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ABSTRACT OF THE DISSERTATION 
 
 

Industrial Strain Optimization through Genome-Wide Knockout Screens in Yarrowia 

Lipolytica 
 
 

by 
 

 

Brian Alexander Lupish 

 

Doctor of Philosophy, Graduate Program in Bioengineering 

University of California, Riverside, September 2024 

Dr. Ian Wheeldon, Chairperson 

 

Yarrowia lipolytica is a versatile oleaginous yeast used for bioprocessing and 

bioproduction with uses ranging from supplement production to bioremediation.  Its 

ability to metabolize a wide range of carbon sources, generate and store surplus Acetyl-

CoA and lipids, and grow in a wide range of environmental conditions make it a 

promising candidate for a wide range of novel bioprocessing applications.  Engineering 

optimized strains of Y. lipolytica remains a challenge due to an incomplete understanding 

of its genome and biological function under industrially-relevant conditions.  An efficient 

approach to address these knowledge gaps and design optimized strains is a genome-wide 

CRISPR knockout screen.  Here, we use optimized whole-genome gRNA libraries and 

innovative bioinformatic pipelines to carry out functional knockout screens and identify 

genes to target for strain engineering.  First, we conducted a qualitative screen to identify 

knockouts that abolish hyphal formation, multicellular filaments that can interfere with 

industrial bioreactor function.  We identified a benign null-hyphal knockout ΔRAS2 with 

equivalent growth and production titer characteristics of existing strains.  We also 

developed a pipeline to identify potential gene knockouts that may optimize the usage of 
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Y. lipolytica for  solid state fermentation, a growing need in industrial bioprocessing.  We 

used GO-term analysis of the screen results to elucidate putative differences in the 

relative importance of different cellular systems between solid and liquid environments.  

We identified genes responsible for endomembrane system and mitochondrial function as 

more essential under solid conditions, and genes responsible for biosynthesis, metal 

ion/redox, and ribosomal function as more essential under liquid conditions.  Finally, we 

screened for gene knockouts with improved metabolism of non-glucose carbon sources 

and identified several with improved acetate catabolism and growth with the knockouts 

ΔE37234g, ΔE01193g, ΔC02904g, and ΔD21022g exhibiting the best growth and acetate 

catabolism characteristics.  We also identified gene knockouts with preliminary 

improvements to hydrocarbon and fatty acid catabolism including ΔE36308g, ΔE03584g, 

ΔA18344g and ΔD20202g.  These discoveries validate our genome wide knockout 

libraries and screen pipelines while providing novel gene targets for industrial Y. 

lipolytica strain engineering. 
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Introduction: Addressing Unmet Industrial Needs of the yeast Yarrowia 

Lipolytica with CRISPR Screens 

 

Industrial Bioprocessing and Yarrowia lipolytica 

The biotechnology and bioprocessing sectors are continuing to advance, with a constant 

need for new biomanufacturing and bioprocessing technologies.  The global next-

generation biomanufacturing market has been predicted to keep growing, with a 

compound annual growth rate (CAGR) of 7.5% between 2024 and 2032, reaching 39.4 

billion dollars at the end of that period (Next-gen Biomanufacturing Market 

Size...).  Furthermore, the synthetic biology market may grow to as much as 100 billion 

dollars by 2030 (U.S. Government Accountability Office ).  In order to sustain these 

trends and meet unmet needs in the space, an expanded repertoire of nonconventional 

bioproduction and bioprocessing hosts will be required (Garvey 2022; Seppälä et al. 

2017).   

One microorganism that has already seen some adoption to meet the evolving needs of 

bioproduction and bioprocessing is Yarrowia lipolytica.  It is an aerobic, oleaginous yeast 

with GRAS (generally regarded as safe) classification, enabling its use in food products 

(Gonçalves et al. 2014; Mamaev and Zvyagilskaya 2021).  It has an excellent capacity to 

synthesize and store a wide range of fatty acids and related metabolites, in part due to its 

high Acetyl-CoA flux (Liu et al. 2019).  It also can utilize a wide range of carbon sources 
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beyond glucose, including , glycerol, triglycerides, and alkanes (Tenagy et al. 2015; 

Fickers et al. 2005; Papanikolaou et al. 2002).  Its great flexibility coupled with its rapid 

growth and ease of use have made it a prime candidate for broad industrial use. 

Y. lipolytica has already shown promise across several biotechnological applications.  It 

is inherently well suited to the production of industrial lipases and biosurfactants, given 

its oleaginous characteristics (Yu et al. 2007; Csutak et al. 2015).  By extension, it can 

also be used to produce a wide range of lipids and Acetyl-CoA derived products such as 

lycopene (Fontanille et al. 2012; Matthäus et al. 2014).  Other, less conventional uses 

include bioremediation and contaminant biosensing, due to its tolerance for and ability to 

metabolize hydrocarbons (Żogała et al. 2005; Alkasrawi et al. 1999).  Despite its wide 

range of current and potential uses, there are unresolved difficulties that limit Y. 

lipolytica’s broader adoption. 

There are several remaining challenges that must be addressed before Y. lipolytica can 

reach its full potential as a biotechnology host.  Even with recent progress, more work 

needs to be done in annotating the genes and proteins of unknown function in the various 

strains of Y. lipolytica (Ganesan et al. 2019).  Furthermore, Y. lipolytica is strictly 

aerobic, and has extremely high oxygen requirements; meeting those requirements 

becomes increasingly difficult as a bioprocess’ scale increases (Kar et al. 

2012).  Bioprocess scaling is further complicated by Y. lipolytica’s unpredictable 

dimorphism, in which both a budding yeast and multicellular hyphal state may occur, 

disrupting nutrient, pH, and oxygen diffusion characteristics (Vandermies and Fickers 
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2019).  In order to address these issues, improved approaches for studying the remaining 

unknowns in the Y. lipolytica genome are required. 

Genome Wide Screens as a Strain Engineering Tool 

Genome-wide screens are a systematic approach used to study entire genomes of host 

organisms. These screens identify coding sequences that are associated with specific 

traits, functions, or processes (Friedman and Perrimon 2004).  While they can 

theoretically be carried out in many different species, including multicellular animals 

such as Caenorhabditis elegans and Drosophila melanogaster, single celled eukaryotes 

such as yeast are the simplest to conduct genome wide screens on (Friedman and 

Perrimon 2004).  Generally, the screen method either knocks out genes, or alters their 

expression levels.  Early genome-wide yeast studies used mitotic recombination to delete 

genes one by one, which led to the first characterization of most possible S. cerevisiae 

single gene knockouts  (Winzeler et al. 1999; Giaever et al. 2002).  Such methods are 

cumbersome to scale up, especially in species with larger genomes and less 

recombination activity (Guha and Edgell 2017).  Overexpression of specific genes may 

be accomplished through high-copy plasmid transformations (Sandoval et al., 2011), 

which may better elucidate important phenotypes than knockouts. Unfortunately, this 

method is also time consuming and resource intensive to scale up.  RNA interference 

techniques were adopted as a higher throughput and more flexible screening option, in 

which interfering RNA molecules could partially or fully suppress gene transcription and 

activity(Wang et al. 2019; Crook et al. 2016; Müller et al. 2005).  Even with improved 



4 

coverage and efficiency, RNAi screens may suffer from off-target interference (Neumeier 

and Meister 2020) and incomplete silencing of targeted genes (Drinnenberg et al. 2009). 

Transposon libraries, in which insertional mutagenesis inserts a marker into a gene loci, 

allows for simple selection of knockout species (Liu et al., 2022). However, insertion 

biases can lead to open reading frame ORFs not being disrupted, leading to an incomplete 

knockout (Liu et al., 2022).  More recently, CRISPR-derived whole-genome screening 

approaches such as CRISPR knockout, CRIPSRi (targeted gene inhibition), and 

CRISPRa (targeted gene activation) have provided comprehensive genomic coverage and 

high specificity in comparison to older methods (Liu et al. 2022; Misa and Schwartz 

2021).  CRISPRi and CRISPRa screens give valuable insight into expression level effects 

on genes, but there can be some ambiguity in output data regarding screen hits and gene 

essentiality (Liu et al. 2022; Misa and Schwartz 2021).  Nevertheless, CRISPR screens 

have become one of the most prolific genome wide screening technologies. 

Further advances in high throughput sequencing and CRISPR-editing systems led 

CRISPR knockout screening methods to excel at elucidating novel gene targets in various 

yeasts (Ramesh et al., 2023). CRISPR systems utilize Cas protein to make double-strand 

breaks at precise sites in host organism chromosomes in tandem with customizable guide 

nucleotides(Raschmanová et al. 2018).  These cuts can be used to generate knockouts via 

non-homologous end joining (NHEJ) (Horwitz et al. 2015),  or gene insertions via 

homology directed  repair (HDR) (Stovicek et al. 2015).  Either way, to work in a 

multiplex or genome-wide screen, a guide RNA (gRNA) library is required (Friedman 

and Perrimon 2004).  These libraries consist of plasmids containing gRNA sequences, 
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each coding for a target cut site in the host organism chromosome(s).  Generally, libraries 

target either all of the genes in a host genome (Schwartz et al. 2019), or a specific subset 

(Thompson et al. 2021).  Several considerations must go into their design, including host 

species compatibility and genome  coverage(Adames et al. 2019).  Once assembled, 

CRISPR knockout screening systems can be utilized to call essential genes in specified 

conditions or find gene knockouts that enhance fitness. 

Genome-wide CRISPR screens may be designed and analyzed in several 

ways.  Individually prepared mutants may be analyzed as part of a panel in an arrayed 

screen  (Fujita et al. 2006).  The outputs from arrayed screens are typically measurable 

phenotypes.  Often, the measured output is a change in growth, ranging from death to 

enhanced growth (Garcia et al. 2021).  Alternatively, other observable changes may be 

measured, such as cell morphology or substrate utilization (Lupish et al. 2022; Gutmann 

et al. 2021).  While arrayed screens are highly effective for the quantification of rare or 

desirable phenotypes, they are labor intensive and require isolated strain preparations for 

each mutant to be tested (de Groot et al. 2018).  

Unlike arrayed screens, pooled screens combine large numbers of mutants into a single 

culture  (Bowman et al. 2020).  A highly efficient transformation method must be used to 

ensure full library representation in the transformant population (Schwartz et al., 

2019).  This theoretically creates all possible single knockouts (or gene 

inhibitions/activations) of an organism within a small culture volume, which enables the 

cells to diverge in survival or phenotype based on selection pressures (Smith et al. 
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2016).  While individual genotypes cannot be directly observed in the pooled culture, 

deep sequencing can be used to find gRNA prevelances and by extension, essential genes 

or genes involved in a phenotype of interest (Ramesh et al., 2023). Still, there are 

remaining challenges in designing and utilizing genome-wide CRISPR screen guide 

libraries.  They must have complete (or near complete) coverage of the host genome, as 

well as efficient guide activities to ensure that knockouts occur consistently.  gRNA 

expression characteristics must also be taken into account to ensure sufficient genome 

coverage (Dalvie et al. 2020). To overcome these challenges, CRISPR gRNA libraries 

need to be highly optimized to the species and strain that they are targeting.   

The broad flexibility of genome wide screens lends them well to the study of non 

conventional yeast such as Yarrowia lipolytica, with several types of these screens having 

been utilized successfully with Yarrowia lipolytica in recent years.   One approach tested 

putative transcription factors with an arrayed screen that tested various transcription 

factor constructs against various integrated promoter sites tied to a fluorescent protein 

(Leplat et al. 2015; Leplat et al. 2018).  Another method utilized saturation mutagenesis, 

generating a transposon library to analyze relative essentiality of genes (Patterson et al. 

2018).  A third protocol cloned digested fragments of Y. lipolytica gDNA into vectors to 

generate a gDNA fragment library, which was re-transformed into cells to screen for 

propionate tolerance (Park and Nicaud 2020).  While all of these approaches showed 

promise, the precision and comprehensiveness of the CRISPR knockout screen makes it 

an ideal method for engineering beneficial strains of Y. lipolytica. 
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Engineering Industrially Relevant Yarrowia lipolytica Strains with CRISPR 

Knockout Screens 

CRISPR screens have proven to be especially effective for strain engineering, and with 

the development of optimized Cas9 and gene integration systems for Y. lipolytica in our 

research group, it has become feasible to conduct these types of screens in Y. lypolytica 

(Schwartz et al. 2017; Schwartz et al. 2017; Schwartz et al. 2016).  Our group has 

conducted several CRISPR screens using these tools, helping to generate improved 

lycopene production strains and enabling cellobiose catabolism (Schwartz et al. 2018; 

Schwartz et al. 2017).  More recently, we developed a whole genome knockout sgRNA 

library for use with our CRISPR screens, which enabled us to screen for knockouts with 

improved lipid accumulation (Schwartz et al. 2019).  Output from these whole genome 

knockout screens has been further improved with guide activity prediction and correction 

methods (Baisya et al. 2022; Ramesh et al. 2023).  With this expansive toolset, we could 

then proceed to a new series of whole genome knockout CRISPR screens conducted with 

novel methods and refined guide libraries. 

In the following studies, we utilized two optimized whole genome guide libraries to 

conduct CRISPR knockout screens to identify and engineer several industrially beneficial 

traits into Yarrowia lipolytica.  We first carried out a pooled whole genome knockout 

screen to identify single gene knockouts that prevent the formation of hyphae, a trait 

which can interfere with bioreactor production runs.  We then carried out a pooled 

knockout screen to identify deletions that improve and inhibit growth on solid media, for 
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the purpose of expanding existing knowledge of strain engineering for solid state 

fermentation applications.  Finally, we carried out pooled knockout screens with non-

glucose carbon sources, including acetate, two alkanes, and two fatty acids, so we could 

begin engineering strains of Y. lipolytica optimized for bioremediation and the use of 

inexpensive industrial waste as their carbon source for bioproduction.  These experiments 

generated promising knockout candidates for the desired purposes of the screens, while 

expanding our knowledge of the genes involved with the relevant cellular functions.  In 

doing so, we demonstrated the efficacy of using pooled whole genome knockout screens 

for engineering industrially relevant strains of Y. lipolytica. 
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Chapter 1: Genome-wide CRISPR-Cas9 screen reveals a persistent null-

hyphal phenotype that maintains high carotenoid production in 

Yarrowia lipolytica 

1.1 Chapter 1 Abstract 

Yarrowia lipolytica is a metabolic engineering host of growing industrial interest due to 

its ability to metabolize hydrocarbons, fatty acids, glycerol and other renewable carbon 

sources. This dimorphic yeast undergoes a stress-induced transition to a multicellular 

hyphal state, which can negatively impact biosynthetic activity, reduce oxygen and 

nutrient mass transfer in cell cultures, and increase culture viscosity. Identifying 

mutations that prevent the formation of hyphae would help alleviate the bioprocess 

challenges that they create. To this end, we conducted a genome-wide CRISPR screen to 

identify genetic knockouts that prevent the transition to hyphal morphology. The screen 

identified five mutants with a null-hyphal phenotype – ΔRAS2, ΔRHO5, ΔSFL1, ΔSNF2, 

and ΔPAXIP1. Of these hits, only ΔRAS2 suppressed hyphal formation in an engineered 

lycopene production strain over a multi-day culture. The RAS2 knockout was also the 

only genetic disruption characterized that did not affect lycopene production, producing 

more than 5 mg L-1 OD-1 from an heterologous pathway with enhanced carbon flux 

through the mevalonate pathway. These data suggest that a ΔRAS2 mutant of Y. 

lipolytica could prove useful in engineering a metabolic engineering host of the 

production of carotenoids and other biochemicals.  
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1.2 Chapter 1 Introduction 

Nonconventional filamentous and dimorphic fungi are of growing interest for 

bioproduction due to their abilities to metabolize a range of carbon sources and to 

produce biomolecules with high titers. One such fungus is Yarrowia lipolytica, an 

oleaginous dimorphic yeast that has desirable traits for industrial applications (Abdel-

Mawgoud et al. 2018; Löbs et al. 2017; Zhu and Jackson 2015). It is well suited for lipid 

biosynthesis, the production of fatty acids, carotenoids, and other acetyl-CoA-derived 

molecules (Blazeck et al. 2014; Morgunov et al. 2004; Schwartz et al. 2017a; Wang et al. 

2022; Xue et al. 2013) and advanced genome editing tools are available to enable rapid 

pathway and strain design (Baisya et al. 2022; Ramesh et al. 2020; Schwartz et al. 2017b; 

Schwartz et al. 2018). Despite these successes, a number of technical challenges must be 

overcome prior to the widespread use of Y. lipolytica for industrial bioproduction (Czajka 

et al. 2018; Sabra et al. 2017).  Among these challenges are the obstacles posed by 

dimorphism and hyphal formation (Worland et al. 2020).  

Hyphae are filamentous multicellular structures with contiguous parallel cell walls 

separated by septa, structures that form in multiple types of fungi including several 

budding yeasts (Crampin et al. 2005; Kiss et al. 2019).  While the formation of hyphae is 

a default state for many fungal species, several yeasts including Y. lipolytica are 

dimorphic, that is, they are able to exist in a single cell free-floating state as well as a 

hyphal or pseudohyphal state (Ruiz-Herrera and Sentandreu 2002; Vallejo et al. 2013). 

Transition into a hyphal or pseudohyphal state may result as a response to stressors such 

as starvation, high temperature, high pH, or low concentrations of dissolved oxygen 
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(Bellou et al. 2014; Cullen and Sprague 2000; Gimeno et al. 1992; Kawasse et al. 2003; 

Lee and Elion 1999; Ruiz-Herrera and Sentandreu 2002; Sudbery et al. 2004; Szabo 

1999). Although some bioproduction strategies benefit from hyphal morphology (Fickers 

et al. 2009), hyphal formation in a bioreactor can be problematic due to reduced mass 

transfer of dissolved oxygen and nutrients, increased culture viscosity, or increased stress 

response due to hyphal shearing (Ahamed and Vermette 2010; Cai et al. 2014; Harvey 

and McNeil 1994; Li et al. 2002; Martin and Bushell 1996; Müller et al. 2003).  Hyphal 

growth is also associated with lower biosynthetic activity and product yields in some 

yeasts including ethanol from S. cerevisiae (Reis et al. 2013) and lipid accumulation in Y. 

lipolytica (Bellou et al. 2014; Gajdoš et al. 2016). Therefore, it would be beneficial to 

engineer a null-hyphal phenotype strain of Y. lipolytica.  

Compared to filamentous fungi, yeasts have fewer hyphae generating pathways and a 

simplified process of formation (Kiss et al. 2019). In addition, the transition from 

unicellular to hyphae often terminates in pseudo-hyphal morphology, with some yeasts 

never forming true hyphae (Berman and Sudbery 2002; Pomraning et al. 2018). 

Nevertheless, the yeast-to-hyphae transition in dimorphic yeast still functions as a 

survival mechanism in nutrient-limited or stressful environments (Pomraning et al. 2018). 

While the full process of the yeast-to-hyphal transition is not completely understood in Y. 

lipolytica, two types of signaling cascades are known to be involved: two mitogen 

activated phosphorylation kinase (MAPK) cascades and a protein kinase A (PKA) 

pathway, both of which share notable conservation across dimorphic yeasts (Gancedo 

2001; Tisi et al. 2014). Despite the known relevance of these pathways in the yeast to 
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hyphal transition, there remain many unidentified upstream and downstream components 

and poorly understood regulatory functions. Therefore, a broader coverage approach is 

needed to identify viable genetic targets for a null-hyphal phenotype.   

Here, we used a pooled CRISPR-Cas9 knockout screen to identify null-hyphal knockout 

candidates in Y. lipolytica; several phenotypic knockouts were identified by selection of 

colonies with a smooth appearance, which is indicative of a loss of hyphal formation. We 

subsequently characterized the knockout strains’ growth rates and retention of the null 

hyphal phenotype. In doing so, we identified RAS2 disruption as the most promising for 

industrial use. Finally, we tested the knockout’s effect on lycopene production, 

demonstrating production without a loss of product titer in a strain devoid of hyphae.   

 

 

 

 

1.3 Chapter 1 Material and Methods 

1.3.1. Strains construction 

All strains were derived from Yarrowia lipolytica PO1f (MatA, leu2-270, ura3-302,xpr2-

322, axp-2). The Cas9 strain used in the genome-wide screen and growth assays was 

created by integrating a codon optimized copy of Cas9 from S. pyogenes into the A08 

locus of Y. lipolytica by markerless integration. As described in (Schwartz et al. 2019), 

the genome copy of Cas9 was expressed using a UAS1B8-TEF(136) promoter (Blazeck 

et al. 2011) with a ScCYC terminator. PO1f-HMEBI, the lycopene overproduction strain, 
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was engineered as previously described in (Schwartz et al. 2017c). Briefly, the HMG1, 

MVD1, CrtE, CrtB, and CrtI were integrated in the genome as follows: two copies of 

HMG1 were inserted, one into the D17 and a second into the XDH site; one copy of 

MVD1 was inserted into the disabled LEU2 site, one copy of CrtE was inserted into the 

A08 locus; one copy of CrtB was inserted into the AXP locus, and one copy of CrtI was 

inserted into the XPR2 site. In addition to these insertions, the leucine and uracil 

auxotrophies were alleviated by randomly integrating function copies of the Y. lipolytica 

LEU2 and URA3 genes. 

 

1.3.2 Media and culture conditions.  

Unless otherwise noted, all Y. lipolytica strains were culture YPD media (1% Bacto yeast 

extract, 2% Bacto peptone, 2% glucose). For the genome-wide screen and RAS2 rescue 

assays, cell were grown in synthetic defined SC Leucine Deficient media (0.17% Yeast 

Nitrogen Base, 0.2% Leu deficient amino acid mix (5.6% of all 19 L-Amino acids except 

for Leucine, 5.6% inositol, 5.6% uracil, 1.3% adenine, and 1.3% para-aminobenzoic acid), 

0.5% Ammonium Sulfate).  When grown for lycopene biosynthesis, we used YPD10 media 

(1% Bacto yeast extract, 2% Bacto peptone, 10% glucose). All Y. lipolytica cultures were 

conducted in 25 mL of media in 250 mL baffled shake flasks at 30oC and 225 RPM, 

inoculated to an OD600 of 0.1 using an overnight starter culture. All Y. lipolytica 

transformations as previously described (Schwartz et al. 2017a; Schwartz et al. 2019; 

Schwartz et al. 2017c)  
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DH5α E. coli cells were used to clone and propagate the plasmids used in the whole genome 

screen and subsequent gene knockouts. NEB TOP10 E. coli cells were used to clone and 

propagate the plasmids used in the RAS2 rescue assay.  All E. Coli cultures were grown in 

Lysogeny Broth (1% Tryptone, 0.5% Yeast Extract, 1% NaCl) with 100 mg/L ampicillin 

for selective pressure. 

 

1.3.3 CRISPR-Cas9 screening for null-hyphal phenotypes.  

To screen for genetic knockouts that lack hyphal morphology we generated upward of 

50,000 colonies representing members of the genome-wide knockout library. This library 

was previously generated (Schwartz et al. 2019) and includes the functional disruption of 

more than 94% of all protein coding sequences in the PO1f strain. All colonies with a 

smooth phenotype (indicative of a loss of hyphal morphology) were visually identified and 

subjected to colony PCR. Sequencing of the CRISPR plasmids contained in each hit 

revealed five unique hits – YALI1_E35305g, YALI1_D05956g, YALI1_D30097g, 

YALI1_E30639g, and YALI_F04690g. 

1.3.4 Mutant strain growth rate.  

Each of the five null-hyphal mutants identified in the genome wide screen were 

characterized in terms of growth rate in shake flask cultures. Growth rates were determined 

by linearizing the mean OD values via natural logarithm calculations and subsequent linear 

regression, generating a slope representative of the growth rate. 
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1.3.5 Plasmid Construction.  

To generate genetic knockouts in the lycopene overexpression strain, we digested 

pCRISPRyl (Addgene #70007 ) with AvRII and then integrated a double stranded sgRNA 

insert targeting one of the following genes, RAS2, RHO5, SFL1 and MHY1. We  generated 

the sgRNA inserts by annealing complementary oligos, and integrated each insert into the 

pCRISPRyl linearized backbone via Gibson assemblies. To rescue RAS2 function, we 

replaced the hrGFP ORF in pIW209 with the RAS2 ORF cloned from wild type PO1f 

genomic DNA via Golden Gate Assembly. All guide sequences and primers used here are 

provided in Supplemental Table S3. 

 

1.3.6 Hyphal phenotype characterization.  

To measure the prevalence of hyphal phenotypes, the four generated. PO1f-HMEBI 

knockouts (PO1f-HMEBI ΔRAS2, PO1f-HMEBI ΔRHO5, PO1f-HMEBI ΔSFL1, and 

PO1f-HMEB IΔMHY1) were grown in duplicate for 10 days, along with PO1f and PO1f-

HMEBI, which served as controls.  On days 1, 3, 6, 9, and 10, one slide from each duplicate 

of each strain was made using a 2 μL sample of the culture.  Six photographs of each slide 

were taken (for a total of twelve photographs per strain per measurement day) with an 

Olympus BX51 Microscope on brightfield settings while using a 100x oil objective.  

ImageJ software was used to count the total number of cells in each image, and any cell 

with a length greater than twice its width was classified as exhibiting hyphal behavior. 
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1.3.7 RAS2 rescue assay.  

PO1f ΔRAS2 was transformed with the RAS2 rescue vector to generate a rescued RAS2 

phenotype. PO1f and PO1f ΔRAS2 were transformed with an empty vector to serve as 

positive and negative controls, respectively. Three mL cultures of all 3 strains were grown 

overnight at 30 oC.  The next day, with the cultures in log phase, they were diluted to ODs 

of 0.2. A 4 uL droplet from all three dilutions was spotted onto a 1.2 % Agar SC leucine 

deficient plate.  The plate was grown for ~45 hours, until the spots had matured.  The spots 

were then photographed and their morphologies analyzed.  Cells from each mutant were 

scraped from the plates and resuspended in 1 mL of SC leucine deficient media. A 2 µL 

sample of each solution was then visualized via confocal microscopy  at 60x magnification. 

 

1.3.8 Lycopene Quantification.  

Lycopene production cultures were grown as described in Schwartz et al. 2017, using 

10% glucose media.  Lycopene was extracted and quantified using a method detailed by 

Chen et al. 2016 (Chen et al. 2016) for carotenoid extraction, with a few adaptations. At 

each measurement time point, triplicate 1mL aliquots were withdrawn from each assay 

culture, and dry cell weights (DCW) of each were measured through centrifugation at 

5000 g for 3 min, media aspiration, and subsequent pellet drying at 80oC until stable 

weights were measurable.  The pellets were then washed with water, re-pelleted,  

resuspended in 1mL of 3M HCl, and boiled for 2min.  The boiled pellets were then 

cooled in an ice bath for 3 min. After another water wash, the pellets were resuspended in 

1 mL of acetone.  200 µl of 500-750 µm glass beads were added to each acetone 
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resuspension, and the cells were lysed (while achieving liposome disruption) by 

vortexing the mixtures for 2 minutes. The resulting supernatant was collected, and 

lycopene titers were quantified by measuring the supernatant absorbance at 472 nm 

comparing measurements to a standard curve of purchased lycopene (Sigma – Aldrich); 

see Supplemental Figure S1.4. 

 

 

 

 

 

 

 

 

 

1.4 Chapter 1 Results and Discussion 

1.4.1 Phenotype Genome Wide Knockout Screen for Null-Hyphal mutants 

To identify genes associated with hyphal formation, we used a pooled library of CRISPR-

Cas9 sgRNAs to target nearly every gene in the genome of Y. lipolytica PO1f (Schwartz 

et al. 2019). The previously designed library covers 7,854 coding sequences (CDS) with  

~6-fold coverage. Unique sgRNAs were designed to target the first 300 exon base pairs 

in each CDS, then scored and ranked based on their predicted on-target cutting efficiency 

(Doench et al. 2014). The final library contained the 6 highest scoring sgRNAs for each 
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CDS, along with a negative control set of 480 nontargeting sgRNAs. Oligos encoding 

each sgRNA were commercially synthesized and subsequently cloned into an expression 

vector with sgRNA expression driven by a synthetic RNA polymerase III (Pol III) 

promoter (Schwartz et al. 2016), while Cas9 expression was accomplished through a 

genome-integrated expression cassette.  

Gene name and function of the morphology screen hits were identified through a 

BLASTp search, the results of which are shown in Supplemental Table S1. Notably, 

many of the screening hits correspond to a gene known to be associated with regulating 

cell morphology or cell stress: RAS2 (YALI1_E35305g) encodes for a GTP binding 

protein involved in starvation response and cell morphology (Li et al. 2014; Mösch et al. 

1996; Mösch and Fink 1997); SFL1 (YALI1_D05956g) bears similarity to known heat 

shock transcription factors (Pan and Heitman 2002; Patterson et al. 2018) ; SNF2 

(YALI1_D30097g) is a chromatin remodeling protein in the SWI/SNF transcription 

complex (Hirschhorn et al. 1992); and RHO5 (YALI1_E30639g) is involved in cell 

integrity, helping to propagate heat and oxidative stress signals leading to induced cell 

death. The final gene identified in our screen was (YALI_F04690g), whose encoded 

protein had a 40.9% uniprot BLAST identity score match with the Ptip protein (part of 

the histone H3K4 methyltransferase complex) in Drosophila melanogaster and is referred 

to here as PAXIP1 (Fang et al. 2009).  Each of these genes are either putatively gene 

expression regulators regulation, or putatively related to a signal cascade that may affect 

the hyphal transition (Figure 1.1) 
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Figure 1.1: Putative roles of knockout hits in the hyphal morphology transition.  Null-hyphal 

knockout hits from the genome wide screen are highlighted by black rectangles, and literature-

derived null-hyphal knockouts are highlighted by a gray rectangle. 

 

 

1.4.2 Growth characteristics and morphological phenotypes of Null-Hyphal Hits 

A goal of this study was to identify one or more genetic knockouts that eliminate or 

suppress hyphal formation and that have minimal or no effect on the yeast’s ability to 

perform as a biochemical production host. In addition to the resulting increase in time 
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and resources required for a production run, a reduced growth rate can signify other 

metabolic burdens which may compromise the synthesis of the desired product. As such, 

we measured growth rates of the mutant strains (Figure 1.2) and observed that the 

ΔRAS2, ΔRHO5, and ΔSFL1 strains had similar growth rates to unmodified PO1f, thus 

leaving these mutants as potential host candidates. The ΔSNF2 and ΔPAXIP1 strains, 

however, showed impeded growth, ruling out their use as potential null-hyphal hosts for 

industrial use. In addition to these mutants, we also characterized a ΔMHY1 

(YALI_B28150g) strain; MHY1 functions downstream of RAS2, disruption of which has 

been shown to reduce hyphal formation without a reduced growth phenotype (Morgunov 

et al. 2004; Konzock and Norbeck 2020).  Given these results, the ΔRAS2, ΔRHO5, 

ΔSFL1, and ΔMHY1 knockout strains were selected for further investigation. 
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Figure 1.2: The effect of putative hyphal knockout on growth rate. (a) Time course of cell growth 

as measured by the optical density at 600 nm (OD600). Y. lipolytica cultures were grown in shake 

flask cultures with YPD media. (b) Growth rate, µ, calculated from the slopes of the natural 

logarithms of the growth curve measurements in part a. Data points and bars represent the mean of 

triplicate measurements. Error bars represent the standard deviation. *** represents p < 0.001 from 

Dunnett’s multiple comparisons test, post-hoc of a one-way ANOVA. 
 

 

With the growth rate of the hyphal knockout strains characterized, we proceeded to test 

the knockouts that had no effect on growth rate in a lycopene overproduction host. 

Previously, we reported a series of genetic manipulations to Y. lipolytica that introduce 

and enhance a lycopene biosynthesis pathway (Schwartz et al. 2017a; Schwartz et al. 

2017c). These manipulations include the overexpression of a series of bacterial enzymes 

– CrtE, CrtB, and CrtI – that convert farnesyl pyrophosphate into lycopene, and the 

homologous overexpression of HMG1 and MVD1, both of which are known to increase 

mevalonate pathway flux to isopentenyl diphosphate (IPP), a precursor to lycopene 
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biosynthesis. The lycopene production strain was designated as PO1f-HMEBI with each 

overexpression represented by H (HMG1), M (MVD1), E (CrtE), B (CrtB), and I (CrtI). 

Using PO1f-HMEBI as the parent strain, we generated the four most viable null-hyphal 

gene deletion candidates, ΔRAS2, ΔRHO5, ΔSFL1 and ΔMHY1, and characterized the 

percentage of cells that underwent a transition from yeast to hyphal morphology over a 

ten day culture, a time course selected based on our experience in producing lycopene in 

engineered strains over a similar time period. At each time point, we withdrew an aliquot 

from two independent cultures, mounted the live samples on microscope slides, and 

generated six images per slide for a total of twelve images per strain per time point 

(examples provided in Supplemental Figure S1.1). We defined any cells with a length 

greater than twice the widest point as hyphal/pseudohyphal for the purposes of 

identifying all cells transitioning from the yeast state. Examples of both hyphal and 

pseudohyphal structures meeting this criteria are shown in Figure 1.3.  

 

 
 

Figure 1.3: Images of hyphal, pseudohyphal, and budding phenotypes in Yarrowia lipolytica.  (A) 

Image of the hyphal state, with blue arrows indicating septa between cells, which are characteristic 

of hyphae. (B) Image of the pseudohyphal state, with orange arrows indicating elongated cells with 

signs of incomplete division. (C) Image of the budding state, with red arrows pointing to 

unbranched and rounded yeast cells. 
 
Both PO1f and PO1f-HMEBI showed hyphal transition behavior in approximately 15% 

of their cells across the full time series, establishing a baseline occurrence rate (Figure 
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1.4). ΔRHO5 proved to be the least effective knockout with an ~3% hyphal occurrence 

after one day of culture, but jumping to ~20% after 3 days of growth and increasing to 

>28% after day nine. Disruption of SFL1 also resulted in early suppression of 

(pseudo)hyphal formation, maintaining ~5% elongated structures for six days of culture, 

increasing to >23% at day nine and ten. ΔMHY1 began with ~3% hyphal occurrence, but 

steadily increased over subsequent days, reaching nearly 30% on day ten. Unlike the 

other knockouts, ΔRAS2 had low (<5%) hyphal occurrence across all ten days, without 

the rebound of hyphal behavior noted in all of the other knockouts. We therefore 

identified ΔRAS2 as the most promising benign and non-transient hyphal knockout 

generated.  

 

 
Figure 1.4: Hyphal morphology percentages of PO1f, PO1f-HMEBI, and putative hyphal knockout 

strains. The knockout strains include PO1f-HMEBI ΔRAS2, PO1f-HMEBI ΔRHO5, PO1f-

HMEBI ΔSFL1, and PO1f-HMEBI ΔMHY1. Bars represent the average number of cells in a 

hyphal or pseudohyphal state observed in 12 different images across two biological replicates. At 

least 250 cells were characterized at each time point for each strain. Error bars represent the 

standard deviation across the 12 different images. 
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One explanation for the lasting effect of the RAS2 disruption is that Ras2 is an early 

control node for the transition to hyphal morphology, existing upstream of several 

hyphae-regulating pathways. Primarily responsive to glucose conditions outside the cell, 

Ras2 is a plasma-membrane GDP binding protein until being activated by Cdc25. Once 

activated, Ras2 has a broad cascade of interactions that lead to various stress responses 

through cyclic AMP and PKA as well as through the rho-like GTPase Cdc42, which in 

turn activates the MAPK pathway (Li et al. 2014; Mösch et al. 1996). The signal 

pathways modulated by the interaction of Ras2 and Cdc25 have been implicated in a 

wide range of downstream cellular processes, including transition to a filamentous state 

(Mösch and Fink 1997). Ras2 is involved directly in sensing glucose in the environment 

and receives regulatory feedback from glucose metabolism through activation of Cdc25 

by fructose-1-6-bisphosphate. Commonly acting to down-regulate stress response genes, 

RAS2 knockouts display a heightened basal stress tolerance in S. cerevisiae, which is 

another industrially useful trait (Zacharioudakis et al. 2017; Shama et al. 1998). In this 

anticipatory state RAS2 knockouts have shown greater thermotolerance and resistance to 

oxidative stress, while also exhibiting life span extension akin to that seen in response to 

calorie restriction. The ΔRAS2 mutant is therefore a putative null hypal strain without 

other observed negative traits and some potentially unexpected potential benefits. 
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1.4.3 Validation of PO1f ΔRAS2 mutant 

In order to ensure that Ras2 functions as a control node for hyphae formation, we 

conducted a rescue experiment with RAS2 expressed from an episomal plasmid in a 

PO1f ΔRAS2 strain. As shown in Figure 1.5, the rescued ΔRAS2 cells regained the 

rough colony phenotype present in PO1f cells, as well as cellular filaments when viewed 

under a microscope.  This indicates that the hyphae-forming wild type phenotype was 

restored in tandem with RAS2 expression, even as the ΔRAS2 cells retained the null 

hyphal smooth colony phenotype.  As such, we confirmed RAS2 as a necessary gene for 

hyphal formation, where its presence has a direct relationship to the hyphal forming 

phenotype of Y. lipolytica. 

 
 

Figure 1.5: ΔRAS2 rescue assay. Rows represent different experimental groups, with the left 

column showing the full cell spot, the center column showing a zoomed in image of the top edge 

of the same spot, and the right column showing microscopy images (60x) of cells resuspended in 

liquid media.  Both the wild type PO1f cells and the rescued ΔRAS2 cells produced hyphal 

morphology with characteristic rough edges and hyphal structures, while the ΔRAS2 knockout 

strain produced colonies with a smooth phenotype and round cells, indicative of a loss of the hyphal 

structures. Gray arrows indicate the rough or spiked edge indicative of hyphae. 
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1.4.4 Lycopene Production with PO1fΔRAS2 mutant 

A primary goal of this study was to identify genetic manipulations that reduce or 

eliminate hyphal formation in a production host. To this end, we generated ΔRAS2, 

ΔRHO5, ΔSFL1 and ΔMHY1 mutant strains in a PO1f-HMEBI background and 

measured the effect of each knockout on lycopene production (Figure 1.6). As expected, 

the wild type HMEBI strain produced  2.8 mg of lycopene per gram of dry cell weight 

(mg/gDCW) by day 3, and 4.9 or more mg lycopene/gDCW on days 6 and 8, results 

equivalent to those previously reported for this strain (Schwartz et al. 2017a). The 

ΔRHO5, ΔSFL1, and ΔMHY1 strains produced comparatively little lycopene, reaching 

1.4 mg lycopene/gDCW or less by the end of an 8 day culture. The ΔRAS2 strain, 

however, produced similar amounts of lycopene to the HMEBI strain, at 1.8 mg 

lycopene/gDCW on day 3, around 4.0 mg lycopene/gDCW on day 6, and 5.1 mg 

lycopene/gDCW on day 8.  It therefore functioned just as well as HMEBI as a lycopene 

production platform despite lacking the lycopene production enhancements of the 

HMEBI strain. 
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Figure 1.6: The effect of hyphal knockout on lycopene in Y. lipolytica.  The HMEBI lycopene 

production strain and HMEBI ΔRAS2 strain consistently produced two to four times as much 

lycopene as the HMEBI ΔRHO5, HMEBI ΔSFL1, and HMEBI ΔMHY1 strains. 
 
While the RAS2 knockout did not produce an increase in lycopene titer at the benchtop 

scale, the potential industrial benefits of its use cannot be overlooked. By eliminating 

hyphae formation in a fully functional production strain, associated labor costs and 

malfunctions from bioreactor fouling may be avoided, and cells that would have 

otherwise ended up on the bioreactor vessel could instead be harvested for more product. 

Likewise, the challenges of oxygen and nutrient diffusion due to the presence of hyphae 

is inherently worse in the large volumes of industrial bioreactors, where oxygen and 

nutrient diffusion is already a major challenge. It is even possible that an increased 

product titer could still be gained from a null-hyphal strain when grown at the scale of an 

industrial bioreactor through the reduction of low oxygen and nutrient regions in the 

vessel. Moreover, the known role of RAS2 in the hyphal transition of S. cerevisiae and 

Candida albicans (Mösch and Fink 1997; Parveen et al. 2019; Chow et al. 2019) speaks 
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to the potential utility of this mutation for bioprocessing with other hosts. While more 

work must be done to quantify any theoretical titer increases from the ΔRAS2 at an 

industrial scale, the practical value of a fully functional but lower maintenance strain 

should not be underestimated. 

 

 

 

 

 

 

 

1.5 Chapter 1 Conclusion 

 

These results illustrate the utility of our CRISPR-Cas9 knockout library screen for 

identifying desirable phenotypes. Through a simple visual screen, we were able to rapidly 

identify and subsequently characterize a benign and industrially useful single gene 

knockout. Indeed, many industrially beneficial mutations have been and will continue to 

be identified through screens of whole genome knockout libraries.  Furthermore, the 

knowledge we gain about what genes serve as effective regulatory and control points for 

our goals will inform future engineering in the next generation of bioproduction strains. 
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Chapter 2: Insights from Genome wide Knockout CRISPR-Cas9 

Screens in Solid and Liquid Media for Identifying Growth-enhancing 

Candidate Genes in Yarrowia lipolytica 

2.1 Chapter 2 Abstract 

Solid state fermentation (SSF) is an increasingly important area of research in industrial 

bioprocessing and strain engineering.  Yarrowia lipolytica is well suited to SSF due to its 

morphological characteristics and tolerance to lower moisture environments.  However, 

ongoing difficulties persist with using Y. lipolytica in SSF, such as oxygen and 

temperature control, and large scale SSF agitation.  Engineering Y. lipolytica strains to 

address these difficulties is challenging, as there is a knowledge gap on Y. lipolytica 

genes that are essential or detrimental to growth on solid media.  In order to identify 

genes and cellular systems of importance to growth on solid media, we conducted a 

whole-genome knockout CRISPR screen, comparing growth of Y. lipolytica on solid and 

liquid agarose media.  We identified a few genes, such as F09433, involved with vacuole 

autophagy, that were advantageous knockouts on solid media.  We also utilized gene 

ontology (GO) terms to elucidate types of gene knockouts with greater essentiality on 

solid media compared to liquid media, such as endomembrane and mitochondrial 

function genes.  The results of this screen provide a starting point to derive a more 

complete understanding of the genetic underpinnings of the differences between solid and 

liquid media growth in Y. lipolytica. 
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2.2 Chapter 2 Introduction 

Solid state fermentation (SSF) processes are a unique form of bioprocessing which uses a 

moist solid scaffold and nutrient source to grow a given microorganism, in lieu of cells 

being suspended in liquid media (Lizardi-Jiménez and Hernández-Martíne...).  Typically, 

filamentous fungi and dimorphic yeasts (such as Aspergillius niger and Yarrowia 

lipoytica) are best suited to growth on solid substrates, as they have lower moisture 

requirements than bacteria and a wide range of viable solid substrates (Thomas et al. 

2013; Pal and Khanum 2010).  SSF has been used to prepare fermented foods for 

millennia, as the process could increase nutrition and prevent spoilage (Paredes-López 

and Harry 1988).  More recently, SSF has been adopted for several biotechnological 

applications, including organic acid production (Mao et al. 2020),  enzyme production 

(Wang et al. 2019; Abdullah et al. 2015; El-Naggar et al. 2015), industrial waste 

processing/product conversion (Cerda et al. 2019; Leite et al. 2021; El Sheikha and Ray 

2023), and environmental remediation/toxin degradation (Asemoloye and Marchisio 

2022; Zinjarde et al. 2014).  As SSF has become more widespread in bioprocessing, it has 

proven to be ideal for a number of applications.  

Liquid/submerged bioproduction has been a staple in industry for decades, but SSF 

brings several unique advantages.  It better mimics the natural habitat of several 

industrially relevant molds and fungi, (which evolved to grow on solid substrates), taking 

advantage of the higher concentrations of nutrients in solid substrate to increase 

bioproduction activity (Farinas 2015; Lizardi-Jiménez and Hernández-Martíne...) and 

produce more concentrated product titers (Rodríguez Couto and Sanromán 2005; 
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Viniegra-González et al. 2003; Khanahmadi et al. 2006).  This is likely due to a lack of 

catabolite repression (the suppression of many desired metabolites in the presence of 

abundant nutrients), which is notably reduced in SSF  (Thomas et al. 2013; Viniegra-

González and Favela‐Torres 2006).  SSF is also well suited for bioremediation tasks, with 

some SSF species having high tolerance for certain pollutants and otherwise dangerous 

compounds (Ziganshin et al. 2010), as well as their ability to produce high concentrations 

of biosurfactants and enzymes required for degrading the contaminants (at the direct 

physical interface with the targeted compounds) (Martins et al. 2009).  For example, 

Yarrowia lipolytica has demonstrated potential for removing fuel pollution from soil 

(Żogała et al. 2005).  By extension, many agricultural and industrial wastes and 

byproducts may be either utilized as a SSF growth substrate (Orzua et al. 2009), or 

converted into valuable products through SSF methods (Vastrad and Neelagund 2012).  

There are also substantial economic benefits to using SSF.  The lack of free water reduces 

contamination risk and energy input required for mixing (Karimi et al. 2021).  And by 

replacing costly growth media and substrate with agricultural and industrial waste, a 

major expense of bioproduction may be greatly reduced (Hölker et al. 2004).  Overall, 

there are many applications where SSF may prove advantageous, especially given its 

inherent advantages. 

Even with its upsides, SSF has a number of technical challenges.  Since SSF bioreactors 

consist of solid and gas phases (with varying moisture in the liquid phase), several 

complications can arise.  One of the most prevalent difficulties is the management and 

control of oxygen and CO2 gradients. Extreme oxygen gradients may form across the 
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growth substrate, (often due to heterogeneous substrate particle size), altering cellular 

metabolic activity (Chilakamarry et al. 2022; Oostra et al. 2001).  Another common 

difficulty with SSF is temperature control and management.  The low specific heat of air 

and the relatively low moisture content in the substrate inhibit efficient heat transfer in 

SSF bioreactors, leading to unacceptable temperature gradients and difficulty lowering 

bioreactor temperature (Raghavarao et al. 2003).  Both of these  difficulties become even 

more pronounced when scaling up SSF.  As SSF bioreactor scale increases, additional 

mechanisms such as forced aeration and substrate mixing must be employed to address 

gas and heat exchange (Durand 2003; Mitchell et al. 2000).  While several bioreactor 

designs are able to aerate and agitate solid substrates, the process is energy intensive 

(Mitchell et al. 2006) and may damage the microorganisms being used (Manan and Webb 

2017).  Addressing these issues is difficult across multiple bioreactor types, but selecting 

the correct type of microorganism can minimize the design challenges of SSF 

applications. 

Yarrowia lipolytica is able to grow effectively in and on both hydrophilic and 

hydrophobic substrates, enabling a wider range of nutrient sources and products 

(Nascimento et al. 2022).  Viable growth substrates include waste products such as 

cooking oil (Xiaoyan et al. 2017), and oil cakes (Imandi et al. 2013).  It can even grow in 

the presence of toxic organic solvents (Walker et al. 2019).  It is also dimorphic, able to 

transition between yeast and hyphal form depending on environmental conditions, 

enabling its hyphal form to predominate on solid substrates (de Souza et al. 2019).  This 

dimorphism also enables a changing gradient of hyphal cells across the growth mass on 
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solid media, which optimizes oxygen utilization (Rahardjo et al. 2002).  Overall, Y. 

lipolytica is well suited to utilization for solid state bioprocessing.  However, the many 

difficulties in engineering effective SSF bioprocesses necessitate further Y. lipolytica 

strain optimization for improved growth on solid substrate.   

Compared to liquid bioprocesses, fewer advancements have been made toward 

engineering Y. lipolytica strains for a solid-state bioproduction environment.  To address 

this deficit, we may use a genome wide CRISPR knockout screen to identify both 

beneficial knockouts and essential genes for a solid media environment.  There are 

precedents for screening fungi strains on solid media for various purposes.  For example, 

several strains of the filamentous fungus Aspergillus niger were isolated from the 

environment and grown on a solid scaffold to measure secreted xylanase activity over 

time (Abdullah et al. 2015).  Additionally, a SSF screen using agar embedded with 

cellulose (to be tested as an alternative carbon feedstock) was also carried out using 

individually plated Trichoderma reesei strains, where local cellulose consumption could 

be directly measured (Florencio et al. 2012).  An especially relevant example was an 

alcohol sensitivity screen, carried out on a Saccharomyces cerevisiae gene deletion 

library whose members were individually plated on agar plates containing different types 

of alcohols (Fujita et al. 2006).  While this example demonstrates the theoretical viability 

of a SSF screen for a knockout library, it highlights limitations as well.  Through multiple 

iterations, Fujita et al tested 4500 knockout strains, requiring the individual generation, 

isolation, and testing of each one.  Not only is such an approach highly labor intensive, its 
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results are less quantitative than a pooled CRISPR knockout screen, preventing precise 

quantitative rankings and comparisons of knockout environmental sensitivities. 

Given the size of our genome wide knockout library of just under 25,000, individual 

mutant screening is not a realistic approach.  Instead, we must use a pooled library 

approach, in which the entire library is plated on solid media, grown, and harvested into a 

pooled sample to be analyzed with quantitative high throughput sequencing.  In order to 

identify potential engineering targets for solid state fermentation applications of Yarrowia 

lipolytica, we used a refined sgRNA guide library to identify essential genes and 

beneficial gene knockouts with respect to growth in both solid and liquid glucose 

minimal media, and analyzed existing literature to elucidate functionality of both types of 

hits. 
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2.3 Chapter 2 Materials and Methods 

2.3.1. Microbial strains and culturing 

All strains used in this work are presented in Supplemental Table S1. Yarrowia 

lipolytica PO1f (MatA, leu2-270, ura3-302, xpr2-322, axp-2) is the parent for all mutants 

used in this work. Unless otherwise noted, all yeast culture growth was carried out in 14 

mL polypropylene tubes or 250 mL baffled flasks, with incubator conditions of 30 °C and 

220 RPM. Under non-selective conditions, Y. lipolytica was grown in YPD (1% Bacto 

yeast extract, 2% Bacto peptone, 2% glucose). Cells transformed with sgRNA-expressing 

plasmids were initially propagated in synthetic defined media deficient in leucine (SD-

leu; 0.67% Difco yeast nitrogen base without amino acids, 0.069% CSM-leu (Sunrise 

Science, San Diego, CA), and 2% glucose) for two days to allow for genome edits to 

occur. All plasmid constructions and propagations were conducted in Escherichia coli 

TOP10. E. coli cultures grown in Luria-Bertani (LB) broth with 100 mg/L ampicillin at 

37 °C in 14 mL polypropylene tubes, at 220 RPM. Plasmids were isolated from E. coli 

cultures using the Zymo Research Plasmid Miniprep Kit II. 

 

2.3.2. Plasmid construction 

All plasmids and primers used in this work are listed in Supplemental Table S2 and 

Supplemental Table S3, respectively. The plasmids used to knock out genes in Y. 

lipolytica PO1f were constructed by ordering the corresponding sgRNA as a primer 

(Supplemental Table S3) with 20 bp homology up- and downstream of the AvrII cutsite 

in the pSC012 plasmid. 60 bp top and bottom strands were ordered and annealed 
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together. The annealed strand and digested plasmid were assembled using Gibson 

Assembly in a 10:1 molar ratio (insert:vector). The assembly product was then 

transformed directly into electrocompetent E. coli TOP10 cells to eventually be 

propagated and harvested by Miniprep. 

 

2.3.3. Y. lipolytica CRISPR knockouts 

A plasmid containing Cas9 and the appropriate sgRNA (pSC012) for the desired gene 

knockout was transformed into Y. lipolytica using a protocol described by Chen et al. 

(Chen et al., 1997). In short, a single colony of the background strain of interest was 

grown in 2 mL of YPD liquid culture in a 14 mL culture tube at 30 °C with shaking at 

220 RPM for 22-24 hours (final OD ~30). 300 µL of culture (~108 cells) were pelleted by 

centrifugation at 4,000 g for 2 minutes and then resuspended in 300 µL of transformation 

buffer. The transformation buffer contains a final concentration of 45% PEG 4000, 0.1M 

Lithium Acetate and 100 mM Dithiothreitol. Then, 500 ng of plasmid DNA was added 

followed by 8 µL 10 mg/L ssDNA (Agilent). The reaction mix was vortexed thoroughly 

and then incubated for 1 hour at 39 °C. 1 mL of water was added and then the cells were 

pelleted and inoculated into 2 mL SD-ura selective liquid media. After 3 days, the cells 

were plated at a 10-6 dilution on YPD. After one day of incubation at 30 °C colony PCR 

and then sanger sequencing was performed to find frameshift mutation gene knockdowns. 
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2.3.4. sgRNA Library Design 

Custom MATLAB scripts were used to design the optimized Cas9 library, and the key 

elements of the design are reported here. The optimized library had 3 guides designed for 

all 7919 mRNA coding genes in the Y. lipolytica CLIB89 genome 

(https://www.ncbi.nlm.nih.gov/assembly/GCA_001761485.1) (Magnan et al., 2016). Of 

these 3 guides, 2 were intended to be picked from the pool of best performing guides in 

the previous Cas9 screen (Schwartz et al., 2019a), while the third guide was designed by 

DeepGuide predictions (Baisya et al., 2022; Schwartz et al., 2019a). First, sgRNAs with a 

cutting score (CS) greater than 4 from the Schwartz et al. Cas9 screen were sorted from 

highest to lowest and the best two sgRNAs for each gene were identified. The third 

sgRNA for all genes, as well as guides for any genes that did not have two highly active 

guides (CS>4.0), were obtained from DeepGuide’s best predictions for that gene. All 

sgRNAs in the optimized library were verified to contain a unique seed sequence (11 

nucleotides closest to the PAM). 360 nontargeting sgRNAs were also included in the 

library. These guides were confirmed not to target anywhere within the genome by 

ensuring that the first 12 nucleotides of the sgRNA did not map to any genomic loci. 

 

2.3.5. sgRNA Library Cloning 

The Cas9 library targeting the protein-coding genes in PO1f was ordered as an 

oligonucleotide pool from Agilent Technologies Inc. and cloned in-house using the 

Agilent SureVector CRISPR kit (Part Number G7556A). The library was subject to a 

NextSeq run to test for fold coverage of individual sgRNAs and skew. Cloned DNA was 
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transformed into TOP10 E. coli and plated. Sufficient electroporations were performed 

for each library to yield >100X library coverage. The plasmid library was isolated from 

the transformed cells after a short outgrowth. The optimized Cas9 library was cloned by 

making use of the Agilent SureVector CRISPR Library Cloning Kit (Part Number 

G7556A). Briefly, the backbone pCas9yl-GW was linearized and amplified by PCR 

using the primers InversePCRCas9Opt-F and InversePCRCas9Opt-R. To verify the 

completely linearized vector, we DpnI digested amplicon, purified the product with 

Beckman AMPure XP SPRI beads, and transformed it into E. coli TOP10 cells. A lack of 

colonies indicated a lack of contamination from the intact backbone. Library ssDNA 

oligos were then amplified by PCR using the primers OLS-F and OLS-R for 15 cycles as 

per vendor instructions using Q5 high fidelity polymerase. The amplicons were cleaned 

using the AMPure XP beads prior to use in the following step. sgRNA library cloning 

was conducted in four replicate tubes and subsequently, pooled and cleaned up as per 

manufacturer’s instructions.  

One amplification bottle containing 1L of LB media and 3 g of high-grade low-gelling 

agarose was prepared, autoclaved, and cooled to 37 °C (Agilent, Catalog #5190-9527). 

Ten transformations of the cloned library were conducted using Agilent’s ElectroTen-

Blue cells (Catalog #200159) via electroporation (0.2 cm cuvette, 2.5 kV, 1 pulse). Cells 

were recovered and with a 1 hr outgrowth in SOC media at 37 °C (2% tryptone, 0.5% 

yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, and 20 mM 

glucose.) The transformed E. coli cells were then inoculated into the amplification bottle 

and grown for two days until colonies were visible in the matrix. Colonies were 
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recovered by centrifugation and subject to a second amplification step by inoculating two 

250 mL LB cultures. After 4 hr, the cells were collected, and the pooled plasmid library 

was isolated using the ZymoPURE II Plasmid Gigaprep Kit (Catalog #D4202) yielding 

~1.8 mg of plasmid DNA encoding the optimized Cas9 sgRNA library. The library was 

subject to a NextSeq run to test for fold coverage of individual sgRNAs and skew. 

 

2.3.6. Y. lipolytica Library Transformation 

Transformation of the sgRNA plasmid libraries into PO1f and PO1f Cas9::A08 cells was 

accomplished with the method described in Chen et al, 1997, with modifications (Chen et 

al., 1997). For each strain of interest, seven 14 mL culture tubes, all containing 2 mL of 

YPD, were each inoculated with a single colony of the given strain, and grown in a 14 

mL tube at 30 °C with shaking at 225 RPM for 22-24 hours (final OD ~30). The cultures 

were then pooled, and 750 µL aliquots were distributed into 12 1.5 mL centrifuge tubes. 

Cells were pelleted (centrifuged at 4000 g), washed with ultrapure water, re-pelleted, and 

each resuspended in the Chen transformation buffer (53% PEG 4000 w/v, 0.1 M Lithium 

Acetate, 0.1 M DTT). Each tube was then sequentially dosed with 3 µL carrier DNA 

(ThermoFisher salmon sperm DNA, sheared, 10 mg/mL) and library plasmid stock (1 µg 

of plasmid per tube). Tubes were gently mixed and transformed by heat shock at 39°C for 

1 hour. Each tube was recovered by adding 1 mL of fresh water, pelleting and aspirating 

supernatant. All 12 pellets were resuspended in 1 mL of fresh water, and then pooled 

back together. Dilutions of the transformation (0.1%, 0.01%, and 0.001%) were plated on 

solid SD-leu media to calculate transformation efficiency. The remaining volume of 
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pooled transformants were then inoculated in 500 mL of SD-leu media (in a 2 L baffled 

flask), and grown for 48 hours at 225 RPM and 30 °C. Cells were centrifuged and 

resuspended in fresh SD-leu media to bring their OD to 20. Glycerol stock aliquots of the 

full volume of transformants were then prepared by mixing 800 µL of the resuspended 

transformation culture with 200 µL 100% glycerol, flash freezing in liquid nitrogen, and 

storing at -80 °C. Four biological replicates of each strain’s transformation were 

performed for pooling as necessary during screen experiments to ensure adequate 

diversity to maintain library representation and minimize the effect of plasmid instability 

(>100x coverage, >2.4 x 106 total transformants per biological replicate). 

 

2.3.7. Y. lipolytica solid/liquid glucose screen 

Twelve hours prior to assay start, four glycerol stocks of prepared library cells (see 

methods 4.6), each from a separate transformation preparation, were pooled into 25 mL 

of SD-leu media in a 250 mL baffled flask, and grown for 12 hours at 225 RPM, 30°C.  

Cells were recovered as a pellet via centrifugation (at 4000 g for 5 minutes). To remove 

residual glucose, the cell pellet was washed with 15 mL of ultrapure water four times, 

with cells being recovered via centrifugation each time. 

25 mL of liquid glucose minimal media (see Turki et al., 2009) cultures were seeded with 

washed cells up to an OD600 of 0.3. Two biological replicates were cultured for each 

strain, resulting in 4 flasks. Cells were then grown at 30 °C at 220 RPM. The experiment 

was halted after 42 hours of growth, with the OD600 of all flasks ranging from 8 to 12. 
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Optimal optical density for plating on glucose was calculated to be: OD600 0.05 (See 

section 2.3.12). For each plate formulation replicate, 100 µL of the washed cells, diluted 

to OD600 0.05, were plated onto 16 pre-prepared plates (see section 2.3.11) using sterile 

beads (16 total plates per replicate or 64 plates total).  Plated cells were allowed to dry in 

a laminar air flow hood for 1 hour, then they were grown in a static 30°C incubator for 42 

hours (see section 2.3.12 for endpoint calculation). Upon removal from the incubator, 

plates were imaged in the BioRad imager and analyzed to ensure colonies were discrete 

and representative of individual transformants.  

The entire volume of each liquid culture replicate was centrifuged at 4000 g for 10 

minutes, with the media aspirated off of the pellet.  Then, each replicates’ cells were 

resuspended in 3 mL of sterile water, split into three 1 mL tubes, re-pelleted and 

aspirated, and frozen at -80°C until ready to process further.  Solid media cells were 

harvested in a two-part process. First, as much of the colony mass on the plate surface as 

possible was removed from each plate with 15 mL of Tween 80 buffer (0.01% Tween 80, 

0.11 M KH2PO4, 0.03 M K2HPO4) per plate, and the colonies scraped off with a plastic 

cell spreader.  The samples from all eight plates were pooled for each replicate and 

centrifuged at 4000 g for 10 minutes to recover the cells. To recover the remaining cell 

mass which had burrowed into the solid media, we used a spatula to remove the solid 

media out of the plates, cut into small pieces, and placed in 250 mL centrifuge vessels. 

We added 35 g of urea to each vessel, and topped off to 100 mL with Tween 80 

buffer.  We then sealed and moved the vessels to a 70°C water bath for 10 minutes to 

melt the media and free the cell mass. The vessels were then centrifuged at 4000 g for 5 
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minutes.  The molten agar media was aspirated away from the cell pellets, which were 

rinsed in ultrapure water and re-centrifuged to remove any residual agar contamination, 

before being combined with the previously recovered surface colony cells. After pooling 

washed and embedded cells, we divided the total cell mass from each replicate into three 

1.5 mL centrifuge tubes, and stored in a -80°C freezer until ready to harvest the library 

plasmids. 

 

2.3.8. Solid Liquid Screen Library isolation and sequencing 

Frozen pelleted culture samples from the solid and liquid cultures were thawed and 

resuspended in 400 µL sterile, Ultrapure H2O. Each cell suspension was split into two, 

200 µL samples. Plasmids were isolated from each sample using a Zymo Yeast Plasmid 

Miniprep Kit (Zymo Research). Splitting into separate samples here was done to 

accommodate the capacity of the Yeast Miniprep Kit, specifically to ensure complete 

lysis of cells using Zymolyase and lysis buffer. This step is critical in ensuring sufficient 

plasmid recovery and library coverage for downstream sequencing as the gRNA plasmid 

is a low copy number plasmid. The split samples from a single pellet were pooled, and 

the plasmid copy number was quantified using quantitative PCR with qPCR-GW-F and 

qPCR-GW-R and SsoAdvanced Universal SYBR Green Supermix (Biorad). Each pooled 

sample was confirmed to contain at least 107 plasmids so that sufficient coverage of the 

sgRNA library is ensured.  

At least 0.2 ng of plasmids (approximately 3x107 plasmid molecules) were used as 

template for PCR and amplified for 16 cycles and not allowed to proceed to completion 
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to avoid amplification bias. The PCR product was purified using SPRI beads and tested 

on a bioanalyzer to ensure the correct length.  

Samples from the Cas9 screens were prepared as previously described in Schwartz et al., 

2019. Briefly, isolated plasmids were amplified using forward (Cr1667-Cr1669) and 

reverse primers (Cr1669, Cr1670, Cr1672, and Cr1710) containing the necessary 

barcodes, pseudo-barcodes, and adapters (Supplemental Table S3). Approximately 

1x107 plasmids were used as a template and amplified for 22 cycles, not allowing the 

reaction to proceed to completion. Amplicons at 250 bp were then magnetic bead 

extracted and tested on the bioanalyzer to ensure correct length. Samples were pooled in 

equimolar amounts and submitted for sequencing on a NextSeq 500 at the UCR IIGB 

core facility.  

 

2.3.9. Generating sgRNA read counts from raw reads 

Next-generation sequencing raw FASTQ files were processed using the Galaxy platform 

(Afgan et al., 2018). Read quality was assessed using FastQC v0.11.8, demultiplexed 

using Cutadapt v1.16.6, and truncated to only contain the sgRNA using Trimmomatic 

v0.38. Custom MATLAB scripts were written to determine counts for each sgRNA in the 

library using Bowtie alignment (Bowtie2 v2..4.2; inexact matching) and naïve exact 

matching (NEM). The final count for each sgRNA was taken as the maximum of the two 

methods. Parameters used for each of the tools implemented on Galaxy are provided in 

Supplemental Table S4, and the demultiplexing primers/barcodes are provided in 

Supplemental Table S5 
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2.3.10. Identification of screening hits 

Read counts from the glucose screen in SD-leu media in strains containing KU70 gene 

knockout and Cas9 were used to calculate cutting score (CS) for each sgRNA by 

computing log2 ratio of the total normalized abundances in control and treatment 

samples, as described in (Ramesh et al. 2023).  Read counts from the Cas9-containing 

strain sampled before inoculation into solid and liquid media conditions served as control 

to calculate sgRNA FS values. The sgRNA FS values from all datasets, along with the 

CS, were further used to identify significant hits from the respective screens via 

calculation of gene fitness scores using acCRISPR v1.0.0 (Ramesh et al., 2023). A CS-

threshold of 1.5 was found to be optimum to remove low-activity sgRNAs from the 

optimized sgRNA library (library v2), and hence, the parameter cutoff was set to 1.5. 

Significance testing in acCRISPR is accomplished using a one-tailed or two-tailed z-test 

of significance. To identify genes beneficial and detrimental to growth in the solid and 

liquid glucose growth conditions, the significance parameter was set to ‘two-tailed’. In all 

cases, genes having FDR-corrected p-value < 0.05 were deemed as significant. 

 

2.3.11. Solid and liquid glucose media preparation 

Liquid glucose minimal media was prepared in 1 L batches.  First, 500 mL of 2x 

concentration minimal media was prepared via autoclaving (for each bottle, 1 g MgSO4 * 

7H2O, 4 g (NH4)2, 10 mg FeCl3 * 6H2O, 200 mg Uracil, 4 µg Myo-Inositol, 8 µg Biotin, 

200 µg Thiamine HCl, 15 g KH2PO4, and 5.5 g K2HPO4). Simultaneously, a 500 mL 
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mixture of ultrapure water and 20 g D-glucose was also autoclaved. The glucose-water 

mixture was added to the 2x minimal media mixture, briefly mixed on a stir plate, and 

allowed to cool to room temperature. 

Solid medium glucose plates were prepared in batches of 50 (20 mL of media per 100 

mm petri dish). First, 500 mL of 2x concentration low melt agarose minimal media was 

prepared via autoclaving (for each bottle, 1 g MgSO4 * 7H2O, 4 g (NH4)2, 10 mg FeCl3 * 

6H2O, 15 g LMP Agarose, 200 mg Uracil, 4 µg Myo-Inositol, 8 µg Biotin, 200 µg 

Thiamine HCl, 15 g KH2PO4, and 5.5 g K2HPO4), and kept molten in a 70°C water bath 

until ready for use.  Meanwhile, a 500 mL mixture of ultrapure water and 20 g D-glucose 

was autoclaved and kept heated to approximately 70°C on a heated stir plate. The 

glucose-water mixture was added to the 2x low melt agarose minimal media mix, and 

briefly mixed on a stir plate, and immediately dispensed into petri dishes. Plates were 

allowed to harden in a laminar air flow hood for 2 hours and then refrigerated until 

needed, up to 3 days. 

 

2.3.12. Y. lipolytica Glucose Culturing Optimization 

Prior to selection screens, optimized Y. lipolytica cell plating densities were calculated on 

solid medium glucose plates. Twelve hours prior to assay start, four glycerol stocks of 

prepared library cells (see methods 2.2.7), each from a separate transformation 

preparation, were pooled into 25 mL of SD-leu media in a 250 mL baffled flask, and 

grown for 12 hours at 225 RPM, 30°C.  Cells were recovered as a pellet via 

centrifugation (at 4000 g for 5 minutes).  To remove residual glucose, the cell pellet was 
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washed with 15 mL of ultrapure water four times, with cells being recovered via 

centrifugation each time. Dilutions of the washed cells were then prepared to OD-600 

absorbances of 0.4, 0.2, 0.1, and 0.05.  Then, 100 µL of each cell dilution was plated on a 

glucose minimal media plate (see methods 2.2.11) using sterile beads.  Plated cells were 

allowed to dry in a laminar air flow hood for 1 hour, then they were grown in a static 

30°C incubator for two days.  Starting at 24 hours, and every 24 hours thereafter, plates 

were checked for colony formation. Once discrete colonies had grown large enough to be 

easily visualized, the plates were removed and imaged in a Biorad imager. For each plate 

formulation, the day at which discrete colonies could be visualized was chosen as the 

endpoint for the selection screen assays, adjusted downwards by up to 6 hours if colonies 

had begun to merge.  Finally, we selected the maximum OD for each plate formulation 

that still formed discrete (instead of fused) colonies to use as the selection screen plating 

density. 
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2.4 Chapter 2 Results and Discussion 

2.4.1 Solid and Liquid State Screening Identifies genes involved with 

growth on different phased substrates 

In order to identify genes essential for growth on solid and liquid media, we used the 

acCRISPR pipeline (Ramesh et al. 2023) to calculate significant fitness score (FS) 

outliers, with negative outliers representing essential genes for the given condition, and 

positive outliers representing gene knockouts that convey a fitness advantage.  We 

conducted functional screens using 2% glucose minimal media, with library cells 

harvested prior to seeding (as a control) and after 42 hours of growth.  We were thus able 

to calculate FSs for all of the library’s single knockouts grown in a shaken liquid culture, 

as well as a static solid culture (Figure 2.1a).  The FS values represent the log2-ratio of 

the ratio of recovered gRNA abundances between a given growth condition and the pre-

treatment time 0 sample, from which FS values for genes may be calculated.  The FS 

values of the knockout strains in the two environments have a wide distribution.  The 

acCRISPR pipeline was used to correct our FS values for the activities of the guides used 

to generate them, enabling us to calculate the statistically significant positive and 

negative FS outliers, signifying advantageous knockouts and essential genes, respectively 

(Fig 2.1b).  It was noted that there was a wider range of FS outlier magnitude for solid 

media than for liquid media, especially for negative FS values.  While the number of 

essential gene hits for solid and liquid media were almost identical each other, (563 solid 

essential hits and 559 liquid essential hits) the solid media essential gene hits had 

negative FS values with magnitudes 4 times greater than the liquid media hits. 
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Figure 2.1. Solid vs Liquid glucose functional genomic CRISPR screening. (a) Growth screens 

were conducted using Y. lipolytica PO1f Cas9 with time 0 h and time 42 h control and treatment 

conditions respectively in two media conditions – liquid 2% (w/v) glucose minimal media and solid 

2% (w/v) glucose minimal media. Fitness score (FS) is calculated as the average enrichment of 

guides targeting a gene after 42 hours of growth compared to 0 hours of growth. Genes with a 

higher FS indicate that the knockout gave a fitness advantage. (b) Corrected FS values for all genes 

in the solid and liquid glucose screens, as determined from the acCRISPR pipeline. Red portions 

of the curves represent essential genes for glucose while blue portions of the curves represent 

knockouts with a fitness advantage  (c) Venn diagrams representing gene hits in solid and liquid 

conditions after each filtering step.  Low-activity guides and glucose essential genes were removed 

to condense the pool of hits. 
 

With 7852 targeted genes in the library (98.8% coverage), a total of 826 significant 

outliers were found in the liquid condition, and 794 significant outliers were found from 

the solid sample.  There were also 668 significant outliers that occurred under both 

conditions.  Still, in order to reduce the risk of false positives, we removed hits derived 

from gRNAs with CS < 1.5, leaving us with 7315 targeted genes (93.1% of the genome) 
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and 564 significant liquid hits, 566 significant solid hits, and 236 hits from both 

categories.  Hits that occur in both solid and liquid conditions are likely to be either 

essential genes or advantageous knockouts regardless of media state, so we chose to 

focus on solid or liquid exclusive hits to elucidate further knowledge about growth on 

different types of substrate (Fig 2.1c).  

 

2.4.2 Solid and Liquid State essential gene and beneficial hits identify 

knockouts that favor solid or liquid conditions 

We then quantified the significant hits as GOF and LOF hits from the CS-filtered unique 

solid and liquid hits and sorted the deleted genes by putative cellular function.  There 

were 3 unique solid hits with a fitness advantage, and 5 unique liquid hits with a fitness 

advantage (Figure 2.2a).  The low number of advantageous knockouts is not surprising, 

as single gene deletions rarely convey a measurable benefit for cells under unique growth 

conditions.  The number of hits was further reduced by our removal of low cutting score 

guides, eliminating many likely false positive advantageous hits (30 hits were trimmed 

from the liquid fitness advantage hits, and 3 hits were trimmed from the solid fitness 

advantage hits).  The few advantageous knockout hits that we found were subjected to 

literature-based functional analysis, beginning with utilizing the Yarrowia lipolytica 

CLIB89 (YALI1) annotated genome (Magnan et al. 2016) to identify gene homologies 

with other yeasts and fungi, followed up with BLAST and paper-BLAST searches.  We 

used the existing annotations and literature on gene homologues to manually classify the 

advantageous knockouts into broad cellular function categories. 
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Figure 2.2. Biological Function of top Solid vs Liquid GOF screening hits. (a) Post hit filtering 

of improved fitness hit counts for liquid and solid.  (b) Liquid and solid advantageous knockout 

hit distribution by biological function: Fatty acid/sterol metabolism, stress response and tolerance, 

cell maintenance, and unknown. (c) Analysis of liquid and solid GOF hits, their homologies, and 

functions. 
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We then grouped hits by broad gene function categories derived from literature review.  

Due to existing literature tying hyphal formation to improved growth on solid substrate 

(Rahardjo et al. 2002), we include genes with known relationships to cellular morphology 

as their own category.  Functional analysis of the fitness advantage hits indicated two 

unknown genes with no obvious homologies for solid media, and one gene classified 

under cellular maintenance (Figure 2.2b).  This gene, F09433g, has homology with 

ATG15 in S. cerevisiae, and atg15 S. Pombe, A. niger, and N. crassa (Figure 2.2c).  All 

of them code for a phospholipase vital for vacuole autophagy (Mukaiyama et al. 2009; 

Nitsche et al. 2012).  One putative reason for an autophagy-suppression knockout to 

provide a fitness advantage on solid media might be a release of more resources to go 

towards cell division and growth, if autophagy wasn’t as important on solid media in the 

presence of glucose, though the use of minimal media and cannot be ruled out as a 

contributing factor. 

 

The fitness advantage hits for liquid cultures were more widespread.  Two each of cell 

maintenance and metabolism genes were found, as well as a stress response gene.  The 

metabolism related genes were E36098g, a tRNA methyltransferase (Liu et al. 1998), and 

C20224g, which degrades monoacylglycerol (Heier et al. 2016).  The cell maintenance 

genes were C08882g, a mitochondrial membrane import regulator (Zöller et al. 2020) and 

E02000g, a G1/S cell cycle regulator (Horak et al. 2002).  The last hit was an arrestin-like 
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protein, involved with endomembrane transport under stress or nutrient change 

conditions (Baile et al. 2019).  Further experiments are needed to determine why deleting 

these genes may provide a fitness advantage in liquid glucose minimal media. 

 

In order to gain further insights on genes essential to growth in a solid media 

environment, we analyzed essential gene hits for growth on solid media.   As there were 

many hits across a wide range of different categories, we organized them into a broader 

grouping of categories to classify the types of essential genes for solid media growth 

(Figure 2.3a) by using the existing YALI1 genome annotations to find homologous 

genes via paperBLAST (Magnan et al. 2016).  Genes related to translation, ribosome 

biogenesis, and ribosome activity were the most common solid media essential gene 

category, with transcriptional regulation, endomembrane/transport, and miscellaneous 

metabolism making up other highly prevalent categories.   

 
Figure 2.3. Biological Function of Solid LOF screening hits. (a) Broad categorical filtering of all 

327 essential gene hits for solid media, derived from GO-terms and BLAST alignments from the 

literature.  (b) Representative solid essential gene hits, with homology-derived putative function.
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Representative genes from each of the broad categories, along with their S. cerevisiae 

homologs, were cataloged as well; the lowest FS value from each category was chosen 

(Figure 2.3b).  Of these genes, F30254g was noteworthy as homologous to the Candida 

albicans gene cdc39, a transcription factor putatively linked to deficits in filamentous 

growth (Uhl et al. 2003; Epp et al. 2010).  F37890g is another hit of interest, as A 

homolog to an elF3 translation factor component in Neurospora crassa and S. cerevisiae.  

In the case of S. cerevisiae, the knockout decreased biofilm formation (Vandenbosch et 

al. 2013).  Previous work has shown a putative benefit of yeast biofilm formation for 

solid medium growth, which may explain the essentiality of this knockout on solid media 

(Lima-Pérez et al. 2018).  In both cases, the knockouts may disrupt phenotypes that are 

believed to be advantageous for yeast growth on solid media.  The other hits affect a wide 

range of cellular mechanisms, including para-aminobenzoic acid synthesis (Botet et al. 

2007), cell cycle progression (Hartwell et al. 1973), and endomembrane trafficking (Reid 

et al. 2011).  There weren’t always clear connections in the literature between the hits and 

growth on solid media, so in order to find more consistent patterns in the relationship 

between cellular function and media type, we refocused our analysis on GO-term 

differences between solid and liquid media. 
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2.4.3 Solid and Liquid State Essential Hit FunCat Analysis identifies 

putative essential cellular systems for growth on solid media 

To further elucidate categories of genes that are uniquely essential for solid media 

growth, the essential gene hits for both the solid and liquid conditions were analyzed 

using FunCat term categories, a gene annotation scheme that serves as a more 

hierarchical alternative to gene ontology (GO) terms (Ruepp et al. 2004).  We utilized the 

open source analysis tools in the FungiFun2 online platform (Priebe et al. 2015), in which 

statistically significant (p < 0.05) FunCat term enrichments and depletions for submitted 

sets of genes were calculated using one-sided Fisher’s exact tests, comparing FunCat 

term prevalence across the YALI0 genome to their occurrences in the submitted gene 

sets.  We then arranged the significantly enriched and depleted terms into their respective 

term hierarchies, enabling us to visualize biological trends unique to the two growth 

conditions (Figure 2.4, Supplemental Figure S2.1, Supplemental Figure S2.2, 

Supplemental Figure S2.3, Supplemental File S2.6). 
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Figure 2.4. Significant FunCat term enrichments and depletions between solid and liquid 

essential hits.  Colored squares represent statistically significant occurrences of the FunCat 

annotations in the given gene set, while white squares categories did not have significant 

occurrences of the listed FunCat term (significance was determined through one-sided Fisher’s 

exact tests). (a) Solid Essential Gene Enriched FunCat Term Categories.  There were some shared 

categories of enrichment with the liquid essential gene hits, but vesicular and ER to Golgi 

transport categories were unique to the solid essential gene hits, as were protein complex 

assembly and nuclear/chromosomal cycle categories.  (b) Solid Essential Gene Depleted FunCat 

Term Categories.  Metabolism, detoxification, and cellular communication were under-

represented terms across the solid essential gene hits.   (c) Liquid Essential Gene Enriched 

FunCat Term Categories.  Here, we see substantial overlap in the protein binding function, 

protein synthesis, and transcription categories with the solid essential gene hits, but with some 

more specific categories emphasized, including RNA binding and ribosomal proteins. 

 

The FunCat analysis of our solid and liquid essential gene sets identified significantly 

enriched and depleted annotation categories across nine broad biological function 

classifications (Figure 2.4).  Some terms were significantly enriched across both solid 

and liquid essential gene sets (Figure 2.4a,c).  They tended to fall under broad categories, 

such as “protein binding”, though “RNA binding” was only a significant term hit for 

liquid essential genes (Figure 2.4a,c).  “Protein synthesis” and its sub-category of 

“ribosome biogenesis” also were significant hits for both gene sets, though a third tier sub 

term, “ribosomal proteins”, was only a significant hit for liquid (Figure 2.4a,c).  

Interestingly, the third tier term “rRNA” processing was significantly enriched for both 
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gene sets, but its parent terms of “RNA processing” and “Transcription” (second and first 

tier respectively) were only significantly enriched for the solid essential gene set (Figure 

2.4a,c). Overall, there were few terms that were enriched only in the liquid essential gene 

set, but the few that were RNA and ribosome related (Figure 2.4c). 

While no FunCat terms were significantly depleted in the liquid essential gene set, a few 

terms were significantly depleted from the solid essential gene set.  All fell into three 

categories without any significant enrichment in either gene set (Figure 2.4b).  The 

broad, first tier terms of “Metabolism” and “Cellular Communication/Signal 

Transduction Mechanism” were depleted, as was the second tier term of “Detoxification” 

(though its parent first tier term, “Cell Rescue, Defense and Virulence” was not 

significantly depleted).  On their own, these depleted terms don’t indicate a pattern that 

matches trends in existing literature. 

The most relevant FunCat results showed several distinct cellular functions with 

significant enrichment only in the solid essential gene knockouts, indicating the putative 

importance of those functions for growth on solid media.  Two of the significant term hits 

fell under the broad “cellular transport, transport facilitation, and transport route” first tier 

category, also falling under the “Transport Route” second tier category.  The third tier 

term “Vesicular Transport”, and its own fourth tier sub-term “ER to Golgi Transport” 

were both enriched only for the solid essential gene hits (Figure 2.4a).   

There are some possible reasons why endomembrane and cellular transport-related genes 

could be essential more often on solid media.  Some genes related to the endomembrane 
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system, such as the Ras superfamily proteins RAB4 and YPT1, and the peroxisome 

membrane gene Y1INP1 have previously been shown to be upregulated or beneficial 

during hyphal growth in SSF (Chang et al. 2007; Salgado-Bautista et al. 2020; Swennen 

and Beckerich 2007).  Since cell wall components must be transported over greater 

distances for hyphae to grow on solid media, endomembrane and cellular transport genes 

are likely to play a key role in hyphal growth on solid media (Pakula et al. 2005).  Since 

genes that promote hyphal growth or transition are already known to be beneficial for 

SSF (Gomes et al. 2018), it is not surprising that endomembrane system genes, which 

may play a role in hyphal growth, were often found to be essential in solid media, though 

further studies will be required to validate the specific essentialities of these genes for 

growth on solid media. 

For both solid and liquid essential genes, we demonstrated possible trends in essential 

cellular functions that vary between them.  While further studies will need to be 

conducted to validate and further refine the connections between endomembrane system 

and mitochondrial genes and essentiality on solid media, these results provide individual 

knockouts to study in more detail with a focus on how their loss affects those functions.   
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2.5 Chapter 2 Conclusion 

The preceding results demonstrate various categories of gene that appear to be especially 

important for growth in solid and liquid conditions for Yarrowia lipolytica.  The refined 

CRISPR knockout library was well represented in the samples, and provided broad 

coverage of possible knockouts, even after experimental filters were applied.  We also 

demonstrated the viability of pooled solid-media knockout screens for Yarrowia 

lipolytica.  By also applying GO-term analysis, we were able to identify additional 

patterns within our knockout FS values.  Further investigation of the suppression of 

vacuole autophagy may yield further understanding which cellular functions should be 

suppressed to maximize cellular efficiency for growth on solid substrates.  Conversely, 

strain alterations that may interfere with mitochondrial function and aerobic respiration 

appear to be incompatible with efficient growth on solid media.  By utilizing our refined 

CRISPR knockout library coupled to various types of pooled growth screens, we may 

identify valuable strain engineering targets for growth under increasingly broad ranges of 

conditions and for a wider range of industrial bioprocessing tasks. 
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Chapter 3: Optimized genome-wide CRISPR screening enables rapid 

engineering of growth-based phenotypes in Yarrowia lipolytica 

3.1 Chapter 3 Abstract 

CRISPR-Cas9 functional genomic screens uncover gene targets linked to various 

phenotypes for metabolic engineering with remarkable efficiency. However, these 

genome-wide screens face a number of design challenges, including variable guide RNA 

activity, ensuring sufficient genome coverage, and maintaining high transformation 

efficiencies to ensure full library representation. These challenges are prevalent in non-

conventional yeast, many of which exhibit traits that are well suited to metabolic 

engineering and bioprocessing. To address these hurdles in the oleaginous yeast Yarrowia 

lipolytica, we designed a compact, high-activity genome-wide sgRNA library. The 

library was designed using DeepGuide, a sgRNA activity prediction algorithm, and a 

large dataset of ~50,000 sgRNAs with known activity. Three guides per gene enables 

redundant targeting of 98.8% of genes in the genome in a library of 23,900 sgRNAs. We 

deployed the optimized library to uncover genes essential to the tolerance of acetate, a 

promising alternative carbon source, and various hydrocarbons present in many waste 

streams. Our screens yielded several gene knockouts that improve acetate tolerance on 

their own and as double knockouts in media containing acetate as the sole carbon source. 

Analysis of the hydrocarbon screens revealed genes related to fatty acid and alkane 

metabolism in Y. lipolytica. The optimized CRISPR gRNA library and its successful use 

in Y. lipolytica led to the discovery of alternative carbon source-related genes and 
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provides a workflow for creating high-activity, compact genome-wide libraries for strain 

engineering. 
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3.2 Introduction 

High throughput functional genomic screens are an essential tool for optimizing yeast 

production strains (Liu et al., 2015). By screening for the genotypes that underpin traits 

such as antimicrobial resistance (Kwak et al., 2011), ethanol resistance (Fujita et al., 

2006), or morphological changes (Lupish et al., 2022), functional genomic screens can 

identify and deconvolute coding and regulatory sequences associated with specific 

cellular functions (Lian et al., 2019). Functional genome-wide screens have been 

especially effective tools for engineering industrially beneficial traits into yeast (Patterson 

et al., 2018). Yeasts such as Saccharomyces cerevisiae (Chen et al., 2016; Fujita et al., 

2006), Yarrowia lipolytica (Lupish et al. 2022; Patterson et al. 2018; Jagtap et al. 2021; 

Ramesh et al. 2023), Candida albicans (Adames et al., 2019; Gervais et al., 2021; Wang 

et al., 2020), and Komagataella phaffii (Alva et al., 2021; Nishi et al., 2022; Tkachenko 

et al., 2023) have all undergone genome-wide screens to better understand industrially 

significant metabolic pathways. The outputs have led to promising improvements, such 

as increased stress tolerance (Crook et al., 2016; Fujita et al., 2006), improved protein 

production and secretion (Huang et al., 2015; Wang et al., 2019), and alternative nutrient 

utilization (Xu et al., 2019). 

Many recent breakthroughs with functional genomic screens were enabled by CRISPR-

editing methods, including CRISPR knockout (Horwitz et al., 2015), knock-in (Stovicek 

et al., 2015), CRISPRi (targeted gene inhibition (Momen-Roknabadi et al., 2020; 

Schwartz et al., 2017)), and CRISPRa (targeted gene activation (Schwartz et al., 2018)) 

screens. These techniques provide broad genomic coverage and high specificity to 
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identify gene targets in various host organism cellular functions. The key component of 

all CRISPR screens is the guide RNA (gRNA or sgRNA) library (Jakočiūnas et al., 

2015), which may target either all of the genes in a host genome (Schwartz et al., 2019a), 

or a specific subset (Thompson et al., 2021). Once a library is assembled, CRISPR 

screens can be utilized to identify key genes in metabolic pathways or industrially 

relevant phenotypes (Jakočiūnas et al., 2015; Thorwall et al., 2020), or find gene 

expression changes that enhance pathway flux (Da Silva and Srikrishnan, 2012). 

Functional CRISPR screens are categorized as either arrayed or pooled screens. 

Individually prepared mutants may be assembled into discrete or overlapping panels, and 

analyzed with an arrayed screen approach (Cachera et al., 2024). The outputs from 

arrayed screens are typically directly measurable phenotypes resulting from each mutant, 

such as production strain survival or accelerated growth rate (Garcia et al., 2021; 

Gutmann et al., 2021; Lupish et al., 2022). Arrayed screens are excellent for in-depth, 

quantitative analysis of specific genes predicted to affect phenotypes of interest (Liu et 

al., 2022). However, they are labor intensive to execute with larger libraries, as they 

require isolated strain preparations for each mutant to be tested (de Groot et al., 2018). 

Alternatively, large, whole genome mutant libraries may be analyzed through a pooled 

screen (Bowman et al., 2020). Highly efficient transformation methods are used to 

generate a representative population of library cells, generating all possible single 

knockouts (or gene inhibitions/activations) of the given organism within a single culture 

volume (Schwartz et al., 2019). The pooled mutant library cells may then undergo 

phenotypic divergence when grown under a selection pressure (Smith et al., 2016). While 
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individual genotypes cannot be directly observed or isolated in the pooled culture, deep 

sequencing can be used to find sgRNA prevalences and by extension, essential genes or 

genes involved in a phenotype of interest (Ramesh et al., 2022). Pooled genome-wide 

screens are an ideal high throughput method for studying unknown relationships between 

genes, how those relationships affect desired phenotypes, and how those interactions 

affect metabolite production (Li et al., 2020). Still, challenges remain in the design and 

utilization of genome-wide sgRNA libraries. They must have maximized coverage of the 

host genome, ideally with highly efficient guide activities. Guide RNA expression 

characteristics must also be optimized to ensure sufficient genome coverage (Dalvie et 

al., 2020). To overcome these challenges, techniques are required to better optimize 

CRISPR gRNA libraries. 

In this work, we design an optimized sgRNA library for CRISPR genome-wide pooled 

screens in Y. lipolytica. We then validated our library for use in growth-based functional 

genomic screens to improve growth on non-glucose carbon sources, including acetate, 

fatty acids, and hydrocarbons. To optimize our library, we strategically reduced the size 

of a previously established Y. lipolytica sgRNA knockout library by half, while 

maintaining coverage of the host genome. In addition to existing experimentally validated 

sgRNAs, we also incorporated new sgRNAs predicted by DeepGuide (Baisya et al., 

2022). To identify phenotypes of interest, we screened Y. lipolytica harboring both the 

sgRNA library and integrated Cas9 on a variety of carbon sources. From our hydrocarbon 

screens, we found significant overlap in genes essential for growth between similar 

hydrocarbons. We experimentally validated our acetate hits and found that knockouts of 
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our top hits shortened lag phase and increased growth with acetate as the sole carbon 

source. This Y. lipolytica optimized CRISPR gRNA library provides a workflow for 

designing efficient libraries for functional genomic screening of metabolic engineering 

traits. 
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3.3 Materials and Methods 

3.3.1. Microbial strains and culturing 

All strains used in this work are presented in Supplemental Table S1. Yarrowia 

lipolytica PO1f (MatA, leu2-270, ura3-302, xpr2-322, axp-2) is the parent for all mutants 

used in this work. Unless otherwise noted, all yeast culture growth was carried out in 14 

mL polypropylene tubes or 250 mL baffled flasks, with incubator conditions of 30 °C and 

220 RPM. Under non-selective conditions, Y. lipolytica was grown in YPD (1% Bacto 

yeast extract, 2% Bacto peptone, 2% glucose). Cells transformed with sgRNA-expressing 

plasmids were initially propagated in synthetic defined media deficient in leucine (SD-

leu; 0.67% Difco yeast nitrogen base without amino acids, 0.069% CSM-leu (Sunrise 

Science, San Diego, CA), and 2% glucose) for two days to allow for genome edits to 

occur. All plasmid constructions and propagations were conducted in Escherichia coli 

TOP10. E. coli cultures grown in Luria-Bertani (LB) broth with 100 mg/L ampicillin at 

37 °C in 14 mL polypropylene tubes, at 220 RPM. Plasmids were isolated from E. coli 

cultures using the Zymo Research Plasmid Miniprep Kit II. 

 

3.3.2. Plasmid construction 

All plasmids and primers used in this work are listed in Supplemental Table S2 and 

Supplemental Table S3, respectively. The plasmids used to knock out genes in Y. 

lipolytica PO1f were constructed by ordering the corresponding sgRNA as a primer 

(Supplemental Table S3) with 20 bp homology up- and downstream of the AvrII cutsite 

in the pSC012 plasmid. 60 bp top and bottom strands were ordered and annealed 
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together. The annealed strand and digested plasmid were assembled using Gibson 

Assembly in a 10:1 molar ratio (insert:vector). The assembly product was then 

transformed directly into electrocompetent E. coli TOP10 cells to eventually be 

propagated and harvested by Miniprep. 

 

3.3.3. Y. lipolytica CRISPR knockouts 

A plasmid containing Cas9 and the appropriate sgRNA (pSC012) for the desired gene 

knockout was transformed into Y. lipolytica using a protocol described by Chen et al. 

(Chen et al., 1997). In short, a single colony of the background strain of interest was 

grown in 2 mL of YPD liquid culture in a 14 mL culture tube at 30 °C with shaking at 

220 RPM for 22-24 hours (final OD ~30). 300 µL of culture (~108 cells) were pelleted by 

centrifugation at 4,000g for 2 minutes and then resuspended in 300 µL of transformation 

buffer. The transformation buffer contains a final concentration of 45% PEG 4000, 0.1M 

Lithium Acetate and 100 mM Dithiothreitol. Then, 500 ng of plasmid DNA was added 

followed by 8 µL 10 mg/L ssDNA (Agilent). The reaction mix was vortexed thoroughly 

and then incubated for 1 hour at 39 °C. 1 mL of water was added and then the cells were 

pelleted and inoculated into 2 mL SD-ura selective liquid media. After 3 days, the cells 

were plated at a 10-6 dilution on YPD. After one day of incubation at 30 °C colony PCR 

and then sanger sequencing was performed to find frameshift mutation gene knockdowns. 
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3.3.4. sgRNA Library Design 

Custom MATLAB scripts were used to design the optimized Cas9 library, and the key 

elements of the design are reported here. The optimized library had 3 guides designed for 

all 7919 mRNA coding genes in the Y. lipolytica CLIB89 genome 

(https://www.ncbi.nlm.nih.gov/assembly/GCA_001761485.1) (Magnan et al., 2016). Of 

these 3 guides, 2 were intended to be picked from the pool of best performing guides in 

the previous Cas9 screen (Schwartz et al., 2019a), while the third guide was designed by 

DeepGuide predictions (Baisya et al., 2022; Schwartz et al., 2019a). First, sgRNAs with 

CS>4.0 from the Schwartz et al. Cas9 screen were sorted from highest to lowest and the 

best two sgRNAs for each gene were identified. The third sgRNA for all genes, as well as 

guides for any genes that did not have two highly active guides (CS>4.0), were obtained 

from DeepGuide’s best predictions for that gene. All sgRNAs in the optimized library 

were verified to contain a unique seed sequence (11 nucleotides closest to the PAM). 360 

nontargeting sgRNAs were also included in the library. These guides were confirmed not 

to target anywhere within the genome by ensuring that the first 12 nucleotides of the 

sgRNA did not map to any genomic loci. 

 

3.3.5. sgRNA Library Cloning 

The Cas9 library targeting the protein-coding genes in PO1f was ordered as an 

oligonucleotide pool from Agilent Technologies Inc. and cloned in-house using the 

Agilent SureVector CRISPR (Part Number G7556A). The library was subject to a 

NextSeq run to test for fold coverage of individual sgRNAs and skew. Cloned DNA was 
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transformed into NEB 10-beta E. coli and plated. Sufficient electroporations were 

performed for each library to yield >100X library coverage. The plasmid library was 

isolated from the transformed cells after a short outgrowth. The optimized Cas9 library 

was cloned by making use of the Agilent SureVector CRISPR Library Cloning Kit (Part 

Number G7556A). Briefly, the backbone pCas9yl-GW was linearized and amplified by 

PCR using the primers InversePCRCas9Opt-F and InversePCRCas9Opt-R. To verify the 

completely linearized vector, we DpnI digested amplicon, purified the product with 

Beckman AMPure XP SPRI beads, and transformed it into E. coli TOP10 cells. A lack of 

colonies indicated a lack of contamination from the intact backbone. Library ssDNA 

oligos were then amplified by PCR using the primers OLS-F and OLS-R for 15 cycles as 

per vendor instructions using Q5 high fidelity polymerase. The amplicons were cleaned 

using the AMPure XP beads prior to use in the following step. sgRNA library cloning 

was conducted in four replicate tubes and subsequently, pooled and cleaned up as per 

manufacturer’s instructions.  

One amplification bottle containing 1L of LB media and 3 g of high-grade low-gelling 

agarose was prepared, autoclaved, and cooled to 37 °C (Agilent, Catalog #5190-9527). 

Ten transformations of the cloned library were conducted using Agilent’s ElectroTen-

Blue cells (Catalog #200159) via electroporation (0.2 cm cuvette, 2.5 kV, 1 pulse). Cells 

were recovered and with a 1 hr outgrowth in SOC media at 37 °C (2% tryptone, 0.5% 

yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, and 20 mM 

glucose.) The transformed E. coli cells were then inoculated into the amplification bottle 

and grown for two days until colonies were visible in the matrix. Colonies were 
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recovered by centrifugation and subject to a second amplification step by inoculating two 

250 mL LB cultures. After 4 hr, the cells were collected, and the pooled plasmid library 

was isolated using the ZymoPURE II Plasmid Gigaprep Kit (Catalog #D4202) yielding 

~1.8 mg of plasmid DNA encoding the optimized Cas9 sgRNA library. The library was 

subject to a NextSeq run to test for fold coverage of individual sgRNAs and skew. 

 

3.3.6. Y. lipolytica Library Transformation 

Transformation of the sgRNA plasmid libraries into PO1f and PO1f Cas9::A08 cells was 

accomplished with the method described in Chen et al, 1997, with modifications (Chen et 

al., 1997). For each strain of interest, seven 14 mL culture tubes, all containing 2 mL of 

YPD, were each inoculated with a single colony of the given strain, and grown in a 14 

mL tube at 30 °C with shaking at 225 RPM for 22-24 hours (final OD ~30). The cultures 

were then pooled, and 750 µL aliquots were distributed into 12 1.5 mL centrifuge tubes. 

Cells were pelleted (centrifuged at 4000 g), washed with ultrapure water, re-pelleted, and 

each resuspended in the Chen transformation buffer (53% PEG 4000 w/v, 0.1 M Lithium 

Acetate, 0.1 M DTT). Each tube was then sequentially dosed with 3 µL carrier DNA 

(ThermoFisher salmon sperm DNA, sheared, 10 mg/mL) and library plasmid stock (1 µg 

of plasmid per tube). Tubes were gently mixed and transformed by heat shock at 39°C for 

1 hour. Each tube was recovered by adding 1 mL of fresh water, pelleting and aspirating 

supernatant. All 12 pellets were resuspended in 1 mL of fresh water, and then pooled 

back together. Dilutions of the transformation (0.1%, 0.01%, and 0.001%) were plated on 

solid SD-leu media to calculate transformation efficiency. The remaining volume of 
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pooled transformants were then inoculated in 500 mL of SD-leu media (in a 2 L baffled 

flask), and grown for 48 hours at 225 RPM and 30 °C. Cells were centrifuged and 

resuspended in fresh SD-leu media to bring their OD to 20. Glycerol stock aliquots of the 

full volume of transformants were then prepared by mixing 800 µL of the resuspended 

transformation culture with 200 µL 100% glycerol, flash freezing in liquid nitrogen, and 

storing at -80 °C. Four biological replicates of each strain’s transformation were 

performed for pooling as necessary during screen experiments to ensure adequate 

diversity to maintain library representation and minimize the effect of plasmid instability 

(>100x coverage, >2.4 x 106 total transformants per biological replicate). 

 

3.3.7. Y. lipolytica acetate screen 

CRISPR-Cas9 growth screens in acetate were conducted in synthetic defined minimal 

media from Turki et al., 2009 deficient in leucine (Turki et al. 2009). Three media 

conditions were prepared:  Turki-leu 2% (w/v) glucose, Turki-leu 0.5 M acetate, and 

Turki-leu 0.5 M acetate. The pH of all media was adjusted to 6.3. Acetate was added as a 

sodium salt. 150 uL (approximately 1x107 cells) of 2 day outgrowth glycerol stocks of 

PO1f Cas9 and PO1f strains transformed with the sgRNA library were used to inoculate 

250 mL baffled flasks containing 25 mL of media. Two biological replicates were 

cultured for each different media and strain condition combinations. Outgrowth following 

inoculation was done at 30 °C at 220 RPM. The experiment was halted after 4 days of 

growth, where the OD600 of all flasks reached 8-12. On the last day, 1 mL of culture was 
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removed, treated with DNase I, pelleted, and frozen for later library isolation and 

sequencing. 

 

3.3.8. Acetate Screen Library isolation and sequencing 

Frozen 1 mL DNase I treated and pelleted culture samples from each CRISPR screen 

flask was thawed and resuspended in 400 µL sterile Milli-Q water. Each cell suspension 

was split into two, 200 µL samples. Plasmids were isolated from each sample using a 

Zymo Yeast Plasmid Miniprep Kit (Zymo Research). Splitting into separate samples here 

was done to accommodate the capacity of the Yeast Miniprep Kit, specifically to ensure 

complete lysis of cells using Zymolyase and lysis buffer. This step is critical in ensuring 

sufficient plasmid recovery and library coverage for downstream sequencing as the 

gRNA plasmid is a low copy number plasmid. The split samples from a single pellet were 

pooled, and the plasmid number was quantified using quantitative PCR with qPCR-GW-

F and qPCR-GW-R and SsoAdvanced Universal SYBR Green Supermix (Biorad). Each 

pooled sample was confirmed to contain at least 107 plasmids so that sufficient coverage 

of the sgRNA library is ensured.  

At least 0.2 ng of plasmids (approximately 3x107 plasmid molecules) were used as 

template for PCR and amplified for 16 cycles and not allowed to proceed to completion 

to avoid amplification bias. The PCR product was purified using SPRI beads and tested 

on a bioanalyzer to ensure the correct length.  

Samples from the Cas9 screens were prepared as previously described in Schwartz et al., 

2019. Briefly, isolated plasmids were amplified using forward (Cr1665-Cr1668) and 
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reverse primers (Cr1669-Cr1673; Cr1709-1711) containing the necessary barcodes, 

pseudo-barcodes, and adapters (Supplemental Table S3). Approximately 1x107 plasmids 

were used as a template and amplified for 22 cycles, not allowing the reaction to proceed 

to completion. Amplicons at 250 bp were then gel extracted and tested on the bioanalyzer 

to ensure correct length. Samples were pooled in equimolar amounts and submitted for 

sequencing on a NextSeq 500 at the UCR IIGB core facility.  All fitness scores (FS) for 

the hydrocarbon screens are provided in Supplemental File S3.7. 

 

3.3.9. Generating sgRNA read counts from raw reads 

Next-generation sequencing raw FASTQ files were processed using the Galaxy platform 

(Afgan et al., 2018). Read quality was assessed using FastQC v0.11.8, demultiplexed 

using Cutadapt v1.16.6, and truncated to only contain the sgRNA using Trimmomatic 

v0.38. Custom MATLAB scripts were written to determine counts for each sgRNA in the 

library using Bowtie alignment (Bowtie2 v2..4.2; inexact matching) and naïve exact 

matching (NEM). The final count for each sgRNA was taken as the maximum of the two 

methods. Parameters used for each of the tools implemented on Galaxy are provided in 

Supplemental Table S4 and the demultiplexing primers/barcodes are provided in 

Supplemental Table S5. 

 

3.3.10. Identification of screening hits 

Read counts from the glucose screen in SD-leu media in strains containing KU70 gene 

knockout and Cas9 were used to calculate cutting score (CS) for each sgRNA by 
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computing log2 ratio of the total normalized abundances in control and treatment 

samples, as shown in Figure 3.1a and described in (Ramesh et al. 2023). Similarly, read 

counts from glucose and acetate screens in Turki media were used to determine sgRNA 

fitness scores (FS) as log2 ratio of total normalized guide abundance in Cas9-containing 

treatment sample to that in the wildtype control. The sgRNA FS values from the three 

datasets, along with the CS, were further used to identify significant hits from the 

respective screens via calculation of gene fitness scores using acCRISPR v1.0.0 (Ramesh 

et al. 2023). A CS-threshold of 1.5 was used to remove low-activity sgRNA from the 

original library v2, as the ac-coefficient was found to be maximum at this threshold. To 

identify essential genes for growth in glucose (Turki media), a one-tailed test of 

significance was performed. To identify genes beneficial and detrimental to growth (GOF 

and LOF) in the two acetate conditions, a two-tailed test was performed. In all cases, 

genes having FDR-corrected p < 0.05 were deemed as significant. 

 

3.3.11. Hydrocarbon and Fatty Acid Solid Media Preparation 

Solid medium hydrocarbon plates were prepared in batches of 20 (20 mL of media per 

100 mm petri dish) (Figure 3.1). First, 500 mL bottles of 2x concentration low melt 

agarose minimal media were prepared via autoclaving (for each bottle, 1 g MgSO4 * 

7H2O, 4 g (NH4)2, 10 mg FeCl3 * 6H2O, 15 g LMP Agarose, 200 mg Uracil, 4 µg Myo-

Inositol, 8 µg Biotin, 200 µg Thiamine HCl, 15 g KH2PO4, and 5.5 g K2HPO4), and kept 

molten in a 70°C water bath until ready for use. Meanwhile, for each plate type, bottles of 

200 mL ultrapure water were autoclaved and kept heated to approximately 70°C on a 
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heated stir plate. The amount of hydrocarbon or fatty acid used was calculated to bring 

the plates to the same molar amount of carbon provided by a 20 g/L glucose formulation, 

or 5.04 mL of Dodecane, 4.93 mL of 1-Dodecene 4.24 g of margaric (heptadecanoic) 

acid, and 4.67 mL of oleic acid. Hydrocarbon or fatty acid was directly added to the 

water, briefly allowed to mix (and melt if solid), and sonicated for 10 minutes (85% 

amplitude, 3 second on 3 second off cycle). Then, 200 mL of the 2x molten minimal 

media low melt agarose mix was added to the homogenized fatty acid/hydrocarbon water, 

briefly mixed on a stir plate, and immediately dispensed into petri dishes. Plates were 

allowed to harden in a laminar air flow hood for 2 hours and then refrigerated until 

needed, up to 3 days. 

 

Figure 3.1 Hydrocarbon Plate Preparation Methodology: Method utilized to prepare Turki 

Minimal media low melt agarose plates with homogenized hydrocarbon and fatty acid carbon 

sources. 
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3.3.12. Y. lipolytica Hydrocarbon and Fatty Acid Solid Media Culturing 

Optimized Y. lipolytica cell plating densities were calculated on solid medium 

hydrocarbon plates. Twelve hours prior to assay start, four glycerol stocks of prepared 

library cells (see methods 4.6), each from a separate transformation preparation, were 

pooled into 25 mL of SD-leu media in a 250 mL baffled flask, and grown for 12 hours at 

225 RPM, 30°C. Cells were recovered as a pellet via centrifugation (at 4000 g for 5 

minutes). To remove residual glucose, the cell pellet was washed with 15 mL of ultrapure 

water four times, with cells being recovered via centrifugation each time. Dilutions of the 

washed cells were then prepared to OD600 absorbances of 0.6, 0.4, 0.2, and 0.1. For each 

plate formulation to be tested, 100 µL of each cell dilution was plated on a single plate 

using sterile beads (4 plates per formulation). Plated cells were allowed to dry in a 

laminar air flow hood for 1 hour, then they were grown in a static 30°C incubator for up 

to 3 days. Starting at 24 hours, and every 24 hours thereafter, plates were checked for 

colony formation. Once discrete colonies had grown large enough to be easily visualized, 

the plates were removed and imaged in a Biorad imager. For each plate formulation, the 

day at which discrete colonies could be visualized was chosen as the endpoint for the 

selection screen assays. Finally, we selected the maximum OD for each plate formulation 

that still formed discrete (instead of fused) colonies to use as the selection screen plating 

density. 
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3.3.13. Y. lipolytica Hydrocarbon and Fatty Acid Plate Screen 

Duplicate starter cultures of library cells were prepared 12 hours prior to the start of the 

assay as in section 3.3.12. Optimal optical density for plating on each hydrocarbon were 

calculated to be: OD600 0.1 for Oleic acid and OD600 0.2 for Dodecane, 1-Dodecene, 

and Margaric acid). For each plate formulation replicate, 100 µL of the chosen cell 

dilution was plated onto 8 pre-prepared plates (see section 3.3.11) using sterile beads (16 

total plates per formulation). Plated cells were allowed to dry in a laminar air flow hood 

for 1 hour, then they were grown in a static 30°C incubator until the previously 

determined screen endpoint (see section 3.3.12; 2 days for Dodecane, 1-Dodecene, and 

oleic acid, and 3 days for Margaric acid). Upon removal from the incubator, plates were 

imaged in the BioRad imager. 

The cells were then recovered in a two-part process prior to lysis. First, as much of the 

colony mass on the plate surface as possible was removed from each plate with 15 mL of 

dilute Tween 80 buffer (0.01% Tween 80, 0.11 M KH2PO4, 0.03 M K2HPO4) per plate, 

and the colonies scraped off with a plastic cell spreader. The samples from all eight plates 

were pooled for each replicate and centrifuged at 4000 g for 10 minutes to recover the 

cells. To recover the remaining cell mass which had burrowed into the solid media, we 

used a spatula to remove the solid media out of the plates, cut into small pieces, and 

placed in 250 mL centrifuge vessels. We added 35 g of urea to each vessel, and topped 

off to 100 mL with Tween 80 buffer. We then sealed and moved the vessels to a 70°C 

water bath for 10 minutes to melt the media and free the cell mass. The vessels were then 

centrifuged at 4000g for 5 minutes. The molten agar media was aspirated away from the 
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cell pellets, which were rinsed in ultrapure water and re-centrifuged to remove any 

residual agar contamination, before being combined with the previously recovered 

surface colony cells. After pooling washed and embedded cells, we divided the total cell 

mass from each replicate into three 1.5 mL centrifuge tubes, and stored in a -80°C freezer 

until ready to harvest the library plasmids. The plasmid harvesting, quantification, 

barcode amplification, and sequencing steps were carried out in a similar manner as the 

acetate screen cells (see section 3.3.8 and 3.3.9), except no DNase I was used (as the 

harvesting process for the gel-embedded cell mass could have prematurely weakened the 

cell membranes and cultures were thoroughly washed).  All fitness scores (FS) for the 

hydrocarbon screens are provided in Supplemental File S3.7. 
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3.4 Chapter 3 Results and Discussion 

3.4.1 Compact CRISPR-Cas9 library contains high-activity sgRNAs 

Iterating on our previously created 6-fold coverage library, we sought to create a 

minimally sized, high activity “v2” library. The high activity gives more confidence in 

the data and the smaller size reduces the transformation burden to achieve high coverage 

libraries. We designed a 3-fold coverage CRISPR-Cas9 library to target all protein-

coding sequences in the PO1f strain of Y. lipolytica. The library consists of a combination 

of high-activity sgRNAs from an existing Y. lipolytica CRISPR-Cas9 library designed by 

(Schwartz et al., 2019b) (denoted as “v1”) and sgRNAs predicted to be of high activity 

by an activity prediction tool, DeepGuide (Baisya et al., 2022) (Figure 3.1 a,b). 

Growth screens previously conducted in the Y. lipolytica PO1f strain using library v1 

defined a metric called cutting score (CS) for each sgRNA — a measure of its cutting 

efficiency — by comparing sgRNA abundance in the PO1f Cas9 ΔKU70 strain to that in 

the control strain devoid of Cas9 (Schwartz et al., 2019b). Guides that make a cut in the 

experimental strain become depleted as cells die since disruption of KU70 suppresses 

non-homologous end joining, the dominant DNA repair mechanism in Y. lipolytica 

(Schwartz et al., 2017), whereas guides that do not make a cut become enriched. By 

comparing the abundance of each guide in the experimental strain to the abundance of the 

same guide in the control strain, CS can be calculated. The sgRNA sequences from 

library v1 along with MNase-seq-derived nucleosome occupancy data for Y. lipolytica 

PO1f were used as input data for DeepGuide sgRNA predictions. Nucleosome occupancy 

was included in the DeepGuide computation because high nucleosome occupancy can 
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inhibit Cas9 cutting activity by physically blocking the Cas9-sgRNA complex from 

binding to DNA (Baisya et al. 2022; Schwartz et al. 2019). In order to pick sgRNAs for 

library v2, library v1 was first filtered to only retain sgRNAs having a CS greater than 4.0 

(a value close to the optimum CS threshold for high-activity sgRNAs previously 

determined by (Ramesh et al. 2023). Library v2 was thus designed to contain the top two 

guides with CS > 4.0 for each gene from the filtered library v1, and a guide with the 

highest DeepGuide-predicted CS for that gene. If, for a gene, less than 2 sgRNAs from 

library v1 had CS > 4.0, appropriate numbers of sgRNAs with high DeepGuide-predicted 

CS were included so as to maintain a library coverage of 3 (see Materials and Methods). 

The final library consists of three sgRNAs per gene targeting ~99.8% of all genes 

(Supplemental Figure S3.1a). In addition to using design criteria such as DeepGuide 

predicted CS to pick guides for the library, we ensured that every sgRNA in the final 

library is unique in the genome, does not target intronic regions, and is spaced apart from 

other sgRNA targeting the same gene to maximize diversity of the generated knockouts; 

further details can be seen in Trivedi, Ramesh, and Wheeldon 2023 and Ramesh and 

Wheeldon 2021. Moreover, next generation sequencing of the cloned, untransformed 

library revealed a tight normal distribution of sgRNA abundances, indicating a near-

uniform and symmetrical (median ≈ mean) distribution of guides in the library 

(Supplemental Figure S3.1b). sgRNA cutting scores for library v2 were generated using 

the same screening framework as that used for obtaining CS of library v1 guides. The CS 

for all guides in the v2 library are provided in (Supplemental File S3.7). 
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Figure 3.1. Optimized CRISPR library generation pipeline and characterization. (a) Cutting score 

(CS) is calculated as the depletion of a guide in the Cas9 ku70 knockout strain compared to the 

ku70 knockout control. A guide which cuts well in the Cas9 ku70 knockout strain will become 

depleted as cells die or have a serious growth penalty. (b) The two best cutting guides from lib. v1 

were used in addition with the top predicted guide from DeepGuide to generate lib. v2. (c) 

Distributions of targeting (red) and non-targeting (gray) sgRNAs after two and four days of growth 

post transformation. After four days of growth with one subculture on day 2, the high activity 

sgRNAs diverge from the non-targeting population. (d) Both lib. v1 and v2 contain active guides, 

however, v2 contains more guides with high activity. (e) DeepGuide predicted and lib. v1 guides 

are distributed randomly throughout the genome. 

 

In addition to gene-targeting guides, library v2 also consists of 360 non-targeting 

sgRNAs (~1.5% of the total library) that serve as negative controls. The normalized CS 

(i.e., the difference between raw CS of a guide and the average CS of non-targeting 

guides) distributions of targeting and non-targeting sgRNAs nearly overlap on day 2 

(avg. CSnorm, targeting = 0.12±0.09 and avg. CSnorm, non-targeting = 0±0.06) due to no observable 

effect of CRISPR-induced double stranded breaks on cell growth. On day 4, however, the 

two populations are well separated (avg. CSnorm, targeting = 5.96±2.04 and avg. CSnorm, non-

targeting = 0±0.34), indicating different activity profiles of targeting and non-targeting 
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guides (Figure 3.1c). The difference between targeting and non-targeting populations is 

statistically higher for library v2 (one-tailed unpaired t-test p < 0.0001, t-score = 58.81) 

compared to v1 (one-tailed unpaired t-test p < 0.0001, t-score = 43.49), providing 

evidence that library v2 is a higher-activity library compared to library v1 (Figure 3.1d). 

Also of note is the genomic loci of the experimental and DeepGuide-predicted sgRNAs 

used to construct library v2, which are evenly distributed across the genome (Figure 

3.2e). These data show that we built a compact, high activity library that can be used in 

functional genomic screens in Y. lipolytica. The small size enables high library coverage 

due to lower transformation burden and the high activity allows near complete assurance 

of genomic coverage. 

 

3.4.2. Acetate tolerance screens identify gene targets for improved growth 

Utilizing the optimized genome-wide CRISPR library, we next set out to identify genes 

essential for growth on acetate. Functional genomic screens were conducted using 

minimal media supplemented with three different carbon sources — glucose (0.125 M) as 

a control condition, and low and high acetate (0.25 M and 0.5 M, respectively) as 

experimental conditions (Figure 3.2a). These screens allowed us to calculate a fitness 

score (FS) for every sgRNA in each media condition. A high FS value indicates that 

knockout of that gene gives a fitness advantage, provided a cut happens. Conversely, low 

FS values indicate a loss of cell fitness due to disruption of the target gene. FS is 

computed as the log2-ratio of sgRNA abundance in the PO1f Cas9 strain to that in the 

PO1f control strain. We used acCRISPR, an analysis pipeline for CRISPR screens that 
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correct screening outcomes based on the activity of each guide used in the screen 

(Ramesh et al., 2023) to identify essential genes in glucose, and high and low FS value 

genes in the two acetate conditions. The analysis pipeline identified 1580 essential genes 

for growth with glucose as the sole carbon source, whereas our v1 library identified 1903; 

1214 genes overlap between these essential gene calls (Schwartz et al. 2019). We found 

868 and 901 genes that reduce or improve growth on acetate, respectively (Figure 3.2b).  

 

 

 

 

 

 

 

 

Figure 3.2. Growth-based functional genomic CRISPR screening with acetate as the sole carbon 

source. (a) Growth screens were conducted using Y. lipolytica PO1f and a strain containing Cas9 
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as control and treatment strains respectively in three media conditions - 0.125 M glucose, 0.25 M 

and 0.5 M acetate. Fitness score (FS) is calculated as the average enrichment of guides targeting a 

gene in the Cas9 strain compared to PO1f. Genes with a higher FS indicate that the knockout gave 

a fitness advantage. (b) Corrected FS values for all genes for the glucose and acetate screens, as 

determined from the acCRISPR pipeline. Pink portion of the curve represents essential genes for 

glucose, and high and low FS genes for the two acetate conditions. (c) Venn diagrams representing 

gene hits in low and high acetate conditions after each filtering step. Low-activity guides and 

glucose essential genes were removed to condense the pool of hits. (d) Top low and high FS hits in 

both acetate conditions. 

 

Despite lib. v2 containing mostly high activity cutters, we wanted to be sure that very few 

false positive hits would arise at the end of our screening pipeline. To do this, we used 

guides with high activity (CS > 1.5) for calling hits (Figure 3.2c). This reduced the size 

of the common significant gene set between the two acetate conditions to 428 (13 with 

high FS values and 415 with low FS values). Any double stranded break that occurs in a 

cell causes at least a moderate fitness effect (Schwartz et al., 2019). Additionally, there 

are likely very few gene knockouts that improve tolerance to acetate in Y. lipolytica. 

These reasons may explain why we demonstrated an 86% loss of positive FS hits (13 

with high FS down from 94) when we removed poor targeting guides. These false 

positives represent control strain cells that did not have a fitness disadvantage of a double 

stranded break. Next, we wanted to exclude any significant genes that reduce fitness in 

glucose media. We reasoned that the most relevant hits should be solely due to acetate 

fitness effects and not to overall fitness. Glucose viability is also important in upstream 

applications for making further strain modifications and for downstream applications if 

glucose supplementation is needed for an increase in intracellular reducing power. As a 

result, we excluded genes that were found to be essential in glucose from the significant 

gene lists for acetate, further condensing the common significant gene set to 47 genes. 
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Thirteen of the 47 genes had positive FS values while the remaining 34 genes had FS 

values lower than 0 (Figure 3.2d).  

 

3.4.3. Acetate screen hits shorten lag phase growth  

To validate the screening hits, we focused on the top 13 positive FS hits identified in the 

low and high acetate screening conditions, as knocking out these genes should improve 

growth on acetate (Figure 3.3a). To do this, we transformed PO1f with a plasmid 

containing Cas9 and the relevant guide. We obtained 12 of the 13 top positive FS 

knockouts; functional gene disruptions were confirmed with colony PCR and sanger 

sequencing. Our top hit, D05956g, encodes SFL1, a flocculation suppressant gene. When 

knocked out, this gene causes Y. lipolytica to flocculate (Supplemental Figure S3.2). 

This mutation could provide a fitness advantage in the context of our screen as it allows 

cells to clump together at the bottom of the flask and avoid the high osmotic stress of 

being a suspended single cell. The flocculation behavior makes growth measurements 

challenging and thus the D05956g knockout was excluded from further analysis. 
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Figure 3.3. Validating acetate metabolism hits. (a) Thirteen positive FS value hits in descending 

order of high acetate FS. Asterisk (*) indicates knockout was not included due to flocculation, 

double asterisk (**) indicates knockout was not achieved. (b) Single (left dark gray box) and double 

knockout (5 light gray boxes on the right, common knockout listed above) mutants tested in 96-

well 1 mL wells containing 0.5 M acetate in minimal media (30 °C, 42 hrs, 1000 RPM). Bars 

represent the mean of three biological replicates, error bars represent the standard deviation. Data 

points are shown for each replicate. (c) Growth curve and acetate depletion for top three single 

knockouts and top two double knockouts grown in 250 mL shake flasks with 0.5 M acetate in 

minimal media (30 °C, 220 RPM). Acetate depletion measured with HPLC. Data points represent 

the mean of three biological replicates, error bars represent the standard deviation.  

 

For the remaining 11 knockouts, we validated their phenotype in growth assays that 

mimic the screening conditions, growth in minimal media with 0.5 M acetate as the sole 

carbon source. Under these growth conditions we observed that at 42 hours, Y. lipolytica 

PO1f begins to break out of the lag phase and enter the exponential growth phase. This 

time point gave us the most resolution and repeatability to confirm the hits. Of the 11 

characterized knockouts, 8 grew significantly (p<0.05) better than the control after 

correcting for multiple comparisons, including E01193g, D21022g, E37234g, C33332g, 

E24428g, C02904g, F23331g, and E22029g (Figure 3.3b). To validate that there was 

little to no effect in glucose media, we repeated the same experiment in minimal media 

with 0.125 M glucose. Only knockout of C30884g grew significantly worse than wild-
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type (Supplemental Figure S3.3) suggesting that nearly all knockouts affect acetate 

tolerance or metabolism and not overall cell viability.  

We next sought to explore if higher order mutations would further improve Y. lipolytica 

growth in acetate media. To test the effect of stacked mutations, we chose the top 6 

knockouts (E01193g, D21022g, E37234g, C33332g, E24428g, and C02904g) and tested 

all 15 double knockout permutations. Only two double knockouts grew better than our 

top single knockout, possibly due to a combined reduction in general cell fitness in the 

higher order mutants (Figure 3.3b). 

We followed up the preliminary hit validation with more comprehensive characterization 

of cell growth and quantification of acetate depletion. The top two single and double 

knockouts were selected as well as C02904g due to the commonality between the top two 

double knockout hits (Figure 3.3c). Limited overall growth and incomplete acetate 

consumption may be explained by micronutrient or amino acid depletion or pH change 

caused by consumption of acetate while leaving behind sodium ions (Supplemental 

Figure S3a). Roughly 25% of acetate was converted to dry cell weight (DCW). All hits 

have a shorter lag phase (reduced by 24 hours in the most potent knockout) and consume 

more acetate than the PO1f control strain (Figure 3.3c) and ΔC02904g, ΔE01193g, 

ΔE37234g, and ΔC02904g/ΔE01193g strains had significantly higher growth rates 

(Supplemental Figure S3.4). These data provide strong validation of our top positive FS 

hits as mutations that lead to the improvement of acetate metabolism in Y. lipolytica. 
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Our top four hits to improve growth were E37234g (unknown function), E01193g 

(KAR9, which plays a role in mitotic spindle positioning in S. cerevisiae (Tirnauer et al., 

2000)), C02904g (FMP42, putative mitochondrial protein in S. cerevisiae (Imamura et 

al., 2015)), and D21022g (GGPP synthetase homolog (Saikia et al., 2009, Morton et al., 

2011)). GGPP synthetase converts farnesyl pyrophosphate (FPP), the precursor to 

steroids and N-glycans, to GGPP, a precursor to terpenoids and other metabolites (Chen 

et al., 2024, Liu et al., 2014). Previous work has shown that deletion of this gene 

improves oxidative stress response in N. crassa (Sun et al., 2019). One possibility is that 

knockout of GGPP synthetase increases intracellular FPP and decreases GGPP, which 

may reduce oxidative stress from endogenous terpenoid production and increase cell wall 

integrity by improved flux to membrane essential compounds through FPP.  

 

3.4.4. Hydrocarbon screening reveals genes necessary for fatty acid metabolism 

and transport 

Given the success of the genome-wide CRISPR approach in identifying genes that 

improve growth on acetate, we next sought to uncover genes related to hydrocarbon and 

fatty acid metabolism, substrates on which Y. lipolytica has a demonstrated ability to 

grow (Fickers et al., 2005; Try et al., 2018). Dodecane, 1-dodecene, oleic acid, and 

margaric acid were chosen as substrates for their diversity in polarity and hydrogenation. 

Preliminary experiments showed that solid media produced more consistent cell growth 

than liquid cultures, due to uneven mixing of hydrocarbons in the liquid cultures and the 

fact that margaric acid is solid at 30°C. We therefore chose to use solid media for 
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hydrocarbon and fatty acid functional genomic screening. Glucose as a sole carbon 

source was also screened to control for any putative hits that were solely due to the 

transition to solid media (Figure 3.4a).  

Hits were identified in a similar manner to the acetate screen: the acCRISPR analysis 

pipeline was used to determine FS values from next generation sequencing read counts of 

the sgRNAs remaining at the end of the screen; genes with fitness advantage or 

essentiality were called as hits; hits from genes with low CS guides were removed from 

the hit pool to avoid false positives; and, genes found to be essential in the glucose liquid 

culture condition were removed from the hit list. In total 478 high confidence hits were 

called across the four substrates tested, with 28 gene knockouts with a fitness advantage, 

and 449 genes essential for growth on the substrates (Figure 3.4b).  
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Figure 3.4. Growth-based functional genomic CRISPR screening with hydrocarbon substrates. (a) 

Growth screen, carbon sources screened and fitness score (FS). Genes with a higher FS indicate 

that the knockout gave a fitness advantage. (b) Filtering of gene hits obtained for each hydrocarbon 

condition; gene hits with poor cutting guides and genes essential for growth on glucose were 

removed to obtain high confidence hits. (c,d) UpSet plot analysis for hits in all hydrocarbon 

conditions. Hits with a fitness advantage are shown in (c), while essential hits are shown in (d). The 

values associated with each substrate indicate the number of gene hits that were identified for each 

substrate. Screen growth conditions were 55.5 mM dodecane solid media grown for 48 h, 55.5 mM 

1-dodecene solid media grown for 48 h, 37 mM oleic acid solid media grown for 48 h, and 39.2 

mM margaric acid solid media grown for 72 h, all at 30 C in a static incubator, with two screen 

replicates of each condition, with each replicate consisting of seven 100 mm plates. 

 

Upset plot analysis is a visual means of identifying hits that are common across the 

various conditions (Figure 3.4c,d). When applied to our screens, this analysis revealed 

that three hits with positive FS values were called in both the dodecane and dodecene 

screens, each of which is involved with membrane transport of lipids or carbohydrates 

(Figure 3.4c). The genes common to the dodecane and dodecene screens were a mixture 

of stress response, endomembrane trafficking, and pro-hyphal membrane and cell wall 

maintenance genes. There were no positive FS hits for oleic acid and only one for 
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margaric acid (C06486g, a knockout of a transcription factor with homology to S.pombe 

ADN1, believed to promote invasive growth and cell adhesion), which was also found in 

the dodecane screen. In addition to these hits, ten positive FS hits were identified for 

dodecane and eight for dodecene (see Supplemental File S3.6 for a list of all genes in 

the upset plots). Additional analysis of screen hits with positive FS is shown in Figure 

3.5. With respect to the essential genes (i.e., those with low FS values), the overlap 

between carbon sources was more comprehensive (Figure 3.4d). Eleven genes were 

found to be common across all screens, another 30 were common to three of four screens 

and 93 were common to two of four screens. Functional analysis of these genes, as well 

as hits with a fitness advantage, are presented in Figure 3.5. 

 

 

Figure 3.5. Biological function of top hydrocarbon screening hits. (a) Hit distribution by biological 

function: Fatty acid/sterol metabolism, stress response and tolerance, cell maintenance, and 

unknown. The left bar includes all positive FS gene hits in all hydrocarbon screens (n=22). The 

right bar includes all essential gene hits called in two or more screens (n=134). (b) Fatty acid 

metabolism-related gene hits that improve fitness in at least one hydrocarbon condition. 
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Our screen revealed 134 total genes that reduce fitness in at least two hydrocarbon/fatty 

acid conditions (Figure 3.5a). Twelve hits that reduced fitness were directly related to 

hydrocarbon metabolism. One identified was C03415g, a hit in all four hydrocarbon 

conditions, and is known to be essential for fatty acid metabolism in Aspergillus nidulans 

(De Lucas et al., 1999). Another 18 hits were related to metabolic pathways, including 

endomembrane trafficking genes. These include E23880g, an essential gene for all four 

conditions which is homologous to S.c VPS29,a membrane-bound vesicle reverse-

transport protein (Seaman et al. 1998)), and D14097g, found to be essential for both 

hydrocarbons and margaric acid, which is homologous to S.c VPS53, responsible for 

retrograde sorting in the Golgi apparatus (Conibear and Stevens 2000). We expected hits 

such as these two, as there are believed to be genes involved with endomembrane 

trafficking that affect alkane metabolism (Fukuda 2013).  Other hits include the 

previously mentioned ADN1 homologue, and E07121g found in our dodecane hits 

(homologous to PMT4 in C. albicans, plays a role in invasive hyphal growth (Lengeler et 

al. 2008)).  We expected fitness advantages from deletions of pro-hyphal genes like these 

since there is a known inverse relationship between hyphal morphology and efficient 

hydrocarbon metabolism (Palande et al. 2014). In addition to the hydrocarbon and 

metabolic pathway hits, there were fourteen hits related to stress response/tolerance 

genes, a class of genes that are expected to be essential for growth under these conditions. 

There were sixty-three hits related to cell maintenance functions, which we anticipated as 

they are essential for maintaining cell viability when hydrocarbons are the only available 

carbon source.  Finally, we provided further validation that knockout of four predicted 
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negative FS hits in 1-dodecene all greatly reduce cellular fitness on the carbon source 

(Supplemental Figure S5). Taken together, these hits reveal metabolic pathways and 

cellular functions that are essential for survival in hydrocarbons and fatty acids.  

In addition to the hydrocarbon essential genes, we identified 22 genes that produced 

positive FS values in the hydrocarbon and fatty acid screens and are beneficial to growth 

on one or more of the hydrocarbon substrates. Similar to the essential gene hits, roughly 

half of these hits were related to cell maintenance. This group includes E30725g, 

identified in the 1-dodecane screen and a homolog of MNN10 in S. cerevisiae, and is 

related to cell membrane/wall maintenance (Sacristán-Reviriego et al. 2014; Klein et al. 

2002; Jungmann, Rayner, and Munro 1999). C06486g, an ADN1 homolog in S. pombe, 

was found in both the margaric acid and dodecane screens. This gene is involved in cell 

adhesion and hyphal regulation, a trait known to affect hydrocarbon metabolism (Palande 

et al. 2014). Five genes related to stress response were also found to improve growth on 

hydrocarbons. Specifically, C14369g, which is homologous to various Candida drug 

resistance exporters in Candida species and S. cerevisiae (Costa et al. 2013; Dong, Yang, 

and Lee 2021)) and F01346g a homolog of MSG5 in S. cerevisiae involved in cell 

signaling (Sacristán-Reviriego et al. 2014; Novodvorska et al. 2016) were found in the 

dodecane and 1-dodecene screens, respectively. We uncovered four hits directly related 

to improved tolerance to hydrocarbons (Figure 3.5b). The HOB2 (E36308g) homolog in 

S. cerevisiae was present in both dodecane and 1-dodecene and is a putative direct 

membrane contact lipid transporter that moves lipids between different membranes and 

organelles across the cell, including the ER, peroxisomes, and vacuoles (Castro et al. 
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2022; Leonzino et al. 2021) (Figure 3.5b).  As such, it is likely to interface with the 

membranes of organelles involved with the catabolic assimilation, functionalization, and 

ultimate β-oxidation of the alka(e)ne, controlling the destination of the lipid (Dabrowski 

et al. 2023; Fukuda 2023).  sdATG2 also plays a role in excess peroxisome degradation 

(Dunn et al. 2005) which may not be beneficial when hydrocarbons are the sole carbon 

source. The remaining three hits were only found in the 1-dodecene growth condition. 

They included E03584g, a homolog to an S. cerevisiae disulfide isomerase associated 

with the ER lumen (Gauss et al. 2011) (Figure 3.5b). It may also be a component of a 

triglyceride transfer complex, providing catalytic activity required for neutral lipid 

transport (Wetterau et al. 1990). Another 1-dodecene hit, A18344g, is homologous to S. 

cerevisiae ERG5, a C-22 sterol desaturase localized to the ER and cytochrome P450 

enzyme (Skaggs et al. 1996) (Figure 3.5b). Similar enzymes contribute to the 

functionalization of hydrocarbons into fatty alcohols (Fukuda and Ohta 2013). As this is 

the first step of hydrocarbon catabolism, A18344g could play a putative role in alkene 

catabolism. A third 1-dodecene hit, D20202g, is homologous to S. cerevisiae UBP15 

homolog found to cause growth defects on oleic acid when deleted (Debelyy et al. 2011) 

(Figure 3.5b). It helps regulate transport from the ER to the peroxisome and its 

disruption causes peroxisomal clustering (Debelyy et al. 2011). Its role putatively places 

it directly in the hydrocarbon catabolism pathway, in which functionalized hydrocarbons 

are transferred to the peroxisome for β-oxidation (Fukuda 2023). In both fitness 

improvement and essential gene hits, our screen outputs demonstrate how genome-wide 

CRISPR knockout screens are a vital component of efficient strain engineering. 
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3.5 Chapter 3 Conclusion 

 

Genome-wide CRISPR screening in industrial hosts like Y. lipolytica enables rapid 

engineering of growth-based phenotypes. We previously developed a genome-wide 

CRISPR-Cas9 knockout library for use in Yarrowia that can be used in functional genetic 

screens and in rapid design-build-test-learn cycles for strain engineering. The first version 

of this screening tool contained sgRNAs with a wide range of activity and needed 6-fold 

coverage to cover nearly all the genes in the genome. Here, we create a new optimized, 

high activity sgRNA library that is compact in size. This library required only 3-fold 

genome coverage to target 98.8% of genes in the genome. By creating a library one-half 

the size, we reduce the burden of generating large libraries that require high 

transformation efficiency to obtain. Quantifying the activity of each guide in the library 

revealed that all but a handful of guides are highly active. A tight, normal distribution of 

guide activity enables high accuracy screening as all (or nearly all) guides can be used to 

identify gene hits. This optimized CRISPR-Cas9 screening tool enabled us to conduct 

high throughput strain engineering experiments for growth on various alternative carbon 

sources, including acetate, dodecane, 1-dodecene, oleic acid, and margaric acid. The 

acetate screens identified several single and double mutant strains with shortened culture 

times when consuming acetate as the sole carbon source. The hydrocarbon screens 

revealed 22 gene targets for improving growth and a set of 134 genes essential for fatty 

acids and long chain hydrocarbon metabolism. Many of these hits have unknown 

function or are not obvious gene targets. Our compact, high activity CRISPR-Cas9 

library enables growth-based screens for enhancing carbon source utilization and 
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promises to enable a wide range of screens for improving other growth-based 

phenotypes. 
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Conclusions and Future Work: Further development of optimized 

Yarrowia lipolytica bioprocessing strains 

In the preceding works, we successfully carried out three functional applications of our 

CRISPR genome wide knockout screens, demonstrating how they can be used to identify 

essential genes and promising strain engineering targets in Yarrowia lipolytica for a wide 

range of industrial bioprocessing purposes.  We used our optimized genome-wide 

CRISPR libraries to generate a strain optimized for a scaled up liquid bioproduction 

batch, identify genes and cellular functions related to growth on solid media, and find 

deletion mutants that lead to improved metabolism of alternative carbon sources.  Each of 

these results represents a validation of using CRISPR screens to inform our design of 

optimized bioprocessing strains of Yarrowia lipolytica.  Further experiments for each of 

the traits screened for will provide further understanding of Yarrowia lipolytica cellular 

functions, while enabling us to validate and improve upon our newly engineered 

knockout strains. 

Further validation and development of a null-hyphal bioreactor strain 

With the null-hyphal PO1fΔRAS2 validated in terms of growth and one production 

scenario, we should subject it to further characterization experiments.  It would be 

valuable to knock out RAS2 in another Yarrowia lipolytica production strain to test the 

null-hyphal strain’s viability in a different production scenario.  One option could be a 

limonene production strain  (Arnesen et al. 2020).  It would also be wise to subject the 
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strain to additional tests used to validate industrial strains, such as substrate consumption 

studies (Cossar 2003). 

Further studies to quantify performance improvements in null-hyphal strain in a 

bioreactor setting should also be conducted.  As uneven oxygen diffusion was a major 

rationale for engineering the null-hyphal phenotype in the first place, it is important to 

quantify any resulting improvements to dissolved oxygen concentration (DOC).  

Therefore, both the wild type and ΔRAS2 strain should be subjected to multi-day 

bioreactor growth runs, with oxygenation probes measuring DOC for both over the full 

course of the run (Magdouli et al. 2018; Vandermies and Fickers 2019).  Other 

parameters should also be compared during and after the test runs, including pH 

fluctuations and fouling of the bioreactor surface (Meyer et al. 2021).  Any reduction of 

oxygen fluctuation, pH fluctuation, or biofouling would further demonstrate the utility of 

a null-hyphal strain. 

Strain validations and cellular mechanism studies to expand understanding of 

growth on solid medium 

The initial results of the solid media screens point to the putative essentiality of certain 

categories of genes in Yarrowia lipolytica for growth on solid media.  Further 

investigations should be made into the advantageous knockouts for growth on solid and 

liquid media, both for validation of the screen and to elucidate possible engineering 

targets.  First, the identified advantageous knockouts should be generated and grown 
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individually to validate the screen hits.  To compare growth between solid and liquid 

media, dry cell masses could be compared (Try et al. 2018).  Additionally, the solid-

liquid screens should be repeated with full nutrient media in lieu of minimal media, to 

ensure that nutrient deficits didn’t skew the screen results.  Growth on different moisture 

concentrations of the agarose solid substrates should also be compared, since the water 

activity parameter (Aw) has been demonstrated to affect solid media growth of Yarrowia 

lipolytica (Gomes et al. 2018).  Further solid substrates of industrial interest (such as 

olive mill solid waste) could also be screened.  Even if the essential gene and 

advantageous knockout hits diverge from our original results, they will help fill in a more 

complete picture of which genes are most relevant to growth on solid substrates. 

It would also be useful to explore how effective our GO-term derived cell function 

categories (and their respective differences between the screens) were for identifying 

trends in essentiality on solid media.  To test them, we could generate the indicated 

essential gene knockouts from the screen, and grow them on solid and liquid media along 

with stains to test the various cellular function categories associated with essential gene 

hits.  For example, we could use endomembrane fluorescent reporters to compare 

endomembrane structure and interactions with other organelles (Bourett et al. 2007; 

Benhamou et al. 2018).  Mitochondrial stains (such as MitoTracker Red) may also be 

used to visualize their morphology and distribution under solid and liquid conditions 

(Epremyan et al. 2022).  Wild type cells should also be analyzed with these stains under 

both conditions, to serve as a comparison to the knockouts, as well as establish baseline 

endomembrane and mitochondrial characteristics for both conditions.   
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General lack of knowledge of the differences in gene expression of Yarrowia lipolytica 

between solid and liquid media are still a problem in trying to optimize strain designs for 

different phase substrates.  Therefore, it would be wise to carry out parallel screening 

approaches to better characterize gene expression, mRNA translation, and protein levels 

during growth under both solid and liquid conditions.  Techniques such as messenger 

RNA sequencing (Wang et al. 2018), ribosome profiling (Alva et al. 2021) and mass 

spectrometry (Pomraning et al. 2016) could all be used to identify further differences in 

expressed genes.  The differing levels of gene expression and corresponding protein 

levels could be used to validate the potential importance of the cellular function 

categories identified from the solid liquid genome wide knockout screen. 

Further strain construction, validation, and testing for growth with 

hydrocarbons and fatty acids 

While we identified gene knockouts that provide putative benefits for Yarrowia lipolytica 

cells grown with acetate, fatty acids, or hydrocarbons as their sole energy source, further 

characterization of these mutants should be carried out.  First, the advantageous 

knockouts identified for the hydrocarbon and fatty acid screens should be generated in 

the same manner as for the acetate advantageous knockout hits.  Then, their growth rates 

in the presence of various hydrocarbons can be measured, along with their metabolization 

of the hydrocarbon via gas chromatography (Zhang et al. 2016).  Growth capabilities may 

be estimated on solid media (Try et al. 2018), but it would be advantageous to test growth 

rates of the knockouts in liquid conditions.  Stirred tank bioreactors may be used to grow 
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Yarrowia lypolytica with hydrophobic hydrocarbon energy sources, so changes to cell 

density over time could be used to estimate growth rates (Miranda et al. 2024).  It might 

also be prudent to re-run the whole genome knockout screen for the hydrocarbons and 

fatty acids in liquid cultures, to both validate the original hit results, and to determine 

whether growth on solid media led to different identified essential genes and 

advantageous knockouts. 

Overall, the approaches presented in the preceding experiments demonstrate the utility 

and importance of genome wide functional screens in the development of non-

conventional bioprocessing hosts.  As we continue to develop new screening and 

validation tools, we will be able to fill in more of the knowledge gaps on non-

conventional industrial organisms such as Yarrowia lipolytica, enabling us to design and 

utilize the next generation of bioprocessing strains for an ever expanding number of roles, 

from bioproduction to environmental remediation.  
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Supplemental Materials 

Tables and Files 

Supplemental Table S1: Strains used in all chapters 

Strains Description Reference 

PO1f MatA, leu2-270, ura3-302, xpr2-322, axp1-2 Madzak et al 

2000 

PO1f HMEBI PO1f CrtI::XPR2, CrtB::AXP, CrtE::A08, 

HMG1::D17, HMG1::XDH, MVD1::LEU2 

Schwartz et al 

2017 

PO1f CAS9 PO1f  UAS1B8-TEF(136)- CAS9::A08 Schwartz et al 

2019 

PO1f CAS9 

ΔKU70 

PO1f UAS1B8-TEF(136)-Cas9::A08, ku70 KO Schwartz et al 

2019 

PO1f CAS9 

ΔRAS2 

PO1f  UAS1B8-TEF(136)- CAS9::A08, 

ΔYALI1_E35305g 

Lupish et al 

2022 

PO1f CAS9 

ΔSFL1 

PO1f  UAS1B8-TEF(136)- CAS9::A08, 

ΔYALI1_D05956g 

Lupish et al 

2022 

PO1f CAS9 

ΔRHO5 

PO1f  UAS1B8-TEF(136)- CAS9::A08, 

ΔYALI1_E30639g 

Lupish et al 

2022 

PO1f CAS9 

ΔPAXIP1 

PO1f  UAS1B8-TEF(136)- CAS9::A08, 

ΔYALI1_F04690g 

Lupish et al 

2022 
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PO1f CAS9 

ΔSNF2 

PO1f  UAS1B8-TEF(136)- CAS9::A08, 

ΔYALI1_D30097g 

Lupish et al 

2022 

PO1f  HMEBI 

ΔRAS2 

PO1f CrtI::XPR2, CrtB::AXP, CrtE::A08, 

HMG1::D17, HMG1::XDH, MVD1::LEU2 

ΔYALI1_E35305g 

Lupish et al 

2022 

PO1f  HMEBI 

ΔSFL1 

PO1f CrtI::XPR2, CrtB::AXP, CrtE::A08, 

HMG1::D17, HMG1::XDH, MVD1::LEU2 

ΔYALI1_D05956g 

Lupish et al 

2022 

PO1f HMEBI 

ΔRHO5 

PO1f CrtI::XPR2, CrtB::AXP, CrtE::A08, 

HMG1::D17, HMG1::XDH, MVD1::LEU2 

ΔYALI1_E30639g 

Lupish et al 

2022 

PO1f HMEBI 

ΔMHY1 

PO1f CrtI::XPR2, CrtB::AXP, CrtE::A08, 

HMG1::D17, HMG1::XDH, MVD1::LEU2 

ΔYALI1_B28150g 

Lupish et al 

2022 

sNR004 PO1f ΔD05956g  

Robertson et al 

2024 

sNR005 PO1f ΔE22029g 

Robertson et al 

2024 

sNR006 PO1f ΔE13627g 

Robertson et al 

2024 

sNR007 PO1f ΔC02904g 

Robertson et al 

2024 

sNR008 PO1f ΔE01193g 

Robertson et al 

2024 

sNR009 PO1f ΔC33332g 

Robertson et al 

2024 
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sNR010 PO1f ΔE24428g 

Robertson et al 

2024 

sNR011 PO1f ΔC30884g 

Robertson et al 

2024 

sNR012 PO1f ΔE37234g 

Robertson et al 

2024 

sNR013 PO1f ΔF23331g 

Robertson et al 

2024 

sNR014 PO1f ΔD01350g 

Robertson et al 

2024 

sNR015 PO1f ΔD21022g 

Robertson et al 

2024 

sNR016 PO1f ΔC23902g 

Robertson et al 

2024 

sNR017 PO1f ΔD12493g 

Robertson et al 

2024 

sNR018 PO1f ΔF11871g 

Robertson et al 

2024 

sNR019 PO1f ΔF19899g 

Robertson et al 

2024 

sNR022 PO1f ΔC02904g, ΔE01193g 

Robertson et al 

2024 
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sNR023 PO1f ΔC02904g, ΔC33332g 

Robertson et al 

2024 

sNR024 PO1f ΔC02904g, ΔE24428g 

Robertson et al 

2024 

sNR025 PO1f ΔC02904g, ΔE37234g 

Robertson et al 

2024 

sNR026 PO1f ΔC02904g, ΔD21022g 

Robertson et al 

2024 

sNR027 PO1f ΔE01193g, ΔC33332g 

Robertson et al 

2024 

sNR028 PO1f ΔE01193g, ΔE24428g 

Robertson et al 

2024 

sNR029 PO1f ΔE01193g, ΔE37234g 

Robertson et al 

2024 

sNR030 PO1f ΔE01193g, ΔD21022g 

Robertson et al 

2024 

sNR031 PO1f ΔC33332g, ΔE24428g 

Robertson et al 

2024 

sNR032 PO1f ΔC33332g, ΔE37234g 

Robertson et al 

2024 

sNR033 PO1f ΔE24428g, ΔE37234g 

Robertson et al 

2024 



129 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sNR034 PO1f ΔE24428g, ΔD21022g 

Robertson et al 

2024 

sNR035 PO1f ΔE37234g, ΔD21022g 

Robertson et al 

2024 
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Supplemental Table S2: Plasmids used in all chapters 

 

Plasmids Description Reference 

(Addgene #) 

pCRISPRyl UAS1B8-TEF(136)-CAS9-CycT and 

SRC1'-tRNAgly-sgRNA 

Schwartz et al 2016 

(70007) 

pCRISPRyl_RAS2 pCRISPRyl with YALI1_E35305g 

targeting sgRNA 

This Study 

pCRISPRyl_SFL1 pCRISPRyl with YALI1_D05956g 

targeting sgRNA 

This Study 

pCRISPRyl_RHO5 pCRISPRyl with YALI1_E30639g 

targeting sgRNA 

This Study 

pCRISPRyl_MHY1 pCRISPRyl with YALI1_B28150g 

targeting sgRNA 

This Study 

pYLhrGFP UAS1B8-TEF(136)-hrGFP Schwartz et al 2016 

pRAS2 UAS1B8-TEF(136)-YALI1_E35305g This Study 

pLEU2-270 pLEU2-LEU2-tLEU2 Blazeck et al 2011 

pIW715 Homology donor plasmid for GFP 

integration at A08 (URA) 

Addgene #84615 

pIW1009 Homology donor plasmid for Cas9 

integration at A08 (URA) 

Robertson et al 2024 
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pIW524 Cas9 and sgRNA to cut at A08 (LEU) Robertson et al 2024 

pIW386 Easyclone Y. lipolytica Cas9 cutter 

without gRNA (LEU) 

Robertson et al 2024 

pIW363 pIW386 with gRNA for ku70 knockdown 

(LEU) 

Robertson et al 2024 

pSC012 pIW386 with URA instead of LEU 

marker 

Robertson et al 2024 

pNR035 D05956g KO gRNAin pSC012 Robertson et al 2024 

pNR036 E22029g KO gRNAin pSC012 Robertson et al 2024 

pNR037 E13627g KO gRNAin pSC012 Robertson et al 2024 

pNR038 C02904g KO gRNAin pSC012 Robertson et al 2024 

pNR039 E01193g KO gRNAin pSC012 Robertson et al 2024 

pNR040 C33332g KO gRNAin pSC012 Robertson et al 2024 

pNR041 E24428g KO gRNAin pSC012 Robertson et al 2024 

pNR042 C30884g KO gRNAin pSC012 Robertson et al 2024 

pNR043 E37234g KO gRNAin pSC012 Robertson et al 2024 

pNR044 F23331g KO gRNAin pSC012 Robertson et al 2024 
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pNR045 D01350g KO gRNAin pSC012 Robertson et al 2024 

pNR046 D21022g KO gRNAin pSC012 Robertson et al 2024 

pNR047 C23902g KO gRNAin pSC012 Robertson et al 2024 

pNR048 D12493g KO gRNAin pSC012 Robertson et al 2024 

pNR049 F11871g KO gRNAin pSC012 Robertson et al 2024 

pNR050 F19899g KO gRNAin pSC012 Robertson et al 2024 
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Supplemental Table S3: Primers and sgRNAs used in all Chapters 

 

 

Primer   Sequence  Use 

RAS2_sgR

NA.fwd 

  GGG TCG GCG CAG GTT GAC GTT TGA AGA CTC ATA CTC 

CAC CGT TTT AGA GCT AGA AAT AGC 

 sgRNA 

insert of 

pCRISPRy

l_RAS2 

RAS2_sgR

NA.rev 

  GCT ATT TCT AGC TCT AAA ACG GTG GAG TAT GAG TCT 

TCA AAC GTC AAC CTG CGC CGA CCC 

 sgRNA 

insert of 

pCRISPRy

l_RAS2 

SFL1_sgR

NA.fwd 

  GGG TCG GCG CAG GTT GAC GTG TGT GTG TCT GGT TAT 

GTG TGT TTT AGA GCT AGA AAT AGC 

 sgRNA 

insert of 

pCRISPRy

l_SFL1 

SFL1_sgR

NA.rev 

  GCT ATT TCT AGC TCT AAA ACA CAC ATA ACC AGA CAC 

ACA CAC GTC AAC CTG CGC CGA CCC 

 sgRNA 

insert of 

pCRISPRy

l_SFL1 

RHO5_sg

RNA.fwd 

  GGG TCG GCG CAG GTT GAC GTT TGA CGT TCT CGA ACG 

ACG GGT TTT AGA GCT AGA AAT AGC 

 sgRNA 

insert of 

pCRISPRy

l_RHO5 

RHO5_sg

RNA.rev 

  GCT ATT TCT AGC TCT AAA ACC CGT CGT TCG AGA ACG 

TCA AAC GTC AAC CTG CGC CGA CCC 

 sgRNA 

insert of 

pCRISPRy

l_RHO5 

MHY1_sg

RNA.fwd 

  GGG TCG GCG CAG GTT GAC GTG GAG ATG CGC AGA 

TAA CGG AGT TTT AGA GCT AGA AAT AGC 

 sgRNA 

insert of 

pCRISPRy

l_MHY1 

MHY1_sg

RNA.rev 

  GCT ATT TCT AGC TCT AAA ACT CCG TTA TCT CGC CAT 

CTC CAC GTC AAC CTG CGC CGA CCC 

 sgRNA 

insert of 

pCRISPRy

l_MHY1 

RAS2_OR

F.fwd 

  GCG CGC GGC GCG CCA TGA GTG AAC AAC CCC AGC 

AAA AGG TTT CCA TTG TC 

 Restriction 

Assembly 

of pRAS2 
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RAS2_OR

F.rev 

  GCG CGC GGC TAG CCT AGC AGA TAA CAC AGC ACT 

TGG ATC CAC CCT TGA TG 

 Restriction 

Assembly 

of pRAS2 

A_FOR   CCACCGAGCCGTTCATG  D05956g 

forward 

primer 

B_FOR   GTCCTGGAACGCCATCAG  E22029g 

forward 

primer 

C_FOR   GCGTCTGAAGCTCGCTAATATCG  D16431g 

forward 

primer 

D_FOR   CCGAGTGTAGGCCACTTG  E13627g 

forward 

primer 

E_FOR   GTTAGACAGCACCAGGGTG  C02904g 

forward 

primer 

F_FOR   GTTCTTGTCGTTGCAGACTCG  E01193g 

forward 

primer 

G_FOR   CACTCACTTGCCACTGCAG  C33332g 

forward 

primer 

H_FOR   CGTGATGGAGACTGGGGAG  E24428g 

forward 

primer 

I_FOR   CCCGACTCTTCGTCTTCATCG  C30884g 

forward 

primer 

J_FOR   GGTATGAATTCTGGCCCAAACTG  E37234g 

forward 

primer 

K_FOR   GGCCTTCTCAGACAAGTCGG  F23331g 

forward 

primer 

L_FOR   GTGATTGGGGTGTTAGGTCG  D01350g 

forward 

primer 
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M_FOR   GCATAAGTCTCAGAGCCAGC  D21022g 

forward 

primer 

A_REV   CCAGACACACACACAGCC  D05956g 

reverse 

primer 

B_REV   GCAACAACTTCCGAACTGCTG  E22029g 

reverse 

primer 

C_REV   CCGTGTGGGACAATCTCTTTTAC  D16431g 

reverse 

primer 

D_REV   GGAGAGAAAGACAGCGCTTTGC  E13627g 

reverse 

primer 

E_REV   CTTTCCTCCAGACTTTTCTCCTTCC  C02904g 

reverse 

primer 

F_REV   GGTTGGAGGGAATCGCG  E01193g 

reverse 

primer 

G_REV   GTGGTAGTGGGCGAACTG  C33332g 

reverse 

primer 

H_REV   CCTCCTACATTGCGCATGG  E24428g 

reverse 

primer 

I_REV   CGAGTCGGCACTGAAGG  C30884g 

reverse 

primer 

J_REV   GCATCTTGTGTCTGTAGAACCG  E37234g 

reverse 

primer 

K_REV   GCTCACAGACACCTCTTGTG  F23331g 

reverse 

primer 

L_REV   CGTTCGTCTGCACACACC  D01350g 

reverse 

primer 

M_REV   CAACGACGTTGGGTGGC  D21022g 

reverse 

primer 
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neg1FOR   GATCAGAGTCAGGATGGGTGAC  C23902g 

forward 

primer 

neg2FOR   GATAACGCCGTTCCACGC  D17181g 

forward 

primer 

neg3FOR   CCTCGTTGCGATCCATTAACC  D12493g 

forward 

primer 

neg4FOR   GTTGAGCTCATCCAGCTCATG  F21690g 

forward 

primer 

neg5FOR   CTAATGCTGTCAAAACGGATAGCG  B06015g 

forward 

primer 

neg6FOR   GCACCATGGTGGTAGGTG  B26350g 

forward 

primer 

neg7FOR   GCTCAATCCACCACAAGATCAAATC  F11871g 

forward 

primer 

neg8FOR   CGAGGCATTACCTTTGGAGG  D11769g 

forward 

primer 

neg9FOR   CAGCAGTAGCCCCAACAC  A22093g 

forward 

primer 

neg10FO

R 

  CTCCACACTTGGCAGTGG  A21156g 

forward 

primer 

neg11FO

R 

  GCACTCGTCTTTGAGTCTCAC  F07819g 

forward 

primer 

neg12FO

R 

  CCAGAACCGTTATTGGTGCC  B05364g 

forward 

primer 

neg13FO

R 

  CGTCACAGGTATCGGCAAC  D14893g 

forward 

primer 

neg14FO

R 

  GATCTTCTTGCCGTCGGC  D15424g 

forward 

primer 
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neg15FO

R 

  GTGGAAGAGGTTGTGGCC  A21797g 

forward 

primer 

neg16FO

R 

  GTCTTCCTTGTCCACCCG  F34749g 

forward 

primer 

neg17FO

R 

  CCCAACCTGTATTTCGGTGTC  F19899g 

forward 

primer 

neg18FO

R 

  GGGTATGAGAGGAATTTCGACG  A03183g 

forward 

primer 

neg19FO

R 

  GTACTGGCAGAAGAGCGC  D25330g 

forward 

primer 

neg20FO

R 

  CATCTTACCACCCTGAGTAAGTCC  C21487g 

forward 

primer 

neg21FO

R 

  GAGGCATCCGGTTCGTTC  F26726g 

forward 

primer 

neg1REV   GCAAATCAATTCTTCGTGCACG  C23902g 

reverse 

primer 

neg2REV   GTTGTAGATTGTCAGGACCATAATGG  D17181g 

reverse 

primer 

neg3REV   CACCTGTTCCATGAGCGC  D12493g 

reverse 

primer 

neg4REV   GAAGGATGTCTAGATGAACCACG  F21690g 

reverse 

primer 

neg5REV   GATATCTCCGAGACGAGTTTTCCTC  B06015g 

reverse 

primer 

neg6REV   CAACACTGACGTGACGTCC  B26350g 

reverse 

primer 

neg7REV   CCACCAAGCTGCTTGGATAAG  F11871g 

reverse 

primer 
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neg8REV   GCTGAGTGTTAGAACAACTCGC  D11769g 

reverse 

primer 

neg9REV   CACCAAAGAACTGTTTGGAGGG  A22093g 

reverse 

primer 

neg10RE

V 

  CCGAGACCGAATCCTCGAG  A21156g 

reverse 

primer 

neg11RE

V 

  GCGAAGAAACCAGTGCCTG  F07819g 

reverse 

primer 

neg12RE

V 

  GGAACTTAGTAGCCTCGATAGGTC  B05364g 

reverse 

primer 

neg13RE

V 

  CGTTGTCGACGAGGAATCC  D14893g 

reverse 

primer 

neg14RE

V 

  GTCTGGTGATGTTGTCTTGGTG  D15424g 

reverse 

primer 

neg15RE

V 

  GTTGGTCTTAGTGCTGACGC  A21797g 

reverse 

primer 

neg16RE

V 

  CAGTCATTCGCTTTCGAGATGAAG  F34749g 

reverse 

primer 

neg17RE

V 

  CAATTCGCTCCTGCAGAAGG  F19899g 

reverse 

primer 

neg18RE

V 

  GACGTTGAACACGGAAATGCC  A03183g 

reverse 

primer 

neg19RE

V 

  CAGCTCCAACGGGATATTGC  D25330g 

reverse 

primer 

neg20RE

V 

  CGTAACCTCCAGGAGGTTCTC  C21487g 

reverse 

primer 

neg21RE

V 

  GGTTGAACAGCGCGTCC  F26726g 

reverse 

primer 
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qPCR-

GW-F 

  TTATGAACTGAAAGTTGATGGC  qPCR 

forward 

primer 

qPCR-

GW-R 

  TCACACAGGAAACAGCTATG  qPCR 

reverse 

primer 

Cr_1665   AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC

ACGACGCTCTTCCGATCTAGTCCGGTTCGATTCCGGGTC 

 Forward 

primer 

Illumina 

Cr_1666   AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC

ACGACGCTCTTCCGATCTGTAGTCCGGTTCGATTCCGGGT

C 

 Forward 

primer 

Illumina 

Cr_1667   AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC

ACGACGCTCTTCCGATCTCAGTAGTCCGGTTCGATTCCGG

GTC 

 Forward 

primer 

Illumina 

Cr_1668   AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC

ACGACGCTCTTCCGATCTTCCAGTAGTCCGGTTCGATTCC

GGGTC 

 Forward 

primer 

Illumina 

Cr_1669   CAAGCAGAAGACGGCATACGAGATTCGCCTTGGTGACTG

GAGTTCAGACGTGTGCTCTTCCGATCTCGACTCGGTGCCA

CTTTTTCAAG 

 Reverse 

primer 

Illumina 

Cr_1670   CAAGCAGAAGACGGCATACGAGATATAGCGTCGTGACTG

GAGTTCAGACGTGTGCTCTTCCGATCTCGACTCGGTGCCA

CTTTTTCAAG 

 Reverse 

primer 

Illumina 

Cr_1671   CAAGCAGAAGACGGCATACGAGATGAAGAAGTGTGACTG

GAGTTCAGACGTGTGCTCTTCCGATCTCGACTCGGTGCCA

CTTTTTCAAG 

 Reverse 

primer 

Illumina 

Cr_1672   CAAGCAGAAGACGGCATACGAGATATTCTAGGGTGACTG

GAGTTCAGACGTGTGCTCTTCCGATCTCGACTCGGTGCCA

CTTTTTCAAG 

 Reverse 

primer 

Illumina 

Cr_1673   CAAGCAGAAGACGGCATACGAGATCGTTACCAGTGACTG

GAGTTCAGACGTGTGCTCTTCCGATCTCGACTCGGTGCCA

CTTTTTCAAG 

 Reverse 

primer 

Illumina 

Cr_1709   CAAGCAGAAGACGGCATACGAGATGTCTGATGGTGACTG

GAGTTCAGACGTGTGCTCTTCCGATCTCGACTCGGTGCCA

CTTTTTCAAG 

 Reverse 

primer 

Illumina 

Cr_1710   CAAGCAGAAGACGGCATACGAGATTTACGCACGTGACTG

GAGTTCAGACGTGTGCTCTTCCGATCTCGACTCGGTGCCA

CTTTTTCAAG 

 Reverse 

primer 

Illumina 

Cr_1711   CAAGCAGAAGACGGCATACGAGATTTGAATAGGTGACTG

GAGTTCAGACGTGTGCTCTTCCGATCTCGACTCGGTGCCA

CTTTTTCAAG 

 Reverse 

primer 

Illumina 
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sgRNA   Sequence  Strain 

Generate

d 

RAS2   T TGA AGA CTC ATA CTC CAC C  PO1f 

HMEBI 

ΔRAS2 

SFL1   G TGT GTG TCT GGT TAT GTG T  PO1f 

HMEBI 

ΔSFL1 

RHO5   T TGA CGT TCT CGA ACG ACG G  PO1f 

HMEBI 

ΔRHO5 

MHY1   G GAG ATG CGC AGA TAA CGG A  PO1f 

HMEBI 

ΔMHY1 

YALI1_

D05956

g_2 

  

CAACATGTACGGCTTCCATA 

 PO1f 

ΔD05956

g 

YALI1_

E22029g

_3 

  

CACTCCTCTGTTGAGTGCGG 

 PO1f 

ΔE22029

g 

YALI1_

D16431

g_3 

  

AACCATGACAAATCTGCTCA 

 PO1f 

ΔD16431

g 

YALI1_

E13627g

_3 

  

TGGATGTGTGTGACGGAAAG 

 PO1f 

ΔE13627

g 

YALI1_

C02904g

_3 

  

AAAGCCGAAGATGGGGCCCG 

 PO1f 

ΔC02904

g 

YALI1_

E01193g

_3 

  

CTCTCGGTTTCATTCCCGAG 

 PO1f 

ΔE01193

g 
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YALI1_

C33332g

_2 

  

CGGAAGATATGACGATAAAG 

 PO1f 

ΔC33332

g 

YALI1_

E24428g

_3 

  

GTGTGTCTTGAGGTCCCGCT 

 PO1f 

ΔE24428

g 

YALI1_

C30884g

_2 

  

GCAAGAGCCGAGTCAGCGCA 

 PO1f 

ΔC30884

g 

YALI1_

E37234g

_1 

  

ATTGCAGGTTAGAAATGGGG 

 PO1f 

ΔE37234

g 

YALI1_

F23331g

_2 

  

CCTTGAGCTTGAGACCCTGC 

 PO1f 

ΔF23331

g 

YALI1_

D01350

g_1 

  

AGTTGTCAGTGGCAAGGTAG 

 PO1f 

ΔD01350

g 

YALI1_

D21022

g_1 

  

GATGCTCCGACGAGGCCTGC 

 PO1f 

ΔD21022

g 

YALI1_

C23902g

_1 

  

CGATGACTCTGGGCACGAGG 

 PO1f 

ΔC23902

g 

YALI1_

D17181

g_1 

  

CTACTCGGTCTACAGACGAG 

 PO1f 

ΔD17181

g 

YALI1_

D12493

g_3 

  

GGAGGGCGAAGAGAGGGTCG 

 PO1f  

ΔD12493

g 

YALI1_

F21690g

_2 

  

GTACTCGGTGGACGACAGTT 

 PO1f 

ΔF21690

g 
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YALI1_

B06015g

_1 

  

TCAGCTAAACCCATGTCAAA 

 PO1f 

ΔB06015

g 

YALI1_

B26350g

_3 

  

ATGATGGCAATGATCACGGG 

 PO1f 

ΔB26350

g 

YALI1_

F11871g

_2 

  

CCACCGACTTGAGAATGCCT 

 PO1f 

ΔF11871

g 

YALI1_

D11769

g_2 

  

GGTGTCATCAACCGACACTC 

 PO1f 

ΔD11769

g 

YALI1_

A22093

g_3 

  

TCTCCCAGACAGGTCCAGAT 

 PO1f 

ΔA22093

g 

YALI1_

A21156

g_1 

  

GTATCGTGCCTTAGGCCAGG 

 PO1f 

ΔA21156

g 

YALI1_

F07819g

_3 

  

GAAACCCGCAAAAACCTCCA 

 PO1f 

ΔF07819

g 

YALI1_

B05364g

_1 

  

TCAGAGCGTTAAGAATAGCG 

 PO1f 

ΔB05364

g 

YALI1_

D14893

g_3 

  

CGCCTCCGTGTGCTACATCT 

 PO1f 

ΔD14893

g 

YALI1_

D15424

g_3 

  

ATCCTTGATGGAGAGCTTGT 

 PO1f 

ΔD15424

g 

YALI1_

A21797

g_1 

  

GCAGAGCCTGGAAGAACCCA 

 PO1f 

ΔA21797

g 
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YALI1_

F34749g

_3 

  

CCTGGGCGAGGAGAGCGATG 

 PO1f 

ΔF34749

g 

YALI1_

F19899g

_1 

  

AAGACCAGAGTAGAACACCA 

 PO1f 

ΔF19899

g 

YALI1_

A03183

g_1 

  

GAGCGACTAGGCACTCTCGA 

 PO1f 

ΔA03183

g 

YALI1_

D25330

g_1 

  

GCAGATACGACAGCTCTGAG 

 PO1f  

ΔD25330

g 

YALI1_

C21487g

_3 

  

TGTACTCGTAGTACTGCACT 

 PO1f 

ΔC21487

g 

YALI1_

F26726g

_2 

  

ATATTGCACAAAGTGGACCA 

 PO1f 

ΔF26726

g 
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Supplemental Table S4: Galaxy Parameters for NGS reads 
Tool Version Parameters* 

FastQC v0.11.8 Default settings 

Cutadapt Galaxy 

Version 

1.16.6 13 

Cutadapt was used to demultiplex samples containing the same Illumina 

barcode, but different pseudobarcodes at the 5’ end of the read. Samples 

were amplified with reverse primers Cr1669-1673;Cr1709-1711 and 

forward primers Cr1665-1668 each containing a different pseudo barcode 

as mentioned in Table 

▪ 5’ (Front) anchored 6 bp pseudo-barcodes to be demultiplexed (-g): 

^NNNNNN (refer to previous table for pseudo-barcode-forward primer 

association).  

▪ Maximum error rate (--error-rate): 0.2 

▪ Match times (--times): 1 

▪ Minimum overlap length (--overlap): 4 

▪ Multiple output: Yes (Each demultiplexed readset is written to a 

separate file) 

Trimmomatic v0.38 ▪ HEADCROP: 30 (if amplified by Cr1665); or 32 (if amplified by 

Cr1666); or 34 (if amplified by Cr1667); or 36 (if amplified by Cr1668) 

▪ CROP: 20 

 

Bowtie2** v2.4.2 ▪ Number of allowed mismatches in seed alignment (-N): 1 

▪ Length of the seed substring (-L): 20 

▪ Function governing interval between seed substrings in multiseed 

alignment (-i): S,1,0.50 

▪ Function governing maximum number of ambiguous characters (--n-

ceil): L,0,0.15 

▪ Alignment mode: end-to-end 

▪ Number of attempts of consecutive seed extension events (-D): 20 

▪ Number of times re-seeding occurs for repetitive reads: 3 

▪ Save mapping statistics: Yes 

 
* All parameters other than those mentioned here are kept at default values. 

** Bowtie2 usage needs a genome fasta file for alignment. Nontargeting sgRNA and any other sgRNA that 

Bowtie2 could not find within the original CLIB89 genome file were appended as an extra chromosome so 

that Bowtie could align all sgRNA for the purposes of generating counts. 
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Supplemental Table S5: Demultiplexing Barcode Primer Assignments 

Sample 

Name 

Forward 

Primer 

Forward 

Barcode 

Reverse 

Primer 

Reverse 

Barcode 

Library A 1665 AGTCCG 1710 GTGCGTA

A 

Library B 1666 GTAGTC 1710 GTGCGTA

A 

Control Glucose A 1665 AGTCCG 1669 CAAGGCG

A 

Control Glucose B 1666 GTAGTC 1669 CAAGGCG

A 

Control 0.25 M Acetate A 1667 CAGTAG 1670 GACGCTA

T 

Control 0.25 M Acetate  B 1668 TCCAGT 1670 GACGCTA

T 

Control 0.5 M AcetateA 1665 AGTCCG 1671 ACTTCTT

C 

Control 0.5 M AcetateB 1666 GTAGTC 1671 ACTTCTT

C 

Cas9 Glucose A 1667 CAGTAG 1672 CCTAGAA

T 

Cas9 Glucose B 1668 TCCAGT 1672 CCTAGAA

T 

Cas9 0.25 M Acetate A 1665 AGTCCG 1673 TGGTAAC

G 

Cas9 0.25 M Acetate B 1666 GTAGTC 1673 TGGTAAC

G 
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Cas9 0.5 M Acetate A 1667 CAGTAG 1709 CATCAGA

C 

Cas9 0.5 M Acetate B 1668 TCCAGT 1709 CATCAGA

C 

Cas9 Time 0 Control A 1667 CAGTAG 1669 CAAGGCG

A 

Cas9 Time 0 Control B 1668 TCCAGT 1669 CAAGGCG

A 

Solid-Liquid Screen Liquid 

Glucose A 

1667 CAGTAG 1670 GACGCTA

T 

Solid-Liquid Screen Liquid 

Glucose A 

1668 TCCAGT 1670 GACGCTA

T 

Solid-Liquid Screen Solid 

Glucose A 

1665 AGTCCG 1672 CCTAGAA

T 

Solid-Liquid Screen Solid 

Glucose A 

1666 GTAGTC 1672 CCTAGAA

T 

Dodecane A 1667 CAGTAG 1670 GACGCTA

T 

Dodecane B 1668 TCCAGT 1670 GACGCTA

T 

1-Dodecene A 1667 CAGTAG 1671 ACTTCTT

C 

1-Dodecene B 1668 TCCAGT 1671 ACTTCTT

C 

Oleic Acid A 1667 CAGTAG 1672 CCTAGAA

T 

Oleic Acid B 1668 TCCAGT 1672 CCTAGAA

T 
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Margaric A 1667 CAGTAG 1673 TGGTAAC

G 

Margaric B 1668 TCCAGT 1673 TGGTAAC

G 

 

Supplemental File S6: Original sgRNA Library (Chapter 1) 

See file: Supp.File 0.4_Original_sgRNA_Library_Chapter_1.xlsx 

Note 

Supplemental File S7: Refined sgRNA Library (Chapters 2 and 3) 

See file: Supp.File 0.5_Refined_sgRNA_Library_Chapter_1.xlsx 
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Chapter 1 Supplemental Figures 
 

 
Supplemental Figure S1.1: Representative images of PO1f and PO1f HMEBI cells. 
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Supplemental Figure S1.2: Representative images PO1f ΔRAS2 and PO1f ΔSFL1 cells. 
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Supplemental Figure S1.3: Representative images of PO1f ΔRHO5 and PO1f ΔMHY1. 
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Supplemental Figure S1.4: Lycopene Standard Curve. A series of lycopene solutions 

(made with pre-purchased lycopene (Sigma-Aldrich)) was prepared at different 

predetermined concentrations (3.75, 7.50, 15.00, 33.00, 52.00, 72.00, and 120.00 𝜇g/mL). 

Absorbance was then measured at 472 nm absorbance measurements.  Linear regression 

was applied to calculate a standard curve formula, which was used to convert lycopene 

absorbance measurements into concentration values. 
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Chapter 2 Supplemental Figures 
 

 

 

 
Supplemental Figure S2.1: FunCat Solid Enriched Screen Parameters – The output 

category summary from the FungiFun2 FunCat solid media essential gene enriched 

annotation analysis.  A. The significance percentage of the distribution of the enriched 

FunCat categories assigned to the solid media essential genes. B. The significance 

percentage of the distribution of the solid media essential genes with enriched FunCat 

annotations.  C. A FunCat hierarchy tree summarizing the hierarchy and relationships of 

the enriched FunCat annotations across the solid media essential genes.  White rings 

indicate no significance, and blue and brown rings indicating significance (p < 0.05). 

 

 
Supplemental Figure S2.2: FunCat Solid Depleted Screen Parameters – The output 

category summary from the FungiFun2 FunCat solid media essential gene depleted 

annotation analysis.  A. The significance percentage of the distribution of the depleted 

FunCat categories assigned to the solid media essential genes. B. The significance 

percentage of the distribution of the solid media essential genes with depleted FunCat 

annotations.  C. A FunCat hierarchy tree summarizing the hierarchy and relationships of 

the depleted FunCat annotations across the solid media essential genes.  White rings 

indicate no significance, and blue and brown rings indicating significance (p < 0.05). 
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Supplemental Figure S2.3: FunCat Liquid Enriched Screen Parameters – The output 

category summary from the FungiFun2 FunCat liquid media essential gene enriched 

annotation analysis.  A. The significance percentage of the distribution of the enriched 

FunCat categories assigned to the liquid media essential genes. B. The significance 

percentage of the distribution of the liquid media essential genes with enriched FunCat 

annotations.  C. A FunCat hierarchy tree summarizing the hierarchy and relationships of 

the enriched FunCat annotations across the liquid media essential genes.  White rings 

indicate no significance, and blue and brown rings indicating significance (p < 0.05). 

 

 

Supplemental File S2.4: Solid Essential Hits 

See file: Supp.File 2.2_Solid_Essential_Hit_Chart.xlsx 

 

Supplemental File S2.5: Liquid Essential Hits 

See file: Supp.File 2.3_Liquid_Essential_Hit_Chart.xlsx 

 

Supplemental File S2.6: FunCat Essential Hit Enriched and Depleted Annotations 

See file: Supp.File 2.4_GO_Term_Solid_Liquid_Differences_Chart.xlsx 
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Chapter 3 Supplemental Figures 

 

 

 

 
Supplemental Figure S3.1: Library v2 Characterization – Characteristics of lib. v2. (a) 

99.8% of genes have three targeting guides. (b) Untransformed lib. v2 contains a tight 

distribution of guides. 
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Supplemental Figure S3.2: Essential Hit Characterization – The four generated LOF 

hits were grown in 96-well plates with 1 mL of wells of 500 mM acetate in minimal media.  

All grew to significantly lower final culture densities than the wild type
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Supplemental Figure S3.3: Top Acetate GOF Hit Characterization – Top acetate GOF 

hit encodes flocculation suppressing gene SFL1. The ΔSFL1 knockout causes Y. lipolytica 

to flocculate. 
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Supplemental Figure S3.4: Top Nine FS Acetate Hits in Glucose – Nine significant 

positive FS hits from the acetate screens grow similar to wild-type, except one. Corrected 

for multiple comparisons, only ΔC30884g grows worse than wild-type (** indicates 

p<0.005). Minimal media cultures with 0.125 M glucose were inoculated with overnight 

cultures to an OD600 of 0.05 and allowed to shake 24 hours at 1,000 RPM in 96-well plates 

containing 1 mL of media at 30 °C. 
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Supplemental Figure S3.5: Characterization of Top Validated Acetate Hits – Top 

acetate positive FS hits were characterized at the end of a growth curve performed in 500 

mM acetate minimal media in 250 mL shake flasks 30 ℃, 220 RPM shaking, 5 days. 

Higher levels of growth cause the pH of the media to drop more as acetate is consumed. 

Ten mL of cell culture was collected at the end of 5 days, pelleted, lyophilized, and weighed 

to calculate DCW. Top positive FS hit knockouts grow more quickly and produce more 

biomass than the wild type. Growth rates were calculated from growth curve data from 

Figure 3. For each replicate, the growth rate for each time point was calculated for time 

points during the exponential phase, then averaged. 

 

Supplemental File S3.6: Hit Significance and Details 

See file: Supp.File 3.6_Hit_Significants_and_Details.xlsx 

 

Supplemental File S3.7: All Guides CS and FS 

See file: Supp. File 3.7_All_Guides_CS_and_FS  

 
 




