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Abstract

CRISPR-Cas9 Induced Combinatorial Genome Editing in Saccharomyces cerevisiae
Brittany Greco

For decades, Baker’s yeast (Saccharomyces cerevisiae) has served as a tremendous model
for biomedical research. Genome-scale engineering in yeast is feasible primarily due to
prodigious homology-directed DNA repair, a plethora of genetic tools/selection markers, and
simple conversion between haploid and diploid forms. However, with the emergence of yeast as
a model eukaryote for systems and synthetic biology research, there is a need for highly efficient
and scalable genome engineering strategies. Previously, using CRISPR-Cas9, our laboratory
developed a method for one-step, marker-free editing of the yeast genome using Homology
Directed Repair (HDR). In the first part of my work, I created CRISPR-Cas9 toolkits targeting
several yeast loci and showed specific, efficient and targeted Double-strand Breaks (DSBs)
followed by HDR. Next, by combining CRISPR-Cas9, DNA repair via HDR, and yeast mating
and sporulation, I demonstrate a highly efficient gene drive (referred to as Cas9-induced Gene
Drive or CGD) to perform precise, scar-free, and selection-less conversion of native yeast loci to
heterologous engineered loci respectively. To test the efficiency of the gene drive, I convert the
functional copy of the Ade2 gene to Ade2 null locus using a heterozygous diploid strain (4de?2 /
Aade2::KanMX). First, I show the conversion of the Ade2 to Aade2::KanMX locus is near 100%
efficient since the DSB-resistant KanMX copy of the homologous chromosome serves as a highly
effective repair template for HDR. Next, I demonstrate the conversion of two or more
heterozygous human-yeast loci to become homozygous for human genes at a comparable rate
(i.e., ~100%). To show the feasibility and scalability of this method for assembling multi-gene

biosynthetic pathways or complexes, I am testing the engineering of the entire carotenoid pathway

il



and the orthologous human proteasome alpha core genes in yeast. Thus, CGD lays the foundation
for large-scale combinatorial engineering of the entire heterologous biological processes in

budding yeast.
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1. Chapterl- Background

1.1. Using CRISPR-Cas9 to induce DSBs and integrate foreign DNA in yeast

Yeast has innately high homologous recombination rates that simplify genomic
manipulation [ 1-3]. Integration of foreign DNA in the budding yeast genome was first shown via
Homologous Recombination (HR) using linear and circular DNA bearing yeast homologies to
target sites [4,5]. Additionally, having unique restriction enzymes sites flanking the homologous
regions significantly increased the chances of DNA integration after the generation of the Double-
Strand Breaks (DSBs) [6]. This increased integration efficacy was shown after a DSB was
induced in the genome which in turn promoted integration of DNA via Homology-Directed
Repair (HDR) [7,8]. With the combination of homologous recombination, auxotrophic selection
and the induction of DSBs in genomes, meganucleases such as HO and I-Scel were used to allow
modification in yeast cells with greater efficiency than previously established methods [9-12].
Meganucleases specifically cut DNA and have large recognition sites ranging from 18-24 base
pairs [12]. Having two sites of these meganucleases on both sides of the homology regions
generate DSBs after the expression of these enzymes [8—11]. Though these methods of DNA
modification have been successfully established in yeast, they do present some issues. This
method of DNA modification while scarless, requires integration of the required restriction
enzymes sites prior to DNA manipulation. Moreover, they require additional selection and
confirmation for each step of integration. Overall, the methods are not suitable for scalability. We

opted for another method of DNA modification using CRISPR-Cas9 which requires fewer steps



to induce a specific DSBs in yeast, needs no prior integration of foreign restriction enzymes sites

and yet still allows for efficient yeast DNA manipulation.

The CRISPR-Cas9 system was first discovered in bacteria, serving as an immunity
response system to specifically target and destroy invading pathogens [13]. The system is
composed of a scaffold guide RNA (sgRNA) that is complementary to a specific DNA sequence.
This scaffold guide RNA (sgRNA) sequence is recognized by a Cas9 protein. Together, the Cas9-
sgRNA complex induces a double-stranded break (DSB) in a sequence-specific manner. While
bacterial cells use this system to kill invading viruses, this technology can be used to selectively
target any piece of DNA in any organism [1]. The Cas protein (Cas9) used in this study carries
the HNH and RucC nuclease domains that allow for both strands of DNA to be cut [14,15]. We
previously exploited the CRISPR-Cas9 system in a haploid yeast strain to perform precise
genome editing in yeast [16,17]. DSBs made by the CRISPR-Cas9 system are lethal in yeast
unless repaired mainly by Homology-Directed Repair (HDR) [18,19]. While yeast can repair
DSBs in DNA in two different ways: Non-Homologous End Joining (NHEJ) and Homology
Directed Repair (HDR), HDR tends to be favoured and more efficient when repairing a DSB in
yeast [12,20,21]. Though both pathways operate in budding yeast, they function in a mutually
exclusive manner, such that if one is active, the other one is suppressed [22,23]. Furthermore,
NHEJ may successfully repair the DSBs in yeast without any errors, however, those loci are prone
to further targeting by the Cas9-gRNA complex, thus, those yeast cells never survive. On the
other hand, NHEJ via error-prone repair occurs at lower efficiency, thus, the yeast cells that
survive also harbour mutations or deletions at the edited locus [20]. The HDR pathway can also

repair the DSB, however, it requires a DNA template bearing a sequence homology to the affected



locus, which allows for efficient and precise DNA repair [8,19]. Previously, our laboratory
established a scar-free, selection-less system to precisely edit the yeast genome. The sgRNAs
homologous to yeast genes were designed to target yeast loci. The expression of the sgRNA-Cas9
system induces a double-stranded break in yeast. In the absence of and owing to low error-prone
NHEJ efficiency, the majority of the yeast cells die due to the regeneration of the cut site.
However, to allow the cells to repair via HDR, a repair template is provided with sequence

homology at the 5’ and 3’ ends of the DSB.

1.2. Humanization of yeast from one gene at a time to entire systems

The most deeply evolutionarily conserved human genes encode essential cellular
machinery whose failures are linked to diverse diseases [24,25]. While humans and yeast
obviously differ dramatically with respect to cell and tissue organization (i.e., unicellular vs.
multicellular body plans), diet, metabolism, motility, and environment, we still share several
thousand protein-coding genes with yeast [17,26-31]. Despite over a billion years of evolutionary
divergence, the remarkable extent to which protein-coding genes are still functionally equivalent
between humans and yeast emphasizes the power even of distant organisms for studying human
gene function [17,26-31]. Recent systematic studies have identified many orthologous human
genes that can individually complement a lethal growth defect conferred by the loss of the
corresponding yeast gene with little or no effect on growth [17,26,31]. These studies reveal a
striking trend: humanizability is not well-explained by sequence similarity between the human
and yeast genes. Instead it is a property of local physical or genetic interaction within protein
complexes and pathways. We refer to this feature as “genetic modularity”, such as some systems

are entirely non-replaceable (e.g., DNA replication initiation complexes), whereas, some modules
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are entirely replaceable one gene at time, including the proteasome (Figure 1A), sterol and heme
biosynthesis pathways [17,26,31]. Moreover, some systems, such as the proteasome complex,
have sub-modules that are replaceable while some are not (Figure 1A) [17,26,31]. However,
genes do not work in isolation. They often interact genetically and physically with several other
genes. One caveat of humanization assays, therefore, could be that singly humanized yeast strains
aren’t truly replicating the human systems. However, are higher order humanizations possible?
The modularity paradigm allows us to test if the entire yeast and human systems are, to a first
approximation, interchangeable (at least in yeast) (Figure 1B). However, the route to full
humanization of entire pathways or complexes in yeast is unknown. Therefore, we propose a

method (C-Gene Drive or CGD) that allows us to use singly engineered humanized strains to

A 26S Proteasome B Singly humanizable

l.\,

Entirely humanizable

Singly
non-humanizable

l.\,

[:] Replaceable nr__J' Not essential

D Not replaceable f___: Essential

Figure 1. From humanizing single genes to entire cellular processes in yeast.

A. Plasmid-based complementation assays reveal that the yeast proteasome complex is largely replaceable by
their human counterparts one-gene-at-a-time. However, certain sub-modules such as the subunits in the beta-core
and lid aren't replaceable. B. Biological processes in livings cells are often carried out by a multitude of genes
forming a network as indicated by circles connected via lines showing genetic or physical interactions. Singly
replaced yeast genes by their human equivalents that belong to the same biological process suggest that the system
could be humanizable in their entirety. This hypothesis may be true for the systems that are not replaceable even
as single genes but may become replaceable as entire systems.
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build fully engineered systems in a single yeast strain. We also propose to use the method to
evaluate the possibility of building systems and modules that are individually non-replaceable
(Figure 1B). While we intend to use the CGD method to perform higher order humanizations,
the method is generally applicable to build any heterologous system in yeast. To show the
efficiency and the general use of the CGD method, we will use a colored colony read out , such
as yeast ade2 mutants that appear as red colonies and yeast with heterologous carotenoid pathway
that appear as red or orange colonies depending on the partial (3 gene) or complete (4 gene)
assembly respectively. For the humanization of entire yeast systems, we will focus on the
humanization of the entire proteasome core and base modules to build a synthetic platform for

testing human genetic variation and drug discovery in a simplified cell.

1.3. Engineering entire biological processes in yeast - a challenge

To build a fully humanized or heterologous system in a yeast surrogate, we need a highly
scalable and efficient method for precise combination and conversion of engineered yeast loci. In
fact, yeast has a rich history of combining genetically engineered loci such as in the case of testing
gene-gene interactions [32,33]. The methodology, also referred to as Synthetic Genetic Array
(SGA) uses mating and sporulation to combine genetic loci (such as gene knockouts) by using
selectable markers to select for haploid cells after sporulation [33]. However, when >2 loci are
involved, the strategy is limited by the availability of selection markers. A strategy referred to as
“GFP monster” tested the use of GFP expression as a readout of a combination of engineered loci
wherein a GFP expression cassette replaces the yeast locus [34] . The more the number of GFPs
in a strain, the higher the level of fluorescence that can be measured by using FACS. While this

strategy is useful for combining deleted loci, it will not be useful for humanization or heterologous
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pathway engineering which requires the insertion of a foreign gene replacing the yeast locus.
Alternate strategies such as plasmid shuffling and the use of YACs are useful. These strategies
assemble the entire biological system in a single plasmid. However, even those methods require
additional steps that involve sequential deletion of the native systems or pathways [35-37].
Plasmid-based complementation is also restricted to the number of genes that can be cloned into
one plasmid and YACs require a lot of complex cloning that may be time consuming.
Alternatively, the sequential engineering of systems is possible; however, it gets increasingly
difficult as the number of loci to be engineered increases (Figure 2). The sequential assembly is
also a painful guessing game as some partially assembled intermediates may be less fit (Figure
2). For example, for a simple 3-gene system, one requires at least 9 intermediate genotypes.
Furthermore, the fitness landscape of the intermediate hybrid strains is unknown, thus, making
the process a guessing game to identify a viable route for the assembly of the entire system
(Figure 2).

In order to bypass these issues, we propose using a combination of our previously
established CRISPR-Cas9 based method [16,26], a subset of previously individually humanized
strains and a series of mating/sporulation cycles to allow cells to naturally and directionally
(fitness-driven) build engineered biological processes in yeast. Mating allows cells to innately
combine engineered loci with wildtype loci and furthermore combine two or more engineered
loci. Sporulation permits the independent segregation of chromosomes which together facilitates
combination and conversion of loci by a creating strain with the desired genotype (>1 engineered
locus). At a diploid stage, the CRISPR-Cas9 allows us to select for specific genotypes of

combined loci since one allele will carry a wildtype yeast gene and the other will carry an



engineered CRISPR-Cas9 resistant gene. Next stage involves the elimination of a specific yeast
locus from a yeast population mimicking a “gene-drive” strategy by using CRISPR-Cas9-sgRNA
targeting the yeast locus. This is possible because when a DSB is induced at a particular locus,

the engineered locus flanked by the entire homologous chromosome will serve as a highly stable
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Figure 2. Multiple routes to engineering of biological systems using a sequential replacement strategy.

Let's examine a simple 3 gene pathway. How do we go from 1 engineered locus to all engineered loci in single
strain? If gene 1 is humanized first, then a choice is made to humanize gene 2 or gene 3 and then humanization
of the last gene proceeds; that is if these intermediates are viable or not. The same process would occur if
humanization started with gene 2 or gene 3. This sequential replacement strategy would require 9 possible
intermediate genotypes before achieving a fully engineered system. These intermediate genotypes would be far
higher as the scale of genetic systems gets complex. This shows that sequential humanization which was once
used to build pathway is time-consuming and does not address fitness levels at each intermediate.




and efficient repair template to create homozygous diploids. We propose to use this method to
combine, convert and select any locus of choice in yeast. In this work, I will show how this
strategy works by testing the efficiency in the adenine pathway (4de2 locus serves as an easy
readout of locus conversion), followed by testing some combinations of essential genes in the
proteasome core/base. Finally, I apply the CGD method to build a heterologous pathway, such as
the carotenoid pathway, that provides a colony colour phenotype as a proxy for pathway assembly
using our established C-Gene Drive method.

To summarise, I am developing a new, next-generation method to combinatorically
engineer heterologous systems in yeast. While we aim to engineer several critical human systems
using this strategy, the method is equally applicable in combining any engineered loci since the

only requirement is the CRISPR-Cas9-sgRNA mediated DSB.

1.4. The problem addressed

The advancement in de novo DNA synthesis, next-gen sequencing technologies and a
greater understanding of diverse biochemistry across the tree of life, a new era of biology is
dawning - synthetic genomics and synthetic biology. Genetic engineering a single gene to entire
biosynthetic pathways or protein complexes is becoming possible. Simple and well-studied cells
like E. coli (a prokaryote) and Yeast (a eukaryote) serve as biological test tubes providing an
excellent bioengineering platform owing to their staggering genetic tractability, versatile
metabolism, and ease of culture in the lab. Several decades of fundamental research has
established yeast as an ideal model eukaryote for system genetics and synthetic biology [38].

However, to build complex heterologous multi-gene biosynthetic pathways or protein complexes



in yeast on a massive scale requires new genetic tools. Herein, we present the fundamentals of

one such technology and provide a blueprint for scalability.

For decades now, yeast has served as a tremendous model for studying basic eukaryotic
biology. Yeast have innately high homologous recombination efficiency that simplifies genomic
manipulation [1-3]. The ease of genetic manipulation has provided several resources such as
genome-wide knockout, temperature-sensitive, heterologous regulatable promoter, etc.,
collections of yeast [39—41]. Additionally, the availability of many selectable genetic markers and
simple conversion between haploid and diploid forms has provided avenues to easily combine
genetically engineered loci to understand gene-gene interactions at a global scale [27,32,33].
However, for multi-gene engineering of heterologous pathways in yeast, we will either require
several new selection methods or be able to selectively remove markers to be used reiteratively
[42]. Alternatively, the engineered heterologous pathways can be built on plasmids or yeast
artificial chromosomes (YACs) [35,37]. However, if the expression of heterologous pathways
also tests the functional replaceability of the native yeast processes, it further involves several

sequential steps of knocking out the individual orthologous yeast genes [35,37].



Cas9-sgRNA complex
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ScSCL1 5 UTR Hs PSMA6 CDS
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Repair Template: -+ - Sequence verification

Figure 3 .CRISPR-Cas9 based genome editing in yeast.

CRISPR-Cas9 mediated DSB is lethal to most yeast cells. However, DSBs are efficiently repaired via HDR using
a repair template that also provides resistance to cutting by CRISPR-Cas9-sgRNA. As an example, shown here,
a repair template can be a PCR amplified human gene with a flanking yeast specific homologous sequence.
Functionally replacement of the yeast gene by a corresponding human gene allows the cells to survive. The
survivors often harbor precise replacement of the human gene as identified by Sanger sequencing.

Recently, our laboratory demonstrated the use of CRISPR-Cas9 for rapid replacement of
yeast loci (Figure 3) [16,26]. CRISPR-Cas9-mediated double-strand breaks can be applied
repeatedly for sequential replacement of multiple loci within the same strain. While this is a
straightforward approach, it may not be the most effective strategy for a very large multi-gene
system. Moreover, it is not easy to perform multiple replacements in parallel. When attempting
to replace a locus, all other remaining loci must wait until that strain is constructed (or abandoned
if not feasible). Yeast mating allows us to adapt the CRISPR-Cas9 editing method and have a

way of easily combining replacements.
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In this work, by using CRISPR-Cas9 mediated genetic manipulation of yeast loci, I show
a scar-less and selection-less precision conversion/combination of many yeast loci. The method,
therefore, circumvents the need of selection markers while also allowing the engineering of

heterologous pathways at scale.
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2. Chapter 2- A Resource Of Many CRISPR-Cas9-sgRNA Reagents For

Budding Yeast

2.1. Direct cloning of many yeast-specific CRISPR-Cas9-sgRNA vectors

Previously, our laboratory established a CRISPR-Cas9 based strategy to target both
essential and non-essential yeast genes [16,26]. The efficiency of precise genetic manipulations
in yeast is largely possible due to significantly lower error-prone NHEJ mediated DSB repair in
yeast as compared to HDR [20]. The CRISPR-Cas9 method is also efficient in engineering
heterologous genes at safe harbor sites within the yeast genome. These non-coding sites are
scattered in the yeast genome and allow for a foreign DNA integration with negligible fitness cost
to the host cell [43].

The generation of CRISPR-Cas9-sgRNA reagents require specific assembly of DNA to
express a sgRNA that will allow for specific locus targeting and a Cas9 expression cassette that
together after translation can initiate a double-stranded break at said location. Towards that , we
designed a golden gate compatible shuttle vector for Cas9-sgRNA expression using the MoClo
collection [44]. This shuttle vector is capable of expressing both a sgRNA and a Cas9 protein in
yeast. Golden Gate cloning is a type of cloning method that uses type II restriction enzymes that
cut outside of from their recognition sites that allows for the directional assembly of multiple
parts in a single or sequential steps [16,26,44].

The sgRNAs were designed using the Geneious software that uses algorithms based on
Doench et al. to selectively identify and score CRISPR sites within the yeast genome [45] . The
software scores these target sites by scanning the whole yeast and look for sequencing similarity

[45,46]. We designed at least 2 CRISPR sites per locus preferably located near the beginning of
12



the gene and picked the ones with low OFF-target and high ON-target activity for low
background. We hypothesize that inducing a DSB in the beginning of a gene will ensure a non-
functional yeast protein when an error-prone NHEJ pathway tends to repair the locus independent
of HDR [20]. Using the golden gate cloning strategy [16,26,44], we swapped out the GFP for a
sgRNA cassette (in the form of two complementary primers with unique 4-base overhangs). The
20 base CRISPR sgRNA sequence was copied into a Geneious sgRNA template with golden gate
compatible 5’ and 3’ overhangs respectively (Figure 4A). The annealed forward and reverse

primers generated from this sgRNA template allowed for a one-step cloning into the pDirect-

>
(v}
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1000 [ 1400 1400

1300 10 1w
[N .ﬁﬁ
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tRNA Phe Promoter ScRPT3g1_F ConkE

pDirect-CEN6-URA-G418- PCRISPR-Cas9-sgRNARP®
GFPDO-Cas9

Figure 4. Building single CRISPR-Cas9-sgRNA expression vectors in silico & in vitro.

A. Geneious file of a gene of interest (Rpt3 from yeast proteasome base - TOP panel), shows two CRISPR sites
located at the beginning of the gene that have a high ON-target and low OFF-target scores. These CRISPR sites
are inserted into an sgRNA template). The primers are synthesized such that when annealed the sgRNA templates
(BOTTOM panel) create 5’ and 3’ golden gate compatible 4 base overhangs that allow cloning into the pDirect-
CEN6-URA-G418-GFPDO-Cas9 vector. B. The plasmid map of pDirect-CEN6-URA-G418-GFPDO-Cas9
(TOP panel) when transformed in E. coli results in bright green colonies (BOTTOM panel). However, the
insertion of sgRNA cassette results in swapping out of the GFP as indicated in largely non-fluorescent E. coli
colonies (BOTTOM panel). C. Sequence verification of the sgRNA region of the clone (pCRISPR-Cas9-
sgRNA®P3) shows correct sequence alignment with the reference sequence.
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CEN6-URA-G418-GFPDO-Cas9 plasmid and transformed into E. coli. The GFP dropout
allowed for colony screening for the clone of interest as GFP negative colonies likely contain
sgRNA cassette insert (Figure 4B). These GFP negative colonies were picked to isolate the
plasmid followed by verification using restriction enzyme digestion and Sanger sequencing

(Figure 4C).
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Table 1. CRISPR site sequences cloned for sgRNA expression in yeast

Locus sgRNA Name fsl:;lslle)lisg(}fgf)e
Ade?2 Ade2-sgRNA1 AATTGTAGAGACTATCCACAAGG
Ade?2 Ade2-sgRNA2 CTGCTCATAGAACTCCACATAGG
Rptl Rptl-sgRNA1 ATTCAAGTCTTAAAATCATACGG
Rptl Rptl-sgRNA2 GCGAGAATCAAAGAAAAGGCCGG
Rpt2 Rpt2-sgRNA1 ATTCAAGTCTTAAAATCATACGG
Rpt2 Rpt2-sgRNA2 CCAAATTTAGATTGAACGGGAGG
Rpt3 Rpt3-sgRNA1 TCCTCCTGCTTCTTTTCAAAGGG
Rpt3 Rpt3-sgRNA2 AGAAGTAAAGAGAATCCAGTCGG
Rpt4 Rpt4-sgRNA1 AGAAGTAAAGAGAATCCAGTCGG
Rpt4 Rpt4-sgRNA2 CCCCCAATCCTGCTAATAAAGGG
Rpt5 Rpt5-sgRNA1 CTGTTGGGTGTGATTGTCGCCGG
Rpt5 Rpt5-sgRNA2 ACAACGTTAGCCACAAGGTACGG
Rpt6 Rpt6-sgRNA1 GTATTAGAAACCCACGAAAGTGG
Rpt6 Rpt6-sgRNA2 GTATTAGAAACCCACGAAAGTGG
Alpha3 Alpha3sgRNAL1 AGATGGACACATTTTCCAAGNGG
Alpha4 Alpha4-sgRNA 1 TTGGGATTATGGCATCTGATNGG
Alpha7 Alpha7-sgRNA1 ATCGGTATAAAGTGTAACGANGG
511b 511b-sgRNAL1 CCGTGGCTGACTGGCATACACTG
USERX-1 USERX-1-sgRNA1 GTAGCTACAAGAACATATGGTGG
FgF20 FgF20-sgRNA1 GTTAGAGCTGTTACAAGTTACGG

FgF24

FgF24-sgRNAI

CCTATTGGACAAGATTTACGAGG
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The sgRNAs in Table 1 represent the yeast genes I worked on during my Master's research
project. The sgRNAs target the base of the proteasome that is made up of six Rpt genes (Rpt! to
6) [47,48]. The proteasome core is made up seven Alpha and Beta subunits though only three
(Alpha3,4,7) were studied in this work [49]. I also used the Ade2 gene in the adenine synthesis
pathway as a colony colour readout of efficiency of DNA repair via NHEJ or HDR. The mutated
ade?2 locus results in red coloured colonies. Lastly, I used various non-coding, safe-harbour sites
in the yeast genome (5/1b, USERX-1, FgF20, FgF24) to integrate the genes from the carotenoid
pathway that also provide a colony colour readout as a proxy for pathway engineering [50-52].

Once confirmed, each Cas9 & sgRNA expression vector was tested in a haploid wildtype
yeast strain (BY4741). As an example, we show the results for a representative set of essential
yeast genes and a non-essential yeast gene, Ade2, that when mutated, results in a red colony
phenotype [53]. Briefly, in the case of the mutated Ade2 yeast locus, the lack of conversion of p-
ribosyl aminoimidazole (substrate for Ade2) to p-ribosyl imidazolecarboxylate causes the
accumulation of substrate (p-ribosyl aminoimidazole) - a red colored pigment that makes the
colonies appear red [53].

Our first test of whether pCRISPR-Cas9-sgRNAs" is functional in yeast is to observe if
the plasmid transformation is lethal (Observed Colony Forming Units or CFUo). As a control, we
transform the same yeast cell with the plasmid that only expresses Cas9 but not the sgRNA. The
control transformations provide an estimate of the efficiency of the plasmid uptake by yeast cells
(Expected Colony Forming Units or CFUE). Typically, we use 500ng to 1pg plasmid for each
transformation which results in ~103 - 10* CFUs on a selection plate (Figure 5, Top panel). The
efficiency of the CRISPR cut is, therefore, calculated as using a simple formula of CFUo/CFUg

with the value close to zero suggesting high efficiency. For example, upon transformation of
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pCRISPR-Cas9-sgRNA 1472 and due to a DSB at the Ade2 locus, the number of colonies on a
selection medium is drastically reduced (0-20 colonies on average, Figure 5, Bottom left panel)
compared to the empty vector control transformations (~10* colonies on average, Figure 5, Top
left panel). This yields an efficiency of CFUo/CFUE, i.e. 20/1000 = 0.02 suggesting highly
efficient activity (Figure 5 inset). Notice that all the surviving colonies show red color phenotype
suggesting ON-target activity (Figure 5, Bottom left panel). I have consistently observed this
decrease in the number of colonies after transformation with pCRISPR-Cas9-sgRNAg
irrespective of the essentiality of the locus (see Figure 5, Bottom panel). In the case of the
CRISPR-Cas9-sgRNA targeting an essential yeast gene, the surviving colonies are far lower
compared to the non-essential gene (i.e., Ade2 locus). Together, these observations suggest that
the error-prone repair of a DSB (via NHEJ) in a haploid yeast cell is less efficient as previously
observed [20,21]. The lethality of the DSB induced by the pCRISPR-Cas9-sgRNAS"¢ system,
therefore, serves as an indirect estimate of the efficiency of the sgRNA target sequence
recognition by Cas9. As shown below, majority of our Cas9-gRNA expression plasmids
performed efficiently whereas only one with high ON-target and low OFF-target scores
performed poorly in our in vivo experiments (see Figure 5, Bottom panel for pCRISPR-Cas9-
sgRNA2RP¥) Additionally, in the case of another pPCRISPR-Cas9-sgRNA2492 while I observed
lethality, the surviving colonies do not show red color phenotype as seen in the case of pCRISPR-
Cas9-sgRNA 149, This behavior could be attributed to the fact that the target sequence of this
sgRNA is located towards the end of the gene, which even after an error-prone NHEJ repair still

makes a functional Ade?2 protein.
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Control plasmid

pDirect-CEN6-URA-G418-GFPDO-Cas9

Non-Essential Gene Essential Genes
Ade2 in Adenine Pathway Proteasome Base Genes (Rpt1-6)
PCRISPR-Cas9-sgRNA1**?  pCRISPR-Cas9-sgRNA1™"  CRISPR.Casd-sgRNAT®  pCRISPR-Casd-sgRNA1  pCRISPR-Cas9-sgRNA1®™  pCRISPR-Casd-sgRNA1™®  pCRISPR-Cas9-sgRNA1™®

PCRISPR-Cas9-sgRNA2™* PCRISPR-Cas9-sgRNA2"" PCRISPR-Cas9-sgRNA2"" PCRISPR-Cas9-sgRNA""* PCRISPR-Cas9-sgRNA2*"®

Figure 5. A CRISPR-Cas9-sgRNA induced DSB is lethal to a haploid yeast cell.

A haploid wildtype yeast strain transformed with a control plasmid harbouring only a Cas9 cassette without
sgRNA sequence results in >10° CFUs (Top panel). However, the cells transformed with the plasmid carrying
both Cas9 and a specific sgRNA targeting either non-essential or essential genes show a significant decrease
in CFU (typically 0-20 per replicate) (Bottom panel). For example, cells harboring plasmid with pCRISPR-
Cas9sgRNA 144 (targeting the middle of the Ade2 gene) showed severe lethality (only 12 CFU) and all
surviving colonies show red colour phenotype suggesting the loss-of-function mutations in the gene.
Comparatively, while we observe similar lethality in the case of pPCRISPR-Cas9sgRNA24% (targeting the end
of the Ade2 gene) but the surviving cells appear as white colonies suggesting mutations at the end still allow
the production of a functional protein. Similarly, two pCRISPR-Cas9-sgRNA expressions cassettes were tested
for each proteasome base genes. All, except one (pCRISPR-Cas9-sgRNA2%*), Cas9-gRNA plasmids result
in yeast lethality.

These Cas9-sgRNA expression plasmids are a part of the larger collection of sequence-
verified and tested pCRISPR-Cas9-sgRNAg"¢ vectors (referred to as ScEDIT). The ScEDIT
constitutes plasmids targeting several non-essential yeast loci belonging to the adenine and
glycosylation pathway, certain safe-harbor sites (collaboration with Drs. M. Pyne and V. Martin)
for engineering heterologous pathways such as the carotenoid pathway. The collection also

includes targets for a many essential genes such as the proteasome complex core and base, the
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sterol and heme biosynthesis pathway, the yeast cytoskeleton and some tRNA genes.
Additionally, ScEDIT also includes vectors for the expression of >2 sgRNA transcription units
simultaneously.

For each of the pCRISPR-Cas9-sgRNA$"¢, we have also tested the ON-target activity by

specifically inserting a repair template (via HDR) at the cut locus as described in Chapter 3.
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3. Chapter 3- Using CRISPR-Cas9 to engineer single yeast loci

3.1. Replacing yeast genes with their corresponding human orthologues at their native

yeast loci

Majority of the previous humanization assays were performed using plasmid-based
functional complementation assays [17,26]. In order to generate humanized yeast controlled for
strain background and native expression, we propose to replace the human genes at their native
yeast loci. Towards that, the yeast pCRISPR-Cas9-sgRNAS"¢ expression vectors created were
tested for their efficiency at creating a specific DSB, leading to lethality in a haploid yeast cell
(Chapter 2). We showed that the co-expression of Cas9 & sgRNA Kkills the majority of yeast
cells with a 1-10 colonies surviving due to reduced and error-prone NHEJ. However, by co-
transforming Cas9-sgRNA plasmid along with the a repair template with sequence homology to
the locus, yeast survive an otherwise lethal DSB using the HDR DNA repair pathway. This
strategy allows for an efficient and scar-less replacement of yeast genes with their corresponding
human counterparts. I employed the following strategy for the repair template design (Figure 6).

Hybrid primers bearing ~20 bp

A 5'5¢ UTR homology 3'Sc UTR homology
. | Template Fp I
sequence complementarity m
—. Human gene .—
(indicated in yellow) to the human ]
Template Rp

gene and ~60-80bp homology to the

Figure 6. Generation of a human gene repair template for

> . replacing the corresponding yeast genes at their native loci.
5’ and 3’ UnTranslated Regions P g P gyeastg

Schematic of human gene template showing appropriate
(UTRs) of yeast locus (indicated in | homology and primers used for PCR amplification. Hybrid
primers were used to generate a repair template via PCR. The
primers harbour ~ 60-80bp homology to 5’ and 3’ yeast UTRs
(indicated in grey) and ~20bp homology to the 5* and 3’ region of
the human cDNA (indicated in yellow).

grey) were designed to build a repair

template via PCR (Figure 6).
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Human sequence-verified cDNAs were amplified from plasmids obtained from the Human
ORFeome Collection or the Mammalian Gene Collection (MGC clones) [54,55]. In this report,
we tested 13 human genes for their ability to functionally replace their corresponding yeast
equivalents at their native yeast loci (Table 2). The human genes tested for replaceability in
haploid yeast cells comprise the proteasome complex specifically in the base (Rp? genes) and core

(Alpha genes).
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Table 2. The list of yeast genes and their human equivalents used for
integration of human genes at their native yeast loci.

Gene Function Yeast Gene Human Orthologue
Proteasome Base Rptl PSMC2
Proteasome Base Rpt2 PSMC1
Proteasome Base Rpt3 PSMC4
Proteasome Base Rpt4 PSMC6
Proteasome Base Rpt3 PSMC3
Proteasome Base Rpt6 PSMC5
Proteasome Core Alphal (SCLI) PSMA6
Proteasome Core Alpha2 (PRES) PSMA2
Proteasome Core Alpha3 (PREY) PSMA4
Proteasome Core Alpha4 (PRE6) PSMA7 & PSMAS
Proteasome Core Alpha5 (PUP2) PSMAS5
Proteasome Core Alpha6 (PRES) PSMAI
Proteasome Core Alpha7 (PRE10) PSMA3
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To confirm the successful integration of human genes at their native yeast loci, I used
locus specific PCR confirmations. Confirmation primers comprise a forward primer binding
150bp upstream of 5’ homologous sequence used for HDR and a reverse primer binding internally
to either the yeast or the human gene (Figure 7A). Typically, yeast gene specific primers will
amplify a ~300-bp region whereas human gene specific primers will amplify ~325-500-bp region.
The amplification of human gene specific PCR and the simultaneous absence of the yeast gene
specific PCR suggested correct insertion of the human copy of the gene at the native yeast locus
(Figure 7B). In certain cases, PCR amplification showed signals for both a yeast and human
gene likely due to picking a polyclonal colony with mixed genotypes. These colonies were

discarded.

A B Colony PCR results

5'Sc UTR homology 3'Sc UTR homology

$ o So s St
FESESE T

Confirmation Fp

q HsPSMC3 gene [—
=
Confirmation Rp 5000p
400 bp 5000
5S¢ UTR homology 3'Se UTR homology P
| | 400bp  400bp
Confirmation Fp ;h - - - 500bp
_’—I ScRpt5 gene .— B L4 300bp
go_nﬁ rmation Rp
| | ScRpt5::HsPSMC3 WT BY4741
350 bp Clones Control

Figure 7. Confirmation of human gene integrations via colony PCR genotyping.

A. Primer design for confirming the presence or absence of human or yeast genes includes forward primers that
bind 150bp upstream of the 5* homology used for HDR whereas reverse primers either bind internally to the human
or yeast gene preferably amplifying PCRs of different sizes. B. A representative example of a colony PCR shows
a clone subjected to PCR confirmation using both sets of primers (Human and Yeast) to verify successful
integration. The correct clones provide PCR amplification only with human specific primers (400bp band) whereas
yeast specific primers show a PCR signal only in the case of the wildtype yeast locus (300bp band).
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Using the above-mentioned methodology, I successfully obtained singly humanized haploid
yeast strains harboring human genes at native yeast loci for ScRpt3, ScRpt5 and ScRpt6 (Figure
8). Whereas, I haven't yet obtained human gene integration in the case of three proteasome base
genes (ScRptl, ScRpt2, ScRpt4). Troubleshooting the lack of humanization for these yeast loci is
in progress. The failure of integrations could be attributed to the low concentration of template or
a need for an increased 5’ and 3’ homology (preferably up to 500bp). I am currently testing new
transformations with upward of five micrograms of repair template with increased 5’ and 3’

sequence homology to the yeast locus.

After PCR confirmation, all humanized strains were sequence verified using primers outside
of the repair homology and confirmed to show proper sequence alignment when mapped to the
reference in silico humanized gene sequence (Figure 8C). Finally, the fitness of engineered
strains was assessed using quantitative growth assays in rich YPD media at 30°C over a period of
48 hours. The ScRpt3::HsPSMC4 strain grew similar to the haploid wildtype BY4741 strain
whereas the ScRpt5::HsPSMC3 and ScRpt6::HsPSMC5 strains show a delay in the start of their
exponential phase (Figure 8B). In the case of the ScRp#6::-HsPSMC5 strain growth also plateaued
at a lower OD than the rest of the strains (Figure 8B). These growth assays reveal modest fitness
defects in humanized strains. We are in the process of the downstream biochemical

characterization of the activity of the humanized yeast proteasome strains.
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Figure 8. Humanization of individual yeast genes at their native yeast loci.

A. A haploid wildtype yeast transformed with a pCRISPR-Cas9-sgRNA plasmid targeting the ScRp¢3, ScRptS,
ScRpt6 yeast genes respectively leads to a lethal phenotype (Top panel). Whereas yeast co-transformed with
pCRISPR-Cas9-sgRNA and a human gene (HsPSMC4, HsPSMC3, HsPSMC6 respectively) repair templates
show significantly higher numbers of surviving colonies. Cells that undergo HDR when a template is available
for repair show more CFUs compared to the ones that undergo DSBR via NHEJ (Bottom compared to the Top
panel). B. Quantitative growth assays of humanized strains (ScRpt3::HsPSMC4, ScRpt5::HsPSMCS3,
ScRpt6::HsPSMC5) show comparable growth profile compared to the wildtype strain. D. Sequence alignment of
humanized strains confirms the humanization of the corresponding yeast loci. Sanger sequencing data was
mapped to the reference humanized yeast loci using the Geneious software.
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4. Chapter 4- CRISPR-Cas9-mediated Gene Drive (CGD): A Method To

Perform Combinatorial Genome Editing In Yeast

4.1. A CRISPR-Cas9- mediated gene drive method to combine/convert genetically

engineered loci

While we have successfully humanized yeast strains one-gene-at-a-time at their native yeast
loci (as shown in Chapter 3). We are yet to humanized the entire biological process in the yeast
context. This is a challenge especially when a combinatorial scar-less, selection-less, and multi-
site genome editing in yeast is considered. In this chapter, we lay a foundation of one such method.
Our proposed method, referred to as CRISPR-Cas9-mediated Gene Drive (or simply CGD),
involves multi-level genome editing, each increasing in genotype complexity as depicted in
Figure 9. In the following body of work, we show the preliminary results for CGD level 0, level
1 and lay the foundations for level 4.

Gene drive level 0, requires any singly engineered/humanized haploid yeast strain followed
by mating with an opposite mating type wildtype (WT) strain, thus, generating a heterozygous
diploid for that particular locus. Next, a CRISPR-Cas9-sgRNA plasmid targets a yeast sequence
of the heterozygous engineered locus. The expression of Cas9-sgRNA creates a DSB only at the
yeast locus while the homologous chromosome with engineered locus remains intact. The
chromosome, owing to mega-base equivalent of homologous sequence serves as a stable and ideal
repair template for the DSB containing chromosome. The efficient conversion of the locus from
yeast to engineered one results in a homozygous diploid strain. In principle, this strategy should
work at high efficiency yielding desired genotypes since any wildtype yeast loci containing strains

are not allowed to propagate due to continuous targeting by Cas9-sgRNA complex. Homozygous
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diploid strains can then be sporulated to obtain engineered strains of both mating types to be used
for subsequent CGD levels.

In the case of CGD level 1, the same strategy is used to target a yeast strain harbouring >1
engineered loci by mating with the opposite mating-type wild type strain. The heterozygous
diploid generated after mating is transformed with Cas9-sgRNA plasmids harbouring >1 sgRNAs
expression cassettes targeting >1 heterozygous yeast loci. This strategy should only select for
diploids that have converted all the yeast loci to the engineered loci. The simultaneous expression
and assembly of all possible Cas9-sgRNA complexes in a strain being the only limiting factor
that could prevent the conversion of loci. The sporulation of the resulting diploid strain would
provide both mating type haploid engineered strains (for all the loci). The only difference between
the level 1 & 2 is that in the case of level 2, the engineered strains are provided by opposite mating
type strains, thus resulting in combination in addition to the conversion of the engineered loci.

In the case of level 3, several singly engineered haploid yeast strains of both mating types
are mated directionally (i.e. both the genotypes are known) followed by the transformation with
an appropriate Cas9-double-sgRNA expressing plasmid respectively. This strategy should
provide doubly-engineered strains of all possible combinations. For example, as shown in Figure
9, seven individually humanized alpha proteasome yeast strains should provide twenty-one
possible combined genotypes.

In CGD level 4, several singly engineered strains can similarly be processed, i.e., mated,
CRISPRed, and sporulated repeatedly allowing natural, random and unbiased combination of
engineered loci (Figure 9). The survival of the strains is largely driven by the fitness of the

combined engineered strains. Since the mating experiment is performed randomly, each unique
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combination can be selected by the appropriate Cas9-double-sgRNA targeting only the two yeast
loci respectively. Next, this one-pot reaction mix undergoes multiple rounds of mating and

sporulating. At the end of each cycle, the idea is to select for unique combined engineered strains
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2 andcconversion of >2 loci
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Figure 9. C-Gene Drive (CGD): CRISPR-Cas9 induced combinatorial gene editing methodology.

CGD level 0, shows simple conversion of any yeast locus to an engineered locus (colored) using CRISPR-Cas9-
sgRNA selection. CGD level 1, involves similar conversion of >1 engineered loci. Both levels combine loci by mating
engineered strains with wildtype strains. CGD level 2, shows combination of two independently generated engineered
loci. In the case of CGD level 3, we propose to scale up level 2 to involve several engineered loci using Cas9-double-
sgRNA plasmids as a selection to obtain doubly engineered homozygous genotypes. These levels combine genotypes
by mating strains with two different engineered loci. And finally, in level 4, we follow level 3 strategy but perform
several iterative cycles of mating and sporulation followed by Cas9-multi-sgRNA selection to obtain desired

genotypes.
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using a specific Cas9-multi-sgRNA expression vector that target multiple wildtype yeast loci and
convert them to engineered loci in a single step. If successful, CGD level 4 can help solve the
bottlenecks when sequential humanization of a given combination reaches a dead end. Thus, the
process will reveal a fitness-driven path to full humanization of yeast biological processes. The
randomness of the mating and sporulating events can shed light on the important genetic or
physical interactions that need to occur to allow even the “non-replaceable” modules to become

replaceable.

4.2. Estimating the efficiency of CGD level 0 using yeast 4Ade2 locus as a readout

In order for the CGD method to work optimally, each CGD level should work at high
efficiency. To estimate the efficiency of the CGD level 0, a heterozygous diploid Magic Marker
strain (Ade2/Aade?2::KanMX) was used. This strain has three key properties that allow quick
estimation of the CGD methodology. One, the strain provides a simple readout of the Ade?2
function as the disruption of loss-of-function of Ade? results in red colour colony phenotype [53].
Second, the strain carries an SGA marker (also referred to as the Magic Marker) that allows to
easily select haploids spores from the mixture of unsporulated diploid yeast strains. Third, the
strain carries two distinct alleles of Ade2 yeast locus; a wildtype allele (4de2) and a knockout
allele (dade2::KanMX). While the Ade2 allele is prone to CRISPR-Cas9-sgRNA4? mediated
DSB, the dade?2::KanMX is resistant. Therefore, this Ade2 locus should allow for an easy readout
of conversion of after CGD level 0. We hypothesize that since an entire homologous chromosome
serves as a repair template in a heterozygous diploid condition with one locus resistant to Cas9-
sgRNA cut (i.e., an engineered locus) strains carrying a heterozygous engineered locus should

become homozygous for that particular engineered locus at very high efficiency.
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The transformation of the wildtype haploid or diploid cells (for Ade2 locus) with pCRISPR-
Cas9-sgRNA 142 show a lethal phenotype with only few colonies (~0-20 CFU - referred to as
CFUop) surviving compared to the control plasmid (without sgRNA expression) transformation
(~10%- 10*CFU - referred to as CFUg) (Figure 10A, I & II). The estimated efficiency (in %) of
the CRISPR experiment is measured by the formula (CFUo/CFUg x 100 = 0.74+/-SD; N=4)
(Figure 10B, LEFT panel). As previously explained, these few surviving colonies are a result of
error-prone NHEJ and appear red suggesting the loss-of-function mutations at the Ade2 locus. To
test CGD level 0, we used a heterozygous knockout diploid Ade2/ Aade?2::KanMX Magic Marker

strain. We show, upon the transformation of pCRISPR-Cas9-sgRNA4%? plasmid targeting the
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Figure 10. Estimating the efficiency of DSB repair at Ade2 locus using CGD level 0
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A. Haploid and diploid (homozygous and heterozygous for Ade?2) yeast strains were transformed with control
(pCRISPR-Cas9) and pCRISPR-Cas9-sgRNA14%? plasmids. A DSB at the Ade2 locus causes lethality in both
the wildtype haploid and diploid cells with few survivors that repair the break via NHEJ showing a red
colony phenotype (I & II). However, Ade2/dade2::KanMX heterozygous yeast strain transformed with
pCRISPR-Cas9-sgRNA14%2 shows nearly 100% viability of cells (similar to the empty vector transformation
control) but all with the red colour phenotype (III). As an additional control, as shown in IV, transformation of
pCRISPR-Cas9-sgRNA14%2 along with a repair template in the form of an oligo with 100bp sequence homology
with the 5' and 3' UTRs of Ade2 gene shows higher number of red colonies compared to the experiment without
the repair template suggesting DSB repair via HDR. B. The data is represented in the form of a graph (N=4) as
percent efficiency (CFUo/CFUg). In the absence of any repair template, yeast repair DSB via NHEJ (LEFT panel)
with low error-prone repair efficiency. However, the number of colonies increases by ~5 fold when a repair
template is provided as an oligo (via HDR) (MIDDLE panel). On the other hand, the efficiency in the case of a
CGD level 0 is nearly 100% as every yeast cell that receives the CRISPR plasmid convert the locus
to Adade2.:KanMX.
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Ade? locus, the conversion of Ade2 to Aade2::KanMX at near 100% efficiency (CFUo/CFUE x
100 = 95+/-SD; N=4) (Figure 10A, III & Figure 10B, RIGHT panel). This experiment shows
that nearly every yeast cell that receives the CRISPR plasmid is viable as the transformation
efficiency is comparable to the empty vector transformation. As an additional control, the co-
transformation of pCRISPR-Cas9-sgRNA14%? and oligo as a repair template (with 100bp
homology with the 5' and 3' UTRs of Ade2 locus) in haploid wildtype yeast cells, show more
survivors (Figure 10A, IV & Figure 10B MIDDLE panel; CFUo/CFUg x 100 = 21.6+/-SD;
N=4) i.e., ~30 fold higher efficiency than an error-prone NHEJ pathway. However, this method
is still far less-efficient than CGD level 0 (Figure 10B; 95 vs 21.6% efficiency).

However, the red colonies observed in CGD level 0 could be due the mutation in the Ade?2
locus (NHEJ pathway) or due to conversion to Aade2::KanMX locus (HDR pathway) (Figure
11A). To verify that the all the red colonies have converted an Ade2 to Aade2::KanMX locus, the
heterozygous diploid (Ade2/Aade2::KanMX) strain transformed with a control (pCRISPR-Cas9)
and pCRISPR-Cas9-sgRNA4%? plasmid were sporulated for tetrad dissection. As observed in
Figure 11B, spores harbouring a control plasmid show 2:2 red:white phenotype and 2:0 G418
resistant: G418 sensitive phenotype. This was expected as control plasmids do not express a
sgRNA therefore do not create DSB at the Ade2 locus. However, in the case of pCRISPR-Cas9-
sgRNAA4? transformation, as previously hypothesised, the repair of the DSB should occur
primarily via HDR as the yeast cell repairs DSB using the homologous chromosome as a repair
template (Figure 11A). To investigate that, I performed tetrad dissection and replica plating for
antibiotic resistance for the pCRISPR-Cas9-sgRNA“4? plasmid transformed condition as well.
Tetrad dissection shows all 4 spores with 4:0 red:white colonies. Replica plating the colonies on

YPD+G418 plate confirmed the results indicating 4:0 G418 resistant: G418 sensitive colonies
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suggesting the conversion to dade2::KanMX rather than the mutation of Ade2 locus (Figure

11B).
A
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Figure 11. CGD mediated conversion from Ade2 to Aade2::KanMX locus is near 100% efficient.

A. Schematic of possible genotypes when a heterozygous diploid Ade2/dade?::KanMX strain is subjected to a
Cas9-sgRNA mediated DSB followed by sporulation. The DSB repair via NHEJ could simply mutate the locus
(Ade2*) or repair via HDR to convert the locus to dade2::KanMX. Either scenarios lead to a red colony phenotype.
However, if the strain is sporulated, the prior scenario will show only 50% G418 resistant colonies compared to
the later outcome that will exhibit 100% G418 resistance. B. Tetrad dissection of pooled cells from heterozygous
diploid strains transformed with either a control plasmid or with pCRISPR-Cas9-sgRNA#??, Control plasmid
experiment shows that 2:2 red:white colony phenotype. However, pCRISPR-Cas9-sgRNA#% transformed cells
show 4:0 red:white colony phenotype. Furthermore, all 4 spores in the case of CRISPRed strain show 100% G418
resistance.
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4.3. Testing the efficiency of CGD level 0 at essential yeast loci

While we showed the conversion of a non-essential yeast Ade2 to engineered locus, we
wished to similarly verify the efficiency of CGD level 0 for any essential yeast locus as well.
Therefore, as a representative example, we used ScAlpha4 proteasome gene, a subunit of the
proteasome core. Using the CRISPR-Cas9 based method of humanization described in Chapter
2 and 3, we had previously successfully humanized the yeast ScAlpha4 (with human HsPSMA6)
(data from Abdullah. M, not shown). We first show that the humanized strain
ScAlpha4::HsPSMA6 was resistant to the DSB induced by pCRISPR-Cas9-sgRNA#P"4 further
verifying the engineered locus (Figure 12A, Second from left). The number of CFUs for control
(pCRISPR-Cas9) and experimental pCRISPR-Cas9-sgRNA#7"#  plasmid transformed were
similar (Figure 12A, first and second plates from left). Next, this haploid ScAlpha4::HsPSMA6
Mat-A strain was mated with a wildtype Mat-a strain to create a heterozygous diploid harboring
both a yeast and human gene. We transformed both the heterozygous diploid ScAlpha4/
ScAlpha4::HsPSMA6 strain and the diploid wildtype strain (ScAlpha4/ScAlpha4) with pCRISPR-
Cas9-sgRNA4Ph4 [Refer to Materials and Methods, section 7.2]. As seen in Figure 12A (third
plate from left), the wildtype diploid showed lethality (very few survivors) indicating that a DSB
on both copies of the yeast gene was not repaired efficiently. However, in the case of the
humanized heterozygous diploid strain, the number of colonies obtained after transformation with
pCRISPR-Cas9- sgRNA#P"4 plasmid showed comparable CFUs to the empty vector control
suggesting viability and efficient repair of the DSB via HDR using the homologous chromosome
as a repair template (Figure 12A, fourth & fifth plate from left). The data shown as % efficiency
(CFUo/CFUg) in Figure 12B, mimics the data obtained in the case of Ade2 CGD (Figure 10B),

suggesting the CGD level 0 is equally efficient at essential yeast loci as well. The DSB repair via
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HDR using PCR as a repair template (with 80-100bp homology to 5' and 3' UTRs) is far less
efficient than the CGD (Figure 12B, MIDDLE panel).
To further verify the conversion of loci, yeast colonies from the CRISPRed heterozygous

strain were sporulated, tetrad dissected and genotyped to confirm the locus conversion from
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Figure 12. CGD level 0 conversion of essential yeast locus is as near 100% efficient.

A. Various yeast strain transformations show the efficiency of the pCRISPR-Cas9-sgRNA##"+* mediated CGD
level 0 targeting the essential yeast gene ScAlpha4. A haploid wildtype strain transformed with a control plasmid
serves as a positive control for transformation efficiency (first panel from left, CFUo). A haploid yeast strain
harbouring humanized locus (ScAlpha4::HsPSMA6) shows resistance to DSB when transformed with pCRISPR-
Cas9-sgRNAP4 plasmid (second from left). As is indicated by increased number of colonies similar to the control
plasmid transformation. The wildtype diploid yeast cell shows lethality upon transformation with pCRISPR-Cas9-
sgRNAAPh? plasmid (third from left). However, heterozygous ScAlpha4 / ScAlpha4::HsPSMAG diploid when
transformed with pCRISPR-Cas9-sgRNA*##* (CF U, fifth from left) shows comparable CFUs to the empty vector
transformation (fourth from left). B. Colony PCR confirmed the conversion of the heterozygous to a homozygous
locus. Wildtype control shows the amplification of yeast ScAlpha4 locus. However, all randomly picked colonies
from a CGD level 0 (fifth from left) strain showed the conversion of the yeast to human locus. C. The data is
represented in the form of a graph (N=3) as percent efficiency (CFUo/CFUg). In the absence of any repair template,
yeast repair DSB via NHEJ (LEFT panel). However, the number of surviving colonies increases when a repair
template is provided as an PCR (via HDR) (MIDDLE panel). Comparatively, the efficiency in the case of a CGD
level 0 is nearly 100% as every yeast cell that receives the CRISPR plasmid converts the locus
to ScAlpha4::HsPSMA6. (Data from Adbullah,M.)
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yeast/human to human/human. All three randomly picked colonies showed the conversion of the

yeast to human gene locus (Figure 12B).

4.4. Using SGA selection to efficiently select genotypes with engineered loci for CGD

The strains used in this part of Chapter 4 were obtained from Dr. Charlie Boone at the
University of Toronto [33]. These strains allow selection of each haploid mating type from a
mixture of haploid and diploid cells. A diploid strain with the canldelta::STE2pr-Sp_his5 /
lypldelta::STE3pr-LEU2; his3deltal leu2delta0 ura3delta( genotype was sporulated to obtain
haploid strains of both mating types with SGA (Synthetic Genetic Array) markers for easy haploid
selection. The SGA markers are inserted at Canl and Lyp! loci, thereby, making the strains
resistant to canavanine (CAN) and thyalysine (THY) respectively. The CAN resistance comes
from the canl locus deletion where the canl gene encodes for an arginine receptor. Since
canavanine is structurally similar to arginine, it would enter through this receptor and kill the cell,
but with this deletion the cell can survive the presence of CAN in the medium (Figure 13A) [33].
Similarly, the /yp/ deletion allows the thialysine resistance as the /yp/ gene encodes a lysine
receptor. This diploid strain is sensitive to CAN and THY as one functional copy of Canl and
Lypl genes are still intact (Figure 13A). The inserted cassettes carry auxotrophic selection
markers driven by haploid-specific promoters. The canldelta::STE2pr-Sp _his5 cassette allows
the selection of Mat-A haploid cells (HIS+, CAN+) whereas the lypldelta::STE3pr-LEU?2
cassette allows the selection of Mat- a haploid cells (LEU+, THY+). The STE2p promoter, a
Mat-A specific promoter, drives the expression of His5 gene, thus allowing the selection of these
haploid cells on SD-HIS+CAN medium. The His5 gene used in this strain is a

Schizosaccharomyces pombe specific gene to prevent recombination with the Saccharomyces
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cerevisiae His gene in the strain [56]. Similarly, selection on SD-LEU+THY allows the selection
for Mat- a haploid cells (STE3pr is a MAT- a specific promoter)(Figure 13A). These SGA strains
are also compatible for mating with other non-SGA strains (Figure 13B & D). Therefore, CGD
level 0 strategy allows the conversion of wildtype SGA strains to engineered strains by mating,
sporulating and targeting specific loci with CRISPR-Cas9-sgRNA complex. Humanized BY4741
hapliod strains (Mat-A) were converted to SGA strains using plasmid-based mating [Refer to
Materials and Methods, section 7.4] and mated heterozygous diploids were confirmed by colony
PCR (Figurel3B & C). The strains were sporulated and tetrad dissection was performed followed
by replica plating onto SGA media (Mat- o -Leu+THY) to show only 1 of 4 haploid spores grow

(Figure 13D). The data for humanized SGA strains is not shown.
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Figure 13. Construction of engineered humanized SGA selection strains that allow for easy haploid selection

A.A diploid yeast strain harboring SGA markers shows canavanine (CAN) and thialysine (THY) sensitivity. After
sporulation and tetrad dissection, haploid spores were replica plated on SD-His+CAN to select for mating type A strains
and on SD-Leu+THY to select for the mating type a strains. B. Plasmids that provide different selections were
transformed in each mating type strain. The doubly humanized strains (Mat-A) were mated with SGA strains (Mat- @).
This plasmid-mediated selection shows the efficiency of SGA strains (Mat- @) to mate with humanized BY4741 of
opposite mating type (Mat-A). Growth on double selection indicates mating occurred. C. A representative colony PCR of
a double humanized strain (ScAlphal/ScAlphal::HsPSMAG6; ScAlpha7/ScAlpha7::HsPSMA3) confirms the heterozygous
nature of the humanized and wildtype yeast loci. D. Tetrad dissection of a mated SGA X BY4741 strains show the selection
via SGA marker as only 1 of haploid spores is growing on selection media. (Data from Adbullah,M.)
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4.5. Building heterologous pathways in yeast using CGD

As a proof of principle for CGD level 4, we are in the process of combining the entire
heterologous carotenoid pathway (4 gene system: CrtE-->Crtl-->CrtB-->CrtY/YB) in yeast.
Carotenoid pathway provides an easy readout of correct assembly as the intermediates show
coloured colony phenotype. When the first three genes of the pathway are expressed, the strain
produces lycopene which is red in colour whereas the entire pathway assembly produces [-
carotene which is orange in colour [50-52] (Figure 14A). Carotenoid pathway genes were
obtained from the Pantoea ananatis (bacteria) (CrtE and Crtl) and Xanthophyllomyces
dendrorhous (yeast) (CrtB and CrtY). The four genes that comprise carotenoid pathway
(Figure 14A & B) were individually engineered into a non-coding safe harbor sites in a haploid
SGA (Mat-A) yeast strain that is easily selectable with an auxotrophic marker (HIS) (Figure
14C). These integration of these four genes were confirmed via colony PCR using engineered

loci specific primers (Figure 14D).
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Figure 14. Carotenoid pathway gene integrations in SGA strains.

A. Schematics of the complete carotenoid biosynthesis pathway. When the first three genes of the pathway are
assembled, the strain makes lycopene (red pigment) and when the full pathway is assembled, it makes carotene
(orange pigment). B. Carotenoid genes were integrated into non-coding safe-harbour yeast loci. C. The carotenoid
genes were integrated into the SGA strain (Mat-A) that allows growth on SD-HIS+CAN and not on SD-
LEU+THY. D. Colony PCR results confirm the integration of carotenoid genes in SGA strains. (Data in
collaboration with Drs. Pyne M & Martin V.)
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Next, the engineered strains were mated with a WT tester strain (Mat- a, SGA-

A
LEU+THY) to create Gene-drive level 0
heterozygous diploids for e " ‘ @

1 Mat a Mata Mat a/a

each of the carotenoid genes . e oo
using a  plasmid-based

B c

Undil 10" 102 10° 104105 10¢

Heterozygous Diploid
511b/CrtE

DNA
Ladder Colony 1

selection  as  previously

described (Figure 15B). One

SD-URA +G418

strain harbouring a plasmid

MATa-URA X MATa-G418 (- control)
MATa-URA X MAT&G4-18 (+ control)
MATa-URA X MATa-URA (- control)
MATa-G418 X MATa-URA (+ control)
MATa-511b::CrtE- G418 X MATa-URA

with a URA selection of one

moow)»

mating type was mixed with

another strain of the opposite | Figure 15. Generating heterozygous diploids with SGA markers to
build the Carotenoid pathway in yeast using CGD.

A. Schematic of creating heterozygous diploid for wildtype and
engineered loci to be used for gene drive level 0. B. Singly engineered
carotenoid strain (5//b.::CrtE) was mated with wildtype SGA strain to
vector and plated on double generate heterozygous diploids (plasmid-based mating). Table below
indicates the control and experimental mating reactions in each row. C.
selection (SD-URA +G418) i’k colony PCR from mating plate confirms the heterozygous nature of the
ocus.

mating type with a G418

to ensure that only mated cells
will survive. As a representative example, I show the results for the first gene of the carotenoid
pathway (CrtE) integrated at the 5/1b safe harbour yeast locus. After mating the strain shows the
presence of both engineered and the wildtype locus specific PCR (Figure 15C). Colonies were
picked and confirmed for heterozygous nature of the locus in diploids where both the yeast and
engineered locus specific primers will bind and provide a positive PCR fragment. Heterozygous
diploids for the rest of the three genes of the pathway were generated in a similar fashion

(FigureS1).
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Next, using CGD level 0, homozygous diploids were generated by targeting each
individual WT locus with a CRISPR-Cas9-sgRNA system to create homozygous diploids (Figure
16A). For example, in the case of pPCRISPR-Cas9-sgRNA*!/? transformed in the 511b/511b::CrtE
strain, CRISPR targets the intact 5715 locus To ensure the pCRISPR-Cas9-sgRNA’/ /> mediated
DSB specificity, a haploid WT cell transformed with a pCRISPR-Cas9-sgRNA’//* resulted in
lethality compared to the control transformation (Figure 16B, first and second from left). The
same plasmid when transformed in heterozygous diploid for 571/b/511b::CrtE showed no lethality
(CFU similar to the control transformed experiment) and resulted in a homozygous diploid strain

(Figure 16B, third and

A
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illustrated in Figure 17 is in Figurel6. CGD level 0 conversion of yeast locus to engineered

carotenoid gene locus.
progress. The cycle of
A. CGD level 0 schematic showing the use of CRISPR-Cas9 to create
a homozygous diploid strain for carotenoid genes after mating with
opposite mating-type wildtype SGA strains. B. A representative
example shows upon transfortion of a pCRISPR-Cas9-sgRNA7!/®
allow cells to combine loci | plasmid, the surviving cells convert a 5/7b to an engineered locus.
Heterozygous diploid (511b/511b::CrtE) transformed with pCRISPR-
while the specific CRISPR- Cas9 -sgRNA’//> plasmid shows no lethality as the number of CFUs is
similar to the empty vector transformed control. C. Randomly picked
. colonies from the 5715/ 511b/CrtE heterozygous diploid strain
Cas9-multi-sgRNA complex | ansformed  with pCRISPR—Cas9—ngNA51}1]§ plasﬁlid show
homozygous engineered locus as only engineered locus specific PCR
will allow the selection for a | bands are observed.

mating and sporulating can

specific combination of engineered genotypes.
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Depending on the number of engineered loci, several cycles of mating and sporulation
may be needed to assemble the entire engineered pathway (for example, for a 4-gene carotenoid
pathway starting from haploid strains, a minimum of 2 mating and sporulation cycle should yield
a fully assembled pathway in a single strain) (Figure 17). Based on the colony color phenotype,
we can easily screen for a fully assembled engineered strain. As expected several other genotypes
will be present in the mix. However, using CGD and targeting >1 yeast locus can allow for the

selection of specific genotypes. For example, only a strain with the first three carotenoid genes
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Figure 17. CGD level 4 methodology for engineering the carotenoid pathway in yeast..

Homozygous haploid SGA strains for each carotenoid gene are mated as a pool. Next, mated cells are sporulated
and the process repeated for at least 2 rounds. This pool of haploid and diploid yeast cells with various genotypes
are then transformed with specific CRISPR-Cas9 plasmids targeting different yeast loci. The CRISPR-Cas9-
sgRNA plasmids will allow the selection of specific engineered genotypes respectively while eliminating other
genotypes. For example, haploid or diploid cells harboring the first 3 or all 4 carotenoid genes can be selected
with 3 or 4 gRNA expressing plasmids respectively. The colored colony outcome will further serve as an easy
readout of the correct combination of engineered genotypes.
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either in homozygous or heterozygous state will survive a pCRISPR-Cas9-sgRNA//b:UserX-1:Fgf20

cut that targets the three WT yeast loci respectively. The CRISPR-Cas9-sgRNA system thus

serves as an efficient selection to eliminate any other unwanted genotypes (Figure 17).
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5. Chapter 5 - Conclusion

My Master's thesis project focused on the development of a next-gen tool to build
heterologous pathways, including humanized systems, in a simplified eukaryotic cell. Yeast and
humans share >4000 genes and many shared yeast genes are swappable by their human
equivalent’s (one-gene-at-a-time) [31]. These systematic studies allow us to explore the ultimate
goal of full humanization of genetic systems in yeast. Here, we provide a roadmap of a method
to integrate human systems at their native yeast loci and convert/combine humanized loci using
CRISPR-Cas9. We have successfully individually humanized genes involved in metabolic
pathways and multi-gene complexes using CRISPR-Cas9 [16,26]. Though singly humanized
yeast strains are valuable tools to study, most genes do not work in isolation, but rather as systems
composed of multiple genes. While several methods allow engineering of biological systems in
yeast, we propose a novel, scalable method using CRISPR-Cas9 as a selection for combination
of engineered loci.

In Chapter 2, I constructed several CRISPR-Cas9 reagents targeting yeast loci and tested
for their efficacy by introducing these reagents into haploid yeast cells. Efficiency of CRISPR-
Cas9 reagents was evaluated based on a lethal phenotype as haploid yeast cells. The lethal
phenotype is likely due to the majority of yeast cells that repair the locus via non-error prone
NHEJ pathway [20,21,57]. The regeneration of CRISPR site after efficient NHEJ results in
continuous targeting of the locus by Cas9-sgRNA complex. The cells that do mutate the locus
due to an error prone NHEJ pathway are far fewer (due to less efficient error-prone pathway),

thus, resulting in only few survivors depending on the essentiality of the locus.
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Once these CRISPR reagents were created, tested and sequence verified, I used them to
singly replace yeast genes with their human counterparts for a subset of genes (Rpt¢/-6) that make
up the proteasome base (Chapter 3). Three of six proteasome base genes (Rpt3, 5,6) were
successfully humanized into the yeast genome. These strains were characterized through PCR-
based genotyping, sequence verification and examined for fitness defects [Refer to Materials and
Methods, sections 7.3, 7.5, 7.6]. In Chapter 4, we developed a method that uses CRISPR-Cas9
reagents, mating and sporulate cycles as a means to combine and convert loci to build entire
engineered systems. As a proof of principle, I showed the efficiency of conversion of a non-
essential Ade2 locus followed by the combination and conversion of essential yeast loci (core of
the proteasome). To show the general application of the C-Gene Drive (CGD) method, I show the
preliminary data for the assembly of heterologous carotenoid pathway (Cr¢E, CrtB, Crtl, CrtYB)
in yeast. As of now, individual strains containing each of the four gene have entered the mating
and sporulating cycles (CGD level 4) and data collection is in progress.

This method works because each CRISPR-Cas9 reagent induces a lethal DSB in a
wildtype yeast locus but not in engineered loci while the entire homologous chromosome serves
as an efficient and stable repair template for HDR. Using our collection of CRISPR vectors, we
were able to integrate several human genes in the yeast genome and convert the loci into SGA
strains for efficient haploid specific selection. Next, we plan to use CGD to fully assemble the
entirely human biological processes in yeast.

Several methods allow engineering of complex biological processes in yeast [33,34];
methods such as using YACs to clone entire pathway, plasmid shuttling and sequential assembly
of modules [35-37]. Though these methods are powerful, they are not compatible with

engineering humanized systems in yeast. Our method to combine loci requires no deletions for
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selection but rather uses CRISPR-Cas9 to select for specific combination of human loci driven
by fitness. Only fitter humanized strains will survive or be represented at higher frequency in a
pool, thus, allowing the characterization of the mechanisms of engineered pathways by testing
genetic or physical interactions in hybrid human/yeast strains. Going forward, we hope to build
fully humanized systems directed by the fitness of the intermediate hybrid strains potentially
shedding light on the incompatibilities of human/yeast hybrid systems. These strains will serve
as biological reagents to test the contribution of genetic variations associated with Mendelian and
complex human diseases.

While we intend to use the CGD methodology to humanize yeast biological processes in
their entirety, the method is broadly applicable to engineer any heterologous pathway in yeast
(we show it for the carotenoid pathway). Furthermore, since the method allows selection-less
combination of engineered yeast loci, it can also allow combining multiple gene deletions to test
higher-order complex genetic interactions in yeast. The only limiting factor being the co-

expression and assembly of many Cas9-sgRNA complexes in a single yeast strain.
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6. Chapter6- Materials and Methods

6.1. Strains & media

All yeast strains were grown in YPD, or in synthetic dropout media with or without selection
or in rich GNA media. The following media components from Sigma Aldrich were used: YPD
powder, yeast synthetic drop-out medium supplements without uracil, dextrose, agar, L-glutamic
acid monosodium salt hydrate, yeast extract, nutrient broth, thialysine (60pg/ml), cannavinine
(60pg/ml) and G418/Geneticin (200pg/ml) from Gibco.

The haploid yeast strains used are BY4741 with the genotype MATa his341 leu2A0 met1540
ura340 and BY4742 with the same genotype with a MATalpha mating type. Diploid strains from
SGA collection from the Boone lab were used the genotype MATa/a ura3D0 leu2D0 his3D1
lys2DO/LYS- metl SDO/MET1 5 canldelta::LEU2--MFA1pr-HIS3/CANI+
xxx::kanMX/XXX: where XXX is the gene of interest and in this case is Ade2 and Dgf10 genes.
The other SGA diploid strain used was Y8205 with the genotype MAT alpha canldelta:: STE2pr-

Sp_his5 lypldelta ::STE3pr-LEU?2 his3deltal leu2delta0 ura3delta0 [33].

6.2. Plasmid preparation and yeast transformation

The CRISPR-Cas9-sgRNA plasmids were transformed into competent E. coli cells. Plasmids
were then isolated from E. coli using the Monarch Plasmid MiniPrep kit from New England
BioLabs. The CRISPR-Cas9-sgRNA plasmids were then transformed into BY4147 and By4742
haploid cells that were made competent using the Frozen-EZ Yeast Transformation II Kit from
Zymo Research. Haploid yeast cells were transformed with 1pg of CRISPR-Cas9-sgRNA
plasmid and 2-5pg of human template (linear PCR fragment). Human templates were amplified

from either a Dharmacon or HumeORF collection using hybrid primers [54,55]. Hybrid primers
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are made up of 20bp homology to the human gene of interest and 80bp of yeast homology of
promoter and terminator regions. As a control, a CEN6GPF-Ura/G418 plasmid was used where
a Cas9 cassette is present but a sgRNA cassette is absent. Transformed cells are plated on

appropriate selection media and incubated at 30°C for 3-5 days.

6.3. Confirmation of singly humanized strains

Engineered yeast colonies were treated with 15ul 50mg/ml zymolase (US biologicals) and
5ul of water and heated [16]. A forward primer homologous to regions just outside the flanking
left- homologies of the gene of interest locus and an internal reverse primer binding to the yeast
or the human gene were used to amplify using PCR to verify the changes at that region. The
following protocol was used for the PCR reaction. The lysate was exposed to an initial
denaturation step of 2 min at 95°C, followed by 30 cycles of denaturation at 95°C for 30 seconds,
30 seconds of primer annealing at 55°C and 2 minutes of extension at 68°C. The cycle was
followed by a final step of 10 minutes at 68°C to ensure all elongation reactions were complete.

We used AccuPrime Pfx DNA polymerase (Invitrogen) to carry out the PCR.

6.4. Mating, sporulation and haploid selection cycle

Mating procedures using a plasmid-based selection was used where parental strains used were
opposite mating types (MATa vs. MATalpha). Each parental strain was transformed
independently with two different plasmids with two different selectable markers (URA and
G418). A colony from each transformed strain was mixed in a rich medium such as YDP and
incubated at 30°C for 4-24h with shaking. Mix was then diluted and plated onto double selection
media (SD-URA + G418). Plasmids were cured by repeated streaking onto rich YDP medium

and counter selected on 5-FOA for strains harbouring a URA plasmid. Strains were then
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inoculated in 1-5ml of GNA overnight and then washed for 500ul to Iml of sporulation media
(100ul of 10%Potassium acetate (Sigma P1190), 10ul of 0.5% Zinc acetate (Sigma Z0625) and
890ul of autoclaved MiliQ water). After washing, cells were suspended in 500ul of sporulation
media and 200ul of the mix was diluted into 1ml of sporulation media. Cells were exposed to
rotation and shaking (120-140rpm) at room temperature for 3-7 days. Sporulation mix was
analyzed for spores under a microscope and either prepared for tetrad dissection or haploid
selection. For tetrad dissection, spores were spun down at 5000rpm for 5 minutes, resuspended in
200ul of 20mg/ml zymolase and incubated at 37°C for 25-30 minutes. The mix was then put in -
20°C to stop the reaction. Once frozen, cells were thawed on ice and 20ul of mix was plated into
YDP for tetrad dissection. To select for haploids, spore mix was incubated in Sc-HIS+ CAN and
Sc-LEU+ THY overnight independently. Equal amounts of both overnight cultures were mixed

in YDP to restart the mating/sporulation cycle.

6.5. Growth curve analysis

All strains were grown in YDP at 30°C for 48 hours in 96 well Corning plates. One microliter
of overnight culture was diluted in 149ul of YDP. Blanks consisted of water and YDP and
wildtype strains were either BY4741 or BY4742. Tecan Sunrises machines were used for these
assays. Data was analyzed using the Graph Prism software. Error bars were derived from

standard deviations between technical replicates.

6.6 Single CRISPR and CGD efficiency analysis

Percent efficiency of CRISPR experiment was calculated by dividing the number of viable

cells observed (CFUop - O stands for observed) when transformed with a specific CRISPR-
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Cas9+sgRNA plasmid (+/-repair template) by the number of cells obtained after a control plasmid
(without sgRNA expression) transformation (CFUg - E stands for expected). Percentage

efficiency was calculated by the following formula: CFUo/ CFUE x 100.
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Supplementary Information

Figure S1

A
Undil 10" 102 10® 104105106
A MATa-URA X MATa-G418 (- control)
B MATa-URA X MATaG4-18 (+ control)
C MATa-URA X MATa-URA (- control)
D MATa-G418 X MATa-URA (+ control)
E MATa-511b::CriE- G418 X MATa-URA
F MATa-USERX-1::CrtB- G418 X MATa-URA
G MATa-FgF20::Crtl- G418 X MATa-URA
H MATa-FgF24::CrfY- G418 X MATa-URA

TOTMMOODY>

SD-URA +G418

B DNA 5116/ USERX-1/ FgF20/ FgF24/
Ladder CRTE ~ CRTB CRTlI CRTY

Figure S1. Generation of individual heterozygous diploids of each carotenoid pathway genes

A. SGA- Mat-A haploid strains harbouring each carotenoid gene individually were mated with the
opposite SGA Mat- a haploid wild type strains to create heterozygous diploids [Refer to Methods and
Materials, section 7.4]. Negative controls, showed no growth on double selection due to same mating
type (no-mating) (row A) and same selection (row C). Positive controls showed growth due to the double
selection (using plasmids with two distinct selections) and efficient mating. B. Locus specific PCR
confirmation shows both engineered (carotenoid genes) and wildtype sequences (safe-harbour sites) are
present.
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Figure S2

511b/CrtE USERX-1/CrtB FgF20/Crtl FgF24/CrtY
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511b::CrtE/CrtE USERX-1::CrtB/CriB FgF20::Crti/Crtl FgF24::CrtY/CrtY

Figure S2- Using CRISPR-Cas9 to create individual homozygous diploids for the carotenoid pathway
genes

A. Each heterozygous carotenoid strain was transformed with a control plasmid (pCRISPR-Cas9) and also
with an sgRNA targeting the specific safe harbour site that was modified /Refer to Methods and Materials,
section 7.2]. For example, the heterozygous strain carrying the 57175 wildtype sequence on one allele and the
CrtE gene on the other allele was transformed with the sgRNA targeting the wildtype 571b sequence. B.
Colonies from experimental plates from A (treated with Cas9 and a sgRNA) were genotyped, and showed the
conversion of the wild type locus to its engineered counterpart.
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