic acid constructs encoding two or more
proteins, e.g., fluorescent proteins, that when introduced into a cell, e.g., yeast cell, results
in the genetically-engineered cell expressing a ratio of the two proteins, e.g., fluorescent
proteins.

For purposes of clarity of disclosure and not by way of limitation, the detailed
description is divided into the following subsections:

I Definitions;

II. Nucleic Acid Constructs;

III. Cells;
IV. Methods of Use;
V. Kits.

L DEFINITIONS

The terms used in this specification generally have their ordinary meanings in the
art, within the context of this disclosure and in the specific context where each term is
used. Certain terms are discussed below, or elsewhere in the specification, to provide
additional guidance to the practitioner in describing the compositions and methods of the
present disclosure and how to make and use them.

As used herein, the use of the word “a” or “an” when used in conjunction with the
term “comprising” in the claims and/or the specification can mean “one,” but it is also

% ¢

consistent with the meaning of “one or more,” “at least one,” and “one or more than one.”

The terms “comprise(s),” “include(s),” “having,” “has,” “can,” “contain(s),” and
variants thereof, as used herein, are intended to be open-ended transitional phrases, terms
or words that do not preclude additional acts or structures. The present disclosure also

2 ¢

contemplates other embodiments “comprising,” “consisting of " and “consisting essentially
of,” the embodiments or elements presented herein, whether explicitly set forth or not.
The term “about” or “approximately” means within an acceptable error range for
the particular value as determined by one of ordinary skill in the art, which will depend in
part on how the value is measured or determined, i.e., the limitations of the measurement

system. For example, “about” can mean within 3 or more than 3 standard deviations, per
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the practice in the art. Alternatively, “about” can mean a range of up to 20%, preferably
up to 10%, more preferably up to 5%, and more preferably still up to 1% of a given value.
Altematively, particularly with respect to biological systems or processes, the term can
mean within an order of magnitude, preferably within 5-fold, and more preferably within
2-fold, of a value.

The term “expression” or “expresses,” as used herein, refer to transcription and
translation occurring within a cell, e.g., veast cell. The level of expression of a gene and/or
nucleic acid in a cell can be determined on the basis of either the amount of corresponding
mRNA that is present in the cell or the amount of the protein, e.g., fluorescent protein,
encoded by the gene and/or nucleic acid that is produced by the cell. For example, mRNA
transcribed from a gene and/or nucleic acid is desirably quantitated by northern
hybridization. Sambrook et al., Molecular Cloning: A Laboratory Manual, pp. 7.3-7.57
(Cold Spring Harbor Laboratory Press, 1989). Protein encoded by a gene and/or nucleic
acid can be quantitated either by assaying for the biological activity of the protein or by
employing assays that are independent of such activity, such as western blotting or
radioimmunoassay using antibodies that are capable of reacting with the protein.
Sambrook et al., Molecular Cloning: A Laboratory Manual, pp. 18.1-18.88 (Cold Spring
Harbor Laboratory Press, 1989).

As used herein, “polypeptide” refers generally to peptides and proteins having
about three or more amino acids. The polypeptides can be endogenous to the cell, or
preferably, can be exogenous, meaning that they are heterologous, i.e., foreign, to the cell
being utilized, such as a synthetic peptide and/or protein, e.g., a fluorescent protein. In
certain embodiments, synthetic peptides are used, more preferably those which are directly
secreted into the medium.

The term “protein” is meant to refer to a sequence of amino acids for which the
chain length is sufficient to produce the higher levels of tertiary and/or quaternary
structure. This is to distinguish from “peptides™ that typically do not have such structure.
Typically, the protein herein will have a molecular weight of at least about 15-100 kD,
e.g., closer to about 15 kD. In certain embodiments, a protein can include at least about
50, about 60, about 70, about 80, about 90, about 100, about 200, about 300, about 400 or
about 500 amino acids. Examples of proteins encompassed within the definition herein
include all proteins, and, in general proteins that contain one or more disulfide bonds,
including multi-chain polypeptides including one or more inter- and/or intrachain disulfide

bonds. In certain embodiments, proteins can include other post-translation modifications

10
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including, but not limited to, glycosylation and lipidation. See, e.g, Prabakaran et al.,
WIRESs Syst Biol Med (2012), which is incorporated herein by reference in its entirety.

As used herein the term “amino acid,” “amino acid monomer” or “amino acid
residue” refers to organic compounds composed of amine and carboxylic acid functional
groups, along with a side-chain specific to each amino acid. In particular, alpha- or a-
amino acid refers to organic compounds in which the amine (-NH2) is separated from the
carboxylic acid (-<COOH) by a methylene group (-CH2), and a side-chain specific to each
amino acid connected to this methylene group (-CH2) which is alpha to the carboxylic
acid (-COOH). Different amino acids have different side chains and have distinctive
characteristics, such as charge, polarity, aromaticity, reduction potential, hydrophobicity,
and pKa. Amino acids can be covalently linked to form a polymer through peptide bonds
by reactions between the carboxylic acid group of the first amino acid and the amine group
of the second amino acid. Amino acid in the sense of the disclosure refers to any of the
twenty plus naturally occurring amino acids, non-natural amino acids, and includes both
D and L optical isomers.

2% <C

The terms “nucleic acid,” “nucleic acid molecule,” “nucleic acid construct™ or
“polynucleotide,” used interchange herein, include any compound and/or substance that
includes a polymer of nucleotides. Each nucleotide is composed of a base, specifically a
purine- or pyrimidine base (i.e., cytosine (C), guanine (G), adenine (A), thymine (T) or
uracil (U)), a sugar (i.e., deoxyribose or ribose), and a phosphate group. Often, the nucleic
acid molecule is described by the sequence of bases, whereby said bases represent the
primary structure (linear structure) of a nucleic acid molecule. The sequence of bases is
typically represented from 5° to 3°. Herein, the term nucleic acid molecule encompasses
deoxyribonucleic acid (DNA) including, e.g., complementary DNA (cDNA) and genomic
DNA, ribonucleic acid (RNA), in particular messenger RNA (mRNA), synthetic forms of
DNA or RNA, and mixed polymers including two or more of these molecules. The nucleic
acid molecule can be linear or circular. In addition, the term nucleic acid molecule
includes both, sense and antisense strands, as well as single stranded and double stranded
forms. Moreover, the herein described nucleic acid molecule can contain naturally
occurring or non-naturally occurring nucleotides. Examples of non-naturally occurring
nucleotides include modified nucleotide bases with derivatized sugars or phosphate
backbone linkages or chemically modified residues. Nucleic acid molecules also
encompass DNA and RNA molecules which are suitable as a vector for direct expression

of fluorescent proteins of the disclosure in vitro and/or in vivo, e.g., in a yeast cell. Such

11



WO 2020/124093 PCT/US2019/066634

10

15

20

25

30

DNA (e.g., cDNA) or RNA (e.g., mRNA) vectors, can be unmodified or modified. For
example, mRNA can be chemically modified to enhance the stability of the RNA vector
and/or expression of the encoded molecule.

As used herein, the term “vector” refers to a nucleic acid molecule capable of
transporting another nucleic acid to which it has been linked.

As used herein, the term “recombinant cell” refers to cells which have some genetic
modification from the original parent cells from which they are derived. Such cells can
also be referred to as “genetically-engineered cells.” Such genetic modification can be the
result of an introduction of a heterologous nucleic acid for expression of a fluorescent
protein, e.g., two or more fluorescent proteins.

As used herein, the term “recombinant protein” refers generally to peptides and

>

proteins. Such recombinant proteins are “heterologous,” i.e., foreign to the cell being
utilized, such as a heterologous secretory peptide produced by a veast cell.

As used herein, “sequence identity” or “identity” in the context of two
polynucleotide or polypeptide sequences makes reference to the nucleotide bases or amino
acid residues in the two sequences that are the same when aligned for maximum
correspondence over a specified comparison window. When percentage of sequence
identity or similarity is used in reference to proteins, it is recognized that residue positions
which are not identical often differ by conservative amino acid substitutions, where amino
acid residues are substituted with a functionally equivalent residue of the amino acid
residues with similar physiochemical properties and therefore do not change the functional
properties of the molecule.

As used herein, “percentage of sequence identity” means the value determined by
comparing two optimally aligned sequences over a comparison window, wherein the
portion of the polynucleotide sequence in the comparison window can include additions
or deletions (gaps) as compared to the reference sequence (which does not include
additions or deletions) for optimal alignment of the two sequences. The percentage is
calculated by determining the number of positions at which the identical nucleic acid base
or amino acid residue occurs in both sequences to yield the number of matched positions,
dividing the number of matched positions by the total number of positions in the window
of comparison, and multiplying the result by 100 to yield the percentage of sequence
identity.

As understood by those skilled in the art, determination of percent identity between

any two sequences can be accomplished using certain well-known mathematical
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algorithms. Non-limiting examples of such mathematical algorithms are the algorithm of
Myers and Miller, the local homology algorithm of Smith et al.; the homology alignment
algorithm of Needleman and Wunsch; the search-for-similarity-method of Pearson and
Lipman; the algorithm of Karlin and Altschul, modified as in Karlin and Altschul.
Computer implementations of suitable mathematical algorithms can be utilized for
comparison of sequences to determine sequence identity. Such implementations include,
but are not limited to: CLUSTAL, ALIGN, GAP, BESTFIT, BLAST, FASTA, among
others identifiable by skilled persons.

As used herein, “reference sequence” is a defined sequence used as a basis for
sequence comparison. A reference sequence can be a subset or the entirety of a specified
sequence; for example, as a segment of a full-length protein or protein fragment. A
reference sequence can be, for example, a sequence identifiable in a database such as
GenBank and UniProt and others identifiable to those skilled in the art.

The term “operative connection” or “operatively linked,” as used herein, with
regard to regulatory sequences of a gene indicate an arrangement of elements in a
combination enabling production of an appropriate effect. With respect to genes and
regulatory sequences, an operative connection indicates a configuration of the genes with
respect to the regulatory sequence allowing the regulatory sequences to
directly or indirectly increase or decrease transcription or translation of the genes. In
particular, in certain embodiments, regulatory sequences directly increasing transcription
of the operatively linked gene, include promoters typically located on a same strand and
upstream on a DNA sequence (towards the 5 region of the sense strand), adjacent to the
transcription start site of the genes whose transcription they initiate. In certain
embodiments, regulatory sequences directly increasing transcription of the operatively
linked gene or gene cluster include enhancers that can be located more distally from the
transcription start site compared to promoters, and either upstream or downstream from
the regulated genes, as understood by those skilled in the art. Enhancers are typically short
(50-1500 bp) regions of DNA that can be bound by transcriptional activators to increase
transcription of a particular gene. Typically, enhancers can be located up to 1 Mbp away
from the gene, upstream or downstream from the start site.

As would be understood by those skilled in the art, the term “codon optimization,”
as used herein, refers to the introduction of synonymous mutations into codons of a
protein-coding gene in order to improve protein expression in expression systems of a

particular organism, such as a cell of a species of the phylum Ascomycota, in accordance
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with the codon usage bias of that organism. The term “codon usage bias™ refers to
differences in the frequency of occurrence of synonymous codons in coding DNA. The
genetic codes of different organisms are often biased towards using one of the several
codons that encode a same amino acid over others—thus using the one codon with, a
greater frequency than expected by chance. Optimized codons in microorganisms, such
as Saccharomyces cerevisiae, reflect the composition of their respective genomic tRNA
pool. The use of optimized codons can help to achieve faster translation rates and high
accuracy.

In the field of bioinformatics and computational biology, many statistical methods
have been discussed and used to analyze codon usage bias. Methods such as the
‘frequency of optimal codons’ (Fop), the Relative Codon Adaptation (RCA) or the ‘Codon
Adaptation Index” (CAI) are used to predict gene expression levels, while methods such
as the ‘effective number of codons’ (N¢) and Shannon entropy from information theory
are used to measure codon usage evenness. Multivariate statistical methods, such as
correspondence analysis and principal component analysis, are widely used to analyze
variations in codon usage among genes. There are many computer programs to implement
the statistical analyses enumerated above, including CodonW, GCUA, INCA, and others
identifiable by those skilled in the art. Several software packages are available online for
codon optimization of gene sequences, including those offered by companies such as
GenScript, EnCor Biotechnology, Integrated DNA Technologies, ThermoFisher
Scientific, among others known those skilled in the art.

The terms “detect” or “detection,” as used herein, indicates the determination of
the existence and/or presence of a target, e.g., fluorescent protein, in a limited portion of
space, including but not limited to a sample, a reaction mixture, a molecular complex and
a substrate. The “detect” or “detection” as used herein can include determination of a
property, e.g., chemical and/or biological property, of the target, including but not limited
to ability to interact, and in particular bind, other compounds, ability to activate another
compound and additional properties identifiable by a skilled person upon reading of the
present disclosure. The detection can be quantitative or qualitative. A detection is
“quantitative” when it refers, relates to, or involves the measurement of quantity or amount
of the target or signal (also referred as quantitation), which includes but is not limited to
any analysis designed to determine the amounts or proportions of the target or signal. A

detection is “qualitative” when it refers, relates to, or involves identification of a quality
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or kind of the target or signal in terms of relative abundance to another target or signal,
which is not quantified.

As used herein, the term “a population of cells™ or “a cell population™ refers to a
group of at least two cells. In certain non-limiting examples, a cell population can include
at least about 10, at least about 100, at least about 200, at least about 300, at least about
400, at least about 500, at least about 600, at least about 700, at least about 800, at least
about 900, at least about 1000 cells, at least about 5,000 cells or at least about 10,000 cells
or at least about 100,000 cells or at least about 1,000,000 cells. The population can be a
pure population including one cell type. Alternatively, the population can include more
than one cell type, for example a mixed cell population.

As used herein, the term “in vitro” refers to an artificial environment and to
processes or reactions that occur within an artificial environment. /7 vifro environments
exemplified, but are not limited to, test tubes and cell cultures.

As used herein, the term “derived from™ or “established from™ or “differentiated
from” when made in reference to any cell disclosed herein refers to a cell that was obtained
from (e.g., isolated, purified, etc.) a parent cell in a cell line, tissue (such as a dissociated
embryo, or fluids using any manipulation, such as, without limitation, single cell isolation,
cultured in vitro, treatment and/or mutagenesis using for example proteins, chemicals,
radiation, infection with virus, transfection with DNA sequences, such as with a
morphogen, etc., selection (such as by serial culture) of any cell that is contained in
cultured parent cells. A derived cell can be selected from a mixed population by virtue of
response to a growth factor, cytokine, selected progression of cytokine treatments,

adhesiveness, lack of adhesiveness, sorting procedure and the like.

IL. NUCLEIC ACID CONSTRUCTS

The present disclosure relates to a nucleic acid construct, e.g., DNA construct, that
can be introduced into one or more cells to express a fluorescent protein. In certain
embodiments, the nucleic acid construct encodes for at least two different fluorescent
proteins. For example, but not by way of limitation, the nucleic acid construct encodes for
at least three different fluorescent proteins, at least four different fluorescent proteins, at
least five different fluorescent proteins, at least six different fluorescent proteins, at least
seven different fluorescent proteins, at least eight different fluorescent proteins, at least
nine different fluorescent proteins or at least ten different fluorescent proteins. In certain

embodiments, a nucleic acid construct of the present disclosure encodes about two or more
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fluorescent proteins, e.g., about two or more, about three or more, about four or more,
about five or more, about six or more, about seven or more, about eight or more, about
nine or more or about ten or more fluorescent proteins.

In certain embodiments, a nucleic acid construct of the present disclosure encodes
from about two to about ten different fluorescent proteins. For example, but not by way
of limitation, a nucleic acid construct of the present disclosure encodes from about two to
about nine different fluorescent proteins, about two to about eight different fluorescent
proteins, about two to about seven different fluorescent proteins, about two to about six
different fluorescent proteins, about two to about five different fluorescent proteins, about
two to about four different fluorescent proteins or about two to about three different
fluorescent proteins.

In certain embodiments, a nucleic acid construct encodes for two different
fluorescent proteins, e.g., the nucleic acid construct includes a first nucleic acid segment
encoding a first fluorescent protein and a second nucleic acid segment encoding a second
fluorescent protein. In certain embodiments, a nucleic acid construct encodes for three
different fluorescent proteins, e.g., the nucleic acid construct further includes a third
nucleic acid segment encoding a third fluorescent protein. In certain embodiments, a
nucleic acid construct encodes for four different fluorescent proteins, e.g., the nucleic acid
construct further includes a fourth nucleic acid segment encoding a fourth fluorescent
protein. In certain embodiments, a nucleic acid construct encodes for five different
fluorescent proteins, e.g., the nucleic acid construct further includes a fifth nucleic acid
segment encoding a fifth fluorescent protein. In certain embodiments, a nucleic acid
construct encodes for six different fluorescent proteins, e.g., the nucleic acid construct
further includes a sixth nucleic acid segment encoding a sixth fluorescent protein. In
certain embodiments, a nucleic acid construct encodes for seven different fluorescent
proteins, e.g., the nucleic acid construct further includes a seventh nucleic acid segment
encoding a seventh fluorescent protein. In certain embodiments, a nucleic acid construct
encodes for eight different fluorescent proteins, e.g., the nucleic acid construct further
includes an eighth nucleic acid segment encoding an eighth fluorescent protein. In certain
embodiments, a nucleic acid construct encodes for nine different fluorescent proteins, e.g.,
the nucleic acid construct further includes a ninth nucleic acid segment encoding a ninth
fluorescent protein. In certain embodiments, a nucleic acid construct encodes for ten
different fluorescent proteins, e.g., the nucleic acid construct further includes a tenth

nucleic acid segment encoding a tenth fluorescent protein.
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In certain embodiments, a nucleic acid construct of the present disclosure encodes
a first fluorescent protein and a second fluorescent protein. In certain embodiments, a
nucleic acid construct of the present disclosure encodes a first fluorescent protein, a second
fluorescent protein and a third fluorescent protein. In certain embodiments, a nucleic acid
construct of the present disclosure encodes a first fluorescent protein, a second fluorescent
protein, a third fluorescent protein and a fourth fluorescent protein. In certain
embodiments, a nucleic acid construct of the present disclosure encodes a first fluorescent
protein, a second fluorescent protein, a third fluorescent protein, a fourth fluorescent
protein and a fifth fluorescent protein. In certain embodiments, a nucleic acid construct of
the present disclosure encodes a first fluorescent protein, a second fluorescent protein, a
third fluorescent protein, a fourth fluorescent protein, a fifth fluorescent protein and a sixth
fluorescent protein. In certain embodiments, a nucleic acid construct of the present
disclosure encodes a first fluorescent protein, a second fluorescent protein, a third
fluorescent protein, a fourth fluorescent protein, a fifth fluorescent protein, a sixth
fluorescent protein and a seventh fluorescent protein. In certain embodiments, a nucleic
acid construct of the present disclosure encodes a first fluorescent protein, a second
fluorescent protein, a third fluorescent protein, a fourth fluorescent protein, a fifth
fluorescent protein, a sixth fluorescent protein, a seventh fluorescent protein and an eighth
fluorescent protein. In certain embodiments, a nucleic acid construct of the present
disclosure encodes a first fluorescent protein, a second fluorescent protein, a third
fluorescent protein, a fourth fluorescent protein, a fifth fluorescent protein, a sixth
fluorescent protein, a seventh fluorescent protein, an eighth fluorescent protein and a ninth
fluorescent protein. In certain embodiments, a nucleic acid construct of the present
disclosure encodes a first fluorescent protein, a second fluorescent protein, a third
fluorescent protein, a fourth fluorescent protein, a fifth fluorescent protein, a sixth
fluorescent protein, a seventh fluorescent protein, an eighth fluorescent protein, a ninth
fluorescent protein and a tenth fluorescent protein.

Any fluorescent protein can be encoded by a nucleic acid construct of the present
disclosure. In certain embodiments, a fluorescent protein encoded by a nucleic acid
construct of the present disclosure can be a green fluorescent protein (GFP), a
red fluorescent protein (RFP), a blue fluorescent protein (BFP), a cyan fluorescent protein
(CFP), a yellow fluorescent protein (YFP), an orange fluorescent protein (OFP), a far-red
fluorescent protein, a near-infrared fluorescent protein, a long stokes shift fluorescent

protein, a photo-activatable fluorescent protein, a photoconvertible fluorescent protein, a
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photoswitchable fluorescent protein, a timer fluorescent protein and mutants or variants
thereof For example, but not by way of limitation, a GFP can be detected with an
excitation range of about 485, e.g., 488, and an emission range of about 515, e.g., 525, an
RFP can be detected with an excitation range of about 580, e.g., 594, and an emission
range of about 610, e.g., 620, and a BFP can be detected with an excitation range of about
400, e.g., 405, and an emission range of about 425, e.g., 450. Additional not limiting
examples of fluorescent proteins include sfGFP, deGFP, eGFP, Venus, mVenus, YFP,
Cerulean, Citrine, CFP, eYFP, eCFP, mRFP, mCherry, mmCherry, mTurquoise2, mKO2,
mTagBFP2 and mutants or variants thereof. Further non-limiting examples of fluorescent
proteins are disclosed in WO 2007/142582, which are incorporated by reference herein in
their entireties.

In certain embodiments, the fluorescent proteins encoded by the nucleic acid
construct are the same. In certain embodiments, each of the fluorescent proteins encoded
by the nucleic acid construct are different. For example, but not by way of limitation, each
of the fluorescent proteins encoded by a nucleic acid construct of the present disclosure
are dependently selected from the group consisting of a green fluorescent protein (GFP),
a red fluorescent protein (RFP), a blue fluorescent protein (BFP), a cyan fluorescent
protein (CFP), a yellow fluorescent protein (YFP), an orange fluorescent protein (OFP), a
far-red fluorescent protein, a near-infrared fluorescent protein, a long stokes shift
fluorescent protein, a photo-activatable fluorescent protein, a photoconvertible fluorescent
protein, a photoswitchable fluorescent protein, a timer fluorescent protein and mutants or
variants thereof. In certain embodiments, one of the fluorescent proteins can be a GFP
and the other fluorescent protein can be an RFP, a BFP, a CFP, a YFP, an OFP, a far-red
fluorescent protein, a near-infrared fluorescent protein, a long stokes shift fluorescent
protein, a photo-activatable fluorescent protein, a photoconvertible fluorescent protein, a
photoswitchable fluorescent protein or a timer fluorescent protein. In certain
embodiments, one of the fluorescent proteins can be an RFP and the other fluorescent
protein can be a GFP, a BFP, a CFP, a YFP, an OFP, a far-red fluorescent protein, a near-
infrared fluorescent protein, a long stokes shift fluorescent protein, a photo-activatable
fluorescent protein, a photoconvertible fluorescent protein, a photoswitchable fluorescent
protein or a timer fluorescent protein. In certain embodiments, one of the fluorescent
proteins can be an BFP and the other fluorescent protein can be a GFP, an RFP, a CFP, a
YFP, an OFP, a far-red fluorescent protein, a near-infrared fluorescent protein, a long

stokes shift fluorescent protein, a photo-activatable fluorescent protein, a photoconvertible
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fluorescent protein, a photoswitchable fluorescent protein or a timer fluorescent protein.
In certain embodiments, one of the fluorescent proteins can be an CFP and the other
fluorescent protein can be a GFP, an RFP, a BFP, a YFP, an OFP, a far-red fluorescent
protein, a near-infrared fluorescent protein, a long stokes shift fluorescent protein, a photo-
activatable fluorescent protein, a photoconvertible fluorescent protein, a photoswitchable
fluorescent protein or a timer fluorescent protein. In certain embodiments, one of the
fluorescent proteins can be an YFP and the other fluorescent protein can be a GFP, an
RFP, a BFP, a CFP, an OFP, a far-red fluorescent protein, a near-infrared fluorescent
protein, a long stokes shift fluorescent protein, a photo-activatable fluorescent protein, a
photoconvertible fluorescent protein, a photoswitchable fluorescent protein or a timer
fluorescent protein. In certain embodiments, one of the fluorescent proteins can be an OFP
and the other fluorescent protein can be a GFP, an RFP, a BFP, a YFP, an CFP, a far-red
fluorescent protein, a near-infrared fluorescent protein, a long stokes shift fluorescent
protein, a photo-activatable fluorescent protein, a photoconvertible fluorescent protein, a
photoswitchable fluorescent protein or a timer fluorescent protein. In certain
embodiments, one of the fluorescent proteins can be a far-red fluorescent protein and the
other fluorescent protein can be a GFP, an RFP, a BFP, a CFP, a YFP, an OFP, a near-
infrared fluorescent protein, a long stokes shift fluorescent protein, a photo-activatable
fluorescent protein, a photoconvertible fluorescent protein, a photoswitchable fluorescent
protein or a timer fluorescent protein. In certain embodiments, one of the fluorescent
proteins can be a near-infrared fluorescent protein and the other fluorescent protein can be
a GFP, an RFP, a BFP, a CFP, a YFP, an OFP, a far-red fluorescent protein, a long stokes
shift fluorescent protein, a photo-activatable fluorescent protein, a photoconvertible
fluorescent protein, a photoswitchable fluorescent protein or a timer fluorescent protein.
In certain embodiments, one of the fluorescent proteins can be a long stokes shift
fluorescent protein and the other fluorescent protein can be a GFP, an RFP, a BFP, a CFP,
a YFP, an OFP, a far-red fluorescent protein, near-infrared fluorescent protein, a photo-
activatable fluorescent protein, a photoconvertible fluorescent protein, a photoswitchable
fluorescent protein or a timer fluorescent protein. In certain embodiments, one of the
fluorescent proteins can be a photo-activatable fluorescent protein and the other
fluorescent protein can be a GFP, an RFP, a BFP, a CFP, a YFP, an OFP, a far-red
fluorescent protein, near-infrared fluorescent protein, a long stokes shift fluorescent
protein, a photoconvertible fluorescent protein, a photoswitchable fluorescent protein or a

timer fluorescent protein. In certain embodiments, one of the fluorescent proteins can be
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a photoconvertible fluorescent protein and the other fluorescent protein can be a GFP, an
RFP, a BFP, a CFP, a YFP, an OFP, a far-red fluorescent protein, near-infrared fluorescent
protein, a long stokes shift fluorescent protein, a photo-activatable fluorescent protein, a
photoswitchable fluorescent protein or a timer fluorescent protein. In certain
embodiments, one of the fluorescent proteins can be a photoswitchable fluorescent protein
and the other fluorescent protein can be a GFP, an RFP, a BFP, a CFP, a YFP, an OFP, a
far-red fluorescent protein, near-infrared fluorescent protein, along stokes shift fluorescent
protein, a photo-activatable fluorescent protein, a photoconvertible fluorescent protein or
a timer fluorescent protein. In certain embodiments, one of the fluorescent proteins can
be a timer fluorescent protein and the other fluorescent protein can be a GFP, an RFP, a
BFP, a CFP, a YFP, an OFP, a far-red fluorescent protein, near-infrared fluorescent
protein, a long stokes shift fluorescent protein, a photo-activatable fluorescent protein, a
photoconvertible fluorescent protein or a photoswitchable fluorescent protein.

In certain embodiments, each of the fluorescent proteins encoded by a nucleic acid
construct of the present disclosure are dependently selected from the group consisting of
sfGFP, deGFP, eGFP, Venus, mVenus, YFP, Cerulean, Citrine, CFP, eYFP, eCFP, mRFP,
mCherry, mmCherry, mTurquoise2, mKO2, mTagBFP2 and mutants or variants thereof.
For example, and not by way of limitation, the first fluorescent protein can be a GFP, e.g.,
eGFP and the second fluorescent protein can be a RFP, e.g., mCherry. See, for example,
Figure 1 and Figure 2. In certain embodiments, the first fluorescent protein can be a GFP,
e.g., eGFP, the second fluorescent protein can be a RFP, e.g., mCherry, and the third
fluorescent protein can be a BFP, e.g., mTagBFP. See, for example, Figure 2.

In certain embodiments, the nucleic acid sequence of the fluorescent protein
encoded by a nucleic construct of the present disclosure includes a sequence disclosed in
Tables 6 and 7. In certain embodiments, the nucleic acid sequence of the fluorescent
protein encoded by a nucleic construct of the present disclosure includes a sequence that
1s at least about 40%, at least about 50%, at least about 60%, at least about 70%, at least
about 75%, at least about 80%, at least about 85%, at least about 90%, at least about 91%,
at least about 92%, at least about 93%, at least about 94%, at least about 95%, at least
about 96%, at least about 97%, at least about 98% or at least about 99% homologous to a
sequence disclosed in Tables 6 and/or 7. In certain embodiments, the DNA sequence of
the fluorescent protein eGFP is provided in Table 6. In certain embodiments, the DNA
sequence of the fluorescent protein mCherry is provided in Table 6. In certain

embodiments, the DNA sequence of the fluorescent protein mTagBFP2 is provided in
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Table 6. In certain embodiments, the DNA sequence of the fluorescent protein
mTurquoise is provided in Table 7. In certain embodiments, the DNA sequence of the
fluorescent protein mVenus is provided in Table 7. In certain embodiments, the DNA
sequence of the fluorescent protein mKO?2 is provided in Table 7.

In certain embodiments, a nucleic acid of the present disclosure can include one or
more stop codons, e.g., two or more, three or more, four or more, five or more, six or more,
seven or more, eight or more or nine or more. In certain embodiments, a stop codon is
located between the nucleic acid segments that encode the fluorescent proteins. See, for
example, Figure 1. For example, but not by way of limitation, the stop codon can be
located between the nucleic acid segments encoding the fluorescent proteins, e.g., between
the nucleic acid segment encoding the first fluorescent protein and the nucleic acid
segment encoding the second fluorescent protein. In certain embodiments, the stop codon
is in frame with the fluorescent protein, e.g., first fluorescent protein, such that a ribosome
translating the mRNA transcription of the construct will stop translation before reaching
the second fluorescent protein if the ribosome is in frame with the first fluorescent protein.
In certain embodiments, the stop codon is located between a slippery site and a frameshift
stimulatory sequence. In certain embodiments, the stop codon is located 8 nucleotides
downstream of the slippery sequence. In certain embodiments, the stop codon can be
located downstream of the frameshift stimulatory sequence.

In certain embodiments, a nucleic acid of the present disclosure can include one or
more slippery sites, e.g., two or more, three or more, four or more, five or more, six or
more, seven or more, eight or more or nine or more. In certain embodiments, a slippery
site, or slippery sequence, is positioned upstream of the stop codon. In certain
embodiments, a slippery site, or slippery sequence, is positioned between the nucleic acid
segments encoding the fluorescent proteins, e.g., between the nucleic acid segment
encoding the first fluorescent protein and the nucleic acid segment encoding the second
fluorescent protein. A slippery site, when translated into mRNA (and also called a slippery
site as mRNA) is a sequence where the compliment tRNA can sometimes shift at least one
base pair after pairing with its anticodon, resulting in a change in the reading frame for
subsequent translation. In certain embodiments, the slippery site is positioned upstream
of the frameshift stimulatory sequence. In certain embodiments, the slippery sequence can
include from about 5 to about 20 nucleotides, e.g., from about 5 to about 15 or from about

5 to about 10 nucleotides. In certain embodiments, the slippery sequence can include about
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7 nucleotides. In certain embodiments, a slippery site can include the nucleic acid
sequence disclosed in Figure 1, e.g., UUUAAAC.

In certain embodiments, a nucleic acid of the present disclosure can include one or
more frameshift stimulatory sequences, e.g., two or more, three or more, four or more, five
or more, SiX or more, seven or more, eight or more or nine or more. For example, but not
by way of limitation, a frameshift stimulatory sequence can be positioned to increase the
probability of a frameshift at the slippery site. Different frameshift stimulatory sequences
produce different probabilities of frameshifting (see, e.g., Figure 8). The more often
frameshifting occurs, the more often the stop codon will be out of frame, and translation
will continue to the second fluorescent protein. Therefore, the ratio between the two
fluorescent proteins can be controlled based on the frameshift stimulatory signal used. In
certain embodiments, a frameshift stimulatory sequence is positioned between the nucleic
acid segments encoding the fluorescent proteins, e.g., between the nucleic acid segment
encoding the first fluorescent protein and the nucleic acid segment encoding the second
fluorescent protein. For example, but not by way of limitation, a frameshift stimulatory
sequence can be positioned downstream of the slippery sequence and the stop codon and
upstream of the second nucleic acid segment encoding the second fluorescent protein.
Altemnatively, the frameshift stimulatory sequence is positioned before, e.g., upstream to,
the nucleic acid segment encoding a fluorescent protein, e.g., the first fluorescent protein
(see, e.g., Table 2). In certain embodiments, a frameshift stimulatory sequence can be
from about 10 to about 300 nucleotides in length, e.g., from about 10 to about 275, from
about 10 to about 250, from about 10 to about 225, from about 10 to about 200, from about
10 to about 175, from about 10 to about 150, from about 10 to about 125, from about 10
to about 100, from about 10 to about 90, from about 10 to about 80, from about 10 to about
70, from about 10 to about 60, from about 10 to about 50, from about 10 to about 40
nucleotide, from about 20 to about 300, from about 30 to about 300, from about 40 to about
300, from about 50 to about 300, from about 60 to about 300, from about 70 to about 300,
from about 80 to about 300, from about 90 to about 300, from about 100 to about 300,
from about 125 to about 300, from about 150 to about 300, from about 175 to about 300,
from about 200 to about 300, from about 225 to about 300, from about 250 to about 300,
from about 275 to about 300, from about 10 to about 200, from about 10 to about 100,
from about 10 to about 75 or from about 20 to about 50 nucleotides in length. In certain

embodiments, the frameshift stimulatory sequence is about 40 nucleotides in length. Non-
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limiting examples of frameshift stimulatory sequences are provided in Table 1 and Figure
7.

In certain embodiments, a nucleic acid construct of the present disclosure includes
a frameshift stimulatory sequence including a nucleic acid sequence disclosed in Table 1
and/or Figure 7. In certain embodiments, a nucleic acid construct of the present disclosure
includes a frameshift stimulatory sequence that includes a nucleic acid sequence that is at
least about 40%, at least about 50%, at least about 60%, at least about 70%, at least about
75%, at least about 80%, at least about 85%, at least about 90%, at least about 91%, at
least about 92%, at least about 93%, at least about 94%, at least about 95%, at least about
96%, at least about 97%, at least about 98% or at least about 99% homologous to a
sequence disclosed in Table 1 and/or Figure 7. In certain embodiments, the frameshift
stimulatory sequence includes the nucleic acid sequence of frameshift stimulatory
sequence fs-0.3 (see Figure 7). In certain embodiments, the frameshift stimulatory
sequence includes the nucleic acid sequence of frameshift stimulatory sequence fs-1.8 (see
Figure 7). In certain embodiments, the frameshift stimulatory sequence includes the
nucleic acid sequence of frameshift stimulatory sequence fs-3.3 (see Figure 7). In certain
embodiments, the frameshift stimulatory sequence includes the nucleic acid sequence of
frameshift stimulatory sequence fs-4.2 (see Figure 7). In certain embodiments, the
frameshift stimulatory sequence includes the nucleic acid sequence of frameshift
stimulatory sequence fs-7.8 (see Figure 7). In certain embodiments, the frameshift
stimulatory sequence includes the nucleic acid sequence of frameshift stimulatory
sequence fs-9.4 (see Figure 7). In certain embodiments, the frameshift stimulatory
sequence includes the nucleic acid sequence of frameshift stimulatory sequence fs-20 (see
Figure 7). In certain embodiments, the frameshift stimulatory sequence includes the
nucleic acid sequence of frameshift stimulatory sequence fs-30 (see Figure 7). In certain
embodiments, the frameshift stimulatory sequence includes the nucleic acid sequence of
frameshift stimulatory sequence fs-100 (see Figure 7).

In certain embodiments, a nucleic acid construct of the present disclosure can
include a first nucleic acid sequence encoding a first fluorescent protein, a slippery site, a
stop codon, a frameshift stimulatory sequence and a second nucleic acid encoding a second
fluorescent protein. In certain embodiments, a nucleic acid construct of the present
disclosure can include a first nucleic acid sequence encoding a first fluorescent protein, a
first slippery site, a first stop codon, a first frameshift stimulatory sequence, a second

nucleic acid encoding a second fluorescent protein, a second slippery site, a second stop
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codon, a second frameshift stimulatory sequence and a third nucleic acid encoding a third
fluorescent protein.  Additional non-limiting examples of nucleic acid constructs,
including the arrangement of the various nucleic acid segments with the nucleic acid
construct, are provided in Table 2. In certain embodiments, a nucleic acid construct of the
present disclosure includes a nucleotide sequence disclosed in Table 1. In certain
embodiments, a nucleic acid construct of the present disclosure includes a nucleotide
sequence that is at least about 40%, at least about 50%, at least about 60%, at least about
70%, at least about 75%, at least about 80%, at least about 85%, at least about 90%, at
least about 91%, at least about 92%, at least about 93%, at least about 94%, at least about
95%, at least about 96%, at least about 97%, at least about 98% or at least about 99%
homologous to a sequence disclosed in Table 1.

In certain embodiments, a nucleic acid construct of the present disclosure can
include one or more linkers, e.g., two or more, three or more, four or more, five or more,
SiX or more, seven or more, eight or more or nine or more.

The present disclosure further provides vectors and other nucleic acid molecules
including the nucleic acid constructs disclosed herein. Suitable vectors include, but are
not limited to, viral and non-viral vectors, plasmids, cosmids, phages, plasmids, and used
for cloning, amplifying, expressing, transferring etc. of the nucleic acid sequence of the
present disclosure in the appropriate target cell, e.g., yeast cell. In certain embodiments,
to prepare the constructs, the partial or full-length nucleic acid construct is inserted into a
vector typically by means of DNA ligase attachment to a cleaved restriction enzyme site
in the vector. Alternatively, the desired nucleotide sequence can be inserted by
homologous recombination in vivo, typically by attaching regions of homology to the
vector on the flanks of the desired nucleotide sequence. Regions of homology are added
by ligation of oligonucleotides, or by polymerase chain reaction using primers including
both the region of homology and a portion of the desired nucleotide sequence, for example.

The present disclosure further provides expression cassettes or systems that can be
used for the expression of the subject fluorescent proteins or for replication of the subject
nucleic acid molecules. The expression cassette can exist as an extrachromosomal element
or can be integrated into the genome of the cell as a result of introduction of the expression
cassette into the cell. In the expression vector, a subject nucleic acid is operably linked to
a regulatory sequence that can include promoters, enhancers, terminators, operators,
repressors and inducers. For example, but not by way of limitation, the promoter can be

for use in the cell transformed with the expression cassette, e.g., a yeast cell. Methods for
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preparing expression cassettes or systems capable of expressing the desired product are
known for a person skilled in the art.

The present disclosure also relates to a nucleic acid construct library, consisting of
multiple constructs as described above. In certain embodiments, each construct of the
library can have nucleic acid segments, e.g., DNA segments, encoding a different
frameshift stimulatory sequences or different combinations of frameshift stimulatory
sequences, such that each construct causes cells transformed with the construct to express
different ratios of fluorescent proteins. In certain embodiments, different constructs can
also cause transformed cells to express different absolute amounts of the fluorescent
proteins.  Different nucleic acid constructs can cause the expression of different
fluorescent proteins, or the same fluorescent proteins.

In certain embodiments, the nucleic acid construct library can include from about
2 to about 10,000 nucleic acid constructs. For example, by not by way of limitation, the
nucleic acid construct library can include about 2 or more, about 5 or more about 10 or
more, about 20 or more, about 30 or more, about 40 or more, about 50 or more, about 60
or more, about 70 or more, about 80 or more, about 90 or more, about 100 or more, about

1,000 or more, about 5, 000 or more about 10,000 or more nucleic acid constructs.

m. CELLS

Cells for use in the present disclosure can be prokaryotic or eukaryotic cells. For
example, but not by way of limitation, one or more nucleic acid constructs of the present
disclosure can be introduced into a cell, e.g., a prokaryotic or eukaryotic cell, to generate
a genetically-engineered cell.

In certain embodiments, a nucleic acid construct of the present disclosure can be
introduced into a metazoan cell, a plant cell or a fungal cell. In certain embodiments, the
cell can be a metazoan cell, e.g., mammalian cell. In certain embodiments, the cell can be
a mammalian cell, e.g., a genetically engineered mammalian cell, e.g., a human cell or
derived from a human cell. In certain embodiments, the cell can be a plant cell, e.g., a
genetically engineered plant cell. In certain embodiments, the cell can be a fungal cell,
e.g., a genetically engineered fungal cell.

In certain embodiments, the cell can be a genetically engineered fungal cell, e.g., a
cell of Alternaria brasicicola, Arthrobotrys oligospora, Ashbya aceri, Ashbya gossypii,
Aspergillus clavatus, Aspergillus flavus, Aspergillus fumigate, Aspergillus kawachii,
Aspergillus nidulans, Aspergillus niger, Aspergillus oryzae, Aspergillus ruber, Aspergillus
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terreus, Baudoinia compniacensis, Beauveria bassiana, Botryosphaeria parva, Botrytis
cinereal, Candida albicans, Candida dubliniensis, Candida glabrata, Candida
guilliermondii, Candida lusitaniae, Candida parapsilosis, Candida tenuis, Candida
tropicalis, Capronia coronate, Capronia epimyces, Chaetomium globosum, Chaetomium
thermophilum, Chryphonectria parasitica, Claviceps purpurea, Coccidioides immitis,
Colletotrichum  gloeosporioides, Coniosporium apollinis, Dactylellina haptotyla,
Debaryomyces hansenii, Endocarpon pusillum, Eremothecium cymbalariae, Fusarium
oxysporum, Fusarium pseudograminearum, Gaeumannomyces graminis, Geotrichum
candidum, Gibberella fujikuroi, Gibberella moniliformis, Gibberella zeae, Glarea
lozoyensis, Grosmannia clavigera, Kazachstania Africana, Kazachstania naganishii,
Kluyveromyces lactis, Kluyveromyces marxianus, Kluyveromyces waltii, Komagataella
pastoris, Kuraishia capsulate, Lachancea kluyveri, Lachancea thermotolerans,
Lodderomyces elongisporus, Magnaporthe oryzae, Magnaporthe poae, Marssonina
brunnea, Metarhizium acridum, Metarhizium anisopliae, Mycosphaerella graminicola,
Mpycosphaerella pini, Nectria haematococca, Neosartorya fischeri, Neurospora crassa,
Neurospora  tetrasperma,  Ogataea  parapolymorpha,  Ophiostoma  piceae,
Paracoccidioides lutzii, Penicillium chrysogenum, Penicillium digitatum, Penicillium
oxalicum, Penicillium roqueforti, Phaeosphaeria nodorum, Pichia sorbitophila,
Podospora anserine, Pseudogymnoascus destructans, Pyrenophora teres f feres,
Pyrenophora tritici-repentis, Saccharomyces bayanus, Saccharomyces castellii,
Saccharomyces cerevisiae, Saccharomyces dairenensis, Saccharomyces mikatae,
Saccharomyces paradoxis, Scheffersomyces stipites, Schizosaccharomyces japonicus,
Schizosaccharomyces octosporus, Schizosaccharomyces pombe, Sclerotinia borealis,
Sclerotinia sclerotiorum, Sordaria macrospora, Sporothrix schenckii, Tetrapisispora
blattae, Tetrapisispora phaffii, Thielavia heterothallica, Togninia minima, Torulaspora
delbrueckii, Trichoderma atroviridis, Trichoderma jecorina, Trichoderma virens, Tuber
melanosporum, Vanderwaltozyma polyspora 1, Vanderwaltozyma polyspora 2,
Verticillium alfalfae, Verticillium dahliae, Wickerhamomyces ciferrii, Yarrowia lipolytica,
Zygosaccharomyces bailii, Zygosaccharomyces rouxii and combinations thereof.

In certain embodiments, the cell can be a fungal cell, e.g., a genetically engineered
fungal cell, of the phylum Ascomycota. In certain embodiments, the cell, eg, a
genetically engineered cell, can be a species selected from Saccharomyces cerevisiae,
Saccharomyces castellii, Saccharomyces var boulardii, Vanderwaltozyma polyspora,

Torulaspora  delbrueckii,  Saccharomyces  kluyveri,  Kluyveromyces  lactis,
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Zygosaccharomyces rouxii, Zygosaccharomyces bailii, Candida glabrata, Ashbya
gossypii, Scheffersomyces stipites, Komagataella (Pichia) pastoris, Candida (Pichia)
guilliermondii, Candida parapsilosis, Candida auris, Yarrowia lipolytica, Candida
(Clavispora) lusitaniae, Candida albicans, Candida tropicalis, Candida tenuis,
Lodderomyces elongisporous, Geotrichum candidum, Baudoinia compniacensis,
Schizosaccharomyces — octosporus, Tuber  melanosporum,  Aspergillus  oryzae,
Schizosaccharomyces pombe, Aspergillus (Neosartorya) fischeri, Pseudogymnoascus
destructans, Schizosaccharomyces — japonicus, Paracoccidioides  brasiliensis,
Mycosphaerella  graminicola, Penicillium  chrysogenum, Aspergillus  nidulans,
Phaeosphaeria nodorum, Hypocrea jecorina, Botrytis cinereal, Beauvaria bassiana,
Neurospora crassa, Sporothrix scheckii, Magnaporthe oryzea, Dactylellina haptotyla,
Fusarium graminearum, and Capronia coronata. In certain embodiments, the one or more
cell of the present disclosure is a yeast cell, e.g., Saccharomyces cerevisiae.

In certain embodiments, the present disclosure provides for genetically engineered
cells including one or more nucleic acid constructs disclosed herein. For example, but not
by way of limitation, a genetically engineered cell of the present disclosure can include
two or more, three or more, four or more or five or more nucleic acid constructs. In certain
embodiments, a genetically engineered cell of the present disclosure includes one nucleic
acid construct. In certain embodiments, a genetically engineered cell of the present
disclosure includes two nucleic acid constructs. In certain embodiments, a genetically
engineered cell of the present disclosure includes three nucleic acid constructs. In certain
embodiments, a genetically engineered cell of the present disclosure includes four nucleic
acid constructs. In certain embodiments, a genetically engineered cell of the present
disclosure includes five nucleic acid constructs. In certain embodiments, the two or more
nucleic acid constructs can be different. Alternatively, the two or more nucleic acid
constructs can be the same.

The cells to be used in the present disclosure can be genetically engineered using
recombinant techniques known to those of ordinary skill in the art. Production and
manipulation of the nucleic acid constructs described herein are within the skill in the art
and can be carried out according to recombinant techniques described, for example, in
Sambrook et al. 1989. Molecular Cloning: A Laboratory Manual, 2d ed., Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, N.Y. and Innis et al. (eds). 1995. PCR

Strategies, Academic Press, Inc., San Diego. For example, but not by way of limitation, a
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cell, e.g., a yeast cell, can be genetically engineered to include one or more nucleic acid
constructs of the present disclosure.

One or more endogenous genes of the genetically modified cells can be knocked
out by a genetic engineering system. Various genetic engineering systems known in the
art can be used. Non-limiting examples of such systems include the Clustered regularly-
interspaced short palindromic repeats (CRISPR)/Cas system, the zinc-finger nuclease
(ZFN) system, the transcription activator-like effector nuclease (TALEN) system, use of
yeast endogenous homologous recombination and the use of interfering RNAs.

In certain embodiments, nucleic acid constructs of the present disclosure can be
introduced into the yeast cell either as a construct or a plasmid. In certain embodiments,
a nucleic acid can include one or more regulatory regions such as promoters, transcription
factor binding sites, operators, activator binding sites, repressor binding sites, enhancers,
protein-protein binding domains, RNA binding domains, DNA binding domains, and other
control elements known to a person skilled in the art. For example, but not by way of
limitation, a nucleic acid construct of the present disclosure can be introduced into the
yeast cell either as a construct or a plasmid in which it is operably linked to a promoter
active in the yeast cell or such that it is inserted into the yeast cell genome at a location
where it is operably linked to a suitable promoter.

Non-limiting examples of suitable yeast promoters for inclusion in the nucleic acid
constructs of the present disclosure include, but are not limited to, constitutive promoters
pTefl, pPgkl, pCycl, pAdhl, pKexl, pTdh3, pTpil, pPykl and pHxt7 and inducible
promoters pGall, pCupl, pMetl15, pFigl and pFusl, GAP, P GCW14 and variants thereof.
In certain embodiments, a variant of Tef1 is scTefl. In certain embodiments, the sequence
of the promoter can include a nucleic acid sequence disclosed in Table 6. For example,
but not by way of limitation, a nucleic acid construct of the present disclosure can include
a constitutively active promoter, e.g., pTdh3, located upstream of the nucleic acid segment
encoding the first fluorescent protein (see, e.g., Table 2). In certain embodiments, a
nucleic acid construct can include an inducible promoter, e.g., pFusl or pFigl, located
upstream of the nucleic acid encoding the first fluorescent protein. In certain
embodiments, a nucleic acid construct can include a constitutively active promoter, e.g.,
pAdhl, located 5° to the nucleic acid encoding the first fluorescent protein.

In certain embodiments, nucleic acid constructs of the present disclosure can be
inserted into the genome of the cell, e.g., yeast cell. In certain embodiments, one or more

nucleic acid constructs can be inserted into the genome of the cell, e.g., yeast cell. In
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certain embodiments, two or more nucleic acid constructs can be inserted into the genome
of the cell, e.g., yeast cell. In certain embodiments, three or more nucleic acid constructs
can be inserted into the genome of the cell, e.g., yeast cell. In certain embodiments, four
or more nucleic acid constructs can be inserted into the genome of the cell, e.g., veast cell.
In certain embodiments, five or more nucleic acid constructs can be inserted into the
genome of the cell, e.g., veast cell. For example, but not by way of limitation, one or more
nucleic acid constructs of the present disclosure, e.g., can be inserted into the Ste2, Ste3
and/or HO locus of the cell. In certain embodiments, one or more nucleic acid constructs
of the present disclosure can be inserted into the LEU2 locus of the cell. In certain
embodiments, the one or more nucleic acids can be inserted into one or more loci that
minimally affects the cell, e.g., in an intergenic locus or a gene that is not essential and/or
does not affect growth, proliferation and cell signaling.

In certain embodiments, expression of a nucleic acid construct of the present
disclosure in a cell results in the differential expression of the two or more fluorescent
proteins. For example, but not by way of limitation, expression of a nucleic acid construct
of the present disclosure encoding two different fluorescent proteins in a cell can result in
the differential expression of the two or more fluorescent proteins. In certain
embodiments, the genetically-engineered cell can express the first fluorescent protein and
the second fluorescent protein in a ratio. For example, but not by way of limitation, the
first fluorescent protein is expressed at a ratio of about 1,000:1 to about 1:1,000, e.g., from
about 900:1 to about 1:900, from about 800:1 to about 1:800, from about 700:1 to about
1:700, from about 600:1 to about 1:600, from about 500:1 to about 1:500, from about 400:1
to about 1:400, from about 300:1 to about 1:300, from about 200:1 to about 1:200, from
about 100:1 to about 1:100, from about 90:1 to about 1:90, from about 80:1 to about 1:80,
from about 70:1 to about 1:70, from about 60:1 to about 1:60, from about 50:1 to about
1:50, from about 40:1 to about 1:40, from about 30:1 to about 1:30, from about 20:1 to
about 1:20, from about 10:1 to about 1:10, from about 10:1 to about 1:100, from about
10:1 to about 1:50, from about 50:1 to about 1:100 or from about 100:1 to about 1:500 of
the second fluorescent protein (see, e.g., Figure 8). In certain embodiments, the
genetically-engineered cell can express the first fluorescent protein and the third
fluorescent protein in a ratio, e.g., the first fluorescent protein is expressed at a ratio of
about 1,000:1 to about 1:1,000, e.g., from about 10:1 to about 1:10, of the third fluorescent
protein. In certain embodiments, the genetically-engineered cell can express the second

fluorescent protein and the third fluorescent protein in a ratio, e.g., the second fluorescent
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protein is expressed at a ratio of about 1,000:1 to about 1:1,000, e.g., from about 10:1 to
about 1:10, of the third fluorescent protein.

The present disclosure also provides a cell library. In certain embodiments, a cell
library of the present disclosure includes a population of cells transformed with a number
of different constructs as described above. In certain embodiments, the population of cells
in a cell library will express a variety of different ratios of fluorescent proteins.

In certain embodiments, the present disclosure provides a population of cells that
includes one or more cells that contain one or more nucleic acid constructs disclosed
herein. In certain embodiments, the cell population includes one cell type. In certain
embodiments, the cell population includes one or more cell types, e.g., two or more cell
types, three or more cell types, four or more cell types, five or more cell types or six or
more cell types. In certain embodiment, each cell type includes a different nucleic acid
construct. For example, but not by way of limitation, the present disclosure provides a cell
population that include one cell type or cell that include a first nucleic acid construct. In
certain embodiments, the cell population further includes a second cell type or cell that
includes a second nucleic acid construct. In certain embodiments, the first nucleic acid
construct and the second nucleic acid construct are different, e.g., include different
frameshift modulatory sequences.

In certain embodiments, one or more genetically engineered cells of the present
disclosure can be culture in a media that has a reduction in the amount and/or level of

compounds, chemicals, nutrients and/or components that are photosensitive.

IV.  METHODS OF USE

The present disclosure further provides methods for using the nucleic acid
constructs and/or the cells including the disclosed nucleic acid constructs. For example,
but not by way of limitation, nucleic acid constructs of the present disclosure can be used
to label cells, e.g., to distinguish between two or more cells within a population of cells.
In certain embodiments, the cell population includes bacterial cells. In certain
embodiments, the cell population includes fungal, e.g., yeast, cells. In certain
embodiments, the cell population includes mammalian cells.

In certain embodiments, the present disclosure provides methods for labeling cells.
In certain embodiments, the method can include introducing one or more nucleic acid

constructs disclosed herein into the cell. In certain embodiments, the method can further
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include analyzing the ratio of fluorescent between the fluorescent proteins encoded by the
nucleic acid construct.

In certain embodiments, the present disclosure further provides methods for
distinguishing between two or more cells within a population of cells. For example, but
not by way of limitation, a method of the present disclosure includes introducing one or
more disclosed nucleic constructs that encode two or more fluorescent proteins into a cell
to generate a genetically engineered cell. In certain embodiments, the method can further
include determining the expression level of the two or more fluorescent proteins into the
cell, e.g., the expression level of the first fluorescent protein and the second fluorescent
protein. In certain embodiments, the method can further include comparing the expression
levels of the two or more fluorescent proteins into the cell, e.g., the expression level of the
first fluorescent protein and the second fluorescent protein, to determine the ratio of the
expression level of the first fluorescent protein and the second fluorescent protein. In
certain embodiments, the method can further include identifying the cells with a particular
ratio of the first fluorescent protein expression level to the expression level of the second
fluorescent protein. In certain embodiments, the method can further include determining
the expression level of a third, fourth, fifth, sixth, seventh, eighth, night or tenth fluorescent
protein and comparing it to the expression level of a different fluorescent protein expressed
in the cell. In certain embodiments, the genetically engineered cell expresses the first
fluorescent protein and the second fluorescent protein in a ratio that allows it to be
distinguished from other cells within the cell population, e.g., cells that express the first
fluorescent protein and the second fluorescent protein in a different ratio. The ratio at
which the two different fluorescent proteins will be expressed depends on the nucleic acid
construct that is present within the cell and such cells can be identified based on this ratio.

In certain embodiments, the present disclosure further provides methods for
labeling cell free extracts.

In certain embodiments, the expression level of the fluorescent proteins can be
detected by any technique known in the art. In certain embodiments, the expression level
can be determined by flow cytometry. In certain embodiments, the expression level can
be determined by fluorescence microscopy.

In certain embodiments, the nucleic acid constructs can be used to track cells with
a mixed cell population, e.g., a cell population of different cell types. For example, but
not by way of limitation, the nucleic acid constructs can be used to characterize a

population of cells over time. In certain embodiments, one type of cell within the mixed
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cell population can include one nucleic acid construct and a different type of cell within
the mixed population of cells can include a different nucleic acid construct. In certain
embodiments, the mixed population of cells can be monitored over time and identified by
the expression of the nucleic acid constructs, e.g., by analyzing the ratio of the fluorescent
proteins expressed within the various cells within the mixed population.

In certain embodiments, the method for distinguishing between two or more cells
within a population of cells can be performed by a computer that has at least a processor
and at least a memory the processor can access. In certain embodiments, the method
includes collecting the fluorescence data of the first fluorescent protein, which is a function
of the number of cells and the intensity of that fluorescence. In certain embodiments, the
method can further include collecting the fluorescence data of the second fluorescent
protein, which is a function of the number of cells and the intensity of that fluorescence.
In certain embodiments, the method can include collecting the sum fluorescence data,
which is a function of the number of cells and the sum of the first and second proteins’
fluorescence. In certain embodiments, the method can include collecting the ratio
fluorescence data, which is a function of the number of cells and the ratio of the first
protein’s fluorescence to the second protein’s fluorescence. In certain embodiments, the
method includes creating a set of graph bisections that will be used to bisect each of the
graphs. The set of graph bisections identifies the location of the bisection, where the
location can be identified as a local minimum. In certain embodiments, the set of graph
bisections can identify more than one bisection location in a graph. In certain
embodiments, the set of graph bisections can be specific to a set of constructs. In certain
embodiments, the bisection divides the graph into two equal halves. Alteratively, the
bisection divides the graph into two unequal halves. A person having ordinary skill in the
art will realize that one half, in this context, means one of the two portions of the graph
created when the graph is divided by the bisection. In certain embodiments, the method
also includes bisecting a graph of the first protein fluorescence on one axis and the number
of cells on the second axis according to the set of graph bisections, where half of the
bisected data is temporarily discarded, while the other half is retained. In certain
embodiments, the method also includes bisecting a graph of the second protein
fluorescence on one axis and the number of cells on the second axis to the set of graph
bisections, where half of the bisected data is temporarily discarded, while the other half is
retained. In certain embodiments, the method includes bisecting a graph of the sum of the

first protein fluorescence and the second protein fluorescence on one axis and the number
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of cells on the second axis to the set of graph bisections, where half of the bisected data is
temporarily discarded, while the other half is retained. In certain embodiments, the method
also includes bisecting a graph of the ratio of the first protein’s fluorescence to the second
protein’s fluorescence on one axis and the number of cells on the second axis to the set of
graph bisections, where half of the bisected data is temporarily discarded, while the other
half is retained. The graphs are bisected as described above until all bisections in the set
of bisections are performed. This results in only a single peak in each graph, representing
a population of cells with the same first fluorescent protein expression and the same second
fluorescent protein expression. A computer can be used to execute some of these steps, or

all of these steps.

V.  KITS

The present disclosure further provides kits for generating the genetically
engineered cells described herein. For example, a kit of the present disclosure includes
one or more nucleic acid constructs described herein, e.g., to generate a genetically
engineered cell.

In certain embodiments, a kit of the present disclosure includes a container
including one or more nucleic acid constructs. In certain embodiments, the nucleic acid
construct includes a first nucleic acid segment encoding a first fluorescent protein, a
slippery site, a stop codon, a frameshift stimulatory sequence and a second nucleic acid
segment encoding a second fluorescent protein. Non-limiting examples of nucleic acid
constructs is provided in Table 2. In certain embodiments, the kit can further include a
second container containing one or more cells that can be transformed with the nucleic
acid constructs provided in the first container.

In certain embodiments, a kit of the present disclosure can include a container
including at least one or more genetically-engineered cells described herein. In certain
embodiments, the one or more genetically-engineered cells include one or more nucleic
acid constructs. In certain embodiments, a nucleic acid construct of the present disclosure

encodes a first fluorescent protein and a second fluorescent protein.

EXAMPLES
The presently disclosed subject matter will be better understood by reference to the
following Examples, which are provided as exemplary of the presently disclosed subject

matter, and not by way of limitation.
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Recognizing the limitations of the prior art, a genetically encoded fluorescent cell
barcoding technology that preserves all of the advantages of fluorescent proteins (FPs)
while also delivering a large set of robust, unique and well-defined tags was established.
Moreover, this was achieved by using a minimal number of fluorescence channels. To this
end one embodiment developed was a palette of ratiometric fluorescent barcodes, referred
to as FRAME-tags (Frameshift-controlled RAtiometric Multi-fluorescent protein
Expression tags). FRAME-tags are distinguished based on absolute FP expression ratios
directly encoded in their mRNAs as seen in FIG. 1.

The FRAME-tag is a scalable palette of genetically encoded barcodes that achieves
20+ resolvable cell markers using two or more FPs. FRAME-tags can be a nucleic acid,
e.g., DNA, construct and encode single-mRNA constructs that leverage custom ribosomal
frameshifting RNA modules (frameshift modules, or frameshift motifs) to precisely
control FP synthesis ratios leading to narrow fluorescence distributions that are robust to
biological noise. This allows FP ratios to be used as the barcode signal for cell tracking.
FRAME-tags can be used to accurately identify cells in high throughput using both flow
cytometry and fluorescence microscopy.

The present disclosure uses a co-translational mechanism that can precisely
regulate FP synthesis ratios from a single mRNA. In particular, a -1 programmed
ribosomal frameshifting (-1 PRF) was identified as a mechanism to encode FP
stoichiometry since it uses self-contained RNA elements, is active in a wide variety of
organisms, and can be tuned by the choice of frameshift stimulatory RNA signals (also
called a frameshift stimulator or stimulatory motif). Previously, a large collection of -1
PRF signals that possess frameshifting efficiencies spanning two orders of magnitude in
yeast (0.2% to 30%) was reported. In this example, discrete frameshift modules (f5) were
designed that incorporate these -1 PRF frameshift stimulatory signals for modular
assembly of a FRAME-tag palette (FIG 1A and FIG. 7). /s modules can be designed so
that a failure to frameshift results in immediate translation termination at a proximal stop
codon between two FPs, whereas frameshifting allows for continued translation in the -1
reading frame. This leads to fs-defined ratios of frameshift to non-frameshift FP products
(FIG. 1B).

Frameshift module architecture and predicted frameshift stimulatory signals are
shown in FIG. 7. FIG. 7A shows open reading frames (ORFs) that are separated by
frameshift modules that contain a heptanucleotide slippery sequence, an in frame amber

stop codon, and a downstream frameshift stimulatory signal. Frameshifting at the slippery
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site is stimulated by adjacent RNA secondary structures in cis, called frameshift
stimulatory signals, such as hairpins and pseudoknots (shown in FIG. 7B), which divert
translation to the -1 reading frame (UUU-AAA-CUA..)) containing ORF2. The structure
of these frameshift stimulatory signals can be predicted (FIG. 7B). While the in frame
amber stop codon is shown between the slippery site and frameshift stimulatory signal, the
stop codon could be positioned after the frameshift stimulatory signal as well.

Frameshift (f5) modules are designed to control the stoichiometry of upstream and
downstream open reading frames (FP-1 and FP-2) via -1 PRF (FIG. 1A). They contain a
linker, a tRNA slippery site, an in-frame stop codon and a custom frameshift stimulatory
signal. /s modules are flanked by restriction sites (RE) for convenient cloning (FIG. 1B).
At the /s modules, translation either terminates or continues in the -1 reading frame.
Distinct ratios of the upstream and downstream proteins (YEGFP and mCherry, in this
example) can be produced based on f§ module frameshift efficiency. These ratios can be
used to uniquely tag cells (FIG. 1C). Frameshift modules can be placed in front of any
protein, e.g., FP, to control that protein’s absolute expression level. This means a /s module
can be placed in front of both fluorescent proteins to control the absolute expression of
both proteins. These absolute expression levels and relative ratios can be used to uniquely
tag cells.

While FRAME-tags use /5 modules to control the expression ratio of two
fluorescent proteins, the same construct architecture shown in FIG. 7A—ORFs separated
by a f§ module—can be used to control the expression ratio between any two proteins.
Thus, a construct can be created that, after transformation, causes a transformed cell to
express any two proteins in a predetermined ratio, the ratio being a function of the fs
module.

FRAME-tags can be used to track mixed cell populations over time, allowing for
characterization of population-wide rates of change in phenotype and composition.
Recently, DNA recording systems have been developed to track cell lineage and
expression intensity. The limit on time-resolution for FRAME-tag data is dictated only by
the rate of fluorescence capture, and acquired data is relevant at both the population and
single cell scale. Furthermore, time-resolved data is obtained directly from samples
without any further manipulations or reagents, whereas sequencing-based methods require
multiple labor- and reagent-intensive steps that delay data recovery. Because of this fast
acquisition time, FRAME-tags enable rapid experimental iteration and open the door to

continuous monitoring using automated flow cytometry and microscopy.
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Extrapolating from the FRAME-tags (FTs) that were constructed and tested
empirically, the expected number of resolvable FT variants in three-color space can be
predicted (FIG. 6). Some of the FT constructs would likely require -1 PRF signals that
were not implemented for the main two-color system in order to fit additional FTs that
produce the desired absolute expression level and ratios of FPs for the three-color system.
First, in the vicinity of FT-13, there should be sufficient room to add other FTs, or replace
FT-13 with two new FTs. Here, it is a reasonable assumption that such an exchange can
be made with available /s modules and an additional FT added to the existing two-FP
arrangement. Also, three-color FP variants will likely behave in a similar manner to the
two-color constructs in terms of absolute protein expression and population distributions,
as this was observed for the 3-FP constructs generated. By the same logic, it can be
possible to make three, four, five, or any number-color FP variants.

As shown in FIG. 2B and FIG. 13, the three-color space can be represented as a
three-dimensional cube that contains the FRAME-tag palette. An additional FT can be
added to the two-color set to create a palette of 21 FTs as shown below (FIG. 6, replacing
FT-13 with FT-13A and FT-13B, red circles). Because of differences in resolution between
FTs that have high vs. low overall FP expression, scaling in a new dimension cannot be
achieved by multiplying the existing set by a constant. Rather, scalability is assumed in
the third color dimension to follow rules of scalability in the two-dimension case.
Constructs that express at least one FP at the 30% or 100% absolute level are capable of
being scaled across the second color dimension so that a total of 5 FTs is created. Among
the set of 21 hypothetical 2-dimensional FTs, the 16 shown in the orange zone (FT-1, FT-
2. FT-3, FT-4, FT-5, FT-6, FT-7, FT-8, FT-9, FT-10, FT-11, FT-12, FT-16, FT-17, FT-
20, and FT-21) satisfy this condition. So, it is predicted that each of these 16 FTs can
generate 4 additional resolvable FTs each using the new color dimension for a total of 80
three-color FTs (16 x 5). FTs that do not express at least one FP at the 30% or 100% level
(FT-13A, FT-13B, FT-15, FT-19, FT-22) shown in the blue zone can be scaled in the third
color dimension to create only 3 additional resolvable FTs each, thus generating a total of
20 total FTs (5 x 4). Summing these, it is predicted that a total of 100 FTs can be generated
based on this simple scaling analysis.

While the raw cytometry data generated by flow cytometry or microscopy using
FRAME-tagged cells (FTs) can be analyzed manually using available software, this
process is tedious for samples that include many FT populations and, as with any manually

analyzed cytometry data, it is subjective. Therefore, to simplify analysis of FTs and to
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remove user bias, a method implemented was designed as a front end for the existing suite
of automated flow cytometry processing functions collected under the R package
openCyto. Thus, this package runs on a computer and identifies different FT populations
based on their particular FRAME-tag. The computer has both a processor and memory
that is accessible to the processor. The method can be loaded into memory. The processor
and memory can be in communication with the flow cytometer or the fluorescence
microscope. The communication can be wireless or wired.

The existing openCyto pipeline enables automated gating of cytometry data based
on a user-defined input file (the “Gating Template™) that defines a gating hierarchy and
the corresponding automatic gating functions to use at each level of the hierarchy. The
instant method builds on this pipeline in three ways: (1) it dynamically generates the
correct “Gating Template™ based on a much simpler input file that need only list the FTs
present in the sample; (2) it automatically pre-processes the raw data to generate two
derived parameters used in gating (RFP/GFP ratio and RFP+GFP total fluorescence); and
(3) it includes an automatic gating function that simplifies valley-specific bisection of 1-
dimensional histograms with multiple sharp peaks and valleys characteristic of the FT
populations.

This method (FIG. 14) reads the fluorescence data from at least two fluorophores
and processes it into a series of histograms; a histogram for the first fluorophore (FIG. 14B
upper histogram), a histogram for the second fluorophore (FIG. 14B lower histogram), a
histogram for the first fluorophore/second fluorophore ratio (FIG 14C upper and lower
histogram), and a histogram for the first fluorophore + second fluorophore (FIG. 14F
histogram). Each of these histograms can then be bisected (for example FIG. 14B upper
histogram, green line; or FIG. 14A, each green, red, blue, or magenta line), with one half
of the data being set aside (FIG. 14B upper histogram, light grey portion of the curve) and
the other half being subject to another bisection (FIG. 14B upper histogram, black portion
of the curve). The bisection does not necessarily divide the graph into equal halves. The
set of graph bisections can be determined in advance for a group of FRAME-tags because
the FRAME-tags produce a consistent cluster structure. The last peak remaining is
identified as a particular FT population (FIG. 14G), and the process repeats using the set-
aside data until all peaks are identified.

This method also enables robust and efficient assignment of FT indices to each
event even for high throughput and real-time experiments that can generate hundreds of

individual data files. This method can leverage the consistent cluster structure of FTs. This
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cluster structure can be completely predetermined based on the known FTs in the sample
and therefore efficiently traversed computationally. However, this method can still be
applied to a cluster structure de novo.

FRAME-tags efficiently minimize the number of fluorescent channels that are
required for barcode identification, thus allowing other orthogonal fluorescent reporters to
be used alongside FRAME-tags. These reporters can be analyzed in multiplex through
FRAME-tag-indexed deconvolution of the reporters’ bulk fluorescent signals. Using a
promoter driven orthogonal FP, expression from 20 yeast promoters across 21
experimental conditions in multiplex were profiled using FRAME-tags as promoter
identifiers. Beyond promoter activity, FRAME-tags could also be used to multiplex other
fluorescent reporters such as those used for detection of calcium levels, phosphorylation
state and receptor signaling. FRAME-tags do not suffer signal dilution over time.
Therefore, in conjunction with other fluorescent reporters, FRAME-tags can be applicable
to various multiplexed phenotypic screens including microbial expression profiling, cell
state reporters, and drug screening.

As developed here, FRAME-tags can be useful for wide range of applications since
they are modular, scalable, and can be conveniently characterized with widely accessible
instruments. This current FRAME-tag palette can be immediately used in yeast for basic
biology and biotechnology. In addition, it can be possible to develop FRAME-tags for
bacteria and mammalian cells, as -1 PRF naturally occurs in these cell types as well. It can
also be possible to develop FRAME-tags for any other eukaryotic or prokaryotic cell,
including fungal or plant cells. As basic biology tools, FRAME-tags can find use for
investigating microbiome dynamics and pathogen engraftment, or for lineage tracing in
developing organisms and tumors. Furthermore, as synthetic biology tools, FRAME-tags
could be used in multicellular community engineering, distributed metabolic engineering,
and biosensor arrays. With the aid of emerging genome-engineering technologies,
automated cytometry, and time-lapse imaging, FRAME-tags and variants can find
extensive use in the broader scientific community for high throughput, real-time,
multicellular tracking.

Finally, FRAME-tags can be used to generate phenotypic cell libraries, for
example cell libraries for new strains (FIG. 19). The mixed FRAME-tag DNA constructs
can be co-transformed into the desired background strain. Barcoded transformants are
directly pooled without tag identification, followed by transformation of pooled constructs

or pre-screened libraries of constructs imparting a desired phenotype into the FRAME-tag
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strain mixture. Analysis is performed on individual colonies to first identify a set of strains
with overrepresented FRAME-tag identities. The phenotypes of all members within this
overrepresented set are identified and a subset of uniquely indexed phenotypes can be
selected and used. Alternatively, pooled FRAME-tag DNA constructs can also be
integrated into a preexisting pooled library of phenotypically variable strains followed by
phenotype indexing as described.

The scalability limit of FP-based cell markers was overcome by harnessing
ribosomal frameshifting to precisely encode non-overlapping FP expression ratios. With
this approach, a total of 20 genetically encoded FRAME-tags were constructed using just
two FPs and demonstrated the potential to scale to 100 tags with just three FPs.
Importantly, this approach achieves scalability purely based on fluorescence signals.
Three-FP FRAME-tags can be scaled further to potentially 1,000 tags using combinations
of five currently available resolvable FP variants (5 choose 3 FP combinations x 100
FRAME-tag designs). Furthermore, integrating FRAME-tags with spatial information,
such as subcellular localization, could scale the palette exponentially.

To demonstrate their applicability, FRAME-tags were used to simultaneously track
different sub-populations of cells in real-time and to perform multiplexed expression
profiling in synthetic yeast communities. The scalability of the palette to potentially 100
FRAME-tags was established by simply including a third FP. This technology overcomes
the FP multiplexing limit imposed by spectral overlap and enables straightforward tracking
of complex cellular systems using widely available fluorescence techniques.

A diverse yeast community was also tracked in real time by exploiting rapid
fluorescence data acquisition, which allowed the visualization of dynamic growth

trajectories for all sub-populations simultaneously.

EXAMPLE 1: GENERATION OF FRAME-TAGS
Materials and Methods
Materials

Polymerases, restriction enzymes and Gibson assembly mix were obtained from
New England Biolabs (NEB) (Ipswich, MA, USA). Media components were obtained
from BD Bioscience (Franklin Lakes, NJ, USA) and Sigma Aldrich (St. Luis, MO, USA).
Oligonucleotides and synthetic DNA constructs were purchased from Integrated DNA
Technologies (IDT) (Coralville, lowa, USA). Plasmids were cloned and amplified in £.
coli strain TG1 (Lucigen, Madison, WI, USA) or C3040 (NEB). Human urine (Catalog
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No: IR100007P) was purchased from Innovative Research (Novi, MI, USA). All other
commercial chemical reagents were obtained from Sigma Aldrich. Bulk optical density
and fluorescence measurements were made using an Infinite M200 plate reader (Tecan).
Statistical analysis

Overlap between mCherry fluorescence distributions (normalized to side scatter)
for frameshift (fs) modules depicted in FIG. 1C and FIG. 8 was determined for all pairwise
combinations. For each fs module’s distribution, 5, an empirical cumulative density
function CDF was generated using R. To estimate overlap between two distributions, FS;
and £, the point of intersection between CDF; and (1 — CDF)) was approximated using
uniroot (in R), and the degree of overlap was taken to be twice the value of the CDF’ at the
intersection point. This was performed for all £S5 pairs to generate the matrix depicted in
FIG. 8. Sensitivity, specificity, positive predictive value (PPV), and negative predictive
value (NPV) for FRAME-tag flow cytometry gating algorithms were determined by
evaluating data from FRAME-tags captured by flow cytometry individually (~45,000 cells
per FT) and combined into a dataset of all events. This allowed comparison of the
automatic gating on this combined dataset relative to the known identities of the events.
For a given FRAME-tag strain, /7, the statistical parameters for its gate, G, were derived
as follows. True positives (TP): events from individual analysis of /7, that fell within G;
false negatives (FN): events from individual analysis of F'7, that fell outside of Gy; true
negatives (TN): combined events excluding /7, that fell outside of G, false positives
(FP): combined events excluding F7, that fell within G,. Further statistics were derived
for each gate as follows. Sensitivity: TP/(TP+FN); specificity: TN/(TN+FP); PPV:
TP/(TP+FP); NPV: TN/(TN+FN). These parameters were determined using several
different gate sets generated at varying thresholds of sensitivity, i.e. the percentage of total
cells captured by gates (see FIG. 15). Mock dilution studies of the gating pipeline were
performed for each FRAME-tag strain by computationally constructing a new distribution
using random subsampling from the original distribution, recombining with the other
undiluted strain data and reapplying the automated gating pipeline, followed by the above
statistical analyses (see FIG. 16).
Designing a FRAME-tag:

Frameshift stimulatory signal structure prediction.

FIG. 7B shows minimum free energy (mfe) RNA secondary structures were
predicted computationally with pKiss using the ‘mfe’ function for non-pseudoknotted

structures and the ‘local’ function for pseudoknotted structures (Janssen, S. & Giegerich,
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R., Bioinformatics 31, 423-425 (2015)). For each fs module, sequences of length 44,
starting 8 nucleotides downstream of the slippery site, were evaluated for secondary
structure. All calculations were performed at 37 °C with Turner 2004 default parameters
in mode [P] to ignore kissing hairpins (K-type pseudoknots). Secondary structure diagrams
are shown for the mfe of each fs module. Energies displayed correspond to that of the local
pseudoknot or the first upstream hairpin in isolation within the mfe calculated at 37 °C.

Plasmid cloning and genomic integration in yeast.

All yeast strains were derived from parental strains Fy251 [ American Type Culture
Collection (ATCC) 96098] or the two-hybrid strain MaV203 (Invitrogen) (Vidal, M. et al.,
Proc. Natl. Acad. Sci. 93, 10321-10326 (1996)). Yeast transformations were carried out
using the lithium acetate method (Gietz, R. D. & Schiestl, R. H., Nat. Protoc. 2, 31-34
(2007)). All plasmids are derivatives of the pRS series of shuttle plasmids, cloned using
standard molecular biology protocols, yeast gap repair and Gibson assembly. Endogenous
yeast promoters were obtained by PCR from genomic DNA of strain Fy251. Genomic
integration in yeast was done by homologous recombination of linearized DNA constructs
with homology arms and a selectable marker. See Table 3 for a list of all strains used in
this work. See Table 4 for a list of plasmids used in this work. See Table 5 for a list of
primers used to clone endogenous promoters. See Table 6 for a list of DNA parts used to
construct all FRAME-tags. FRAME-tag integration plasmids will be made available for
distribution on Addgene.

Table 3. Strains. Strains were generated in this study except where a source is noted.
Genotypes of FRAME-tagged strains given in fluorescent protein (FP) nomenclature
(e.g., G30R, see Table 2)

Strain Genotype Comments
Parent strains
FY251 MATa his3-4200 leu2-Al trpl-A63 ura3-52 ATCC 96098

MATa leu2-3,112 trpl-901 his3A200 ade2-101 cyh2R
MaVv203 canlR gal4A gal80A
GALI::lacZ HIS3uascarr:-HIS3@LYS2 SPALI0::URA3

5 characterization and initial FRAME-tag (FT) strains
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Also a final
dual-FP

yFT1 FY251 leu2A::CgLEU2-G100R
red/green FT
strain
Also a final
dual-FP
yFT2 FY251 leu2A::CgLEU2—G30R
red/green FT
strain
yG20R FY251 leu2A: CgLEU2-G20R
Also a final
dual-FP
yFT3 FY251 leu2A::CgLEU2-G9.4R
red/green FT
strain
yG7.8R FY251 leu2A::CgLEU2-G7.8R
Also a final
dual-FP
yFT4 FY251 leu2A::CgLEU2-G4.2R
red/green FT
strain
yG3.3R FY251 leu2A::CgLEU2-G3.3R
yG1.8R FY251 leu2A::CgLEU2-GI1.8R
Also a final
dual-FP
yFT5 FY251 leu2A::CgLEU2-GO.3R
red/green FT

strain

Plasmid characterization strains

yPFT1 FY251 + pFT1 Used in FIG. 9
yPFT2 FY251 + pFT1 Used in FIG. 9
yPFT6 FY251 + pFT6 Used in FIG. 9
yPG7.8R FY251 + pG7.8R Used in FIG. 9
yPG1.8R FY251 + pG1.8R Used in FIG. 9

dual-FP red/green FT strains

yFT6

FY251 leu2A:

:CgLEU2-R30G
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yFT7 FY251 leu2A::CgLEU2-30G100R
yFT8 FY251 leu2A::CgLEU2-30G30R
yFT9 FY251 leu2A::CgLEU2-30G9.4R
yFT10 FY251 leu2A::CgLEU2-30G0.3R
yFT11 FY251 leu2A::CgLEU2-R9.4G
yFT12 FY251 leu2A::CgLEU2-30R30G
yFT13 FY251 leu2A::CgLEU2-9.4G100R
yFT15 FY251 leu2A::CgLEU2-9.4G0.3R
yFT16 FY251 leu2A::CgLEU2-R4.2G
yFT17 FY251 leu2A::CgLEU2-30R9.4G
yFT19 FY251 leu2A::CgLEU2—4.2G 1 00R
yFT20 FY251 leu2A::CgLEU2-R0.3G
yFT21 FY251 leu2A::CgLEU2-30R0.3G
yFT22 FY251 leu2A::CgLEU2-9.4R0.3G

dual-FP red/green/blue FT strains

yFT23 FY251 leu2A::CgLEU2-B100R
yFT24 FY251 leu2A::CgLEU2-B0.3R
yFT25 FY251 leu2A::CgLEU2-G100B

triple-FP red/green/blue I'T strains

yFT26

FY251 leu2A:

:CgLEU2-G100RI00B

yFT27

FY251 leu2A:

:CgLEU2-30G100R100B

Strains used to

analyze compatibility third FPs

yFTOpBFP FY251 + pGal-BFP Used in FIG. 12
yFTOpTurq FY251 + pGal-Turq Used in FIG. 12
yFTOpVenus | FY251 + pGal-Venus Used in FIG. 12
yFTOpKO2 FY251 + pGal-KO2 Used in FIG. 12
yFT9pBFP yFT9 + pGal-BFP Used in FIG. 12
yFT9pTurq yFT9 + pGal-Turq Used in FIG. 12
yFT9pVenus | yFT9 + pGal-Venus Used in FIG. 12
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yFT9pKO2 yFT9 + pGal-KO2 Used in FIG. 12
Strains used for multiplex transcriptional profiling
yFT1p2 yFT1 + pR2 reporter: pTEF1
yFT2p4 yFT2 + pR4 reporter: pSSA1

reporter:
vFT3pl8 yFT3 + pR18

pERO1

reporter:
vFT4pl6 yFT4 + pR16

pOLE1

reporter:
vyFT35p19 yFT5 + pR19

pHXT1

reporter:
yFT6p15 yFT6 + pR15

pPMC1
yFT7p13 yFT7 + pR13 reporter: pHIS4

FT8p3 FT8 + pR5 reporter

yklop y TP

pGDP1

reporter:
yFT9p10 yFT9 + pR10

pZRT1

reporter:
yFT10p3 yFT10 + pR3

pHSP12

reporter:
yFT11p20 yFT11+ pR20

pPRM5

reporter:
yFT12p9 yFT12 + pR9

pCUP1

reporter:
yFT13p22 yFT13 + pGal-BFP

pGALIl

reporter:
yFT15p12 yFT15 + pRI12

pARR3

reporter:
vyFT16p7 yFT16 + pR7

pTRX2

reporter:
vFT17pl4 yFT17 + pR14

pDAL3
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reporter:
yFT19pl yFT19 + pR1
pACT1
yFT20p6 yFT20 + pR6 reporter: pFUSI1
reporter:
yFT21p8 yFT21 + pR8
pRNR3
yFT22pl1 yFT22 + pR11 reporter: pFET3

Strains used for community tracking

A MaV?203 leu2A::CgLEU2-R0.3G + pSynGal4-A tag: FT20
B MaV?203 leu2A::CgLEU2-G9.4R + pSynGal4-B tag: FT3
C MaV203 leu2A::CgLEU2-30G30R + pSynGal4-C tag: FT8
D MaV203 leu2A::CgLEU2-30G0.3R + pSynGal4-D tag: FT10
E MaV203 leu2A::CgLEU2-9.4R0.3G + pSynGal4-E tag: FT22
F MaV?203 leu2A::CgLEU2-30G100R + pSynGal4-F tag: FT7
G MaV203 leu2A::CgLEU2-GI100R + pSynGal4-G tag: FT1
H MaV203 leu2A::CgLEU2-R4.2G + pSynGal4-H tag: FT16
I MaV203 leu2A::CgLEU2-30G9.4R + pSynGal4-I tag: FT9

Table 4. Plasmids.

Plasmid Construct details Comments
pRS416 URA3, CEN6/ARS4, AmpR, ColE1 ATCC 87521
pRS424 TRPI, 2u, AmpR, ColE1 ATCC 77105
pGal-BFP pRS416, pGAL1-mTagBFP2
pGal-Turq pRS416, pGAL1-mTurquoise2
pGal-Venus pRS416, pGAL1-mVenus
pGal-KO2 pRS416, pGAL1-mKO2

framed with homology for LEU2
pG20R pRS416, CgLEU2-G20R

locus

framed with homology for LEU2
pG7.8R pRS416, CgLEU2-G7.8R .

ocus
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framed with homology for LEU2
pG3.3R pRS416, CgLEU2-G3.3R

locus

framed with homology for LEU2
pG1.8R pRS416, CgLEU2-G1.8R

locus

framed with homology for LEU2
pFT1 pRS416, CeLEU2-G100R

locus

framed with homology for LEU2
pFT2 pRS416, CgLEU2-G30R

locus

framed with homology for LEU2
pFT3 pRS416, CgLEU2-G9.4R

locus

framed with homology for LEU2
pFT4 pRS416, CgLEU2-G4.2R

locus

framed with homology for LEU2
pFT5 pRS416, CgLEU2-G0.3R

locus

framed with homology for LEU2
pFT6 pRS416, CgLEU2-R30G

locus

framed with homology for LEU2
pFT7 pRS416, CgLEU2-30G100R

locus

framed with homology for LEU2
pFT8 pRS416, CgLEU2-30G30R

locus

framed with homology for LEU2
pFT9 pRS416, CgLEU2-30G9.4R

locus

framed with homology for LEU2
pFT10 pRS416, CgLEU2-30G0.3R

locus

framed with homology for LEU2
pFT11 pRS416, CgLEU2-R9.4G

locus

framed with homology for LEU2
pFT12 pRS416, CgLEU2-30R30G

locus

framed with homology for LEU2
pFT13 pRS416, CgLEU2-9.4G100R

locus

framed with homology for LEU2
pFT15 pRS416, CgLEU2-9.4G0.3R |

ocus
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framed with homology for LEU2
pFT16 pRS416, CgLEU2-R4.2G

locus

framed with homology for LEU2
pFT17 pRS416, CgLEU2-30R9.4G

locus

framed with homology for LEU2
pFT19 pRS416, CgLEU2-4.2G100R

locus

framed with homology for LEU2
pFT20 pRS416, CgLEU2-R0.3G

locus

framed with homology for LEU2
pFT21 pRS416, CgLEU2-30R0.3G

locus

framed with homology for LEU2
pFT22 pRS416, CgLEU2-9.4R0.3G

locus

framed with homology for LEU2
pFT23 pRS416, CeLEU2-B100R

locus

framed with homology for LEU2
pFT24 pRS416, CgLEU2-B0.3R

locus

framed with homology for LEU2
pFT25 pRS416, CgLEU2-G100B

locus

framed with homology for LEU2
pFT26 pRS416, CgLEU2-G100R100B

locus

framed with homology for LEU2
pFT27 pRS416, CgLEU2-30G100R100B

locus
pR1 pRS416, pACT1-mTagBFP2
pR2 pRS416, pTEF1-mTagBFP2
pR3 pRS416, pHSP12-mTagBFP2
pR4 pRS416, pSSA1-mTagBFP2
pR5 pRS416, pGPD1-mTagBFP2
pR6 pRS416, pFUS1-mTagBFP2
pR7 pRS416, pTRX2-mTagBFP2
pR8 pRS416, pPRNR3-mTagBFP2
pR9 pRS416, pCUP1-mTagBFP2
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pR10 pRS416, pZRT1-mTagBFP2
pRI11 pRS416, pFET3-mTagBFP2

pR12 pRS416, pARR3-mTagBFP2
pR13 pRS416, pHIS4-mTagBFP2

pR14 pRS416, pDAL5-mTagBFP2
pR15 pRS416, pPMC1-mTagBFP2
pR16 pRS416, pPOLE1-mTagBFP2
pR18 pRS416, pERO1-mTagBFP2
pR19 pRS416, pHXT1-mTagBFP2
pR20 pRS416, pPRM5-mTagBFP2

pSynGal4-A | pRS424, pADH-Gal4(BD)-fsA-Gal4(AD)

pSynGal4-B | pRS424, pADH-Gal4(BD)-fsB-Gal4(AD)

pSynGal4-C | pRS424, pADH-Gal4(BD)-fsC-Gal4(AD)

pSynGal4-D | pRS424, pADH-Gal4(BD)-fsD-Gal4(AD)

pSynGal4-E | pRS424, pADH-Gal4(BD)-fsE-Gal4(AD)

pSynGal4-F | pRS424, pADH-Gal4(BD)-fsF-Gal4(AD)

pSynGal4-G | pRS424, pADH-Gal4(BD)-fsG-Gal4(AD)

pSynGal4-H | pRS424, pADH-Gal4(BD)-fsH-Gal4(AD)

pSynGal4-1 | pRS424, pADH-Gal4(BD)-fsI-Gal4(AD)

pFT plasmids contain the integrating constructs of the FRAME-tags and were not directly used in
experiments except were noted. The integrating construct can be excised with Swal, which cuts these pFT

plasmids three times (twice flanking the FT construct and once in the backbone to simplify purification).

5  Table 5. Primers for promoter cloning.

Primer Sequence
pACT for MJ615) ctcactaaagggaacaaaagcetggagctctagt CCTTAAAAACATATGCCTCACCCT
pACT rev MJ616) geatattttctttaatcaattcagacattttctagaCAGTAAATTTTCGATCTTGGGAAG

pTEF1 for (MJ617) ctcactaaagggaacaaaagetggagctctagtATAGCTTCAAAATGTTTCTACTCCT

pTEF rev (MJ618) geatattttctttaatcaattcagacattttctagaTTAGATTGCTATGCTTTCTTTC

pHSP12 for(MJ619) ctcactaaagggaacaaaagctggagetctagtAGTGAAAATCTCCGGGAGCG

pHSP12 rev (MJ620) geatattttctttaatcaattcagacattttctagaTGAGTTGTTTGTTTGAGATTATCG
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pSSAL for (MJ621)

ctcactaaagggaacaaaagetggagetctagtGGCATTTTCGTTCTTGTGGA

PSSAL rev (MJ622)

geatattttctttaatcaattcagacattttctaga ATTTTTGTTTCTTGTAATACTTGA

pGPD1 for (MJ625)

ctcactaaagggaacaaaagcetggagetctagtCTGGGGTTTGAGCAAGTCTA

pGPD1 rev (MJ626)

geatattttctttaatcaattcagacattttctagaTTATCAATATTTGTGTTTGTGGAG

pFUSI_for (MJ627)

ctcactaaagggaacaaaagetggagetctagt TGCCTCAATCCTTCTTTTGCTT

pFUS1 rev (MJ628)

geatattttctttaatcaattcagacattttctagaCTTGATGGCTTATATCCTGCTCT

pTRX2_for (MJ629)

ctcactaaagggaacaaaagctggagctctagtACTTTTACGGGTGGCAACG

pTRX2_rev (MJ630)

geatattttctttaatcaattcagacattttctagaTCGTAGACTCTCGTGTATGTGTGC

pRNR3 for (MJ631)

ctcactaaagggaacaaaagctggagetctagtGTAATAACAAGCAGGTGGGCG

PRNR3 rev (MJ632)

geatattttctttaatcaattcagacattttctagaTTATTGCTGCTGCTATTCTTGCTT

pCUP1 for (MJ635)

ctcactaaagggaacaaaagetggagetctagtTCACCACCCTTTATTTCAGGC

pCUP_rev (MJ636)

geatattttctttaatcaattcagacattttctagaTGTGATGATTGATTGATTGATTGT

PZRT! for (MJ637)

ctcactaaagggaacaaaagcetggagetctagtGGCAAGAGTATTTCAGACTTTCCT

PZRTI rev (MI638)

geatattttctttaatcaattcagacattttctagaTTTGTGCTGTTGTTTTATTGTCT

PFET3 for (MJ666)

ctcactaaagggaacaaaagetggagctctagtGATAATGCCTTGGCTTGCCT

PFET3 _rev (MJ640)

geatattttctttaatcaattcagacattttctagaTACTCTTCCTTACACTGGGGTCC

PARR3_for (MJ641)

ctcactaaagggaacaaaagctggagctctagtCACGTGCAAAATCTTCTCTTCG

PARR3 rev (MJ642)

geatattttctttaatcaattcagacattttctagaCCTGATGATTTGTTGGTTGGGT

pHIS4 for (MJ643)

ctcactaaagggaacaaaagctggagetctagtAAACCCATGCACAGTGACTC

pHIS4 rev (MJ644)

geatattttctttaatcaattcagacattttctaga ATTGTATTACTATTACACAGCGCA

pDALS for (MJ649)

ctcactaaagggaacaaaagctggagetctagtAGCGTTCTCATCAGTCACTTG

pDAL4 rev (MJ650)

geatattttctttaatcaattcagacattttctaga ATCCTTGTTTTGTTGTTTTCTTCA

pPMC1_for (MJ651)

ctcactaaagggaacaaaagctggagetctagtGTTTTTACCCGGCAAAGAAGC

PPMC1_rev (MJ652)

geatattttctttaatcaattcagacattttctagaTATTTTTTTTGTTACGCACACAGT

pOLE1 for (MJ653)

ctcactaaagggaacaaaagctggagetctagtCATGTCCCGGGGTTAGCG

pOLEI rev (MJ654)

geatattttctttaatcaattcagacattttctagaTTGTTGTAATGTTTTAGTGCTGT

PEROL1 for (MJ623)

ctcactaaagggaacaaaagctggagetctagtAAAGAACACGGCGGTAAGAA

PERO1 rev (MJ624)

geatattttctttaatcaattcagacattttctagaTTTACCTGCACGTTACTGTGG

pHXT1 for (MJ633)

ctcactaaagggaacaaaagctggagetctagt T GCAAAAAGCTTCCGATCCT

pHXT1 rev (MJ634)

geatattttctttaatcaattcagacattttctagaCGTATATCAACTAGTTGACGATTA

pPRMS5_for (MI645)

ctcactaaagggaacaaaagctggagetctagtCTCACCCGGATCGTAGTCAC

PPRMS _rev (MI646)

geatattttctttaatcaattcagacattttctagaTCTTGCGTTTTGAGTGTCAATTT

Table 6. DNA sequences of FRAME-tag parts.
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Part Sequence
pTDH3 CAGTTCGAGTTTATCATTATCAATACTGCCATTTCAAAGAATACGTAAATAATTAATAGTAGTGATTTTCC

TAACTTTATTTAGTCAAAAAATTAGCCTTTTAATTCTGCTGTAACCCGTACATGCCCAAAATAGGGGGCGG
GTTACACAGAATATATAACATCGTAGGTGTCTGGGTGAACAGTTTATTCCTGGCATCCACTAAATATAATG,
GAGCCCGCTTTTTAAGCTGGCATCCAGAAAAAAAAAGAATCCCAGCACCAAAATATTGTTTTCTTCACCA
IACCATCAGTTCATAGGTCCATTCTCTTAGCGCAACTACAGAGAACAGGGGCACAAACAGGCAAAAAACG
GGCACAACCTCAATGGAGTGATGCAACCTGCCTGGAGTAAATGATGACACAAGGCAATTGACCCACGCAT]
GTATCTATCTCATTTTCTTACACCTTCTATTACCTTCTGCTCTCTCTGATTTGGAAAAAGCTGAAAAAAAAG
GTTGAAACCAGTTCCCTGAAATTATTCCCCTACTTGACTAATAAGTATATAAAGACGGTAGGTATTGATTG
TAATTCTGTAAATCTATTTCTTAAACTTCTTAAATTCTACTTTTATAGTTAGTCTTTTTTTTAGTTTTAAAAC
IACCAAGAACTTAGTTTCGAATAAACACACATAAACAAACAAA

L1 IATGGGTTCAGGTGAACAATCA

L2 GGCAGCGGCGACTACAAGGACGACGACGAC

L3 GGTGCATCTGGATCAGGACAATCA

Nhel GCTAGC

atll GACGTC

ISall GTCGAC

Ufel IAGCGCT

Clal IATCGAT

yEGFP IATGTCTAAAGGTGAAGAATTATTCACTGGTGTTGTCCCAATTTTGGTTGAATTAGATGGTGATGTTAATGG
TCACAAATTTTCTGTCTCCGGTGAAGGTGAAGGTGATGCTACTTACGGTAAATTGACCTTAAAATTTATTT
GTACTACTGGTAAATTGCCAGTTCCATGGCCAACCTTAGTCACTACTTTCGGTTATGGTGTTCAATGTTTTG
CTAGATACCCAGATCATATGAAACAACATGACTTTTTCAAGTCTGCCATGCCAGAAGGTTATGTTCAAGA
IAAGAACTATTTTTTTCAAAGATGACGGTAACTACAAGACCAGAGCTGAAGTCAAGTTTGAAGGTGATACC
TTAGTTAATAGAATCGAATTAAAAGGTATTGATTTTAAAGAAGATGGTAACATTTTAGGTCACAAATTGG
IAATACAACTATAACTCTCACAATGTTTACATCATGGCTGACAAACAAAAGAATGGTATCAAAGTTAACTT
CAAAATTAGACACAACATTGAAGATGGTTCTGTTCAATTAGCTGACCATTATCAACAAAATACTCCAATT
GGTGATGGTCCAGTCTTGTTACCAGACAACCATTACTTATCCACTCAATCTGCCTTATCCAAAGATCCAAA
CGAAAAGAGAGACCACATGGTCTTGTTAGAATTTGTTACTGCTGCTGGTATTACCCATGGTATGGATGAAT]
TGTACAAA

mCherry IATGGTTTCAAAAGGTGAAGAAGATAATATGGCTATTATTAAAGAATTTATGAGATTTAAAGTTCATATGG

IAAGGTTCAGTTAATGGTCATGAATTTGAAATTGAAGGTGAAGGTGAAGGTAGACCATATGAAGGTACTCA
IAACTGCTAAATTGAAAGTTACTAAAGGTGGTCCATTACCATTTGCTTGGGATATTTTGTCACCACAATTTA
TGTATGGTTCAAAAGCTTATGTTAAACATCCAGCTGATATTCCAGATTATTTAAAATTGTCATTTCCAGAA
GGTTTTAAATGGGAAAGAGTTATGAATTTTGAAGATGGTGGTGTTGTTACTGTTACTCAAGATTCATCATT
IACAAGATGGTGAATTTATTTATAAAGTTAAATTGAGAGGTACTAATTTTCCATCAGATGGTCCAGTTATGC
IAAAAAAAAACTATGGGTTGGGAAGCTTCATCAGAAAGAATGTATCCAGAAGATGGTGCTTTAAAAGGTG
IAAATTAAACAAAGATTGAAATTAAAAGATGGTGGTCATTATGATGCTGAAGTTAAAACTACTTATAAAGC
TAAAAAACCAGTTCAATTACCAGGTGCTTATAATGTTAATATTAAATTGGATATTACTTCACATAATGAAG
IATTATACTATTGTTGAACAATATGAAAGAGCTGAAGGTAGACATTCAACTGGTGGTATGGATGAATTATA
TAAAagegctGGTGCATCTGGATCAGGACAATCAAAAGACTTTAAACTAGTTGACGCGGGTCTAGTCAACAA
CGCGTTAAACCCACTAGAAGGCGGTTCTATGGGAATGTCTGGA
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mTagBFP2

IATGTCTGAATTGATTAAAGAAAATATGCATATGAAATTGTACATGGAAGGTACTGTTGATAATCATCATTT]
CAAATGTACTTCAGAAGGTGAAGGTAAGCCATACGAAGGTACTCAAACTATGAGAATTAAAGTTGTTGAA
GGTGGTCCATTGCCATTCGCTTTTGATATTTTGGCTACTTCATTTTTATATGGTTCAAAGACTTTTATTAAT
CATACTCAAGGTATTCCAGATTTTTTCAAACAATCATTCCCAGAAGGTTTCACTTGGGAAAGAGTTACTAC
TTACGAAGATGGTGGTGTTTTAACTGCTACTCAAGATACTTCTTTGCAAGATGGTTGTTTGATTTACAATG
TTAAAATTAGAGGTGTTAATTTCACTTCAAATGGTCCAGTTATGCAAAAAAAGACTTTGGGTTGGGAAGC
TTTTACTGAAACTTTGTACCCAGCTGATGGTGGTTTGGAAGGTAGAAATGATATGGCTTTGAAGTTGGTTG
GTGGTTCTCATTTGATTGCTAATGCTAAGACTACTTATAGATCAAAGAAGCCAGCTAAGAATTTGAAGAT
GCCAGGTGTTTATTACGTTGATTATAGATTGGAAAGAATTAAAGAAGCTAATAATGAAACTTACGTTGAA
CAACATGAAGTTGCTGTTGCTAGATACTGTGATTTGCCATCAAAATTGGGTCATAAATTGAAT

tCaADH1

TAAGCAAATAGCTAAATTATATACGAATTAATATTATGATTAAGTGTTTACGTGAGTGCGATATTTTTATT
IACTATCTTATACAGTTGTATATACTCTATAAAATGAGTTGTCTATTAATTAACGCGATGAATGCTTTCTGG
GTTTACCTCTCCAACAACTCTAGTTTACTTCTCAATACATTCAATTGTATTTGATTTGTCAATACTTCATCA
TTAATCAATTCTATAGTTTTGTTTTTCTCGTTTATTTCCAAATTTAATGCATCAATTTTATTATTCAATTTGT
CGTTGATTTTGGTTAATGATTTTATGGTTTGATCTCTGGCATTGATTGTTTGTGTTAGTTTTTCATTATTGAT
|AattaaaTTATTTAAGTTAGTTATCAACTCGGTGTTTTCAAGTTTCAAGTTTTCAATTTCTTTAGAGTTTATTAG
IATTTGTCAAAGTTTCTGAATTGCTTGATTGGTCCTGTAGAAGAGTATTTGTTGTTGTGGATAATTGATTCAA|
TTTTTGAGACAATTGCTGGAAGGCGTTGAAATATCTAGCATCAATCTCATGGTTTTTTTCCCGAGAGTCTC
GTAGATTCAATTGTTTTAATATATCTTGGGACCACTCTTGATTTGAACTCATGGAAattaaaCTGGGTGTTGTG
TTGTGGTGTAATGATTGTACCCCCTTTGCTTATAATTGTGTGG

These parts and /s modules were assembled into FRAME-tags as shown in Table 2.

FRAME-tag DNA constructs and strains.

The yEGFP DNA sequence and mCherry DNA sequence were amplified from a

previously constructed plasmid (Anzalone, A. V. etal., Nat. Methods 13, 453-458 (2016)).
mTagBFP2 (Subach, O. M. et al., PLoS ONE 6, e28674 (2011)), mKO2 (Sakaue-Sawano,
A. etal., Cell 132, 487-498 (2008)), mTurquoise2 (Goedhart, J. ef al., Nat. Commun. 3,
ncomms1738 (2012)), and mVenus (Nagai, T. et al., Nat. Biotechnol. 20, 87-90 (2002)),
were obtained as synthetic DNA fragments that were codon optimized for S. cerevisiae
with the IDT codon optimization tool (Integrated DNA Technologies) and the JCat Codon
Adaptation tool (see Table 7) (Grote, A. et al., Nucleic Acids Res. 33, W526-W531
(2005)). A parent dual FP integration construct was derived from the pNH600 series of
vectors (Zalatan, J. G. et al., Science 337, 1218-1222 (2012)), which harbor integration
constructs containing a multiple cloning site, an ADH1 terminator from Candida albicans,
selectable auxotrophic markers from Candida glabrata, and flanking 500 bp homology
regions to the target locus (pNH605: LEU2). Full integration constructs were cloned into
a pRS416 backbone to allow comparison of plasmid-bome and genome-integrated
constructs from the same vector. -1 PRF sequences were amplified as a DNA library from
the previously reported in vitro selection products and cloned into the parent dual FP

integration vector by gap repair in the yeast strain Fy251 (Anzalone, A. V. et al., Nat.

51



WO 2020/124093 PCT/US2019/066634

10

15

20

Methods 13, 453-458 (2016)). Individual clones were isolated by selection on -Ura and
the ratios of yEGFP and mCherry fluorescence were assayed in 96-well plates using an
Infinite M200 plate reader (Tecan). Plasmid variants representing a range of fluorescence
ratios were sequenced, then linearized and integrated into the LEU2 locus of a fresh Fy251
strain. Transformants were selected on SC (glucose, -Leu) plates, and proper integration
was confirmed by sequencing of locus-specific PCR amplified DNA. The expanded palette
of dual-FP FRAME-tags was generated by individually constructing combinations of the
5 chosen frameshift modules at early and late positions, with two fluorescent proteins
(Table 2). Vectors were linearized and integrated independently into Fy251, the resulting
strains were pre-cultured as above and characterized by flow cytometry. Third fluorescent
proteins were screened for compatibility by cloning into a galactose inducible construct
(pRS416-Gall). Sequence verified plasmids were transformed into green-red FRAME-
tagged yeast strains and grown in SC (2% glucose, -Ura) or SC (2%galactose, 2%
raffinose, -Ura) media. The contribution of the third fluorescent protein on both GFP and
mCherry signals was evaluated by pre-culturing the strains as above and characterizing the
fluorescence by flow cytometry (FIG. 12). mTagBFP2 was chosen as a compatible third
fluorescent protein. A three FP set of FRAME-tags was generated by individually
constructing the indicated combinations of FPs and frameshift modules (Table 2). The
resulting constructs were integrated into strain Fy251, pre-cultured as above and

characterized by flow cytometry.

Table 7. DNA sequences of additional fluorescent proteins.

Part Sequence

mTurquoise2

IATGTCTAAAGGTGAAGAATTATTCACTGGTGTTGTTCCAATTTTGGTTGAATTAGATGGTGATGTTAATGG
TCATAAATTCTCTGTTTCTGGTGAAGGTGAAGGTGATGCTACTTATGGTAAGTTGACTTTGAAGTTTATTTG
TACTACTGGTAAATTGCCAGTTCCATGGCCAACTITGGTTACTACTTTGTCTTGGGGTGTTCAATGTTTTGC
[TAGATATCCAGATCATATGAAACAACATGATTTCTTTAAATCTGCTATGCCAGAAGGTTACGTTCAAGAAA)
GAACTATTTTCTTTAAAGATGATGGTAATTACAAAACTAGAGCTGAAGTTAAATTCGAAGGTGATACTTTG
GTTAATAGAATTGAATTGAAGGGTATTGATTTCAAAGAAGATGGTAATATTTTGGGTCATAAGTTGGAAT
IACAATTACTTCTCTGATAATGTTTACATTACTGCTGATAAGCAAAAGAATGGTATTAAGGCTAATTTCAAG
IATTAGACATAATATTGAAGATGGTGGTGTTCAATTAGCTGATCATTATCAACAAAATACTCCAATTGGTGA
TGGTCCAGTTTTGTTGCCAGATAATCATTATTTGTCTACTCAATCTAAATTGTCTAAAGATCCAAATGAAA
IAAAGAGATCATATGGTTTTGTTGGAATTTGTTACTGCTGCTGGTATTACTTTGGGTATGGATGAATTGTAC
IAAA

mVenus

IATGTCTAAAGGTGAAGAATTATTCACTGGTGTTGTTCCAATTTTGGTTGAATTAGATGGTGATGTTAATGG
TCATAAATTCTCTGTTTCTGGTGAAGGTGAAGGTGATGCTACTTATGGTAAGTTGACTTTGAAGTTGATTT
GTACTACTGGTAAATTGCCAGTTCCATGGCCAACTTITGGTTACTACTTTGGGTTACGGTTTGCAATGTTTITG
CTAGATATCCAGATCATATGAAACAACATGATTTCTTTAAATCTGCTATGCCAGAAGGTTACGTTCAAGAA
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IAGAACTATTTTCTTTAAAGATGATGGTAATTACAAAACTAGAGCTGAAGTTAAATTCGAAGGTGATACTTT
GGTTAATAGAATTGAATTGAAGGGTATTGATTTCAAAGAAGATGGTAATATTTTGGGTCATAAGTTGGAA
TACAATTACAATTCTCATAATGTTTACATTACTGCTGATAAGCAAAAGAATGGTATTAAGGCTAATTTCAA
GATTAGACATAATATTGAAGATGGTGGTGTTCAATTAGCTGATCATTATCAACAAAATACTCCAATTGGTG
IATGGTCCAGTTTTGTTGCCAGATAATCATTATTTGTCTTACCAATCTAAATTGTCTAAAGATCCAAATGAA
IAAAAGAGATCATATGGTTTTGTTGGAATTTGTTACTGCTGCTGGTATTACTTTGGGTATGGATGAATTGTA
CAAA

mKO2

IATGTCTGTTATTAAGCCAGAAATGAAAATGAGATATTATATGGATGGTTCTGTTAATGGTCATGAATTTAC
TATTGAAGGTGAAGGTACTGGTAGACCATATGAAGGTCATCAAGAAATGACTTTGAGAGTTACTATGGCT
GAAGGTGGTCCAATGCCATTCGCTTTTGATTTGGTTTCTCATGTTTTCTGTTACGGTCATAGAGTTTTCACT
IAAGTACCCAGAAGAAATTCCTGATTATTTTAAGCAAGCTTTTCCAGAAGGTTTATCTTGGGAAAGATCATT
GGAATTTGAAGATGGTGGTTCTGCTTCTGTTTCTGCTCATATTTCTTTGAGAGGTAATACTTTCTATCATAA
GTCTAAATTTACTGGTGTTAATTTTCCAGCTGATGGTCCAATTATGCAAAATCAATCTGTTGATTGGGAAC
CATCTACTGAAAAAATTACTGCTTCTGATGGTGTITTAAAAGGTGATGTTACTATGTATTTGAAATTGGAA
GGTGGTGGTAATCATAAATGTCAAATGAAAACTACTTATAAAGCTGCTAAAGAAATTTTGGAAATGCCAG
GTGATCATTATATTGGACATAGATTGGTTAGAAAGACTGAAGGTAATATTACTGAACAAGTTGAAGATGC

TGTTGCTCATTCT

These coding DNA sequences were codon-optimized for expression in yeast.

Selected fs modules were inserted between yYyEGFP and mCherry, then
chromosomally integrated into yeast; mCherry fluorescence was evaluated by flow
cytometry and normalized by side scatter; values above distributions indicate frameshift
efficiency determined by comparison of mCherry/yEGFP ratios with the 100% yEGFP-
mCherry fusion (see FIG. 8).

To begin constructing the FRAME-tag palette, several f§ modules were screened
in a yeast dual-FP reporter (FIG. 8 and Table 1). Frameshift (fs) modules were
characterized in a dual-fluorescent protein reporter construct (FIG. 8 A). Then, nine distinct
frameshift modules were characterized with the dual-fluorescent protein reporter,
chromosomally integrated in yeast, and analyzed by flow cytometry (FIG. 8B). Modules
that were selected for FRAME-tags are shaded in purple. mCherry fluorescence was
normalized by side scatter. Each frameshift module resulted in a characteristic frameshift
efficiency that leads to a unique stoichiometry between mCherry and yEGFP (FIG. 8C).
Motifs selected for FRAME-tags are bolded. Frameshifting efficiency was defined by the
ratio of the mCherry to yEGFP fluorescence, by first subtracting the baseline fluorescence
of a non-fluorescent strain (FY251) and defining fs-100 (non-frameshift fusion protein) as
100% efficiency. The final set of /s modules was selected by choosing a set with mutually
minimal overlaps in their empirical cumulative density functions noted by the squares
outlined in black (FIG. 8D). Frameshift efficiency calculations and raw heatmap data are

included in Supplementary Data 3.
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A set of five modules were identified with highly resolved mCherry (a fluorescent
protein) fluorescence distributions, which displayed less than 1% overlap between
adjacent populations (FIG. 1C). In addition, flow cytometry revealed that these /s modules
produced even tighter distributions of the mCherry:yEGFP fluorescence ratios (FIG. 9).
FIG. 9 compares FRAME-tags using flow cytometry that are (FIG. 9A) expressed from a
CEN plasmid (low copy) or (FIG. 9B) expressed from the chromosome. Individual
samples overlaid and identified by color. Fluorescence was normalized by side scatter;
contours represent 5% quantiles. As both fluorescent proteins are translated from a single
mRNA, the relative ratio of FPs is robust to intrinsic biological noise that originates from
variability in transcription, translation initiation, and mRNA stability. Moreover, it was
found that absolute fluorescence could be made robust to extrinsic biological noise by
single copy chromosomal integration (FIG. 9).

FIG. 2 shows two-color FRAME-tags were combinatorially constructed from two
FPs (YEGFP and mCherry) and the five fs modules shown in FIG. 1C. FIG. 2A shows a
graph of FRAME-tag constructs that were chromosomally integrated in yeast, analyzed by
flow cytometry and normalized by side scatter; data displayed as a scatter plot from twenty
FRAME-tag strains grown in mixed culture, colored by event density. The FRAME-tag
design was expanded to three FPs (YEGFP, mCherry and mTagBFP2) to generate both
two-FP and three-FP tags (including bracketed module) (FIG. 2B). Three-color FRAME-
tags were analyzed as in FIG. 2A and visualized in a three-dimensional scatter plot colored
by event density. Some FRAME-tags (FT1, FTS5, FT20) are labeled for reference between
FIG. 2A and b.

Results

A two-FP FRAME-tag construct was designed wherein each FP is paired with a
single upstream /s module (FIG. 2A and Table 2). In this design, translation of a given FP
requires successful frameshifting at all upstream fs modules. As a result, the expected FP
yield is roughly the product of preceding frameshifting efficiencies, with predictable
deviations that depend on the location and strength of the RNA signals (FIG. 10). For
example, FIG. 10A shows that that frameshift modules (f5) influence the expression of the
upstream open reading frame. Efficiency of /5 is calculated as in FIG. 8. FIG. 10 compares
vEGFP fluorescence controlled by late (purple) or early (black) /5 modules. The effective
yEGFP expression from the same /s module depends on its position within the construct
(i.e. late or early). The same /5§ modules were used as in FIG. 10A, identified by their

efficiency.
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The consistency of these /5 modules allowed the generation of a palette of 20
unique FRAME-tags in yeast that were well resolved by flow cytometry and microscopy
using only two FPs, though more can be used (FIG. 2A and FIG. 11). FIG. 11 shows the
visual index of FRAME-tags. The corresponding strain identity of each population was
validated with single strain experiments and the FT# names used throughout are labeled
in red. The approximate location of a non-fluorescent strain (FY251) is noted by the black
outlined circle.

It was also found that this initial FRAME-tag series could be expanded to a third
color dimension by the introduction of one additional FP variant. After screening several
FPs, it was determined that the blue mTagBFP2 (Subach, O. M. et al., PLoS ONE 6,
e28674 (2011)) is compatible with yEGFP and mCherry fluorescence channels (FIG. 12).
FIG. 12 shows the identification of a compatible third fluorescent protein. yEGFP and
mCherry flow cytometry 10% contour plots of FRAME-tagged strains expressing a
galactose-inducible reporter are shown in FIG 12A. Strains tagged with either FT9 (blue,
black) or no tag (FTO, purple, grey) were transformed with a plasmid carrying a third
fluorescent protein (mTagBFP2, mTurquoise2, mVenus or mKO2) under the control of a
galactose inducible promoter (pGAL1). These strains were grown in either standard
synthetic dropout medium (2% glucose, black and grey) or 2% galactose medium (blue,
purple). The yEGFP and mCherry signal of the tags was not affected by expression of
mTagBFP2 construct (colors v greys). FIG. 12B is a histogram of the of the mTagBFP2
signal from the pGAL1- mTagBFP2 strains in FIG. 12A. Baseline and induced of
expression of mTagBFP2 is not influenced by the presence of a yEGFP/mCherry signal
(FT9 v. FTO0).

To establish scalability, three additional two-FP FRAME-tags were generated
containing mTagBFP2, and a FRAME-tag construct that expresses all three FPs regulated
was designated by upstream f5 modules. The latter design was validated by the
construction of two additional FRAME-tags (FIG. 2B and FIG. 13). FIG. 13 depicts the
fluorescence of the additional FRAME-tags in RGB space. By including just one
additional FP (mTagBFP2) the full combinatorial RGB space becomes available, and up
to 100 FRAME-tags could be accessed (discussed above). FIG. 13 A shows three additional
dual-FP FRAME-tags that use the blue dimension (FT23, FT24, FT25), and two triple-FP
FRAME-tags that use all three color dimensions (FT26, FT27). Scatterplot of a mixed
sample including all noted strains, plotted in 3D using Plotly (https://plotly). Events
shaded by density (low=dark blue, high=dark red) and populations identified from single
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strain experiments labeled with corresponding strain identity and a colored circle
according to the legend. Legend includes both FT and FP nomenclature from Table 2.
Transparency added to some events to clarify perspective. FIG. 13B shows single strain
experiments overlaid and identified by color as in FIG. 13A. Views correspond to those
noted in FIG. 13A. Fluorescence normalized by side scatter.

Based on these results demonstrating consistently narrow distributions of both two-
color and three-color FRAME-tag populations, it is estimated that up to 100 unique
FRAME-tags can fit within this three-color FP space (as discussed above).

Table 1. Sequences of frameshift modules

Motif Sequence
£5-03 (I) AA-GACTTTAAACTAGTTGACGCGUAACTAATTCAGUH I CGCGTTAAACGYYC
s-0.
TAGAAGGCGGTTCTATGGGAATGTCTGGA
fs.1.8 (I AA-GACTTTAAACTAGTTGACGCGHGYCTAGTUAAUAACGCGTTAAACUTAC
s-1.
an TAGAAGGCGGTTCTATGGGAATGTCTGGA
£33 (I AA-GACTTTAAACTAGTTGACGCGGUTCTAGTUGUAGYCGCGTTAAACAAG
s-3.
(i CTAGAAGGCGGTTCTATGGGAATGTCTGGA
fs-42 (IV) AA-GACTTTAAACTAGTTGACGCGYU GCTAATUAUGYGCGCGTTAAACTAYC
s-4.
TAGAAGGCGGTTCTATGGGAATGTCTGGA
578 AA-GACTTTAAACTAGTTGACGCGYCACTAGYALUGGGCGCGTTAAACAAA
s-7.
V) CTAGAAGGCGGTTCTATGGGAATGTCTGGA
£5:9.4 (VI) AA-GACTTTAAACTAGTTGACGCGGATCTAGUTTGTYAACGCGTTAAACTAGC
5-9.
TAGAAGGCGGTTCTATGGGAATGTCTGGA
£5-20 (VII) AA-GACTTTAAACTAGTTGACGCGAGYCTAGGGGAYAACGCGTTAAACYYLC
S_
TAGAAGGCGGTTCTATGGGAATGTCTGGA
fs-30 AA-GACTTTAAACTAGTTGACGCGYUGCTAUUGUUTTHCGCGTTAAACATA
(VII) CTAGAAGGCGGTTCTATGGGAATGTCTGGA
£5-100 (IX) AAAGACTTTAAACTAGTTGACGCGGGTCTAGTCAACAACGCGTTAAACCCA
S_
CTAGAAGGCGGTTCTATGGGAATGTCTGGA

Table 2. FRAME-tag constructs

IFT# |FP nom. Construct assembly
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FT1 [GIOOR pTDH3 «» yEGFP « [Nhel] * L2 « fs-100 * [4atlT] » mCherry * tCaADH1

FT2 [G30R pTDH3 «» yEGFP « [Nhel] » L2 « £s-30 » [Aat]] » mCherry » tCaADH1

FT3 [G9.4R pTDH3 « yEGFP « [Nhel] * L2 « £5-9.4 « [AatI]] - mCherry » tCaADH1

FT4 [G4.2R pTDH3 « yEGFP « [Nhel] * L2 « fs-4.2 « [AatI]] - mCherry » tCaADH1

FTS [G0.3R pTDH3 « yEGFP « [Nhel] * L2 » £5-0.3 * [AatI]] - mCherry » tCaADH1

FT6 [R30G pTDH3 » mCherry * [Nhel] * L2 « £5-30 * [Aarll] » yEGFP » tCaADH1

FT7 [30GLOOR PTDH3 « L1 * f5-30  [Sa/l] » YEGFP * [Nhel] » L2 » fs-100 * [4a:I] » mCherry
- {CaADHI

FTS [30G30R pTDH3 « L1 + £5-30  [Sa/l] * YEGFP « [Nhel] » L2 » fs-30 » [Aail]] » mCherry *
tCaADHI

FT9 [30G9.4R pTDH3 « L1 » f5-30  [Sa/l] * YEGFP « [Nhel] » L2 » fs-9.4 * [4ad] » mCherry
- {CaADHI

FT10 [30G0.3R pTDH3 « L1 » f5-30  [Sa/l] * YEGFP « [Nhel] » L2 » fs-0.3 * [4aiI] » mCherry
- {CaADHI

FT1l [R9.4G pTDH3 » mCherry » [Nhel] * L2 « fs-9.4 » [Aaill] » yEGFP » {CaADH1

FT12 [30R30G pTDH3 « L1 + f5-30 » [Sa/7] » mCherry * [Nhel] » L2 « £s-30 « [Aat]] » yEGFP »
tCaADHI

FT13 [9.4GI00R  [pTDH3+ LI « fs-9.4 » [Sa/l] * YEGFP * [Nhel] » L2 + fs-100 * [Aarll] » mCherry
- {CaADHI

FT15 [9.4G0.3R pTDH3 » L1 * f5-9.4 + [Sall] » YEGFP « [Nhel] » L2 » fs-0.3 « [AaI]] » mCherry
- {CaADHI

FT16 [R4.2G pTDH3 » mCherry » [Nhel] * L2 « fs-4.2  [Aai1]] » yEGFP » {CaADH1

FT17 [B0R9.4G pTDH3 » L1 » f5-30 » [Sa/l] » mCherry * [Nhel] » L2 + £5-9.4 « [daill] - yEGFP
- {CaADHI

FT19 [#.2GI00R  [pTDH3+ LI ¢ fs-4.2 » [Sall] * YEGFP * [Nhel] » L2 + fs-100 * [Aarll] » mCherry
- {CaADHI

FT20 [R0.3G pTDH3 » mCherry * [Nhel] * L2 « fs-0.3 * [4arll] » yEGFP » {CaADH1

FT21 [30R0.3G pTDH3 « L1 * f5-30 » [Sa/l] » mCherry * [Nhel] » L2 + £5-0.3 « [datll] - yEGFP
- {CaADHI

FT22 [9.4R0.3G pTDH3 « L1 * f5-9.4 « [Sall] » mCherry * [Nhel] » L2 » £5-0.3 * [Aatll] - YEGFP
- {CaADHI

FT23 [B10OR pTDH3 » mTagBFP2 « [Nhel] » L2 » f5-100 » [AaiI]] » mCherry » tCaADH1

FT24 [BO.3R pTDH3 » mTagBFP2 « [Nhel] * L2 « f5-0.3 * [4aill] » mCherry * tCaADHI

FT25 [G100B pTDH3 « yEGFP « [Nhel] * L2 » f5-100 * [4atl]] » mTagBFP2 « (CaADH1
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FT26 |[G100R100B [pTDH3 * yEGFP « [Nhel] + L2 « fs-100 * [Aail]] » mCherry * [Afe]] * L3 * fs-100
» [Clal] » mTagBFP2 » tCaADH1

FT27 [30GLOOR100B [pTDH3 * L1 * fs-30 * [Sall] « yEGFP « [Nhel] » L2 + £5-100 + [4atl]] » mCherry
e [Afel] + L3 * fs-100 * [Clal] * mTagBFP2 » (CaADH1

FTs are provided in FP/fs nomenclature where G=yEGFP, R=mCherry, B=mTagBFP2 and #-fs-# (e.g.,
G30R) and full construct sequence layout. See DNA sequences of each in Table 1 and Table 6. Restriction

sites facilitate replacement of FP and f§ modules.

EXAMPLE 2: IDENTIFYING POPULATIONS USING AUTOMATED
METHODS

To streamline data analysis for FRAME-tag applications, a method based on the R
package openCyto that exploits the characteristically narrow FRAME-tag population
distributions (FIG. 14) is presented. FIG. 14 details the method. FIG. 14A shows an
example gating hierarchy dynamically generated with the method and implemented with
openCyto. This approach primarily uses fast 1D bisecting gates along four derived
parameters: normalized yEGFP (green), normalized mCherry (red), fluorescence ratio
(blue) and total fluorescence (pink). The bisection does not necessarily divide the graph
into equal halves. The final FT populations are gated using a fast 2D single cluster gate
(black) that allows specifying the desired sensitivity by choice of the percentile captured.
Parent populations illustrated in FIG. 14 parts B-G are in black outlined ovals of FIG. 14A
and final FT populations in grey ovals. FIG. 14 parts B-G detail the steps of isolation
population FT2. Gate colors as in FIG 14A. In each panel, left insets show the 1D
histogram bisecting gates, and the scatter plots show the resulting gated subpopulation
(orange highlight and label). Parent population events highlighted in bright colors (names
underlined) and overlaid on all original events in faded colors. Right plot in panel FIG.
14G, shows all resulting FT gates derived in the same manner illustrated for the FT2 gate.
Populations corresponding to FT2, FT5 and FT20 labeled for reference. Normalized
fluorescence values plotted using arbitrary logical units. Fluorescence ratio and total
fluorescence values plotted using arbitrary log units. The raw flow cytometry data of this
representative example is included in Supplementary Data 1, pre-gated to remove extreme
scatter and fluorescent values (nonMaxF) and including the derived parameters
(normalized GFP, normalized RFP, fluorescence ratio, fluorescence total). The raw data
from a representative microscopy experiment is also included in Supplementary Data 2,

including sectioned cell areas and ferret in pixel units (1 px = 0.33um).
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The statistical analysis of the method revealed gate positive predictive values
(PPV) ranging from 0.99 to >0.9999 (mean gate PPV of 0.9987) at a cell detection
sensitivity level of 90% (FIG. 15). FIG. 15 depicts the statistical analysis of the automated
gating pipeline. FIG 15A) sensitivity, b) positive predictive value (PPV), ¢) specificity,
and d) negative predictive value (NPV) were calculated from gating data produced at
various gate sensitivity parameters (0.001, 0.01, 0.1, 0.5, 0.8, 0.9, 0.95, 0.99, and 0.999)
corresponding to the percentile of cells captured in the final FT gate relative to its
immediate parent population (e.g., percentile of events in the FT2 gate relative to events
in the FP2p gate, see FIG. 14G, black gates). Statistics are shown plotted vs. this gating
sensitivity parameter. For details on statistical calculations, see the Statistical analysis
section above. See Supplementary Data 4 for the corresponding numeric values.

Extrapolation of these data predicts that a large majority of FRAME-tagged strains
could be detected with a PPV of greater than 0.9 for dilutions down to as low as 1 in >10°
while maintaining a cell detection rate of 50% (FIG. 16). FIG. 16 shows the detection limit
of dilute populations for the method described above. In FIG. 16A, the flow cytometry
experiments for all single strains were run independently and programmatically combined
into a mock mixed dataset. This allowed generation of dilution series for each strain within
this mixed dataset through subsampling of the events known to belong to that strain, while
maintaining all other events unchanged. For each new dilution dataset, the automated
gating pipeline was run and the positive predictive values (PPV) of the resulting gates were
calculated. This was repeated at a gating sensitivity parameter of 50% and 95% which
corresponds directly to real statistical sensitivity (see FIG. 15A). FIG. 16B shows data
from FIG. 16A (at dashed lines) plotted at a single dilution of 0.0008 population fraction
of the target strain to be detected, shows that a majority of strains can be correctly gated
by the software at this dilution to give a PPV above 0.9 with a sensitivity of 50%. See

Supplementary Data 5 for the corresponding numeric values.

EXAMPLE 3: IDENTIFYING FRAME-TAGGED POPULATIONS USING
FLUORESCENCE MICROSCOPY
Materials and Methods

Flow cytometry
Characterization of the FY251-based FRAME-tag strains including the multiplex
transcriptional profiling was performed on a LSR II (Becton Dickinson) using the

following laser/filter sets: 488/525 for yEGFP; 594/620 for mCherry; 405/450 for
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mTagBFP2. For standard analysis, FRAME-tagged strains were individually pre-cultured
overnight in 96-well plates in standard synthetic dropout media (2% glucose) at 30 °C and
800 RPM, then inoculated at an ODego of 0.1 into fresh medium as individual strains or
mixtures and grown for a further 10 hours. Cells were harvested by centrifugation, kept as
pellets on ice, and analyzed within two hours. High throughput characterization of the
MaV203-based FRAME-tag strains, including construction and real-time tracking of the
yeast community, was performed on an LSR Fortessa (Becton Dickinson) using the
following laser/filter sets: 488/530 for yEGFP; 561/610 for mCherry. Individual strains or
mixtures of strains were cultured as described in flat-bottom 96-well plates and directly
analyzed on the flow cytometer using a High Throughput Sampler (HTS, Becton
Dickinson) in standard mode. All fluorescence signals were normalized by side scatter as
a proxy for cell size and reported as arbitrary normalized fluorescence units scaled by
100,000 (Zuleta, 1. A. et al., Nat. Methods 11, 443-448 (2014)). Automated gating and
data analysis was carried out using the method based on the R package openCyto (see the
method described above).
Fluorescence microscopy

FRAME-tagged strains were grown as described above. The mixtures of FRAME-
tag strains were imaged on standard microscope slides with coverslips using a Ti-E
microscope with Perfect Focus System (Nikon), a CFI Plan Apochromat Lambda 20X
objective and a Zyla sCMOS camera (Andor). Excitation/emission (nm) sets used were:
470/525 for yEGFP; 555/620 for mCherry. For each experiment, 10-15 fields were
automatically collected representing 8,000 to 12,000 cells. Bright field and fluorescence
images were sectioned with FIJI using a custom script to extract average fluorescence
values of individual cells (Schindelin, J. et al., Nat. Methods 9, 676 (2012)). The resulting
data was input into the automated FRAME-tag gating and analysis software in R (see
above) to index each cell with its respective FRAME-tag identity. These indices were used
in FIJI to colorize the original bright filed images using the ROI Color Coder (Ferreira, T.
etal., Zenodo (2015). doi:10.5281/zenodo.28838).
Results

Fluorescence microscopy can be used to characterize FRAME-tags. Using two-
color microscopy, samples of 10* cells were imaged and fluorescence intensity values
determined for each cell by image segmentation (FIG. 3A). The images showed a mixture
of live yeast cells tagged with all 20 green-red FRAME-tags. Left panels, GFP channel;

middle panels, RFP channel; right panels, merged fluorescence overlay with brightfield
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channel. For each top and bottom panels are two different fields. Scale bar = 20 um. In
FIG. 3 parts B and C, the automatic gating and analysis software previously developed for
flow cytometry analysis of FRAME-tags was applied. In FIG. 3B, microscopy images
containing 10* cells were segmented and yEGFP and mCherry fluorescence values from
each cell were extracted and plotted as a two-dimensional scatter plot, colored by event
density. Individual FRAME-tag populations were programmatically assigned using
software developed for flow cytometry in FIG. 3C. This allowed for simultaneous
assignment of all 20 green-red FRAME-tag variants across more than 90% of the
population.

This is shown with 8 FRAME-tags in FIG. 17. FIG. 17A shows FRAME-tags
imaged by brightfield, yEGFP, and mCherry with merged images. After the analysis as
described in the Online Methods and identified using the automated gating pipeline (FIG.
14), yeast cells can be false colored. FIG. 17B shows one full wide-view image of
colorized yeast. FIG. 17C shows grouping and analysis of individual FRAME-tags based
on fluorescence microscopy, representing the composite data from 10 fields as shown in
FIG. 17B and used for colorization.

FIG 18 depicts this result with 20 FRAME-tags. FIG. 18 A shows FRAME-tags
imaged by brightfield, yEGFP, and mCherry with merged images. After the analysis as
described in the Online Methods and identified using the automated gating pipeline (FIG.
14), yeast cells can be false colored (FIG. 18B). FIG. 18B shows one full wide-view image
of colorized yeast. FIG. 18C shows grouping and analysis of individual FRAME-tags
based on fluorescence microscopy, representing the composite data from 10 fields as

shown in FIG. 18B and used for colorization.

EXAMPLE 4: TRACKING FRAME-TAGGED CELL POPULATIONS
THROUGH TIME

Yeast community tracking

A complex yeast library was constructed using the streamlined method that gives
FRAME-tag indexed phenotypes with a minimal number of transformations (FIG. 19).
FIG. 19 depicts a flowchart of the method. This method is designed to minimize DNA
transformation steps. The mixed FRAME-tag DNA constructs can be co-transformed into
the desired background strain. Barcoded transformants are directly pooled without tag

identification, followed by transformation of pooled constructs or pre-screened libraries of
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constructs imparting a desired phenotype into the FRAME-tag strain mixture. Analysis is
performed on individual colonies to first identify a set of strains with overrepresented
FRAME-tag identities. The phenotypes of all members within this overrepresented set are
identified and a subset of uniquely indexed phenotypes can be selected and used.
Alternatively, pooled FRAME-tag DNA constructs can also be integrated into a
preexisting pooled library of phenotypically variable strains followed by phenotype
indexing as described.

This yeast community was designed based on the MaV203 background strain,
whose growth phenotype in the presence of varying concentrations of 5-FOA, histidine
and 3-AT can be tuned based on Gal4 induction strength (FIG. 20). First, parent strain
MaV203 was transformed with a DNA library of the 20 dual-FP FRAME-tag integrating
constructs. The resulting transformants were pooled, grown overnight and transformed
with a library of pRS424-SynGal4 plasmids (previously described pADH-Gal4(BD)-fs-
Gal4(AD) construct library) that possess variable Gal4 transcriptional activity (Anzalone,
A. V. et al., Nat. Methods 13, 453—458 (2016)). Individual transformants (harboring a
FRAME-tag and SynGal4 plasmid) were screened by flow cytometry to identify a set of
strains such that one to three of each FRAME-tag variant was included. The histidine and
5-FOA growth phenotypes of these strains were characterized by pre-culturing overnight
in standard synthetic dropout medium (2% glucose) followed by inoculation into 96-well
plates containing Low His/Low 5-FOA selective media (2% glucose, 0 uM His, 5 mM 3-
AT) or High His/High 5-FOA selective media (2% glucose, 130 uM His, 0.1% 5-FOA) to
an ODeoo of 0.01. Cultures were incubated at 30°C and 800 RPM for 48 hours. Nine strains
were selected for the final yeast community so that each member contained a unique
FRAME-tag and a unique growth phenotype (see Table 9 for SynGal4 sequences). For co-
culture experiments, each strain was pre-cultured individually overnight in standard
synthetic dropout media (2% glucose) at 30 °C and 800 RPM. ODego values were measured
and strains were mixed to yield a combined community with an equal proportion of all
strains. For the time-course assays displayed in FIG. 3B, the community was used to
inoculate cultures to an ODgoo of 0.01 in the following media conditions; non-selective:
130 uM His, 0 mM 3-AT, 0% 5-FOA; selection 1: 0 uM His, 5 mM 3-AT, 0% 5-FOA;
selection 2: 130 uM His, 0 mM 3-AT, 0.1% 5-FOA. Communities were grown at 30 °C
and 250 RPM and sampled at the indicated time points. The composition of the community

(strains A through I) was determined by flow cytometry and automatic gating software,
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with each member’s prevalence calculated as the events assigned to that member divided
the total events assigned to all members, excluding unassigned events. To map the growth
phenotype landscape of the community, mixed cultures were inoculated at an ODeoo of
0.01 into 216 individual wells (in 96-well format) containing unique growth mediums
(covering a 6x6x6 matrix representing all combinations of Histidine, 3-AT and 5-FOA
concentrations in a base synthetic dropout medium, see FIG. 21). Cultures were incubated
for 24 hours at 30 °C and 800 RPM, the ODsoo was recorded, plates were placed on ice,
and cultures were analyzed by flow cytometry within two hours. Community composition
was quantified as above. To characterize dynamic community restructuring caused by
selective pressure in real time, the yeast community was transitioned between pairs of
conditions chosen from the phenotype map as indicated (FIG. 3 and FIG. 21). The yeast
community was prepared in standard synthetic dropout medium (2% glucose) as described
above. Conditions used were as follows; condition #113 (blue): 0 uM His, 10 mM 3-AT,
0.02% 5-FOA); condition #200 (red): 13 uM His, 1.3 mM 3-AT, 0.08% 5-FOA; condition
#30 (grey): 130 uM His, 0 mM 3-AT, 0% 5-FOA. The community was inoculated into 10
mL of the initial condition at an ODsoo of 0.01 and incubated at 30°C and 250 RPM for 24
hours. Each pre-conditioned community was then pelleted (1 min, 15k RPM), washed once
in 1.5 mL of the second condition medium then inoculated into 10 mL of the second
condition medium at an ODsoo of 0.03 and incubated at 30 °C and 250 RPM. 100 uL
samples were analyzed by flow cytometry (see above) every 20 min for a period of 13
hours.
Results

After establishing the fluorescent barcode palette and efficient analytical tools,
FRAME-tags were applied for long-term, continuous tracking of cell populations
composed of multiple distinct cell types. First, a streamlined workflow was formulated for
introducing FRAME-tags into new host yeast strains (FIG. 19). Using this workflow, nine
FRAME-tagged strains were created that differ in their ability to produce an essential
resource, histidine, while simultaneously incurring a proportional sensitivity to the growth
inhibiting 5-fluoroorotic acid (5-FOA) (FIG. 20). FIG. 20 depicts the data from the multi-
strain competitive community. FRAME-tags were introduced into a background strain of
MaV203. The competition strategy was designed such that growth would be dependent on
two factors within the host strain, namely His3 and Ura3 expression. Growth selection was

modified with exogenously added factors, namely histidine, 3-aminotriazole (3-AT), and
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S5-fluoroorotic acid (5-FOA). His3 and Ura3 production are dependent on Gal4
transcriptional activity. High production of His3 allows for cells to grow in the absence of
histidine and the presence of 3-AT. High Ura3 expression causes production of the
antimetabolite 5-FU in the presence of 5-FOA, which inhibits growth. To impart each
strain with a different level of Gal4 activity, previously developed ratiometric Gal4
constructs containing frameshift modules between the N-terminal DNA binding domain
and the C-terminal activation domain were implemented (see Table 4 and Table 9) (FIG.
20A) (Anzalone, A. V. et al., Nat. Methods 13, 453-458 (2016)). Overall Gal4 activity is
a function of frameshift efficiency. Frameshift sequences were screened in a library
fashion on plasmids. Plasmids with desirable phenotypes were transformed into pooled
FRAME-tag strains as discussed above. FIG. 20B shows the results from a set of strains
with uniquely indexed growth phenotypes which were selected and characterized in single-
strain experiments. OD600 values were measured over 60 hours at 30 °C and 800 RPM;
error bars indicate s.d. from 2 replicates. Low His/Low 5-FOA = 2% glucose, -His, 5 mM
3-AT; High His/High 5-FOA = 2% glucose, 130 uM His, 0.1% 5-FOA. Dashed lines mark
data used in FIG. 4a. FIG. 20C shows time courses of the community grown in non-
selective media, or Low His/Low 5-FOA (2% glucose, -His, 5 mM 3-AT) or High
His/High 5-FOA (2% glucose, 130 uM His, 0.1% 5-FOA), analyzed by flow cytometry
using FRAME-tags to determine the respective population fraction of each community
member; error bars indicate s.e.m. from 3 replicates. Each of the nine strains displays a
distinct growth advantage or disadvantage when cultured independently in two standard
selective conditions (FIG. 4A and FIG. 20).

The composition of this synthetic community was tracked in various conditions
using flow cytometry-based FRAME-tag identification (FIG. 4B). Given the speed and
ease with which FRAME-tagged strains are analyzed in this manner, a rapid assessment
of the community’s growth and composition across 216 distinct culture conditions was
made, and a population distribution (PD) index for each (FIG. 4C and FIG. 21) assigned.
First, FIG. 4 shows monitoring microbial community dynamics in real-time with FRAME-
tags. FIG. 4A is a schematic showing a synthetic yeast community made from individual
strains with varying levels of Gal4 expression leading to distinct growth phenotypes in
selective conditions (see above); each strain was barcoded with a unique FRAME-tag (A-
I). FIG. 4B shows flow cytometry analysis of the mixed community used to extract
population fractions of each community member under various culture conditions (#30,

#113, #200) and summarized as a Population Distribution (PD) index (discussed further
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below). FIG. 4C shows the PD index for the community in 216 culture conditions after 24
hours growth as analyzed by flow cytometry. The total growth of the community was
determined by OD600. Boxes indicate conditions #30, #113 and #200. FIG. 4D shows
community response to abrupt changes in culture conditions (#30, #113, #200) as
evaluated for four distinct transitions. Cultures were sampled and quantified at 20-minute
intervals by flow cytometry using FRAME-tags to determine the respective population
fraction of each community member.

FIG. 21 shows how the yeast community was profiled in a high-throughput fashion.
The resulting community composition was assessed after 24 hours cultured in 216
conditions varying in concentrations of histidine (His), 5-fluoroorotic acid (5-FOA), and
3-aminotriazole (3-AT) (FIG. 21 A-C). His levels are shown as the percent of standard SC
media, with 100% equaling 130 uM. FRAME-tags were used to determine all individual
strain population fractions. For visual representation of the selective pressure imparted by
conditions, the Population Distribution Index (PDI) was determined for each condition.
Defining the set containing all nine strains as S= {A, B, C, D, E, F, G, H, I}, the set X =
{-4,-3,-2,-1,0, 1, 2, 3,4}, and a function fthat maps S to X such that {A, B,... [} —{-4.-
3,..4}. Note that S is ordered by decreasing fitness in the High His/High 5-FOA standard
selection condition and so this mapping gives a relative numerical value of strain identity

and phenotype. The PDI was determined from the culture composition according to the

PDI = ZXS-PS

SES

formula below:

where X; is the mapped integer value for Ss and Py is the measured population fraction of
strain s. PDI takes values between -4 and 4. The results of 216 growth conditions plotted
as a heatmap of PDI are shown in FIG. 21A, with red tiles indicating low PDI values and
blue tiles indicating high PDI values. In general, red conditions favor strains with low Gal4
expression, while blue conditions favor strains with high Gal4 expression. FIG. 21B shows
absolute growth for the entire culture (all strains) in each of the 216 growth conditions,
represented as a heat map with lighter color representing higher measured ODeoo. FIG.
21C shows combined data from FIG. 21 A and FIG. 21B to generate an overall community
state map. Color represents PDI, as in the top panel; circle diameter represents growth and
is proportional to the measured final ODsoo of the bulk culture in that condition. FIG. 21D

shows a schematic of the condition numbering from O to 215 as shown starting from the
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lower left corner of the array and continuing as shown by the black then grey then dashed

arrows. Conditions used in FIG. 4d are labeled in all panes with square outlines.

An assessment was made if FRAME-tags would be useful for tracking

subpopulation dynamics over time. To test this, an abrupt transition of the community

between different culture conditions was made, and changes in strain abundance measured.

This provided a detailed readout of subpopulation growth trajectories in real-time (FIG.

4D). Surprisingly, the results showed temporally coupled growth surge and collapse that

would have been undetectable by certain techniques that only capture a single snapshot of

the population.

Table 9. DNA sequences of SynGal4 constructs for competitive community tracking.

Part

Sequence

Gal4-BD

ATGAAGCTACTGTCTTCTATCGAACAAGCATGCGATATTTGCCGACTTAAAAAGCT
CAAGTGCTCCAAAGAAAAACCGAAGTGCGCCAAGTGTCTGAAGAACAACTGGGA
GTGTCGCTACTCTCCCAAAACCAAAAGGTCTCCGCTGACTAGGGCACATCTGACA
GAAGTGGAATCAAGGCTAGAAAGACTGGAACAGCTATTTCTACTGATTTTTCCTC
GAGAAGACCTTGACATGATTTTGAAAATGGATTCTTTACAGGATATAAAAGCATT
GTTAACAGGATTATTTGTACAAGATAATGTGAATAAAGATGCCGTCACAGATAGA
TTGGCTTCAGTGGAGACTGATATGCCTCTAACATTGAGACAGCATAGAATAAGTG
CGACATCATCATCGGAAGAGAGTAGTAACAAAGGTCAAAGACAGTTGACTGTATC
G

Gal4-AD

GCCAATTTTAATCAAAGTGGGAATATTGCTGATAGCTCATTGTCCTTCACTTTCAC
TAACAGTAGCAACGGTCCGAACCTCATAACAACTCAAACAAATTCTCAAGCGCTT
TCACAACCAATTGCCTCCTCTAACGTTCATGATAACTTCATGAATAATGAAATCAC
GGCTAGTAAAATTGATGATGGTAATAATTCAAAACCACTGTCACCTGGTTGGACG
GACCAAACTGCGTATAACGCGTTTGGAATCACTACAGGGATGTTTAATACCACTA
CAATGGATGATGTATATAACTATCTATTCGATGATGAAGATACCCCACCAAACCC
AAAAAAAGAGTAA

fsA

GGATCCGGCAGTGGTTCTGGCGCACTACAAGGACGACGACACAAGACTITTAAACT
AGTTGACGCGGGTCTAGCCGTTCCCGCGTTAAACGTACTAGAAGGCGGTTCTATG
GGAATGTCTGGAAAGCTT

fsB

GGATCCGGCAGTGGTTCTGGCGCACTACAAGGACGACGACACAAGACTTTAAACT
AGTTGACGCGGGTTTAAGTACGGTCGCGTTAAACTCGCTAGAAGGCGGTTCTATG
GGAAATGTCTGGAAAGCTTGCCAATTTTAA*
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fsC

GGATCCGGCAGTGGTTCTGGCGCACTACAAGGACGACGACACAAGACTTTAAACT
AGTTGACGCGAGTCTAATGTCTGCCGCGTTAAACTCGCTAGAAGGCGGTTCTATG
GGAATGTCTGGAAAGCTT

fsD

GGATCCGGCAGTGGTTCTGGCGCACTACAAGGACGACGACATAAGACTITTAAACT
AGTTGACGCGGTTCTAGGTCAACCCGCGTTAAACATCCTAGAAGGCGGTTCTATG
GGAATGTCTGGAAAGCTT

fsE

GGATCCGGCAGTGGTTCTGGCGCACTACAAGGACGACGACACAAGACTTTAAACT
AGTTGACGCGGATCTAGGAGGTATCGCGTTAAACAGCCTAGAAGGCGGTTCTATG
GGAATGTCTGGAAAGCTT

fsF

GGATCCGGCAGTGGTTCTGGCGCACTACAAGGACGACGACACAAGACTTTAAACT
AGTTGACGCGTCGCTACCAGTGGGCGCGTTAAATGATCTAGAAGGCGGTTCTATG
GGAATGTCTGGAAAGCTT

fsG

GGATCCGGCAGTGGTTCTGGCGCACTACAAGGACGACGACACAAGACTTTAAACT
AGTTGACGCGGGACTAGGCTTTGCCACGTTAAACAGCCTAGAAGGCGGTTCTATG
GGAATGTCTGGAAAGCTT

fsH

GGATCCGGCAGTGGTTCTGGCGCACTACAAGGACGACGACACAAGACTITTAAACT
AGTTGACGCGGGTCTAGCACCTCGCGCGTTAAACGTGCTAGAAGGCGGTTCTATG
GGAATGTCTGGAAAGCTT

sl

GGATCCGGCAGTGGTTCTGGCGCACTACAAGGACGACGACACAAGACTTTAAACT
AGTTGACGCGGGACTAGGCATATGCGCGTTAAACAACCTAGAAGGCGGTTCTATG
GGAATGTCTGGAAAGCTT

SynGal4 constructs are assembled as Gal4-BD « fs « Gal4-AD. Frameshift slippery sites are shown
underlined.
*This sequence is mutated and contains a stop codon (bold) in the -1 frame shortly following the canonical

fs module sequence.

EXAMPLE S: TRACKING FRAME-TAGGED CELL POPULATIONS WITH
BOTH FRAME-TAGS AND OTHER FLUORESCENT REPORTERS

Multiplexed transcriptional profiling

Native yeast promoters were cloned upstream of an mTagBFP2 expression
construct within a pRS416 plasmid backbone (see Table 5 and Table 8). Sequence
confirmed reporter plasmids were then transformed into separate FRAME-tagged Fy251
strains. Strains were individually pre-cultured overnight in 96-well plates in standard
synthetic dropout media (2% glucose) at 30 °C and 800 RPM. Culture density was
measured using the ODsoo, and strains were combined to yield a mixed culture containing

an equal proportion of all reporter-FRAME-tag strains. The reporter strain mixture was
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inoculated in fresh medium to an ODsoo of 0.1, grown for 10 hours until reaching an ODsoo
of 2.7, and then inoculated into 96-well plates containing the appropriate media condition
(see FIG. 22) to an ODggo of 0.3. Cultures were incubated for 6 hours at 30 °C and 800
RPM or placed statically at the indicated inducing temperature, then placed on ice and
analyzed by flow cytometry within 2 hours. For each treatment, the events were partitioned
with FRAME-tag gates (see above) and assigned to the corresponding promoter. The MFI
for each promoter was calculated as the median value of the mTagBFP2 fluorescence.
Each MFI was normalized by the geometric mean of the two internal controls
(Vandesompele, J. et al., Genome Biol. 3, RESEARCHO0034 (2002)) (promoters from
TEF1 and ACT1):
MFlyromj, treatk

2
\/MFIACTl,treat.k ' MFITEFl,treat.k

where MFIprom j treat k is the MFI of the j™ promoter in the k' treatment. The expression

nMFIprom.j, treatk =

fold-change for each sample was calculated as follows:

log,(MFI fold change) = log; (nMFIprom.j,treat.k) — log, (nMFIprom.j,control)

where nMFIprom j control 1S the normalized MFI of the j" promoter in the control treatment
of standard synthetic dropout medium (2% glucose) at 30 °C.
Results

Another feature of FRAME-tags is their compatibility with additional fluorescent
reporters. Therefore, strain identification coupled with fluorescent phenotypic reporting
within a mixed cell population was explored. To demonstrate this multiplexed reporting
capability, a reporter system based on the orthogonal mTagBFP2 was combined with the
palette of green-red FRAME-tags. 20 yeast promoters were selected, including 18
environmentally sensitive genes and two housekeeping genes, and cloned these upstream
of mTagBFP2 (see strains in Table 3). Each reporter construct was then transformed into
one of the 20 green-red FRAME-tagged strains (FIG. 5A). FIG. 5nis a schematic showing
green-red FRAME-tags that were used to index the identity of 20 promoters driving the
expression of a blue FP for profiling the expression of these promoters in co-culture across
20 treatments.

Transcriptional responses were analyzed from each cell type in multiplex by
deconvolution of the sample’s bulk blue fluorescence signal using FRAME-tag identities
(FIG. 5B). FIG. 5B shows the flow cytometry results for the FRAME-tags used for

deconvolution of the bulk blue fluorescence. Histograms were assigned to each individual
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reporter construct; the mTagBFP2 fluorescent signal was normalized by side scatter and
plotted as arbitrary logical units.

This analysis yielded histograms corresponding to the activation profile of
individual promoters as well as information on cell type abundance (FIG. 5B and FIG. 22).
The expression profiles of these promoters were evaluated in various conditions, including
5 carbon sources, 9 cell stress inducers, two heavy metals, a GPCR agonist and a human
biological sample FIG. 22A-U. FIG. 5C shows expression profiles of the 20 yeast
promoters from mixed co-cultures following the indicated treatments; heat map represents
the log> of the fold change of the mean mTagBFP2 fluorescence compared to the control
condition (30 °C in SC dropout with 2% glucose); promoter expression for each condition
was normalized to pACT1 and pTEF1 control promoters; cultures were analyzed by flow
cytometry after 6 hours in the specified treatment. FIG. 22A-U show profile responses of
mixtures of promoter-mTagBFP2 reporter strains co-exposed to standard conditions
(grey), (A) media with 50 mM dithiothreitol (DTT, red), (B) heat shock at 42 °C (red), (C)
media with 400 uM cobalt chloride (CoCls, red), (D) 500 uM copper sulfate (CuSOs, red),
(E) an alternate carbon source (2% galactose, red), (F) a mixed carbon source (2%
galactose / 2% raffinose, red), (G) an increased amount of the carbon source (10% glucose,
red), (H) a non-standard carbon source (2% ethanol, red) for 6 hours, (I) a non-standard
carbon source (2% glucose, red), (J) standard media containing 5% dimethylslfoxide
(DMSO, red), (K) media with 5 uM FK506 (red), (L) media lacking an essential amino
acid (- histidine, red), (M) osmotic shock with in media containing 0.7 M sodium chloride
(NaCl, red), (N) media with 5 units zymolyase a cell wall-degrading enzyme (red), (O)
oxidative shock with in media containing 1 mM hydrogen peroxide (H20>, red), (P) media
with 5 uM o-factor a yeast peptide pheromone (red), (Q) media containing 0.1% methyl
methanesulfonate a genotoxin (MMS, red), (R) media with 0.01% 5-fluoroorotic acid
which is converted to the antimetabolite 5-fluorouracil (5-FOA, red), (S) media containing
50 mM 3-amino-1,2.4-triazole a competitive inhibitor of histidine metabolism (3-AT, red),
(T) media with 40 mM theophylline (red), or (U) media containing 50% human urine (red),
all for 6 hours. The mTagBFP2 fluorescent signal was normalized by side scatter and
plotted as arbitrary logical units.

This confirmed many known yeast transcriptional responses (FIG. 5C). Moreover,
because all promoters were measured in each sample, some conditions could be more
finely differentiated based on the fingerprint of transcriptional responses (FIG. 5C,
compare Gal vs. Gal/Raff). Importantly, FRAME-tag identification was robust in the face
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of many harsh conditions (e.g., high temperature, osmotic shock, and genotoxic agents),

suggesting that FRAME-tags can be used to characterize heterogeneous populations in

complex settings.

Table 8. DNA sequences of promoters for multiplexed transcriptional profiling.

IPromoter

Sequence

pACT1

CCTTAAAAACATATGCCTCACCCTAACATATTTTCCAATTAACCCTCAATATTTCTCTGTCACCCGGCCTC
TATTTTCCATTTTCTTCTTTACCCGCCACGCGTTTTTTTCTTTCAAATTTTTTTCTTCCTTCTTCTTTTTCTTC
CACGTCCTCTTGCATAAATAAATAAACCGTTTTGAAACCAAACTCGCCTCTCTCTCTCCTTTTTGAAATAT,
TTTTGGGTTTGTTTGATCCTTTCCTTCCCAATCTCTCTTGTTTAATATATATTCATTTATATCACGCTCTCTT]
TTTATCTTCCTTTTTTTCCTCTCTCTTGTATTCTTCCTTCCCCTTTCTACTCAAACCAAGAAGAAAAAGAAA
IAGGTCAATCTTTGTTAAAGAATAGGATCTTCTACTACATCAGCTTTTAGATTTTTCACGCTTACTGCTTTT
TTCTTCCCAAGATCGAAAATTTACTGtctagaaa

pTEF1

IATAGCTTCAAAATGTTTCTACTCCTTTTTTACTCTTCCAGATTTTCTCGGACTCCGCGCATCGCCGTACCA

CTTCAAAACACCCAAGCACAGCATACTAAATTTCCCCTCTTTCTTCCTCTAGGGTGTCGTTAATTACCCGT]
IACTAAAGGTTTGGAAAAGAAAAAAGAGACCGCCTCGTTTCTTTTTCTTCGTCGAAAAAGGCAATAAAAA
TTTTTATCACGTTTCTTTTTCTTGAAAATTTTTTTTTTTGATTTTTTTCTCTTTCGATGACCTCCCATTGATA

TTTAAGTTAATAAACGGTCTTCAATTTCTCAAGTTTCAGTTTCATTTTTCTTGTTCTATTACAACTTTTTTT

IACTTCTTGCTCATTAGAAAGAAAGCATAGCAATCTAAtctagaaa

pGALI1

IACGGATTAGAAGCCGCCGAGCGGGTGACAGCCCTCCGAAGGAAGACTCTCCTCCGTGCGTCCTCGTCTT
CACCGGTCGCGTTCCTGAAACGCAGATGTGCCTCGCGCCGCACTGCTCCGAACAATAAAGATTCTACAA
TACTAGCTTTTATGGTTATGAAGAGGAAAAATTGGCAGTAACCTGGCCCCACAAACCTTCAAATGAACG
IAATCAAATTAACAACCATAGGATGATAATGCGATTAGTTTTTTAGCCTTATTTCTGGGGTAATTAATCAG
CGAAGCGATGATTTTTGATCTATTAACAGATATATAAATGCAAAAACTGCATAACCACTTTAACTAATAC
TTTCAACATTTTCGGTTTGTATTACTTCTTATTCAAATGTAATAAAAGTATCAACAAAAAATTGTTAATAT
JACCTCTATACTTTAACGTCAAGGAGAAAAAACcccggattctagaaa

pGPD1

CTGGGGTTTGAGCAAGTCTAAGTTTACGTAGCATAAAAATTCTCGGATTGCGTCAAATAATAAAAAAAG
TAACCCCACTTCTACTTCTACATCGGAAAAACATTCCATTCACATATCGTCTTTGGCCTATCTTGTTTTGT

CCTCGGTAGATCAGGTCAGTACAAACGCAACACGAAAGAACAAAAAAAGAAGAAAACAGAAGGCCAA

GACAGGGTCAATGAGACTGTTGTCCTCCTACTGTCCCTATGTCTCTGGCCGATCACGCGCCATTGTCCCT

CAGAAACAAATCAAACACCCACACCCCGGGCACCCAAAGTCCCCACCCACACCACCAATACGTAAACG

GGGCGCCCCCTGCAGGCCCTCCTGCGCGCGGCCTCCCGCCTTGCTTCTCTCCCCTTCCTITTCTTTTTCCA

GTTTTCCCTATTTTGTCCCTTTTTCCGCACAACAAGTATCAGAATGGGTTCATCAAATCTATCCAACCTAA
TTCGCACGTAGACTGGCTTGGTATTGGCAGTTTCGTAGTTATATATATACTACCATGAGTGAAACTGTTA

CGTTACCTTAAATTCTTTCTCCCTTTAATTTTCTTTTATCTTACTCTCCTACATAAGACATCAAGAAACAA

TTGTATATTGTACACCCCCCCCCTCCACAAACACAAATATTGATA Atctagaaa

PSSAL

GGCATTTTCGTTCTTGTGGATTGTTGTAAACTTTCCAGAACATTCTAGAAAGAAAGCACACGGAACGTTT
IAGAAGCTGTCATTTGCGTTTTTTCTCCAGATTTTAGTTGAGAAAGTAATTAAATTATTCTTCTTTTTCCAG
IAACGTTCCATCGGCGGCAAAAGGGAGAGAAAGAACCCAAAAAGAAGGGGGGCCATTTAGATTAGCTGA
TCGTTTCGAGGACTTCAAGGTTATATAAGGGGTGGATTGATGTATCTTCGAGAAGGGATTGAGTTGTAGT
TTCGTTTCCCAATTCTTACTTAAGTTGTTTTATTTTCTCTATTTGTAAGATAAGCACATCAAAAGAAAAGT
IAATCAAGTATTACAAGAAACAAAAAT(ctagaaa

pHSP12

IAGTGAAAATCTCCGGGAGCGGGCGGATCCCACTAACGGCCCAGCCGAAAATGGAAAAAAAGGGTCGGT
GATGTGTGGGTGCCAGCTGGCGGTAGCAATGACGACGTGTTGACGGGCCCTTGGCTCTTGGGACAAGGA
CTAGAAGCCAAAAGCCAGAGGCGGTAAAAATAGCAAGACTAGAATATTGCTGGCATCTGTTAAGGGGA
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TATGTTGCAACTTGCAGGGGGCGGCACAAAATAACATAGAAACGTAGTAAAGAGGGGAAAAGGAAAAG]
GAAAAGGAAAAGGAAGGAAAAAAACCCATTGACGTAGAAATTGAAAGAAGGAAAGGTATACGCAAGC
IATTAATACAACCCACAAACACAGACCAGAAGCACTCTAGACGGAGAGTAACTAGATCTACAGCCCCTG(|
IAAAATCGTTTGGTCAACTTTGAGGTTCCGGTCGTCCCCCTCTTGATCTGAAAGGTCTTTCTCTAAATCTAT
IATTAAAACGTATAAATAGGACGGTGAATTGCGTTCTACTTCCTCAATTGCGTTTGATCTTATTTAATCTCT
CTCTAATATATAGAAAAAAAAACCATCTGATTATTCGATAATCTCAAACAAACAACTCA(ctagaaa

pOLE1

CATGTCCCGGGGTTAGCGGGCCCAACAAAGGCGCTTATCTGGTGGGCTTCCGTAGAAGAAAAAAAGCTG
[TTGAGCGAGCTATTTCGGGTATCCCAGCCTTCTCTGCAGACCGCCCCAGTTGGCTTGGCTCTGGTGCTGT
[TCGTTAGCATCACATCGCCTGTGACAGGCAGAGGTAATAACGGCTTAAGGTTCTCTTCGCATAGTCGGCA|
GCTTTCTTTCGGACGTTGAACACTCAACAAACCTTATCTAGTGCCCAACCAGGTGTGCTTCTACGAGTCT
TGCTCACTCAGACACACCTATCCCTATTGTTACGGCTATGGGGATGGCACACAAAGGTGGAAATAATAG
TAGTTAACAATATATGCAGCAAATCATCGGCTCCTGGCTCATCGAGTCTTGCAAATCAGCATATACATAT
IATATATGGGGGCAGATCTTGATTCATTTATTGTTCTATTTCCATCTTTCCTACTTCTGTTTCCGTTTATATT
TTGTATTACGTAGAATAGAACATCATAGTAATAGATAGTTGTGGTGATCATATTATAAACAGCACTAAA
JACATTACAACAAtctagaaa

pTRX2

IACTTTTACGGGTGGCAACGGAACCAACGTATTTAGAGATTGTTTTTTGGTCAAGCGAGGAACCCCTGTTG
GCAAAGTTGCCAGGTATATCATGGGTGGCGAGGTCACCATTGCAAGCATTGAAACCGTTGGCGGCGTGA
GAGTCAGTGAAGAAAGTCTTGTTGAGCCCGGTAAGAATGACATACTCGGCTTCAAGATCGCTCCAAGAT
CAGCATAACTTGAGTGCCAGTGAATATTAAGTAATCATCAAAGTATATGTGTAATTGTTTATACTCTTAG
[TAAAGGATGCTCCCTACAAGGTGGCTCTTTTCTTACTAAGCGCGTTCAGTTTCCAGCCAGCCGAAAGAGG
GATATCAGTATATAAGAAAGCCATTCGGGGGATGAAAAGCTGACAAGAGAATAACGAGGACCAGTTTT
TATTTGTTGTCTAGCAAGAATTATACACGCACACATACACGAGAGTCTACGA(ctagaaa

pFET3

GATAATGCCTTGGCTTGCCTATTTCACGGTTACAGGAATAATAACATGTTCATACCGTTTCAGGACCAAT
IAAATGGTCTTCTGCGAGAGAAAAAGGACACTCTCCGTCCGACAGAAATAAGCTTTACTTTCCGGGTGCG
IAATCAGCCCGTTGCGCCTGGGGTGGTCCCTACAGTACGCTGAGTCGCCGATAAAGACCCTCCGCCTAGA
GCTAGGCGAGGCTGACTTAGGCAGGCCCAACAGGCAAGGCCCATCTTCAAAAGTGCACCCATTTGCAGG
TGCTCTTATTCTCGCCAATTGCGACAGAAAATGAAGGATGCACTCAAACAGTCGATCCTTCGAGGGAGT
IATGCCAAGGCCTCGTGCATGTAGTGCGATTATATATATATATATATATATATATATATGTATGTAAGCAG
GCCATGCCCTATAGCTCTTGTTCTATAAGCGATGGATAGGCATAGGAAACGAAGAGGACCCCAGTGTAA
GGAAGAGTAfctagaaa

pERO1

IAAAGAACACGGCGGTAAGAATACGTTCCTTTTTGTGCTGTGTACACCCGTAAAATTGTACATTATTTATT
TCAAAATATATAACAGGATCCCTCCAGTGTGTCTGAAATGATGCAACTCTGATACTTCAGAGTCGTACCC
TTATTAAATACTAATGCCGAATATAGTCATCCAGTAGCCATAGTTCACACACACATTACTTATTCACCAC
IATAAAGAACTAGAAATGCTTGCTAAATATCGTACCTTGAAGGTAAACATTAAGGCCCCCCAAAAGCATA
TATACATACTGGCAACACAAAAAAAGTAAATTGCCAACCACCTACCTTACATATGGTTTGCCCATCCTAC
IATTACCAATACTATCAAGACATTTCTTCTGAAACATATTCACAACTGAAACGAGATCATTTTCTTATCTA
TCTATTGAGTAATGCTTACTTTTCATATTTTCAATGAACAATAGGATATGTAGGAGAATTGATATATTCA
CTGCGTATCAGAGAAAAGGTCTACTGACATTTTATGGCAAATGTATTCTACACAAATCGAGAATACCAC
IAGACAATGGTACAAGACATACACAAAGAGAAGACTGTTCTAATTAAACAAATAATATTGAGCTACCTGC
TAAGTATGTCCTTTTCCCTTTGTCCTTTGGTTTCTCTTATAGAAGACCCTGGAAATTTTTCGCATTTTTCCG
GCTTTGGGCGTTAGTAAGAACAAAAAGAAAAGAAGAGAACAAAAAAGAAACGATACGGAGTACGTGTC
IATAAAAACTTGTTCAATCATCCTTGAAGCTAAGTATAAAGAGCTTGAAAAGGTTTACCACTTAAACTGGT]
TATACTATTTCAAGAGTGTAAACATTTTATTGCATATACCACAGTAACGTGCAGGTAAAtctagaaa

pDALS

IAGCGTTCTCATCAGTCACTTGACAAATGCTCGAGGAGCTATCATTTGCTGATAAGGTGCTACAGCGCGCT
CCTGCCGCACGCTTTGTTCCTTTTCGATAAGAGTCCCTCGCGTTAGTCTGAGTGAAGTGCGGAATTCAGC
IAAACGAATAACAATCGACCTTATGATCATGTGGATTATCGGGGCAAAAGATTTGGCCAAGATGTCAGAG
IAACGTTATCACCAATCACTCACACAATTAAGTGGTAGTGTAACTCCGAAGATACGGCTAATACTTATCAT
TATCTGGTTTTCCGAATATACAGATTGGATGAAGTAATATATGTATATAAATGGACCAAGGAAACATCA
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IAATTAGGAGATCATGAGGGAAAGGTTTAACATAACAACATTGAAGAAAACAACAAAACAAGGATIctagaa

I

pHIS4

IAAACCCATGCACAGTGACTCACGTTTTTTTATCAGTCATTCGATATAGAAGGTAAGAAAAGGATATGAC
TATGAACAGTAGTATACTGTGTATATAATAGATATGGAACGTTATATTCACCTCCGATGTGTGTTGTACA
TACATAAAAATATCATAGCACAACTGCGCTGTGTAATAGTAATACAATctagaaa

pZRT1

GGCAAGAGTATTTCAGACTTTCCTAATATGAAAGGACAAATTGACACTAATGTCTGATTATGGCCAATTC]
CTGCGGTAAATTACACGGCGATTACGGCGACATGAGCTCACATTCATCACTCTATGGGACAAATGTTTCC
IAAACTGGGCGCAACAAACACCTGATGTGACTCCTACCCTTITGGACAATGCAGATCCACGCTACGGCAAA
TTAGTCAAATGCACTAGAACATGGCGCAAGTACTTATTGTGACCTTTGGGGTACCGTTACCGTCAGTTTT

CTTCAGCTAAGGCGCGCGCGCCAGATAACTAAAAAAAAATATAGTTGCTGCTTAAAAAACAATACACCC
GTACTCTCTTGCCTGTAAAAACCTCGAAGGACCAAAGATACCCTCAAGGTTCTCATCTGTGCGGTATTCT

TCAAATTACAATGACATTTCCCAAAATTATCAGATGTGCTCAGGTATCTTCTCTCCAATGAGATGAGACA
GATGAACATATTTGACCTTGAAGGTCATGGAAAGTAGGTTGAGAGCAAATGTGTAGAACGAAATTAAGA]
IAAAAAAGAAATTACGCACGGCATTAGCTCGATGACTTAGTTATAAATAGAGGCCTGGTATCGGCTGTCA
TGATCTCATCTCTTCCCTATTTACAAAAAAACTGCAAGTATAGACAATAAAACAACAGCACAAA(ctagaaa

PARR3

CACGTGCAAAATCTTCTCTTCGAAGATCAACAACTTGAAAATCCTTCCTCTGATTTTCAATTAGGCCCTT
GAGTTGCCTAGACGTTATGAAACTTACCATTACGCTTGCTGGATTGTCAAGTTTTCCTCAATATTAGTTTG,
TTATACATTAGTTTTTATACCGACTTTTCAAAAGTGTTGATTTAAAATCAAATTTTGAATGCTCTTAATTA
TCTTTTTGTTTGATTAATAATCAACTTTAGCGGCAACGCTCCTTACATAATTATAATGTAAACGGAAAAG
IAATATAAATGAATGCTCTCGTTGTAATTCAAGAGAACCCAACCAACAAATCATCAGGtctagaaa

pRNR3

GTAATAACAAGCAGGTGGGCGCTTTGAAGAGTATGGTAGAGGATAAGATCCAGAAGGAAACACTCAAG
GGTGTTGTCGTCGCTGGAGGCGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTCTTCTTAAGAAACAAGA
GAAGGTAACAAGCACATAAAAAATCAGCACATACGTACATACATAAGAATGAATCGCACGCACGCGTA
IAACATTTATCATTTAATCTTCAGTTGTTAGATAAAAAAAAAAAGAAAAGAAAAGAAAGTGAAGGCTTGT
TTCAGTTTGAACTAGGTAGCAGAGCAAGCCCTCGTTCTTGGCTGCTAATTTTCCTAAAGTAGTAAAAAAA
GCCAAGTTATCTGCCTACGGTTGTCACAGCAACATTGCGTGCCGTTGTTCTTTTGTTTITTTTTTTTTTTTT
TTTTCGTGGTTGTCGCAGCAACGACACCTAGGCGCTGCTCAAAGGGGCAAAAACCCGGTTGCCATGGCG
IAGGACCAAACGACAAGATGGGAAAAAAACAATAGTCTATTGTTAAATCGTAATACTGTATTGTGAGATG
CTGACGCGTTTCGTTTTTCGTGTCAGCGTTCTTTATATTGTTTCGTGTTCTGCTGCAAAACGTATATAAAC
GCACTGCTATTTTGCCTTCTTTTGCCTTCTTCCTTGCCTTTCTCTCATCTCATATCCAAGTTGAAATAAATA
TGACAAGCAAGAATAGCAGCAGCAATAA(ctagaaa

pCUP1

TCACCACCCTTTATTTCAGGCTGATATCTTAGCCTTGTTACTAGTTAGAAAAAGACATTTTTGCTGTCAGT
CACTGTCAAGAGATTCTTTTGCTGGCATTTCTTCTAGAAGCAAAAAGAGCGATGCGTCTTTTCCGCTGAA
CCGTTCCAGCAAAAAAGACTACCAACGCAATATGGATTGTCAGAATCATATAAAAGAGAAGCAAATAA
CTCCTTGTCTTGTATCAATTGCATTATAATATCTTCTTGTTAGTGCAATATCATATAGAAGTCATCGAAAT
IAGATATTAAGAAAAACAAACTGTACAATCAATCAATCAATCATCACA ctagaaa

pFUS1

TGCCTCAATCCTTCTTTTGCTTCCATATTTACCATGTGGACCCTTTCAAAACAGAGTTGTATCTCTGCAGG
IATGCCCTTTTTGACGTATTGAATGGCATAATTGCACTGTCACTTTTCGCGCTGTCTCATTTTGGTGCGATG
IATGAAACAAACATGAAACGTCTGTAATTTGAAACAAATAACGTAATTCTCGGGATTGGTTTTATTTAAAT
GACAATGTAAGAGTGGCTTTGTAAGGTATGTGTTGCTCTTAAAATATTTGGATACGACATCCTTTATCTT
TTTTCCTTTAAGAGCAGGATATAAGCCATCAAGtctagaaa

pPRMS

CTCACCCGGATCGTAGTCACATGATCAAATAAATTATTGCATTACCAATGGCTTCTGTATTAGTTACTGT

CCAGGAAAGGTCTCAATATAACCGGTCACCTTATTTATGATAACAATTTTTAACCATTTACCCTTTATTTT
TGCAAAGTTATGACCTTTGGAATGCGGCAGAAAAAAAAAAAATTGATGAAGTAGTCATCAAACAGGTTT
CGGCGAAAGACAGTACAAGAATTGCCAGCTAAAGCTTTTCTAATATGTTATTCCATCAAATATTCACGCT,
IATTAATGCTATCTGATCGATTACTTGGTAAAAATAACCAAATGAGTATTGGGTCATATTTTGGAGAAGCG]
IAAAAGTGCACGGCATACTTAAAGAAGAGAAAAAAATTCTTAATCAAAGCTTAAGCGGCATCGCATAACT]
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CTGACAAAAGTATAATCATAGTATGTGGTTTGAGTAAACAACAAGACTGGCAGGTAAGTTTTTTAAATG
IAATTTTCTTAGCAGGGTTATTGCGGCGCACGTCTATAGGTGATTTACCTTTGTTCCTGAATATACATGATA]
TTCTTAATGCGACAGCGCCCAGGGAAGCAAAGAACGCCGACGAAAGAGCGGCGGAGCAAAAGGCGCAA
IAGTGACACCTTCCGATCCTGGGAAGTGATCGGTTTCGCTGTTCGGGCTTTTCTTAGACAAATAAAGTTTA
IATTTTCTTGCTTTCTCTTTTTGGCTAAGAATTCTATATTGTTCTTGAAACAACTTTGTCACACGTTCTAAAA]
IATAAAATGGAAAATGGAAAATGAAAAATTAGAGAGAAAATGTATTACTGAAGAATGTGGTAAAGACAT
TTGAAAAATATTTAATATATTACCTGAGATCATTCAAAGGAACGCATCGGTGCAAAGAAACAGTTATAG
CATTAGAGTTAAGTCAAGAGCACTCATTATTACTTTAAAAGGTCGTTGAAAATAGAATAAATTGACACT
CAAAACGCAAGA(ctagaaa

pHXT1

TGCAAAAAGCTTCCGATCCTCAAATACAGTGAGAGAAAAAGCAAACTTGTCTTCATTATTTTTCTGTTTG
GCCCTGTCACGGTTCTTTTTATGGCCTTCTCGAAGGATATCCGTAGTCAATTATATTCACGTAGTTGCCAA
IAAGTAATTTTTGGAAAACTATTATTCCTCCGAGAAAACCTCACACAGAAATCCTTGCAGGTCTCATCTGG
IAATATAATTCCCCCCTCCTGAAGCAAATTTTTCCTTTGAGCCGGAATTTTTGATATTCCGAGTTCTTTTITT
TCCATTCGCGGAGGTTATTCCATTCCTAAACGAGTGGCCACAATGAAACTTCAATTCATATCGACCGACT
IATTTTTCTCCGAACCAAAAAAATAGCAGGGCGAGATTGGAGCTGCGGAAAAAAGAGGAAAAAATTTTTT
CGTAGTTTTCTTGTGCAAATTAGGGTGTAAGGTTTCTAGGGCTTATTGGTTCAAGCAGAAGAGACAACAA]
TTGTAGGTCCTAAATTCAAGGCGGATGTAAGGAGTATTGGTTTCGAAAGTTTTTCCGAAGCGGCATGGC
IAGGGACTACTTGCGCATGCGCTCGGATTATCTTCATTTTTGCTTGCAAAAACGTAGAATCATGGTAAATT
IACATGAAGAATTCTCTTTTTTTTTITTTTTTTTTTTTTTTTACCTCTAAAGAGTGTTGACCAACTGAAAAAA
CCCTTCTTCAAGAGAGTTAAACTAAGACTAACCATCATAACTTCCAAGGAATTAATCGATATCTTGCACT
CCTGATTTTTCTTCAAAGAGACAGCGCAAAGGATTATGACACTGTTGCATTGAGTCAAAAGTTTTTCCGA
IAGTGACCCAGTGCTCTTTTTTTTTTTCCGTGAAGGACTGACAAATATGCGCACAAGATCCAATACGTAAT
GGAAATTCGGAAAAACTAGGAAGAAATGCTGCAGGGCATTGCCGTGCCGATCTTTTGTCTTTCAGATAT
IATGAGAAAAAGAATATTCATCAAGTGCTGATAGAAGAATACCACTCATATGACGTGGGCAGAAGACAG
CAAACGTAAACATGAGCTGCTGCGACATTTGATGGCTTTTATCCGACAAGCCAGGAAACTCCACCATTA
TCTAATGTAGCAAAATATTTCTTAACACCCGAAGTTGCGTGTCCCCCTCACGTTTTTAATCATTTGAATTA
GTATATTGAAATTATATATAAAGGCAACAATGTCCCCATAATCAATTCCATCTGGGGTCTCATGTTCTTT
CCCCACCTTAAAATCTATAAAGATATCATAATCGTCAACTAGTTGATATACGtctagaaa

pPMC1

GTTTTTACCCGGCAAAGAAGCTTCTCCATCATTTGTCAGGGGGAAAAGAAAATTAGGAGGCTCAGGCCC
TAGAAGCGCCCTCCACGCTTTTTAAACAAATGCTAATCTTCATAATTCATTATCATCGCCACTTGGCATT
GCATTTAATGGGCGCCTTCCAAAAACATTCAAATAGTATCAGCCCCCCCCCAAGGAAAGGCTTTATTTGA]
IATTGCGTTAAATATTCGATTTCTTTCTAGCAATTATTACCAAAATAAATTGCAGGCTTAACGAAAAATTA
IAATAATCTCTTCAGATTTTTTCACTTCCCCAAACTACATTTTAGTCAGGTTGGCACGATTCAATTGAGAA
GGCTTAGGTTAAGAATAAACATTTTTTCATAAATTTGAGGAAGAAGGGGCTTTTCTGGTAATTTTCATTC
IAATAGAAAGGCTTAAGAAAACGTCAAAAAACTCATGCGCCTCCAGTAAAAACTAAGTGTATTAAGAGA
IATTGTATCACATATATACGACATTGAATTAAAGAAATAAAACTTGAACAAATAAAGTTTAGAAAAGTGG
TTCTAAAAAAAAAAAAACTGTGTGCGTAACAAAAAAAATA(ctagaaa

All promoters

were cloned to include a short non-native sequence placed immediately upstream of start

codon (underlined and lowercase), which includes an Xbal site.
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Although the present disclosure and its advantages have been described in detail,

it should be understood that various changes, substitutions and alternations can be made
herein without departing from the spirit and scope of the disclosure as defined by the

following claims.
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WE CLAIM:
1. A nucleic acid construct for labeling cells, comprising:
(1) a first nucleic acid segment encoding a first fluorescent protein;

(i1)  asecond nucleic acid segment encoding a second fluorescent

protein;
(i11))  athird nucleic acid segment comprising a slippery site; and
(iv)  afourth nucleic acid segment comprising a frameshift stimulatory
sequence.
2. The nucleic acid construct of claim 1 further comprising a fifth nucleic

acid segment encoding a stop codon.

3. The nucleic acid construct of claim 1 or 2, wherein the third nucleic acid
segment is positioned upstream of the second nucleic acid segment encoding the second
fluorescent protein.

4, The nucleic acid construct of any one of claims 1-3, wherein the fourth
nucleic acid segment is positioned upstream of the second nucleic acid segment encoding
the second fluorescent protein.

5. The nucleic acid construct of any one of claims 2-4, wherein the fifth
nucleic acid segment is positioned upstream of the second nucleic acid segment encoding
a second fluorescent protein, wherein the stop codon is in frame with second nucleic acid
segment encoding the second fluorescent protein.

6. The nucleic acid construct of any one of claims 1-5, further comprising a
sixth nucleic acid segment encoding a third fluorescent protein.

7. The nucleic acid construct of any one of claims 1-6, further comprising a
seventh nucleic acid segment encoding a second slippery site.

8. The nucleic acid construct of any one of claims 1-7, further comprising an
eighth nucleic acid segment encoding a second frameshift stimulatory sequence.

9. The nucleic acid construct of any one of claims 1-8, further comprising a
ninth nucleic acid segment encoding a second stop codon.

10.  The nucleic acid construct of any one of claims 1-9 further comprising
one or more nucleic acid segments encoding a fourth fluorescent protein, a fifth
fluorescent protein, a sixth fluorescent protein, a seventh fluorescent protein, an eighth
fluorescent protein, a ninth fluorescent protein and/or a tenth fluorescent protein.

11.  The nucleic acid construct of any one of claims 1-10 further comprising

one or more nucleic acid segments encoding a third slippery site, a fourth slippery site, a
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fifth slippery site, a sixth slippery site, a seventh slippery site, an eighth slippery site
and/or a ninth slippery site.

12.  The nucleic acid construct of any one of claims 1-11 further comprising
one or more nucleic acid segments encoding a third stop codon, a fourth stop codon, a
fifth stop codon, a sixth stop codon, a seventh stop codon, an eighth stop codon and/or a
ninth stop codon.

13.  The nucleic acid construct of any one of claims 1-12 further comprising
one or more nucleic acid segments encoding a third frameshift stimulatory sequence, a
fourth frameshift stimulatory sequence, a fifth frameshift stimulatory sequence, a sixth
frameshift stimulatory sequence, a seventh frameshift stimulatory sequence, an eighth
frameshift stimulatory sequence and/or a ninth frameshift stimulatory sequence.

14, The nucleic acid construct of any one of claims 1-13, wherein the first
fluorescent protein is a fluorescent protein selected from the group consisting of a
green fluorescent protein (GFP), a red fluorescent protein (RFP), a blue fluorescent
protein (BFP), a cyan fluorescent protein (CFP), a vellow fluorescent protein (YFP), an
orange fluorescent protein (OFP), a far-red fluorescent protein, a near-infrared
fluorescent protein, a long stokes shift fluorescent protein, a photo-activatable
fluorescent protein, a photoconvertible fluorescent protein, a photoswitchable fluorescent
protein, a timer fluorescent protein and mutants or variants thereof.

15. The nucleic acid construct of any one of claims 1-14, wherein the second
fluorescent protein is a fluorescent protein selected from the group consisting of a
green fluorescent protein (GFP), a red fluorescent protein (RFP), a blue fluorescent
protein (BFP), a cyan fluorescent protein (CFP), a vellow fluorescent protein (YFP), an
orange fluorescent protein (OFP), a far-red fluorescent protein, a near-infrared
fluorescent protein, a long stokes shift fluorescent protein, a photo-activatable
fluorescent protein, a photoconvertible fluorescent protein, a photoswitchable fluorescent
protein, a timer fluorescent protein and mutants or variants thereof.

16. The nucleic acid construct of any one of claims 6-15, wherein the third
fluorescent protein is a fluorescent protein selected from the group consisting of a
green fluorescent protein (GFP), a red fluorescent protein (RFP), a blue fluorescent
protein (BFP), a cyan fluorescent protein (CFP), a vellow fluorescent protein (YFP), an
orange fluorescent protein (OFP), a far-red fluorescent protein, a near-infrared

fluorescent protein, a long stokes shift fluorescent protein, a photo-activatable
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fluorescent protein, a photoconvertible fluorescent protein, a photoswitchable fluorescent
protein, a timer fluorescent protein and mutants or variants thereof.

17. The nucleic acid construct of any one of claims 1-16, wherein first
fluorescent protein and the second fluorescent protein are different fluorescent proteins.

18. The nucleic acid construct of any one of claims 6-16, wherein the first
fluorescent protein, the second fluorescent protein and the third fluorescent protein are
different fluorescent proteins.

19. The nucleic acid construct of any one of claims 1-18, wherein the first
fluorescent protein is a fluorescent protein selected from the group consisting of GFP,
sfGFP, deGFP, eGFP, Venus, mVenus, YFP, Cerulean, Citrine, CFP, eYFP, eCFP, RFP,
mRFP, mCherry, mmCherry, mTurquoise2, mKO2, BFP, mTagBFP2 and mutants or
variants thereof.

20. The nucleic acid construct of any one of claims 1-19, wherein the second
fluorescent protein is a fluorescent protein selected from the group consisting of GFP,
sfGFP, deGFP, eGFP, Venus, mVenus, YFP, Cerulean, Citrine, CFP, eYFP, eCFP, RFP,
mRFP, mCherry, mmCherry, mTurquoise2, mKO2, BFP, mTagBFP2 and mutants or
variants thereof.

21. The nucleic acid construct of any one of claims 6-20, wherein the third
fluorescent protein is a fluorescent protein selected from the group consisting of GFP,
sfGFP, deGFP, eGFP, Venus, mVenus, YFP, Cerulean, Citrine, CFP, eYFP, eCFP, RFP,
mRFP, mCherry, mmCherry, mTurquoise2, mKO2, BFP, mTagBFP2 and mutants or
variants thereof.

22. The nucleic acid construct of any one of claims 1-21, wherein the first
fluorescent protein and the second fluorescent protein are dependently selected from the
group consisting of GFP, sfGFP, deGFP, eGFP, Venus, mVenus, YFP, Cerulean, Citrine,
CFP, eYFP, eCFP, RFP, mRFP, mCherry, mmCherry, mTurquoise2, mKO2, BFP,
mTagBFP2 and mutants or variants thereof.

23. The nucleic acid construct of any one of claims 6-22, wherein the first
fluorescent protein, the second fluorescent protein and the third fluorescent protein are
dependently selected from the group consisting of GFP, sfGFP, deGFP, eGFP, Venus,
mVenus, YFP, Cerulean, Citrine, CFP, eYFP, eCFP, RFP, mRFP, mCherry, mmCherry,
mTurquoise2, mKO2, BFP, mTagBFP2 and mutants or variants thereof.

24, The nucleic acid construct of any one of claims 1-23, wherein the first

fluorescent protein is a GFP and the second fluorescent protein is an RFP.

80



WO 2020/124093 PCT/US2019/066634

25. The nucleic acid construct of any one of claims 6-24, wherein the first
fluorescent protein is a GFP, the second fluorescent protein is an RFP and the third
fluorescent protein is a BFP.

26. The nucleic acid construct of claim 24 or 25, wherein the GFP is e GFP
and the RFP is mCherry.

27. The nucleic acid construct of claim 25, wherein the GFP is eGFP, the RFP
is mCherry and the BFP is mTagBFP2.

28. A nucleic acid construct for labeling cells, comprising:

(1) a first nucleic acid segment encoding a first fluorescent protein;

(i1)  asecond nucleic acid segment encoding a second fluorescent
protein;

(i11))  athird nucleic acid segment comprising a first slippery site;

(iv)  afourth nucleic acid segment comprising a first frameshift
stimulatory sequence;

W) a fifth nucleic acid segment encoding a first stop codon;

(vi)  asixth nucleic acid segment encoding a third fluorescent protein;

(vii)  aseventh nucleic acid segment encoding a second slippery site;

(viii) an eighth nucleic acid segment encoding a second frameshift
stimulatory sequence; and

(ix)  aninth nucleic acid segment encoding a second stop codon.

29. A genetically-engineered cell comprising one or more nucleic acid
constructs of any one of claims 1-28.

30. A genetically-engineered cell comprising two or more nucleic acid
constructs of any one of claims 1-28.

31 The genetically-engineered cell of claim 29 or 30, wherein the cell is a
prokaryotic cell.

32. The genetically-engineered cell of claim 29 or 30, wherein the cell is a
eukaryotic cell.

33.  The genetically-engineered cell of claim 32, wherein the eukaryotic cell is
selected from the group consisting of a mammalian cell, a plant cell and a fungal cell.

34.  The genetically-engineered cell of claim 33, wherein the cell is a
mammalian cell.

35.  The genetically-engineered cell of claim 33, wherein the cell is a plant

cell.
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36.  The genetically-engineered cell of claim 33, wherein the cell is a fungal
cell.

37.  The genetically-engineered cell of claim 36, wherein the fungal cell is a
species of the phylum Ascomycota.

38.  The genetically-engineered cell of claim 37, wherein the species of the
phylum Ascomycota is selected from the group consisting of Saccharomyces cerevisiae,
Saccharomyces castellii, Vanderwaltozyma polyspora, Torulaspora delbrueckii,
Saccharomyces kluyveri, Kluyveromyces lactis, Zygosaccharomyces rouxii,
Zygosaccharomyces bailii, Candida glabrata, Ashbya gossypii, Scheffersomyces stipites,
Komagataella (Pichia) pastoris, Candida (Pichia) guilliermondii, Candida parapsilosis,
Candida auris, Yarrowia lipolytica, Candida (Clavispora) lusitaniae, Candida albicans,
Candida tropicalis, Candida tenuis, Lodderomyces elongisporous, Geotrichum
candidum, Baudoinia compniacensis, Schizosaccharomyces octosporus, Tuber
melanosporum, Aspergillus oryzae, Schizosaccharomyces pombe, Aspergillus
(Neosartorya) fischeri, Pseudogymnoascus destructans, Schizosaccharomyces japonicus,
Paracoccidioides brasiliensis, Mycosphaerella graminicola, Penicillium chrysogenum,
Aspergillus nidulans, Phaeosphaeria nodorum, Hypocrea jecorina, Botrytis cineredal,
Beauvaria bassiana, Neurospora crassa, Sporothrix scheckii, Magnaporthe oryzea,
Dactylellina haptotyla, Fusarium graminearum, Capronia coronate and combinations
thereof.

39. The genetically-engineered cell of claim 38, wherein the cell is
Saccharomyces cerevisiae.

40.  The genetically-engineered cell of any one of claims 29-39, wherein the
first fluorescent protein and the second fluorescent protein are expressed in the cell at a
ratio of about 1:1,000 to about 1,000:1.

41.  The genetically-engineered cell of any one of claims 29-39, wherein the
first fluorescent protein and the second fluorescent protein are expressed in the cell at a
ratio of about 1:100 to about 100:1.

42. A cell population comprising one or more engineered cells of any one of
claims 29-41.

43. A kit comprising one or more nucleic acid constructs of any one of claims
1-28.

44, A kit comprising a genetically-engineered cell of any one of claims 29-41.
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45, A method for labeling a cell, comprising introducing one or more nucleic
acid constructs of any one of claims 1-28 into the cell.

46. The method of claim 45 further comprising expressing two or more
fluorescent proteins from the one or more nucleic acid constructs.

47. The method of claim 46 further comprising determining the ratio of

fluorescent between the two or more fluorescent proteins expressed in the cell.
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