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Renewable chemical production via microbial fermentation is a growing and 

critical industry. To overcome limitations in the productivity of commonly used hosts, 

nonconventional microbes that have uniquely advantageous metabolisms and phenotypes 

are needed. One such organism is the yeast Yarrowia lipolytica, which has a high native 

capacity to synthesize lipids and grow on a range of substrates. A significant bottleneck 

in engineering Y. lipolytica is a lack of synthetic biology tools for multiplexed genome 

editing and rapid strain development. To overcome these limitations, we have developed 

CRISPR-Cas9 based tools for (i) targeted gene disruption, (ii) expression cassette 

integration into predefined genomic loci, (iii) repression of native genes using CRISPR 

interference, (iv) activation of cryptic genes using CRISPR activation, and (v) genome-

wide knockout screening. Straightforward adaptation of CRISPR-Cas9 strategies used in 

other eukaryotes had limited success, resulting in low gene disruption rates in Y. 

lipolytica. To improve this, we designed novel synthetic RNA polymerase III promoters 
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for sgRNA expression, the best of which achieved gene disruption rates >90% and 

genome integration rates >50%. CRISPR-mediated markerless genome integration was 

used to make a strain of Y. lipolytica capable of producing over 21 mg/g DCW of the 

valuable carotenoid lycopene. We also adapted the CRISPR-Cas9 system for gene 

repression and significantly increased homologous recombination by transiently 

repressing genes involved in nonhomologous end-joining. The system was further 

adapted for gene activation and used to express natively silent β-glucosidase genes to 

enable growth on cellobiose. To accelerate strain engineering, we designed and 

constructed a library of plasmids expressing ~48,000 sgRNAs that target all protein 

coding sequences in the genome with 6-fold coverage. By transforming this pooled 

library into Y. lipolytica strains expressing Cas9 and quantifying sgRNA enrichment or 

depletion after outgrowth, genes important for growth under different conditions can be 

identified. By performing screening experiments in different strain backgrounds, 

determinants of CRISPR-Cas9 function can be characterized and industrially relevant 

phenotypes can be selected for. 
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Chapter 1: Introduction1 

 

 

1.1 Advantages of non-conventional hosts 

1.1.1 Abstract 

Microbial chemical production is a rapidly growing industry, with much of the growth 

fueled by advances in synthetic biology and metabolic engineering. New genetic engineering and 

DNA synthesis technologies have enabled the rapid design and construction of microbial strains 

that produce almost any desired compound. However, scale-up from the lab is often problematic 

because the native phenotypes of model hosts prevent innovative low-cost process designs. In this 

Perspective, we argue that a new approach is needed to drive the next generation of chemical 

biosynthesis platforms. This approach leverages the native stress tolerant phenotypes of non-

conventional microbes that can directly address bioprocess design challenges from the outset. The 

capacity of a production host to grow at high temperatures, in high salt and solvent 

concentrations, and at low pH can enable cost savings by reducing the energy required for 

product separation, bioreactor cooling, and maintaining sterile conditions. These phenotypes have 

the added benefit of allowing for the use of low-cost sugar and water resources. Non-

conventional hosts are needed because these phenotypes are polygenic and have thus far proven 

difficult to recapitulate in the common hosts E. coli and S. cerevisiae. Here, we discuss the 

biochemical underpinnings of these phenotypes and how new synthetic biology tools are needed 

to harness these potentially valuable microbes and engineer them with a desired biosynthetic 

pathway. The nonconventional yeast Yarrowia lipolytica has been developed as a production host 

                                                 
1 This chapter partially appeared as an article in Synthetic and Systems Biotechnology. The original citation 

is as follows: Lobs, A. K., Schwartz, C., and Wheeldon, I. (2017) Genome and metabolic engineering in 

non-conventional yeasts: Current advances and applications. Synthetic and Systems Biotechnology, 1-10 
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because of its desirable phenotypes, including robust tolerance to hydrophobic conditions and 

high native lipid production. However, advanced metabolic engineering has been limited. This 

chapter outlines the challenges of using non-conventional yeasts for strain and pathway 

engineering, and discusses the developed solutions to these problems and the resulting 

applications in industrial biotechnology. 

 

1.1.2 Introduction 

Industrial biotechnology generates over $324 billion in US revenues annually, 

representing more than 2% of the US gross domestic product (GDP)1. Industrial biochemicals 

(e.g., biofuels, food additives, biopolymers, and other commodity chemicals) represents more 

than $125 billion of these revenues and is the fastest growing subsector with year-over-year 

growth consistently exceeding 10% annually over the last decade. Taken as a whole, industrial 

biotechnology is a substantial driver of the US economy, but a new generation of biochemical 

processes is needed for the industry to continue to grow. The remarkable advancement of 

synthetic biology and metabolic engineering has provided the technical capabilities to rapidly 

design and generate microbial strains with optimized pathways and evolve proteins with new and 

enhanced functions. However, our ability to design low-cost production facilities (e.g., 

bioreactors and downstream processes) has not kept pace with the new technical innovations 

driving this sector (e.g., genome editing by CRISPR-Cas9 and other similar systems2-4, low cost 

and rapid DNA synthesis5, 6, and automated combinatorial gene assembly7, 8). 

Microbial biosynthesis has emerged as an attractive, complementary approach to 

chemical catalysis for the production of high-value and bulk chemicals that are traditionally 

synthesized from petroleum-based feedstocks9. Microbial metabolic pathways can effectively 

convert simple sugars into complex, chiral secondary metabolites and long, monodispersed 
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polymer chains (e.g., polypeptides and nucleic acids). The commercial bioproduction of simple 

alcohols and acids (e.g., ethanol, 1,4-butanediol, lactate, and succinate among others) has also 

been successful. This success comes from the ability to use complex raw materials streams as 

low-cost sources of sugars as well as efficient reaction pathways with high energy and carbon 

yields10. Microbial processes also have the added benefit of minimizing environmental impact by 

using renewable sources of sugars and energy in place of fossil fuels and other petroleum-based 

compounds. 

Current challenges limiting the competitiveness of bioprocessing include high energy and 

water use, loss of productivity due to contamination, expensive feedstocks, and high separation 

costs. These technical challenges have proven difficult to overcome, in part, because of inherent 

limitations in widely-used host organisms. The genetics and metabolism of Escherichia coli and 

Saccharomyces cerevisiae, common lab scale and production hosts, are well understood and 

genome editing techniques are advanced. However, both are mesophilic, do not tolerate 

environmental stresses, and have limited native or engineered capacity to metabolize carbon 

sources other than glucose11, 12. Efforts have been made to address these limitations, but success is 

often limited because these phenotypes are driven by complex genetic interactions and their 

biochemical mechanisms are not always fully understood. While other non-model microbes have 

phenotypes that address the shortcomings of these models hosts, they are often not selected as 

new production hosts because their genetics are not sufficiently tractable and/or synthetic biology 

and metabolic engineering tools are limited in capacity and availability. Such tools are central to 

engineering efforts to improve product titer, rate and yield. 

The expansion of synthetic biology into non-model hosts promises to enable a new 

generation of bioprocessing, as microbes that natively possess industrially favorable phenotypes 

can be engineered as production strains with novel pathways (Figure 1.1). The costs associated 
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with process sterilization are significant and can be reduced by using microorganisms that grow 

in conditions hostile to most contaminating species. Production hosts that can outcompete 

contaminating species for resources limit loses in productivity and can help avoid culture failures 

due to microbial contamination13, 14. Non-aseptic bioprocessing also saves capital costs by 

enabling alternative reactor designs that use low cost materials and limit the need of peripheral 

equipment necessary for sterilization15. Costs and environmental issues associated with high 

water usage can also be reduced by identifying microorganisms that can grow in lower cost water 

sources (e.g., ocean water and industrial wastewater)16, and process waste streams can be reduced 

by performing cultures at higher density. 

 

Figure 1.1: Microbial phenotypes that match the needs of the next generation of chemical 

biosynthesis 

In this chapter, we discuss how non-model microbes can enable new, low-cost 

bioprocessing for chemicals production. The discussion begins with an analysis of the process 

benefits that can be realized by exploiting complex traits — tolerance to high temperatures, 

extreme pH, non-aqueous solvents and organic acids, and high osmotic stress. This discussion is 

followed by a description of the technical challenges in engineering non-conventional microbes 
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and new genome engineering tools that are being developed to introduce and control metabolic 

pathways into these novel production hosts. Lastly, we comment on the future directions of the 

field. This chapter is not intended to be a comprehensive review of all potentially relevant 

microbes and their phenotypes, but instead uses selected examples to illustrate our view that non-

conventional microbial hosts will play a central role in the future of biochemical processing. 

 

1.1.3 Matching challenges in industrial bioprocessing with microbial phenotypes  

The success of translating lab-scale synthetic biology and metabolic engineering studies 

to commercial production is dictated by process economics and not necessarily the novelty of the 

underlying science. The high titer production of hundreds of different molecules in microbial 

cultures has been demonstrated using model organisms; however, only a small number of these 

have been successfully commercialized17. Experimental inputs and procedures that are 

manageable at lab scale, such as avoidance of contamination, temperature control, and substrate 

cost can become critical bottlenecks at scale. The translation from the lab to industry has been the 

focus of significant research, and readers are directed to recent articles for detailed discussions of 

current strategies18-20. Here, we argue that the selection of microbial production host can help 

alleviate some of the scaleup challenges by addressing them from the outset of the process design. 

The following subsections discuss process challenges and the native phenotypes expressed in 

non-conventional microbes that can provide solutions to these challenges. 

 

1.1.3.1 High temperature fermentation 

Microbes that exhibit robust growth at elevated temperatures have caught the attention of 

industrial biotechnology because they promise to reduce costs and allow for the use of alternative 

feedstocks. Similar to other tolerance traits, thermotolerance is polygenic arising from the 
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interactions of two or more functional genes. As such, high thermotolerance has proven difficult 

to engineer in model hosts. By contrast, a number of non-conventional bacteria and fungi are 

known to be thermotolerant, in some cases up to temperatures near the boiling point of water21. 

Typically, microbial fermentations are conducted at moderate temperatures (i.e., 30-37 °C); 

however, substantial benefits can be realized with microbes that can sustain a high growth rate at 

elevated temperature (Figure 1.2). Bioreactor cooling is necessary because microbial growth is 

exothermic, releasing up to half of the energy stored in its substrates as heat. High cooling costs 

are a problem that is particularly acute in tropical climates where sugar cane and other carbon 

sources are abundant at low cost. By operating at elevated temperatures, some of these cooling 

costs can be avoided with thermophilic microbes. Thermophilic growth is also well-matched with 

saccharification process temperatures necessary for the deconstruction of starch and biomass 

feedstocks, and high fermentation temperatures can benefit the separation of volatile products 

through stripping. 
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Figure 1.2: Bioprocess benefits from high temperature fermentation. Performing bioprocesses at 

elevated temperatures confers several advantages in process design. Thermotolerant microorganisms 

exhibit a range of evolutionary adaptations to survive and thrive at higher temperatures. Several candidate 

thermophiles for industrial bioprocessing are shown. 

 

The process benefits of thermotolerance can be quantified. For example, one study 

calculated that a 30,000 kL/year ethanol plant could save ~$280,000/year, a significant fraction of 

non-feedstock cost, by performing simultaneous starch saccharification and ethanol fermentation 

at 40 °C instead of 32 °C. The cost savings were due to a reduced cooling load and increased 

enzymatic activity for starch breakdown 26. Another example estimated that a more than 3-fold 

savings in cooling-water usage can be achieved in a 100 m3 aerated bioreactor by increasing 

temperature from 30 to 50 °C22. Increased process temperatures also reduce the heating required 

in separation processes to extract volatile products such as ethanol and butanol from culture 

broth. Minimizing the required change in temperature between bioreactors and downstream 

separations, which typically operate at higher temperatures, is also an area of potential cost 

savings23, 24. 

https://paperpile.com/c/OakNoh/5uVW
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1.1.3.2 High density, low-water bioprocessing 

The bioprocessing costs and environmental impact associated with handling water, both 

as input and waste streams, can be significant. For example, modern ethanol plants use an average 

of 5 gallons of water for each gallon of ethanol produced25. Depending on the required water 

purity, the cost per unit volume can vary as much as 400-fold (e.g., 0.05 ¢/L for municipal water 

to 20 ¢/L for high purity). In addition, costs for wastewater disposal at municipal treatment plants 

can be prohibitive for large scale operations (0.05 ¢/L). Two primary strategies for minimizing 

water usage and cost are to reduce process volumes and the use of low-cost water in broth 

formulation (Figure 1.3). Decreasing process volume can have the additional benefit of reducing 

capital costs, as smaller reaction vessels and less purification equipment are required. 

 

Figure 1.3: Benefits from bioprocessing under high osmotic stress. Performing bioprocesses at high 

levels of osmotic pressure can confer several advantages in process design. Osmotolerant microorganisms 

exhibit several evolutionary adaptations to survive under elevated osmotic stress, whether the stress is due 

to high concentrations of salt or carbon source. Several candidate osmotolerant microbes are shown. 

 

The most abundant source of water, ocean water, has largely been excluded from 

industrial fermentation broths due to its high levels of salt (~600 mM salt, primarily NaCl), which 
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is incompatible with the stainless steel materials typically used in bioreactors. Desalination using 

current technologies is still too expensive to be used at scale, so most current processes rely on 

municipal freshwater. Untreated ocean water is also problematic because high osmotic stress can 

significantly limit microbial growth. High salt concentrations in growth media can dessicate cells 

leading to cell death26. If cells relieve the osmotic stress by allowing high ion flux across the cell 

membrane then protein folding and ATP generation can be adversely affected, again leading to 

cell death. 

A second strategy to reduce water usage is high density fermentations. Here, unusually 

high biomass concentrations are generated from high concentration glucose media, thus 

minimizing water usage, and reducing bioreactor footprint in comparison to traditional 

operations. Smaller bioreactors require reduced heating and cooling capacity, and the high density 

cultures can produce higher product titers that reduce downstream separations costs. One study 

estimated up to 30% of ethanol plant operating costs are associated with system water 

requirements, product distillation, and other effluent processing unit operations. These costs can 

be directly reduced by transitioning to high density cultures. The technical challenge is that high 

sugar concentrations (i.e., >27% w/v) create osmotic stress and affect cell viability as described 

for high salt concentrations. 

 

1.1.3.3 High titer biosynthesis of toxic products 

Toxic products and intermediates can be a major bottleneck in the microbial production 

of fuels and commodity chemicals as they inhibit growth and reduce cell viability. Intracellular 

accumulation of such products, typically solvents (e.g., acetone, ethanol, butanol, and ethyl 

acetate, among others) and organic acids (e.g., acetic citric, succinic and adipic acid) can disrupt 

protein folding and destabilize cellular membranes27. Other products (e.g., antibiotic and 
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bioactive compounds) can have specific toxic effect through binding interactions with essential 

proteins or disrupt DNA replication. These specific toxicity issues are not addressed here, instead 

we focus on microbial tolerance to non-aqueous solvents and organic acids that are common high 

titer bioproducts. Many reviews already describe in detail the mechanisms behind solvent 

tolerance28, 29, here we focus on how native phenotypes in non-conventional microbes can 

enhance industrial biotechnology. 

Historical bioprocessing data reveals an inverse relationship between product titer and 

separations costs; products at low concentration are difficult and costly to separate from large 

volumes of aqueous fermentation broth that not only contains the desired product but also other 

waste compounds and side products. High tolerance to toxic products allows for outlet streams 

that require less energy input into downstream separations to achieve a desired purity. Processes 

also benefit from the straightforward advantage of high product concentrations (Figure 1.4). One 

salient example is ethanol production in S. cerevisiae, where industrial titers are limited by 

ethanol toxicity. Ethanol readily partitions into the cell membrane, increasing membrane fluidity 

and causing ions to leak across the membrane.  
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Figure 1.4: Bioprocess benefits from using product tolerant microorganisms. Using microbes that are 

tolerant to high levels of toxic product confers several advantages for both chemical production and 

downstream processing. Microorganisms have evolved several different mechanisms that allow them to 

tolerate the presence of chemicals that would otherwise be toxic. Several candidate microbes are presented. 

  

 In an effort to enhance ethanol tolerance in S. cerevisiae, one study observed that the 

addition of K+ ions and neutralization of fermentation broth increased ethanol titers by up to 80%, 

reaching titers greater than 127 g/L30. Similar enhancements were observed across various yeast 

strains including those commonly used in industrial ethanol production. More viable cells were 

found in the high titer fermentations, suggesting that the addition of K+ ions increased ethanol 

tolerance. These observations lead to a genetic strategy of hyperactivating the potassium importer 

TRK1 and upregulating the proton exporter PMA1. The effects of this genetic strategy were 

similar to altering the media composition; ethanol tolerance increased resulting in higher ethanol 

titers. The example of ethanol tolerance in S. cerevisiae is one where a model species already 

possesses industrially-relevant phenotypes, that is, a high fermentative capacity to produce 

ethanol and tolerance to reasonable concentrations of the desired product. 
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 High tolerance phenotypes are also found in other microbes such as pseudomonads, 

which are tolerant to a wide range of industrially relevant compounds including toluene, styrene, 

p-xylene, octanol, and butanol31-33. For example, Pseudomonas putida DOT-T1E can survive in 

the presence of 90% (v/v) toluene and 6% (v/v) butanol. This tolerance arises from a combination 

of different physiological attributes and stress response functions: cells upregulate the protein 

folding chaperone GroEL, activate efflux pumps (e.g., TtgABC, TtgDEF, and TtgGHI), and 

upregulate the expression of fatty acid isomerases that alter membrane phospholipid composition. 

Unlike other common microbes, solvent-tolerant pseudomonads natively express a cis-trans 

isomerase (Cti), which allows for cis-to-trans isomerization of the cell membrane phospholipids 

and temporarily increasing membrane rigidity. 

 

1.1.3.4 Non-aseptic bioprocessing 

Bioprocesses operating at extreme conditions, such as low pH, high salt concentrations, 

and high temperature, can minimize the potential for contamination of large scale cultures by 

microbes other than the desired production strain. Contaminating microbes reduce process yields 

by consuming carbon and energy sources necessary for product formation and by producing 

inhibitors that increase culture time and limit final cell density. In severe cases, cultures become 

stuck and fail completely. This is particularly problematic in bioprocesses with narrow profit 

margins such as ethanol production where even minimal losses in yield can significantly affect 

profits34. By using production strains that are natively able to grow under low pH conditions, at 

high salt concentrations, and at high temperatures minimizes the risk of contamination, and can 

even allow cultures to be grown non-aseptically. Non-aseptic culturing provides a major 

enhancement of process efficiency and reduces costs, as input streams and carbon sources do not 
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need to be sterilized and simple reactor designs that are open to the environment and are made 

from low-cost materials can be used. 

The effects of contamination on current processes are well known. For example, a two-

year longitudinal study of a corn-ethanol fermentation facility found consistent Lactobacillus 

contamination35. Due to the high costs of sterilization, ethanol plants such as this operate non-

aseptically and are prone to contamination by facultative anaerobes that grow readily in yeast 

fermentation broth. Contamination with L. fermentum and L. muccosae were found to reduce 

ethanol titers by more than 10 g/L, likely due to inhibition of S. cerevisiae growth by acetic acid 

produced by the bacteria. Other Lactobacillus species, such as L. plantarum were found to form 

biofilms that persisted in the system. Bacterial bioprocessing hosts are also susceptible to 

contamination, most often by bacteriophage infection36-38. One study compared solvent 

production during acetone-butanol-ethanol (ABE) fermentation using Clostridium beijerinckii 

and found that bacteriophage contamination reduced final solvent yield by over 75%. Phage 

contamination also reduced solvent yield at industrial scale and increased process time by several 

hours39. 

Previous sections of the perspective have discussed bioprocess benefits that can be gain 

through thermotolerance, high salt tolerance, and tolerance to high titers of solvent and organic 

acid products. These phenotypes can also be exploit individually or in combination to enable non-

aseptic bioprocessing. One salient example is the engineering of Halomonas TD01 to produce 

poly-3-hydroxybutyrate cultured in an open-air 500 L bioreactor40. This species’ ability to grow 

in non-aseptic conditions is due to its high salt tolerance and thermotolerance. The ability of a 

microbe to grow at low pH, acid tolerance, is another phenotype that has not yet been discussed 

but that can be leveraged to facilitate non-aseptic bioprocessing (Figure 1.5). 
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Figure 1.5: Bioprocess benefits from acidic fermentation. Performing bioprocesses at low pH confers 

several advantages in process economics. Acid tolerant microorganisms exhibit a range of evolutionary 

adaptations to survive and thrive at low pH. Several candidate acidophiles for industrial bioprocessing are 

shown. 

 

1.1.4 Challenges in engineering non-model microorganisms 

Using microbes with phenotypes such as thermo-, osmo-, pH-, and solvent tolerance, will 

help avoid technical challenges associated with biochemical process scale-up; however, 

engineering of these microbes is almost always more difficult than engineering the common hosts 

E. coli and S. cerevisiae. The extensive investment of effort put towards gaining fundamental 

biological knowledge of the genetics and metabolism, and developing the genetic engineering 

tools that enable such studies, provides a clear advantage. The complete genomes of E. coli and S. 

cerevisiae have been sequenced for over 20 years41, 42, metabolic models have been constructed 

for each43-45, and genome-scale engineering techniques have been developed46, 47. Transformation 

protocols, plasmid and genome-integration strategies, and collections of genetic parts have been 

standardized and are widely available48, 49. These synthetic biology tools greatly facilitate 
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engineering, and their utility in model hosts presents a blueprint for tool development in non-

model hosts (Figure 1.6). 

 

Figure 1.6: Workflow for engineering novel isolates of non-conventional microbe. This process is often 

called “domestication”. After identification of a microorganism with a desired phenotype, several steps can 

be taken to enhance native phenotypes that are advantageous to industrial bioprocessing and improve titer, 

rate, and yield of chemical biosynthesis. 

 

The lack of tools and biological understanding is not the only hurdle to overcome in 

engineering non-conventional hosts as they often have characteristics that make them recalcitrant 

to engineering— resistance to harboring heterologous genes, low rates of foreign DNA 

incorporation into genomes, and the biochemistry of tolerance phenotypes can prevent easy 

access to genetic material. For example, generating plasmids for engineering non-model bacteria 

can be limited by native host defense pathways, which often consist of endonucleases that digest 
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foreign DNA at specific sites50. In C. thermocellum, DNA that lacks appropriate methylation is 

degraded51. However, too much methylation also causes as much as a 500-fold loss in 

transformation efficiency, so care must be taken when preparing vectors for engineering this 

host52. Much of engineering in S. cerevisiae relies upon its high native capacity to perform 

homologous recombination, a capacity that is not present in most other yeasts and higher 

eukaryotes53. This limitation can be minimized by disrupting or repressing competing DNA repair 

through nonhomologous end-joining (NHEJ), but such strategies can present their own 

challenges54. 

Despite challenging genetic backgrounds, synthetic biology and metabolic engineering 

tools have been developed for many non-model organisms. With advances in DNA sequencing, 

synthesis, and synthetic biology, almost any microorganism that can be cultured and transformed 

with DNA can be adapted and used as a production host with designed pathways. Engineering of 

non-model microbes has recently been enabled by the development of CRISPR-Cas9 and related 

systems, which can allow for facile and targeted genome editing. In non-model eukaryotes, 

CRISPR-Cas9 has been used to knock genes out, integrate heterologous pathways, repress and 

activate transcription, and perform genome-wide studies55-58. In prokaryotes, CRISPR-Cas9 can 

be more challenging to use because of the absence of native DNA repair pathways that are 

present in eukaryotes (e.g. NHEJ). Even so, CRISPR-Cas9 still enables targeted genome editing 

and has been applied in a range of species59-61. Improvements in systems biology have also made 

it easier to identify genetic parts for testing62, construct metabolic models to inform engineering 

decisions63, and identify possible gene clusters for novel product production64. There is also 

promise in creating tools that are functional across diverse species, to minimize future tool 

development and enable more rapid engineering of novel strains65. Current successes in tool 

development and engineering of non-model hosts demonstrates that many of the challenges in 
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engineering these novel microbes can be overcome with sustained research efforts that build on 

our past success with the model microbes and by leveraging new innovations across diverse 

fields. 

 

1.1.5 Conclusion and outlook 

Industrial biotechnology has exploded in recent years and is one of the most significant 

drivers of economic growth in the US. This growth has been fueled by advances in synthetic 

biology and metabolic engineering that have enabled complex engineering of microbes for 

chemical production. Successful examples include, but are not limited to, the bioproduction of the 

anti-malaria drug precursor artemisinic acid66, the fuel and plastics precursor farnesene67, and the 

biofuels ethanol and butanol. Novel lipid-based products such as omega-3 fatty acids have also 

been produced68. In many of these cases, the production host is E. coli or S. cerevisiae, the most 

common hosts for academic research in metabolic engineering and synthetic biology. In other 

cases, the microbial host was selected for a desired trait; for example, the high native capacity of 

Corynebacterium glutamicum to produce amino acids69. In this perspective, we argue that a new 

set of production hosts is needed to drive the next generation of chemical bioprocessing. 

The current focus on developing host chassis (e.g., E. coli and S. cerevisiae) that can be 

engineered to produce any desired compound has thus far proven to be limited, because their 

native phenotypes are not always well-matched with the needs of industrial biotechnology. Most 

importantly, the common hosts are not tolerant to process conditions that would enable new low-

cost plant designs that are needed to continue the industry’s rapid growth. High temperature 

fermentations can substantially reduce cooling costs, tolerance to high product titers can reduce 

downstream separations, resistance to high osmotic stress would enable high density cultures and 

the use of low-cost water resources (e.g., ocean water and industrial waste streams), and 
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combined tolerance to low pH, high temperature and/or high salt concentrations can eliminate the 

need for process sterilization. These phenotypes have evolved in a number of different bacteria 

and yeasts, most of which are classified as “non-conventional” microbes (i.e., they are not the 

traditional microbes used in lab scale studies and/or are not common in industrial processing). 

While efforts to engineer these phenotypes in E. coli and S. cerevisiae have been partially 

successful, the complex nature of how these phenotypes arise has limited our ability to replicate 

the robust tolerance responses found in nature. 

In working towards the next generation of bioprocesses, we envision near term effort 

focused on matching our ability to engineer non-conventional microorganisms with the advanced 

and multifaceted synthetic biology tools that have been developed for E. coli and S. cerevisiae. 

Tools that can tightly control gene expression, design new pathways, and balance metabolic flux 

are needed to rapidly generate new non-conventional production strains that maximize product 

titer, rate and yield for both native and synthetic pathways. These efforts are currently underway 

for a limited number of hosts, including the thermotolerant yeast K. marxianus70 and the multi-

tolerant bacteria H. campaniensis LS2159 and P. putida61. These are all examples of how the 

recent innovation of CRISPR-Cas9 genome editing has exponentially increased the speed with 

which advanced synthetic biology tools can be applied in a selected host 2,3. Once a functional 

endonuclease-active CRISPR-Cas9 system is established for gene disruption, translation of that 

system to enable tuning of transcription via CRISPR interference and CRISPR activation can be 

rapidly achieved54, 71. While these tools have enabled significant success in engineering these non-

conventional hosts, more advanced tools are needed to match current capacities in model hosts, 

and additional investment is needed to continue implementing these strategies in newly identified 

microbes with advantageous phenotypes. 

https://paperpile.com/c/OakNoh/vCzl+Ytf9
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In the longer term, we envision considerable research effort put towards identifying new 

candidate hosts that have robust growth under environmental stresses. Both novel tolerance 

phenotypes as well as combinations of phenotypes may be identified, and present unique 

possibilities and applications. These new organisms may be identified through bioprospecting in 

extreme environments, by searching existing physical collections, and through bioinformatic 

analysis of sequenced genomes. Bioprospecting is already routinely done and has identified novel 

isolates with industrially useful thermotolerant enzymes. Further bioprospecting promises to 

identify additional microbes with potent multi-tolerances. Several extensive repositories of 

microorganisms already exist, for example the broad collection of microbes in the American Type 

Culture Collection (ATCC; 18,000+ bacteria strains and 7,600+ yeast and fungi species) and the 

German Collection of Microorganisms and Cell Cultures (DSMZ; 27,000+ bacteria strains and 

4,000+ yeast strains). Other, more curated repositories also exist. The Phaff Yeast Culture 

Collection at the University of California, Davis, contains food and environmental yeast isolates, 

and the collection at the University of Western Ontario Department of Plant Sciences contains 

mostly ascomycetes isolated from plants and insects72. While these repositories collectively have 

tens of thousands of different isolates, screening for desirable phenotypes within those collections 

is a slow and labor intensive process, and represents an area where technical innovation is 

needed. While advances in DNA sequencing have produced a large number of partial and 

complete genomes, computationally identifying organisms with tolerance phenotypes from only 

genome sequence is difficult and is an area of active research. Bioinformatic analysis across 

many species also holds great promise in generating insight into the genetic basis for tolerance 

phenotypes, and promises to accelerate strain generation for industrial biotechnology. 

As new microbes with advantageous phenotypes are identified, there is an immediate need to 

create novel synthetic biology tools that function across a wide range of species to accelerate 
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onboarding of novel organisms into engineering workflows. We also anticipate that the field will 

move beyond native isolates and begin constructing synthetic production hosts. In 2014, the first 

synthetic eukaryotic chromosome was constructed and was shown to be functional in S. 

cerevisiae73. Other chromosome and genome-scale modification74 and re-writing75 techniques are 

being developed, and promise to enable the translation of complex polygenic tolerance traits into 

any organism of choice. These techniques promise to generate poly-tolerant strains with carefully 

tuned metabolism towards production of a chemical of interest, enabling production strains that 

can be grown non-aseptically while approaching theoretical maximums for titer, rate, and yield.  

 

1.2 Genetic engineering of non-conventional hosts 

 

1.2.1 Introduction 

The microbial production of fuels and chemicals from biomass and other renewable 

carbon sources is an attractive alternative to petroleum-derived products. One of the largest scale 

example of this is ethanol production by the yeast Saccharomyces cerevisiae— in 2015, over 25 

billion gallons were produced worldwide from starch, waste sugar streams, and biomass-derived 

sugars. (www.afdc.energy.gov/data/10331) S. cerevisiae is the organism of choice because of its 

high rate of production and tolerance to ethanol titers upwards of 120 g L-1 76, 77. These 

phenotypes, among others, have led to the widespread study of S. cerevisiae and its development 

as a model eukaryotic host for chemical biosynthesis. A valuable approach to metabolic 

engineering is identifying organisms with desirable phenotypes and developing new synthetic 

biology tools to enhance these phenotypes. Bioethanol production in S. cerevisiae is a good 

example of this, and illustrates the potential of identifying other hosts and phenotypes to 

synthesize bioproducts other than ethanol. A number of examples of this strategy already exist in 



 21 

industry, where non-conventional yeasts with unique and advantageous phenotypes are used to 

produce proteins, lipids, and commodity chemicals. Metabolic engineering in these yeasts is, 

however, more challenging in comparison with S. cerevisiae, because less is known about their 

metabolism and genomics, and advanced genetic engineering tools are limited. 

 In this review, we focus on six specific non-conventional yeasts (Table 1.1): 

Kluyveromyces lactis, K. marxianus, Scheffersomyces (Pichia) stipitis, Yarrowia lipolytica, 

Hansenula polymorpha, and Pichia pastoris. In contrast to S. cerevisiae, these yeasts are Crabtree 

negative and favor respiration over fermentation; phenotypes that are particularly useful for 

protein production as well as the biosynthesis of chemicals other than ethanol 78. K. lactis is 

discussed here because of its capacity to metabolize inexpensive substrates such as waste whey 

and because of its use as a host for heterologous protein production in the food, feed, and 

pharmaceutical industries 79. The Kluyveromyces species K. marxianus is also industrially 

relevant because of its wide substrate spectrum, fast growth characteristics, and thermotolerance 

to ~50°C 80, 81. Native strains of K. marxianus are also known to synthesize ethyl acetate at rates 

above 2 g L-1 h-1 in aerated bioreactors 82, 83. S. stipitis is capable of fermenting xylose at high 

rates compared to other yeasts and has been widely studied for ethanol production from biomass-

derived sugars 84, 85. Y. lipolytica is a well-studied oleaginous yeast, and has attracted interest due 

to its ability to synthesize and accumulate high levels of intracellular lipids 86-88. The 

methylotrophic yeast H. polymorpha has been studied as a model system for peroxisome function 

as well as for its methanol and nitrate assimilation pathways 89, 90. Significant efforts have gone 

into heterologous protein production in H. polymorpha due to its efficient secretion pathways, 

effective glycosylation machinery, and tightly controlled expression systems 91. H. polymorpha is 

also thermotolerant to temperatures comparable to K. marxianus and can assimilates various 

substrates, thus making it a potential alternative host for ethanol production 92. The 
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methylotrophic yeast P. pastoris has similar protein secretion and glycosylation capabilities to H. 

polymorpha and has been widely used for heterologous protein production 93. Its capacity to grow 

to extremely high cell densities and high capacity for membrane protein expression also provide 

inherent advantages over other yeast hosts 94, 95. 
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Table 1.1: Overview of non-conventional yeast species, their industrially-relevant phenotypes, common 

uses in biotechnology, and comparison with S. cerevisiae. 

Yeast Beneficial Phenotype Products Reference 

K. lactis 
High protein secretion 

Growth on lactose 

Proteins for food and feed 

industry Pharmaceutical 

enzymes 

79
 

K. marxianus 

Thermotolerance                                        

Fast growth characteristics                                  

High ethyl acetate production 

Growth on a range of sugars 

Ethanol and volatile acetate 

esters 

 

80 

S. stipitis 
High ethanol production from 

xylose 

Ethanol fermentation from 

biomass derived carbohydrates 
96 

Y. lipolytica 
Efficient production of lipids 

Growth on glycerol and alkanes 
Lipids and oleochemicals 87 

H. 

polymorpha 

Thermotolerance                                  

Tightly regulated expression 

system                                         

Beneficial glycosylation for 

therapeutics 

Heterologous protein  

High temperature ethanol 

fermentation 

92, 93 

P. pastoris 

Tightly regulated expression 

system                                         

High cell density on minimal media 

Beneficial glycosylation for 

therapeutics 

Efficient production of membrane 

proteins 

Pharmaceuticals and industrial 

enzymes 
93 

S. cerevisiae 

High ethanol production  

High HR capacity 

Well known genomics and 

physiology 

Advanced synthetic biology tools 

Ethanol in fermented beverages 

and as biofuel 

Commodity and specialty 

chemicals  

Pharmaceuticals  

77, 97 

 

Despite these many advantages, metabolic engineering of non-conventional yeasts is 

limited by a lack of sophisticated genome editing tools and an incomplete understanding of their 

genetics, metabolism, and cellular physiology. In this review, we discuss the challenges and 

solutions that have arisen in engineering non-conventional yeasts for metabolic engineering and 

synthetic biology applications. We begin our review with a discussion of the challenges to genetic 

engineering, followed by a discussion of strategies for improving genome and pathway 

engineering. Finally, we discuss representative examples of metabolic engineering in each of the 

selected yeasts. While the presented examples are not exhaustive, they are exemplative of current 
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and past research efforts that exploit the yeasts’ advantageous phenotypes. Reviews that provide 

comprehensive discussions on engineering each of the non-conventional yeasts described here are 

available elsewhere 79, 87, 92, 96, 98, 99. 

 

1.2.2 Genetic engineering challenges in non-conventional yeasts 

A basic requirement for metabolic engineering is the ability to express a gene (native or 

heterologous) from an expression cassette. Most strategies for heterologous gene expression in 

yeasts utilize auxotrophic markers to provide selective pressure for the maintenance of 

heterologous DNA containing the expression cassette (Figure 1.7). Gene expression of a native or 

heterologous genes is most often accomplished through episomal vectors or by integration of the 

gene(s)-of-interest into the host genome. In S. cerevisiae, transformation and expression from 

replicating plasmids is widely used due to the availability of stable and high copy number vectors 

48, 100. In non-conventional yeasts, options for stable plasmids are more limited. Plasmids are 

initially generated by combining centromeric regions of the genome organisms and autonomous 

replicating sequences with a selectable auxotrophic marker 62. While functional plasmids are 

available for most non-conventional yeasts, they tend to be low copy number and also tend to 

show variable expression across cells in a single population, an effect that is due to imperfect 

partitioning of plasmids upon cell division 101, 102. 
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Figure 1.7: Schematic diagram of the generation and utilization of auxotrophic markers for 

engineering yeast. Random mutagenesis of host DNA or homologous recombination of a cassette that 

inactivates an essential gene for nutrient synthesis can be used to produce stable auxotrophic strains. The 

presence of an auxotrophy allows more advanced genome editing and pathway engineering tools to be 

applied in the yeast species of interest. Shown here are 1) targeted and random integration using a 

selectable marker (bottom, left), 2) HisG/LaZ mediated marker recovery (bottom, middle),  3) Cre-Lox 

marker recovery (bottom, middle), and 4) Markerless editing by CRISPR-Cas9 (bottom, right). 

 

The preferred strategy for heterologous expression in industrial strains is integration into 

the host’s genome. Genomic integration leads to more homogenous expression levels across the 

population, increases the stability of the expression cassette over extended culture times, and 

eliminates the need for constant selection of a genetic marker 103. Transformation with a linear DNA 

fragment containing an expression cassette and a selectable marker results in genomic integration 

in one of two ways: heterologous DNA is either incorporated into the genome at a random locus 

(often called illegitimate recombination 104), or the cassette is targeted to a specific site in the 

genome by homology to the site of interest (Figure 1.7). Both types of integrations are performed 

by native DNA repair pathways. Random integration proceeds through nonhomologous end-

joining (NHEJ), while targeted integration occurs by homologous recombination (HR) 105. 
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Integration via HR is often preferred, because it enables control over the integration loci, avoids 

disrupting essential genes, and allows for integration into a site with a consistent expression profile 

106. Integration via HR can also be used to knockout native genes. 

In S. cerevisiae, HR is the dominant DNA repair pathway. The high capacity for HR makes 

genome engineering relatively efficient and has facilitated the development of a wide range of in 

vivo DNA assembly tools 107, 108. This is not the case in most other yeasts, where NHEJ is the 

favored DNA repair pathway and genome engineering by HR is inefficient. As a result, engineering 

of non-conventional yeasts is frequently accomplished by random integration. The random 

integration of the transformed expression cassette can lead to unwanted disruptions of open reading 

frames or other genomic elements. In addition, expression levels of heterologous cassettes have 

been shown to be highly dependent on the integration site, and so random integration can result in 

variable expression across transformants 55, 106. 

An additional challenge to engineering multi-gene pathways is the limited number of viable 

selectable markers. To overcome this experimental challenge, researchers have developed several 

techniques for marker recovery (Figure 1.7). The most commonly used systems are Cre-loxP, hisG, 

and LacZ 109, 110. In these cases, the selectable marker (e.g., an antibiotic resistance gene or 

auxotrophic marker) is surrounded by hisG, lacZ, or loxP sequences. After genome integration of 

an expression or knockout cassette, the marker is excised by spontaneous HR or Cre recombinase 

activity. While the hisG and lacZ systems are effective, the Cre-loxP method is more common 

because hisG and lacZ systems require a counter-selection such as growth on media supplemented 

with 5-fluoroorotic acid (5-FOA) for URA3 excision 111-115. While Cre-loxP systems are available 

for use in the non-conventional yeasts discussed in this review, this marker recovery technique does 

not solve the challenge of random, unknown integration sites that is problematic with illegitimate 

recombination. 
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1.2.3 Enhancing HR in non-conventional yeasts 

A widely used strategy to enhance HR in non-conventional yeasts is disruption of genes 

essential for the NHEJ pathway, such as KU70 or KU80. K. lactis provides an early example of 

this strategy, where disruption of KU80 produced a strain capable of integrating heterologous 

DNA via HR at a rate of 97% 116. Similarly, disruption of KU80 in S. stipitis resulted in an 

increase in the rate of HR-mediated integration of transformed linear donors 117. In Y. lipolytica, 

disruption of KU70 or KU80 produced significant increases in HR rates, and allowed HR to occur 

with homology regions down to 50 bp 118, 119. In H. polymorpha, KU80 knockout gave an increase 

in alcohol oxidase gene knockout rates (AOX2-8) from an average of 19% in the wildtype 

background to 76% in the KU80 deficient strain 120. In P. pastoris, knockout of KU70 enabled HR 

rates as high as 90% 121. A similar result was found in K. marxianus, where KU70 knockout 

increased HR rates to as high as 95% 122. KU80 disruption in K. marxianus was similarly 

effective, with HR rates increasing to upwards of 70% 123. 

A second strategy that has had success in increasing HR is cell cycle synchronization. 

Natively, the activity of the HR DNA repair pathway is dependent on cell cycle 124. When a single 

copy of chromosomal DNA is present, as in G1 phase, NHEJ is favored. Genes required for HR 

tend to only be expressed during phases of the cell cycle when multiple copies of chromosomes are 

available, i.e., S phase and G2 phase. Cell cycle synchronization has been widely used for 

fundamental biochemistry studies, and a recent work took advantage of this strategy to stall cells 

in S phase with the intent of increasing HR 125. By adding hydroxyurea to cultures undergoing 

exponential growth, the authors demonstrated that S phase stalling resulted in enhanced HR in Y. 

lipolytica, K. lactis, and P. pastoris.  
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An alternative strategy to achieve efficient HR is the introduction of a genomic double 

strand break (DSB) using a programmable endonuclease in the presence of a homologous repair 

template 126. Due to the deleterious effects of DSBs on cell viability, native repair pathways attempt 

to repair the cut. If a repair template with adequate homology to the region flanking the break is 

present, the host may use the template as a donor for HR. This strategy has the added benefit of not 

requiring a selectable marker on the integrated DNA fragment. Several programmable tools exist 

for targeted DSB, including dimeric meganucleases, zinc finger nucleases, transcription activator-

like effector nucleases (TALENs), and clustered regularly interspaced short palindromic repeats 

(CRISPR) and CRISPR-associated 9 (CRISPR-Cas9) 126. The first three of these have primarily 

been developed and applied in S. cerevisiae, although TALENs were recently used in Y. lipolytica 

127, 128. CRISPR-Cas9, however, has been widely applied in non-conventional yeasts as described 

in the following section. 

 

1.2.4 CRISPR-Cas9 genome-editing and transcriptional control 

In recent years, the application of CRISPR-Cas9 technology has revolutionized genome 

editing. Specifically, the type II CRISPR-Cas9 system from Streptococcus pyogenes has been 

widely adopted to enable targeted DSB generation in a wide number of organisms 4, 57. Functional 

expression of CRISPR-Cas9 in yeast has two main requirements. First, a codon-optimized Cas9 

expression cassette is generated, with a nuclear localization tag fused to its C-terminus. A nuclear 

localization tag is needed because S. pyogenes is a bacterium, and so unmodified Cas9 would 

localize to the cytosol in yeast. The second component of CRISPR-Cas9 systems (as commonly 

applied for genome editing) is a short (or single) guide RNA (sgRNA) 2. The sgRNA has two 

main roles. The first 20 bp at the 5’ end are known as the spacer and are responsible for genome 

targeting through complementation to the desired locus. The sgRNA also contains a structural 
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region encoded downstream of the spacer that facilitates the interaction of the sgRNA and Cas9. 

Upon formation of the CRISPR-Cas9 ribonucleoprotein, the complex unwinds double stranded 

DNA and begins scanning for a sequence complementary to the spacer region of the sgRNA. 

When a complementary sequence is found, and if there is an appropriate protospacer adjacent 

motif (PAM; for S. pyogenes a genomic “NGG” found immediately 3’ of the targeted sequence), 

the nuclease domains of Cas9 cleave both strands of the DNA 2, 4. The introduction of this DSB 

must then be repaired to avoid host cell death (Figure 1.8). Repair of the DSB by NHEJ 

commonly results in indel mutations and gene inactivation. Providing a homology repair template 

induces repair of the break by HR and allows for a desired sequence to be inserted at the cut site. 

 

Figure 1.8: CRISPR-Cas9-mediated genome editing. The Cas9-sgRNA complex scans DNA until 

finding a complementary sequence. Upon binding, endonuclease domains cleave both DNA strands 3 bases 

upstream of the PAM sequence. The double strand break is then repaired either by homologous 

recombination (HR) if an appropriate homology donor is present, or by nonhomologous end-joing (NHEJ). 

Repair via HR allows for precise genome editing at the target site, while NHEJ introduces short insertions 

or deletions. 

 

To date, CRISPR-Cas9 systems have been developed to allow gene disruptions and/or 

markerless integrations in all 6 of the non-conventional yeasts discussed in this review (Table 1.2). 

While most systems use a similar strategy for Cas9 expression and nuclear localization (commonly 

an SV40 C-terminal tag), a variety of strategies for sgRNA expression have been developed. In S. 
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cerevisiae, the native SNR52 RNA polymerase III promoter is often used, as it allows for proper 

5’ and 3’ maturation of the expressed sgRNA 4. A similar sgRNA strategy was used in K. lactis 

and the resulting CRISPR-Cas9 system was demonstrated by simultaneously introducing three 

DSBs for multiplexed HR-mediated gene integration, successfully engineering a six gene pathway 

in a single transformation 108. A native SNR52 promoter was also used to enable functional 

CRISPR-Cas9 genome editing in S. stipitis, where gene disruption rates upwards of 80% were 

achieved 62. Two different CRISPR-Cas9 systems have been used in Y. lipolytica: the first relies on 

synthetic RNA polymerase III promoters for sgRNA expression, while the second used an RNA 

polymerase II promoter with ribozymes flanking the sgRNA to ensure proper 5’ and 3’ maturation 

129, 130. Both systems have been shown to achieve efficient gene disruption and gene integration 

rates. An analogous synthetic RNA polymerase III strategy was recently used for sgRNA 

expression to adapt the CRISPR-Cas9 system for use in K. marxianus, where gene disruption rates 

of 66% have been reported 70. Successful adaptation of CRISPR-Cas9 to P. pastoris required the 

use of an RNA polymerase II promoter and ribozymes flanking the sgRNA, achieving efficiencies 

up to 100% for disruptions 131. In H. polymorpha, a CRISPR-Cas9 system was developed by using 

tRNALeu as a promoter to drive sgRNA expression132. This system uses the endogenous tRNA 

processing system for proper sgRNA maturation and disruption efficiencies of up to 71% were 

achieved.  
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Table 1.2: CRISPR-Cas9 systems for genome editing in non-conventional yeasts. 

Yeast Cas9 expression sgRNA expression 

Gene 

disruption 

rate 

HR rate Reference 

K. lactis 
ScFBA1 promoter  

Genome integrated 
SNR52 promoter N/A 

2% (3 integrations 

simultaneously) 

NHEJ deficient 

strain 

108
 

K. 

marxianus 

ScTEF1 promoter 

codon-optimized 
RPR1'-tRNAGly 66% N/A 70 

S. stipitis 
eno1 promoter 

codon-optimized 
SNR52 promoter 80% N/A 62 

Y. lipolytica 
TEFintron promoter 

codon-optimized 

TEFintron promoter, 

flanked by 

hammerhead and 

hepatitis delta virus 

ribozymes 

85% 

11% in wildtype         

up to 100% in 

NHEJ deficient 

strain 

129 

Y. lipolytica 

UAS1B8-TEF 

promoter 

codon-optimized 

SCR1'-tRNAGly 

promoter 
92% 

64% in wildtype     

up to 100% in 

NHEJ deficient 

strain 

130 

H. 

polymorpha 

DH3 promoter 

human codon-

optimized 

tRNALeu  71% 

47% (marker 

integration with 

selection) 

132 

P. pastoris 

HTX1 promoter 

human codon-

optimized 

HTX1 promoter, 

flanked by 

hammerhead and 

hepatitis delta virus  

100% 20% 131 

 

To further extend the yeast CRISPR-Cas9 toolbox, Cas9 can be mutated to deactivate its 

endonuclease activity while retaining its DNA targeting and binding capacity (dCas9). Targeting 

dCas9 to the promoter region of a gene can sterically block the RNA polymerase machinery from 

assembling, thus suppressing transcription; a technology referred to as CRISPR interference 

(CRISPRi) 133. Fusion of a transcriptional repressor to dCas9 can result in a more effective CRISPRi 

system. In yeasts, the Mxi1 protein domain has proven most effective to date 134, 135. In the context 

of non-conventional yeasts, CRISPRi has so far only been demonstrated in Y. lipolytica 54. In this 
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case, the synthetic RNA polymerase III system of sgRNA expression and Mxi1 fusion to dCas9 

reduced target gene expression to as low as 10% of native expression levels. Finally, the fusion of 

a transcriptional activator to Cas9 has enabled CRISPR activation (CRISPRa), where native genes 

can be overexpressed by targeting CRISPRa to a gene’s promoter 135. To date, however, CRISPRa 

has not been demonstrated in the yeasts discussed in this review. Targeted transcriptional control 

represents a novel experimental ability in non-conventional yeasts, where well-characterized 

promoters and tightly tunable inducible promoters are less common relative to model organisms.  

 

1.2.5 Bioprocessing and metabolic engineering with Yarrowia lipolytica 

The oleaginous nature of Y. lipolytica has made it the focus of considerable efforts to 

convert a range of carbon sources into neutral lipids and lipid-derived compounds 86, 136, 137. These 

efforts have been extensively reviewed elsewhere (see 87, 88 and references therein). Y. lipolytica 

has also been used for heterologous protein production, but we focus here on its capacity for lipid 

biosynthesis 138. In one recent work, high levels of triacylglycerides were engineered 139. By 

engineering the conversion of glycolytic NADH to lipid precursors, specifically NADPH and 

acetyl-CoA, lipid production was increased by ~25% to 0.27 g g-1 glucose while reducing oxygen 

requirements of the strain.  These improvements, along with a resulting high rate of lipid production 

(1.2 g L-1h-1), help to move this process closer to industrial feasibility.  

In another example, researchers from DuPont used Y. lipolytica as a host for the 

biosynthesis of the nutritional supplement omega-3 eicosapentaenoic acid (EPA) 68. The resulting 

strain gave rise to two commercial products, Newharvest™ EPA oil, a supplement for human 

consumption, and Verlasso®, a salmon feed with the high EPA biomass. Random integration of 30 

copies of nine homologous and heterogeneous genes along with the disruption of -oxidation 

resulted in an industrial production strain capable of producing EPA at 15% of dry cell weight and 
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57% of the total fatty acid content by weight. The aforementioned project relied on genome editing 

by random integration, thus necessitating marker recovery at each integration step. The recent 

adaptation of CRISPR-Cas9 for use in Y. lipolytica has alleviated this challenge by enabling site 

specific, markerless integration 55. 

 

1.2.6 Perspectives 

Non-conventional yeasts have been extensively used for a range of biotechnological 

applications. So far, wild type strains and straightforward pathway engineering that leverages 

advantageous phenotypes native to the host have been the focus. With the increasing availability 

of next generation sequencing, genome editing tools, and the development of system wide –omics 

studies, more advanced understanding of the unique metabolisms and physiologies of non-

conventional yeast has become attainable. Future engineering efforts will need to leverage these 

emerging systems and synthetic biology tools to address a critical lack of fundamental biochemical 

information, maximize the desired phenotypes, and increase productivity to reach industrially 

relevant production yields of new products. 

Non-conventional yeast engineering will also be advanced by the application of genome-

wide engineering tools. Tools such as yeast oligo-mediated genome engineering (YOGE, a 

recombineering strategy) and the yeast deletion collection in S. cerevisiae demonstrate the power 

that functional genomics studies can have in yeast 140, 141. While neither YOGE nor a full deletion 

collection are feasible in each non-conventional yeast of interest, an alternative strategy seems 

poised to fill this niche. Genome-wide CRISPR-Cas9 loss of function screens will allow researchers 

to perform analogous functional genomics studies by transforming pooled plasmids to introduce an 

indel into each gene in the genome separately142, 143. Already widely used and validated in 

mammalian studies, the application of genome-wide CRISPR-Cas9 screens will greatly advance 



 34 

engineering in non-conventional yeasts, and will allow for further enhancement of desirable 

phenotypes. 

While this review mainly focuses on genome and pathway engineering, other methods and 

techniques, such as genome-scale modeling and metabolic flux balance analysis, have been used to 

guide strain engineering. For example, such models and analyses were used to optimize lipid 

production in Y. lipolytica and assess the biotechnological potential of P. pastoris and S. stipitis 144, 

145. Culture condition optimization has also been prominently featured in process development with 

non-conventional yeast. For example, low iron content media and in situ product removal strategies 

have led to the high rate production of ethyl acetate and 2-phenylethanol in wild type strains of K. 

marxianus 82. 

Most often, the limits of metabolic engineering and synthetic biology have been pushed 

using common lab strains of S. cerevisiae and E. coli. At the same time, many industrial 

biotechnology efforts have relied on wild type strains and traditional mutagenesis methods to create 

viable bioprocesses from non-conventional yeasts. As new systems and synthetic biology methods 

and tools are adapted for use in non-conventional yeasts, we expect that new bioprocesses that 

exploit desired phenotypes in non-conventional yeasts will be developed and that these yeasts will 

become new model strain on their own merits. 

 

1.3 Thesis organization 

This thesis covers the development and application of advanced synthetic biology tools 

for the oleaginous non-conventional yeast Yarrowia lipolytica, and discusses fundamental 

biological insights and engineering applications achieved using the developed tools. 

Chapter 1 has introduced the concept of industrial biotechnology and discussed how non-model 

organisms are needed to advance the field towards widespread economic viability. The resistance 
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of non-model organisms to engineering was also discussed, and strategies to overcome these 

limitations were discussed.  

In chapter 2, the adaptation of the CRISPR-Cas9 system from Streptococcus pyogenes for 

genome editing in Yarrowia lipolytica is described. To improve gene disruption rates by 

increasing sgRNA expression levels, a series of synthetic RNA polymerase III promoters were 

constructed and tested, with the best yielding a significant improvement in CRISPR-Cas9 

activity. Integration of genes into the genome using a CRISPR-induced DNA double strand break 

was also shown. 

To standardize strain engineering in Y. lipolytica and accelerate strain engineering, a 

series of genomic loci amenable to CRISPR-induced gene integration were identified. Different 

sites in the genome are found to have variable expression depending on growth phase and 

genomic loci, supporting the need for a standardized system. This system is described in chapter 

3, and the application of the system to integrate 4 genes to enable heterologous lycopene 

biosynthesis in Y. lipolytica is described. 

Engineering of the Y. lipolytica genome is limited by the relatively high native rate of the 

nonhomologous end-joining (NHEJ) DNA repair pathway, which outcompetes homologous 

recombination (HR). In chapter 4, a CRISPR interference system is developed and used to repress 

NHEJ and improve the rate of HR. The behavior of the system is characterized to determine 

optimal strategies for transcriptional repression, and multiplexed repression is demonstrated.  

Commonly used strains of Y. lipolytica are unable to utilize a number of biomass-derived 

sugars, including the disaccharide cellobiose. However, we found that two genes encoding beta-

glucosidases are present in the genome, but are not natively expressed at a level high enough to 

metabolize cellobiose. A CRISPR activation (CRISPRa) system was developed and targeted to 

these natively silent genes. Chapter 5 describes the development of this CRISPRa system and its 
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application to enable growth on cellobiose, and shows how multiplexed activation enables 

improved growth rates. 

In chapter 6, the lycopene-producing strain of Y. lipolytica from chapter 3 is further 

improved. A number of engineering strategies were utilized to improve yield and titer of 

lycopene, including alleviation of auxotrophies and overexpression of pathway enzymes. A final 

strain with 10 genome edits was shown to have significantly improved lycopene production, and 

was grown in a bioreactor to maximize lycopene titer. 

To further advance engineering of Y. lipolytica, genome-wide engineering strategies are 

needed. In chapter 7, a library of plasmids expressing sgRNAs targeting each gene in the genome 

with 6-fold coverage is designed and constructed. The sgRNA plasmids were transformed into 3 

different strains of Y. lipolytica, and the influence of each gene on cellular fitness was 

determined. By transforming the library into a strain with its DNA repair knocked out, the 

activity of each individual sgRNA in the library was measured. By using only highly active 

sgRNAs in the analysis, essential gene identification was significantly improved. The library was 

then applied to evolve phenotypes of industrial interest, including control of cellular morphology 

and improved lipid accumulation. 

In chapter 8, the results presented in this dissertation are summarized, and their impact 

and relation to other work in the field is discussed. Possible future directions are presented, and 

the merits are discussed. Specifically, the benefits of continuing to expand the synthetic biology 

toolbox for engineering Y. lipolytica are explored, as well as the potential to translate this work to 

other organisms with advantageous phenotypes. 
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Chapter 2: Synthetic RNA polymerase III promoters facilitate high-efficiency CRISPR-

Cas9-mediated genome editing in Yarrowia lipolytica2 

 

2.1 Abstract 

The oleaginous yeast Yarrowia lipolytica is a valuable microbial host for chemical 

production because it has a high capacity to synthesize, modify, and store intracellular lipids; 

however, rapid strain development has been hampered by the limited availability of genome 

engineering tools. We address this limitation by adapting the CRISPR-Cas9 system from 

Streptococcus pyogenes for markerless gene disruption and integration in Y. lipolytica. Single 

gene disruption efficiencies of 92% and higher were achieved when single guide RNAs (sgRNA) 

were transcribed with synthetic hybrid promoters that combine native RNA polymerase III (Pol 

III) promoters with tRNA. The Pol III-tRNA hybrid promoters exploit endogenous tRNA 

processing to produce mature sgRNA for Cas9 targeting. The highest efficiencies were achieved 

with a SCR1'-tRNAGly promoter and Y. lipolytica codon optimized Cas9 expressed from a 

UAS1B8-TEF promoter.  Cotransformation of the Cas9 and sgRNA expressing plasmid with a 

homologous recombination donor plasmid resulted in markerless homologous recombination 

efficiency of over 64%. Homologous recombination was observed in 100% of transformants 

when nonhomologous end joining was disrupted. The end result of these studies was the 

development of pCRISPRyl, a modular tool for markerless gene disruption and integration in Y. 

lipolytica. 

 

                                                 
2 This chapter previously appeared as a Technical Note in ACS Synthetic Biology. The original citation is as 

follows: Schwartz, C. M., Hussain, M. S., Blenner, M., and Wheeldon, I. (2016) Synthetic RNA 

polymerase III promoters facilitate high-efficiency CRISPR-Cas9-mediated genome editing in Yarrowia 

lipolytica. ACS Synthetic Biology 5, 356-359 
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2.2 Introduction 

 Genome engineering of Yarrowia lipolytica has created strains that convert sugars to lipid 

that make up >90% of their dry cell weight.1, 2 Other strains have been engineered to produce high 

titers of omega-3 fatty acids3 and carotenoids;4, 5 none the less, genetic modifications in Y. 

lipolytica are challenging and the available genome editing tools are limited to low efficiency 

homologous recombination (HR) and sequential integrations by Cre/Lox using a selectable 

marker.6, 7 The widespread adoption of type II CRISPR-Cas9 systems for genome editing has 

made less genetically tractable organisms more accessible. Targeted Cas9 nuclease creates double 

stranded breaks at genomic loci defined by a 20 base pair region of single guide RNA (sgRNA).8 

Repair of the breaks by nonhomologous end joining or HR can be used to introduce insertions 

and deletions (indels), disrupt gene function, and integrate larger heterologous DNA sequences. 

This genome editing strategy has been implemented in Escherichia coli,9 Saccharomyces 

cerevisiae,10 and mammalian cells,11 and has enabled similar capabilities in the yeasts 

Schizoscaccharomyces pombe12 and Kluyveromyces lactis,13 as well as bacteria including 

Streptomyces14. Here, we add to the genome engineering tools available for Y. lipolytica by 

developing a high efficiency CRISPR-Cas9 system for markerless gene disruption and insertion.   

 

2.3 Results and discussion 

 Two components are necessary for CRISPR-Cas9 function, active Cas9 and sgRNA. In S. 

cerevisiae CRISPR-Cas9 systems, the SNR52 RNA polymerase III (Pol III) promoter has been 

used for sgRNA expression. The SNR52 promoter was used because, unlike many other Pol III 

promoters, it has native cleavage sites that result in the excision of sgRNAs from the primary 

transcripts. 10, 15 The maturation of sgRNAs is critical because Cas9 is able to target 5'-N20-NGG-

3' DNA sequences (where N indicates any base and NGG is the protospacer-adjacent motif 
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(PAM)) when the 5' end of sgRNA matches the N20 target. Our initial experiments in Y. 

lipolytica (PO1f strain) used a similar strategy to that implemented in S. cerevisiae, with sgRNA 

produced from a native SNR52 promoter encoded on a plasmid expressing Cas9 from S. 

pyogenes (Figure S2.1). In our case, Y. lipolytica codon optimized Cas9 with a C-terminal SV40 

nuclear localization tag was expressed with a UAS1B8-TEF(136) hybrid promoter.16 With an 

sgRNA designed to target PEX10, the SNR52 sgRNA expression system created indels at the 

sgRNA target site in 13% of colonies after 2 days of outgrowth, demonstrating that the expressed 

Cas9 was active (Figure S2.2). Previous reports suggest that intracellular levels of sgRNA 

correlate with Cas9 targeting and cleavage in mammalian cells17 and S. cerevisiae,18 and so we set 

out to design a series of promoters to increase sgRNA levels and improve CRISPR-Cas9 

disruption rates in Y. lipolytica. 

 Figure 2.1A shows the native and synthetic promoters tested for sgRNA expression and 

CRISPR-Cas9 activity. The series of promoters includes an RNA polymerase II (Pol II) TEF 

promoter with hammerhead and HDV ribozymes 5' and 3' of the sgRNA,19 SNR52, a glycine 

tRNA (tRNAGly), and fusions of the Pol III promoters RPR1, SCR1, and SNR52 with tRNAGly 

(Figure S2.3 and S2.4). In the synthetic promoters, RPR1, SCR1, and SNR52 were truncated 16-

25 bp downstream of the putative Pol III binding site and placed immediately upstream of 

tRNAGly to produce the hybrid Pol III promoters RPR1'-tRNAGly, SCR1'-tRNAGly, and SNR52'-

tRNAGly.  Y. lipolytica natively uses the selected tRNAGly to transcribe 5S rRNA20 and tRNA 

maturation machinery can excise the sgRNA from the primary transcript.21 The SCR1 and RPR1 

promoters were not used independently of tRNAGly because their Pol III binding sites are internal 

to the mature transcript, thereby preventing arbitrary design of the N20 target sequence.   
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Figure 2.1: Synthetic RNA polymerase III promoters for CRISPR-Cas9 mediated gene disruption in 

Y. lipolytica. (A) Schematic of RNA polymerase II and III promoters used in this study. Triangles indicate 

location of transcript cleavage. Synthetic promoters were generated by placing the RPR1', SNR52', or 

SCR1' sequences immediately upstream of the tRNAGly. sgRNA is single guide RNAs, HH is the 

hammerhead ribozyme, HDV is the HDV ribozyme, CycT is an RNA polymerase II terminator, and polyT 

is a string of 8 thymines, which serves as an RNA polymerase III terminator. (B) PEX10 disruption rates 

after 2 and 4 days of outgrowth in selective liquid media with transformed CRISPR-Cas9 plasmid. Bars 

represent the percentage of screened colonies that showed the PEX10 disruption phenotype (mean ± 

standard deviation; n = 3). Thirty randomly selected colonies were screened in each replicate.  

 

 PEX10 disruption prevents peroxisome biogenesis resulting in the inability to use long 

chain fatty acids as an energy source.1 This phenotype allowed for an agar plate-based screen for 

CRISPR-Cas9 activity, as successful PEX10 disruptions produced colonies that grew on glucose 

synthetic media but not on media lacking glucose and supplemented with oleic acid (Figure S2.5). 

The synthetic SCR1'-tRNAGly promoter resulted in the highest disruption efficiency, disrupting 54 

± 11% (PEX10 disrupted phenotype/number of colonies screened: 15/30, 14/30, 20/30) of 

screened colonies after 2 days of outgrowth and 92 ± 5% (29/30, 28/30, 26/30) after 4 days 

(Figure 2.1B). No disruptions were observed at 2 and 4 days when the 6 bases adjacent to the 

PAM sequence of the PEX10 target sequence were scrambled (Figure S2.6). The SNR52'-

tRNAGly promoter also produced high efficiency PEX10 disruption, reaching 83 ± 6% (24/30, 

27/30, 24/30) after 4 days. The efficiency of RPR1'-tRNAGly was limited to 54 ± 7% (18/30, 
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17/30, 14/30), while tRNAGly and SNR52 alone reached 30 ± 3% (9/30, 8/30, 10/30) and 26 ± 4% 

(7/30, 7/30, 9/30), respectively. The Pol II TEF promoter with ribozymes flanking the sgRNA 

yielded the lowest efficiency at only 8 ± 2% (2/30, 3/30, 2/30) after 4 days of outgrowth. In all 

cases outgrowth was required to observe PEX10 disruption, and the efficiency increased with 

longer outgrowth up to 4 days. Importantly, the growth rates of the naïve PO1f and PEX10 

disrupted strains were not statistically different (Table S2.1), suggesting that high disruption 

efficiency was not due to PEX10 disruptants outcompeting unedited cells and that disruption 

efficiency correlates to the frequency of disruption. 

 To investigate whether disruption rates of PEX10 correlated with intracellular sgRNA 

levels, qPCR was used to quantify transcription (Figure S2.7).  Corresponding to low CRISPR-

Cas9 efficiencies, transcript levels produced from the TEF and SNR52 promoters were 

significantly lower than the tRNAGly and synthetic promoters (>1000- and 1.9 ± 0.3-fold lower 

than tRNAGly). In comparison to tRNAGly, SNR52'-tRNAGly produced 4.8 ± 0.8-fold more 

sgRNA, while SCR1'-tRNAGly and RPR1'-tRNAGly produced 2.1 ± 0.2- and 2.5 ± 0.5-fold more, 

respectively. With the exception of SNR52'-tRNAGly, the trend of increasing CRISPR-Cas9 

efficiency with increasing sgRNA expression was observed. It is unknown why the SNR52'-

tRNAGly promoter does not follow the trend of higher sgRNA expression resulting in higher 

CRISPR-Cas9 efficiency. 

 To confirm CRISPR function in Y. lipolytica we targeted two additional genes, KU70 and 

MFE1. KU70 disruption has been shown to increase the frequency of HR,6  while MFE1 

knockouts lose the ability to metabolize long chain fatty acids.22 Sequencing of randomly selected 

colonies targeted for KU70 disruption revealed a 100% success rate with SCR1'-tRNAGly (Figure 

S2.8). Loss of KU70 function was confirmed by measuring the rate of HR of a transformed linear 

DNA fragment with 1 kb homologous to PEX10 upstream and downstream of a functional URA3 
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cassette. Only 16% HR occurred in PO1f Y. lipolytica (7/45, Oleic-/Ura+), while KU70 disruption 

increased the rate to 86% (30/35, Oleic-/Ura+; Figure S2.9). When SCR1'- tRNAGly was used to 

target the MFE1 gene, a disruption rate of 90 ± 7% (29/30, 24/27, 25/30) after 2 days of 

outgrowth was found by screening with oleic acid agar plates (Figure S2.10).   
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Figure 2.2: CRISPR-Cas9 induced homologous recombination in Y. lipolytica. (A) Schematic of 

homologous recombination for insertion of the hygromycin resistance cassette (HPH) into MFE1 at a 

CRISPR-Cas9 cleavage site. (B) MFE1 disruption efficiency after transformation of PO1f and 2 days of 

outgrowth. HR is a replicating plasmid with an HPH cassette flanked by 1kb homology, pCRISPRyl is the 

CRISPR-Cas9 plasmid targeting MFE1, and ku70 indicates that the transformed PO1f strain has KU70 

disrupted. Bars represent the percentage of screened colonies that showed the MFE1 disruption phenotype 

(mean ± standard deviation; n = 3). Thirty randomly selected colonies were screened in each replicate. (C) 

Agarose gel of PCR products using isolated genomic DNA as template after cotransformation of HR and 

pCRISPRyl. Lane 1 is Y. lipolytica PO1f, lane 2 is PO1f with MFE1 disrupted via indel formation, lane 3 is 

PO1f with HPH integrated via homologous recombination, and lane 4 is the KU70 deficient PO1f strain 

with HPH integrated via homologous recombination. (D) Homologous recombination mediated disruption 

of MFE1. Bars represent the percentage of MFE1 disrupted colonies that showed insertion of HPH (mean ± 

standard deviation; n = 3). Five to eight randomly selected MFE1 disrupted colonies were screened in each 

replicate. 

 

 The ability to quickly integrate heterologous DNA into the Y. lipolytica genome without 

the use of (or need for recovery of) a selectable marker can facilitate rapid strain development. To 
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demonstrate CRISPR-induced HR in Y. lipolytica, we attempted MFE1 disruption in the presence 

of a HR template. The MFE1 targeting CRISPR plasmid was cotransformed with a second 

plasmid containing 1 kb homology to MFE1 flanking a hygromycin resistance expression cassette 

(HPH) (HR-plasmid) (Figure 2.2A). Cotransformants of the PO1f and PO1f ku70 strains were 

plated after 2 days of outgrowth and screened for growth on oleic acid agar media. Successful 

MFE1 disruptants were subsequently screened by PCR to test for targeted insertion of HPH. In 

the PO1f strain, there was no significant difference in disruption rates in the presence and absence 

of the HR-plasmid (% MFE1 disruption: 90 ± 7% (29/30, 24/27, 25/30) without HR-plasmid, 88 

± 7% (28/30, 24/30, 27/30) with HR-plasmid; Figure 2.2B). When the HR-plasmid and CRISPR 

plasmid were cotransformed into the PO1f ku70 strain, the disruption rate increased to 100% 

(30/30, 30/30, 30/30).  A HR-plasmid only control produced no disruptants. Genomic DNA from 

randomly selected disruptants was isolated and the MFE1 target site was amplified by PCR 

(Figure 2.2C). The PCR screen revealed that 73 ± 12% (6/7, 5/8, 5/7) of the PO1f MFE1 

disruptants had HPH inserted via HR, while 100% (6/6, 6/6, 7/7) of the PO1f ku70 MFE1 

disruptants had HR mediated insertion of HPH (Figure 2.2D). The overall efficiency of MFE1 

disruption by HR was 64 ± 11% in the naïve PO1f strain and 100% in the PO1f ku70 strain. 

Combined, the high efficiencies of CRISPR-mediated PEX10, MFE1, and KU70 

disruptions and integrations with sgRNA transcribed from the synthetic Pol III promoters 

demonstrate a new genome engineering tool for Y. lipolytica. The three synthetic promoters 

(RPR1'-tRNAGly, SCR1'-tRNAGly, and SNR52'-tRNAGly) exhibited significantly higher PEX10 

disruption rates than the tested native Pol II and Pol III promoters. While the native Y. lipolytica 

promoters (TEF, tRNAGly, and SNR52) enabled CRISPR-Cas9 function, the high efficiency 

observed with SCR1'-tRNAGly and the other synthetic promoters will be essential for future work 

incorporating multi-gene disruption and gene regulation via deactivated Cas9. This system, and 
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the design of the tRNA based synthetic promoters, allows for facile gene disruption and 

integration of heterologous expression cassettes in Y. lipolytica and provides a new strategy for 

improving CRISPR-Cas9 efficiency. The SCR1'-tRNAGly synthetic hybrid promoter and the 

UAS1B8-TEF(136) expressed Cas9 have been combined into a modular plasmid, pCRISPRyl 

(CRISPR-Cas9 in Y. lipolytica), as a new genome editing tool for Y. lipolytica.    
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2.5 Supporting information 

2.5.1 Methods 

2.5.1.1 Strains, media, and culturing 

 The Yarrowia lipolytica strain PO1f (MatA, leu2-270, ura3-302,xpr2-322, axp-2)1 

(ATCC no. MYA-2613) was used.  Chemically competent DH5α Escherichia coli was used for 

plasmid propagation.  Y. lipolytica was cultured in either YPD medium (1% Bacto yeast extract, 

2% Bacto peptone, 2% glucose) or in synthetic complete media (SD) (0.67% Difco yeast nitrogen 

base without amino acids, 0.079% CSM (Sunrise Science, San Diego, CA), and 2% glucose).  

Transformants and disruptants of Y. lipolytica were selected and screened for on SD-leu, SD-ura, 

SD-leu-ura, and SD oleic acid (0.67% Difco yeast nitrogen base without amino acids, 0.079% 

CSM (Sunrise Science, San Diego, CA), 0.3% oleic acid, and 0.2% tween 40) agar plates.  E. coli 

was grown in LB medium with 100mg/L ampicillin.  Y. lipolytica was cultured at 28° C at 225 

RPM in 14 mL polypropylene tubes.   

 Y. lipolytica transformations were performed using the protocol described by Yamane 

and coworkers2, with the following modifications: 1) After the final dilution and centrifugation of 

transformed cells, the cells were resuspended in 200 μl water; and, 2) Half of this volume was 

plated on appropriate selective media agar plates, and half was used to inoculate a liquid culture 

of the appropriate selective media for 2 or 4 days. This period of outgrowth was performed by 

inoculating 2 mL of selective media with 100 mL of transformed cells.  After outgrowth, serial 

dilutions were made and plated on YPD agar plates.  A typical transformation was done with 1 μg 

of plasmid DNA and resulted in approximately 2x104 transformants.  Transformation of 1 μg of 

linear DNA yielded approximately 15 transformants.  Growth curves of Y. lipolytica were done in 

SD media by inoculating 25 mL to an initial OD600 of 0.05 in a baffled 250 mL flask and 

incubating at 28° C at 225 RPM.  Samples were removed and diluted (if necessary) and the 
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OD600 measured at various time points using a Beckman Coulter DU 800 Spectrophotometer 

(Brea, CA). 

 

2.5.1.2 Plasmid construction and design 

 Codon optimized Cas9 was designed based on the sequence of Cas9 found in the p414-

TEF1p-Cas9-CYC1t plasmid (Addgene #43802).3  The amino acid sequence was used as input to 

Optimizer (http://genomes.urv.es/OPTIMIZER/ )4 with the codon usage table of the CLIB122 

strain of Y. lipolytica.  The resulting sequence was then manually altered, as shown in Figure S1, 

to allow for synthesis as 3 separate gBlocks by IDT of approximately 1.4kb each.   

 To generate each CRISPR plasmid, pUC-UAS1B8-TEF(136) (Addgene #44380) from 

Addgene (Cambridge, MA) was used to recreate pUAS1B8-TEF(136)-hrGFP.5 This vector was 

digested with BssHII and NheI, and used with the three fragments of codon optimized Cas9 in a 

Gibson Assembly reaction.6 The resulting vector was digested with AatII, and this digestion 

product was used with the respective sgRNA cassette in a Gibson Assembly reaction to yield the 

final CRISPR-Cas9 plasmid. 

 The TEF-HH ribozyme-sgRNA(PEX10)-HDV ribozyme-CYCt fragment was ordered 

from IDT as a gBlock.  For the SNR52-sgRNA cassette, the SNR52 promoter was amplified from 

PO1f genomic DNA using Cr143 and Cr144 (Table S1). The sgRNA was generated by subjecting 

the PEX10 TEF gBlock to PCR with Cr141 and Cr142, and these two fragments were assembled 

into the digested Cas9 backbone via Gibson Assembly.  For the tRNAgly-sgRNA cassette, the 

tRNAgly was amplified from PO1f genomic DNA using Cr119 and Cr120. The sgRNA was 

generated by subjecting the PEX10 TEF gBlock to PCR with Cr129 and Cr130, and these two 

fragments were assembled into the digested Cas9 backbone via Gibson Assembly. For the 

SNR52'-tRNAgly-sgRNA cassette, the SNR52 promoter was amplified from PO1f genomic DNA 
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using Cr143 and Cr146. The sgRNA was generated by subjecting the tRNAgly plasmid to PCR 

with Cr145 and Cr130, and these two fragments were assembled into the digested Cas9 backbone 

via Gibson Assembly. For the RPR1'-tRNAgly-sgRNA cassette, the RPR1 promoter was amplified 

from PO1f genomic DNA using Cr147 and Cr148. The sgRNA was generated by subjecting the 

tRNAgly plasmid to PCR with Cr145 and Cr130, and these two fragments were assembled into the 

digested Cas9 backbone via Gibson Assembly. For the SCR1'-tRNAgly-sgRNA cassette, the 

SCR1 promoter was amplified from PO1f genomic DNA using Cr149 and Cr150. The sgRNA 

was generated by subjecting the tRNAGly plasmid to PCR with Cr145 and Cr130, and these two 

fragments were assembled into the digested Cas9 backbone via Gibson Assembly. The TEF-

ribozyme-sgRNA(KU70)-ribozyme-CYCt cassette was ordered from IDT as a gBlock. The 

SCR1'- tRNAgly-sgRNA(KU70) plasmid was generated from Gibson assembly of a PCR fragment 

of the SCR1'- tRNAgly-sgRNA(PEX10) plasmid with primers Cr166 and Cr167 and a PCR 

fragment from amplifying the same template with Cr164 and Cr165 and the digested Cas9 

expressing backbone. The SCR1'- tRNAgly-sgRNA(MFE1) was generated in the same way, but 

with Cr189 replacing Cr167. The linear fragment for PEX10 disruption was generated by Gibson 

Assembly of three PCR products; PO1f genomic DNA amplified with Cr111 and Cr112, PO1f 

genomic DNA amplified with Cr113 and Cr114, and Y. lipolytica W29 genomic DNA amplified 

with Cr115 and Cr116. This fragment was further PCR amplified using Cr111 and Cr114.  The 

pCRISPRyl plasmid was constructed by subjecting the SCR1'- tRNAgly-sgRNA(PEX10) plasmid 

to PCR by both Cr166 and Cr203 and by Cr164 and Cr165 in separate reactions, and assembling 

these fragments with the AatII digested Cas9 backbone.  The SCR1'- tRNAgly-sgRNA(PEX10 

scrambled) plasmid was generated by digesting pCRISPRyl with AvrII, annealing primers Cr241 

and Cr242, and Gibson assembling the resulting fragment into the digested pCRISPRyl.   
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The homology donor plasmid was achieved by Gibson assembly of 6 fragments.  The 

first two fragments were generated by amplifying pUC-UAS1B8-TEF(136) with Cr224 and 

Cr231 to generate the backbone, and Cr221 and Cr226 to amplify the Cyc terminator.  The third 

fragment was generated by ordering a gBlock encoding a codon optimized version of a 

hygromycin phosphotransferase.  The remaining 3 fragments were obtained by PCR of PO1f 

genomic DNA using Cr225 and Cr219 to amplify the TEF promoter, Cr228 and Cr232 for 1kb 

homology upstream of the MFE1 CRISPR cleavage site, and Cr229 and Cr230 for 1kb homology 

downstream of the MFE1 CRISPR cleavage site.  The homology regions were designed in such a 

way that successful recombination would remove the PAM sequence, and thus avoid further 

cleavage by Cas9. 

 Design of 20 nucleotide base pairing sequences was done using several tools. The 

sequence of the gene to be disrupted was submitted to the sgRNA design tool hosted by the Broad 

Institute (http://www.broadinstitute.org/rnai/public/analysis-tools/sgrna-design), and the highest 

scoring sgRNAs were selected for further analysis.7 Only sgRNAs targeting early in the gene 

were selected. The final 12 nucleotides of each sgRNA, as well as 3 downstream bases 

representing the PAM sequence, were then used as an input in a BLAST search on the NCBI 

website (http://blast.ncbi.nlm.nih.gov/Blast.cgi) against the whole Y. lipolytica genome to ensure 

no targeting occurred at an undesired location. Each sgRNA was also checked for secondary 

structure using the RNAfold WebServer (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi); those 

with high levels of secondary structure were discarded.8 All polymerases, dNTPs, buffers, and 

Gibson Assembly Master Mix were ordered from New England Biolabs (Ipswich, MA) and all 

primers and gBlocks were ordered from Integrated DNA Technologies (Coralville, IA). 

 

 

http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
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2.5.1.3 Screening for gene disruption and HR 

 To screen transformants for disruption of the PEX10 or MFE1 gene, colonies of interest 

were randomly selected and streaked onto both YPD and SD oleic media.  Growth on YPD but 

not SD oleic after 2 days at 30°C was taken to indicate gene disruption.  For disruption of the 

KU70 gene, randomly selected colonies were subjected to colony PCR using primers Cr029 and 

Cr030, and the product subjected to Sanger sequencing by Genewiz (South Plainfield, NJ). An 

identified KU70 disruptant was used as the PO1f ku70 strain in future experiments. Further 

confirmation of some of the MFE1 disruptants was obtained by colony PCR of colonies of 

interest with Cr084 and Cr085, with subsequent Sanger sequencing of the product.  To screen for 

integration of the HPH cassette into the MFE1 gene, genomic DNA of selected colonies was 

isolated using the Yeastar Genomic DNA Kit from Zymo Research (Irvine, CA) after overnight 

growth in 2ml YPD media.  Genomic DNA was subjected to PCR using primers Cr216 and 

Cr217, and the size of the product was checked on an agarose gel. Each experiment was 

performed in independent biological triplicates. When agar plates were used for screening, 30 

colonies from each replicate were analyzed.  When isolation of genomic DNA and subsequent 

PCR of the gene of interest was used as a screen, between 5 and 8 of each replicate were 

screened. Error bars were generated from the standard deviation of the three replicates in each 

case. 

 

2.5.1.4 Quantitative reverse transcription PCR (qRT-PCR) 

Y. lipolytica transformants were grown in triplicates in SD liquid media as described 

above. After 24 hours of growth, cells were re-inoculated into fresh 2 ml SD media at an OD600 

of 0.2 and allowed to grow until cultures reached an OD600 of 10, marking early exponential 

phase. The cells were then harvested and total RNA was extracted using the E.Z.N.A. Yeast RNA 
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kit (Omega Biotek). RNA extracts were placed in aliquots and stored at -80°C until further use. 

For absolute RT-qPCR, a two-step protocol was employed. 700 ng of total RNA was used for 

first-strand cDNA synthesis. Oligo(dT) priming was used with the Maxima H Minus First Strand 

cDNA Synthesis Kit with dsDNase (Thermo Scientific). 2uL from the cDNA synthesis mix was 

subject to qPCR with Maxima SYBR Green/ Fluorescein qPCR master mix (Thermo Scientific). 

Real time amplification was performed using the CFX Connect Real-Time (Bio-rad). The primers 

Cr243 and Cr244 were used for amplification. A standard curved was developed using linearized 

vector containing the gRNA coding sequence to relate CT values to copy number. The standard 

curve was used to calculate mRNA copy numbers of qPCR analyzed samples. Actin was used as 

an internal control gene. Actin amplification was accomplished using the primers Cr245 and 

Cr246. 

 

2.5.2 Supporting figures 

Red underlined bases indicate variation from output of the Optimizer web server4, to allow 

synthesis by IDT.  

ATGGATAAGAAATACTCCATTGGCCTGGACATCGGAACCAACTCCGTGGGTTGGGCCGTGATCACCGATGA

GTACAAGGTGCCCTCTAAGAAATTCAAGGTCCTGGGCAACACCGACCGACACTCCATCAAGAAGAACCTGA

TCGGCGCTCTGCTCTTCGACTCTGGCGAGACCGCTGAGGCCACCCGACTGAAGCGAACCGCTCGAAGACGA

TACACCCGAAGAAAGAACCGAATCTGTTACCTGCAGGAGATCTTCTCTAACGAGATGGCCAAGGTGGACGA

CTCTTTCTTCCACCGACTGGAGGAGTCTTTCCTGGTGGAGGAGGACAAGAAGCACGAGCGACACCCCATCT

TCGGCAACATCGTGGACGAGGTGGCCTACCACGAGAAGTACCCCACCATCTACCACCTGCGAAAGAAGCTG

GTGGACTCTACCGACAAGGCCGACCTGCGACTGATCTACCTGGCCCTGGCCCACATGATCAAGTTCCGAGG

CCACTTCCTGATCGAGGGCGACCTGAACCCCGACAACTCTGACGTGGACAAGCTGTTCATCCAGCTGGTGC

AGACCTACAACCAGCTCTTCGAAGAGAACCCCATTAACGCTTCTGGCGTGGATGCTAAGGCCATCCTGTCT

GCCCGACTGTCTAAGTCTCGACGACTCGAGAACCTGATTGCTCAGCTCCCCGGAGAGAAGAAGAACGGTCT

GTTCGGAAACCTGATTGCTCTGTCCCTGGGTCTCACCCCTAACTTCAAGTCCAACTTCGATCTGGCTGAGG

ACGCTAAGCTGCAGCTGTCTAAGGACACCTACGACGATGACCTGGATAACCTGCTCGCCCAGATTGGCGAC

CAGTACGCCGACCTGTTCCTGGCCGCCAAGAACCTGTCTGACGCCATCCTGCTGTCTGACATCCTGCGAGT

GAACACCGAGATCACCAAGGCCCCCCTGTCTGCCTCCATGATTAAGCGATACGATGAGCACCACCAGGATC

TGACCCTCCTCAAGGCTCTGGTCCGACAGCAGCTGCCCGAGAAGTACAAGGAGATTTTCTTCGACCAGTCT

AAGAACGGCTACGCCGGCTACATCGACGGCGGCGCCTCTCAGGAGGAGTTCTACAAGTTCATTAAGCCCAT

CCTGGAGAAGATGGACGGAACCGAGGAACTGCTCGTGAAGCTGAACCGAGAGGACCTCCTGCGAAAGCAGC

GAACCTTCGACAACGGCTCTATCCCCCACCAGATCCACCTGGGCGAGCTGCACGCCATCCTGCGACGACAG

GAGGACTTCTACCCCTTCCTGAAGGACAACCGAGAGAAGATCGAGAAGATCCTGACCTTCCGAATCCCCTA

CTACGTGGGACCCCTGGCCCGAGGAAACTCTCGATTCGCTTGGATGACCCGAAAGTCTGAGGAGACCATTA
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CCCCCTGGAACTTCGAGGAGGTGGTGGATAAGGGCGCCTCTGCTCAGTCTTTCATCGAGCGAATGACCAAC

TTCGACAAGAACCTCCCCAACGAGAAGGTCCTGCCCAAGCACTCTCTGCTCTACGAGTACTTCACCGTCTA

CAACGAGCTCACCAAGGTCAAGTACGTGACCGAGGGAATGCGAAAGCCCGCTTTCCTGTCTGGAGAGCAGA

AGAAGGCTATTGTGGATCTGCTCTTCAAGACTAACCGAAAGGTCACCGTCAAGCAGCTGAAGGAGGATTAC

TTCAAGAAGATTGAGTGTTTCGATTCTGTCGAGATCTCCGGCGTCGAGGACCGATTCAACGCCTCTCTGGG

TACCTACCACGACCTGCTGAAGATTATCAAGGACAAGGATTTCCTGGATAACGAGGAGAACGAGGATATTC

TCGAGGACATTGTCCTGACCCTCACCCTGTTCGAGGATCGAGAGATGATTGAGGAGCGACTCAAGACCTAC

GCTCACCTGTTCGACGACAAGGTGATGAAGCAGCTGAAGCGACGACGATACACCGGCTGGGGCCGACTGTC

TCGAAAGCTGATCAACGGCATCCGAGACAAGCAGTCTGGCAAGACCATCCTGGACTTCCTGAAGTCTGACG

GCTTCGCCAACCGAAACTTCATGCAGCTGATCCACGACGACTCTCTGACCTTCAAGGAGGACATCCAGAAG

GCCCAGGTGTCTGGCCAGGGCGACTCTCTGCACGAGCACATCGCCAACCTGGCCGGCTCTCCCGCCATTAA

GAAAGGTATCCTGCAGACCGTCAAGGTGGTCGATGAGCTCGTCAAGGTGATGGGCCGACACAAGCCCGAGA

ACATTGTCATTGAGATGGCTCGAGAGAACCAGACTACTCAGAAGGGTCAGAAAAACTCCCGAGAGCGAATG

AAGCGAATTGAGGAAGGTATTAAGGAGCTGGGATCCCAGATTCTCAAGGAGCATCCCGTGGAGAACACTCA

GCTCCAGAACGAGAAGCTGTACCTGTACTATCTGCAGAACGGTCGAGACATGTACGTCGACCAGGAGCTGG

ATATCAACCGACTCTCCGACTACGATGTGGACCACATTGTGCCCCAGTCCTTCCTGAAGGACGATTCTATC

GATAACAAGGTGCTGACCCGATCCGACAAGAACCGAGGCAAGTCTGACAACGTGCCCTCCGAGGAGGTGGT

CAAGAAGATGAAGAACTACTGGCGACAGCTGCTGAACGCCAAGCTGATTACCCAGCGAAAGTTCGACAACC

TGACCAAGGCCGAGCGAGGCGGCCTGTCTGAGCTGGACAAGGCCGGCTTCATCAAGCGACAGCTGGTGGAG

ACCCGACAGATCACCAAGCACGTGGCCCAGATCCTGGACTCTCGAATGAACACCAAGTACGACGAGAACGA

CAAGCTGATCCGAGAGGTGAAGGTGATCACCCTGAAGTCTAAGCTGGTGTCTGACTTCCGAAAGGACTTCC

AGTTCTACAAGGTGCGAGAGATTAACAACTACCACCACGCCCACGATGCCTACCTGAACGCTGTCGTGGGC

ACCGCCCTCATCAAGAAGTATCCCAAGCTGGAGTCCGAGTTCGTCTACGGCGACTACAAGGTCTACGATGT

GCGAAAAATGATTGCCAAGTCCGAGCAGGAGATTGGCAAGGCTACCGCCAAGTACTTCTTCTACTCCAACA

TTATGAACTTCTTCAAGACCGAGATTACCCTGGCTAACGGCGAGATTCGAAAGCGACCCCTCATTGAGACC

AACGGAGAGACCGGTGAGATCGTGTGGGACAAGGGACGAGACTTCGCCACCGTGCGAAAGGTGCTGTCTAT

GCCCCAGGTGAACATCGTGAAGAAGACCGAGGTGCAGACCGGAGGTTTCTCTAAGGAGTCCATCCTGCCCA

AGCGAAACTCTGACAAGCTGATCGCCCGAAAGAAGGACTGGGACCCCAAGAAGTACGGAGGTTTCGACTCT

CCCACCGTGGCTTACTCTGTGCTGGTGGTGGCCAAGGTGGAGAAGGGCAAGTCTAAGAAGCTGAAGTCTGT

GAAGGAGCTGCTGGGCATTACCATCATGGAGCGATCTTCTTTCGAGAAGAACCCCATTGACTTCCTGGAGG

CCAAGGGATACAAGGAGGTGAAGAAAGATCTGATTATCAAGCTCCCCAAGTACTCTCTGTTCGAGCTGGAG

AACGGACGAAAGCGAATGCTGGCCTCTGCCGGCGAGCTGCAGAAGGGAAACGAGCTGGCCCTGCCCTCCAA

GTACGTCAACTTCCTGTACCTCGCCTCCCATTACGAGAAGCTGAAGGGCTCTCCCGAGGATAACGAGCAGA

AGCAGCTCTTCGTGGAGCAGCATAAGCACTACCTGGACGAGATCATCGAGCAGATCTCTGAGTTCTCTAAG

CGAGTGATCCTGGCTGACGCCAACCTGGATAAGGTGCTGTCTGCTTACAACAAGCACCGAGACAAGCCCAT

TCGAGAGCAGGCTGAGAACATCATTCACCTGTTCACCCTGACCAACCTGGGAGCCCCCGCTGCCTTCAAGT

ACTTCGACACCACCATCGACCGAAAGCGATACACCTCTACCAAGGAGGTGCTGGACGCCACCCTGATCCAC

CAGTCTATCACCGGCCTGTACGAGACCCGAATCGACCTGTCTCAGCTGGGCGGCGACTCTCGAGCCGACCC

CAAGAAGAAGCGAAAGGTG 
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Figure S1: Sequence of Y. lipolytica codon optimized Cas9 and plasmid map of pCRISPRyl and 

cloning site for sgRNA insertion.  To insert new sgRNA, digest pCRISPRyl with AvrII and Gibson 

Assemble 60 bp fragment with desired sgRNA in place of 20 “N”. 
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PO1f       GTACAAGGAGGAGCTGGA----------------------GACGGCGTCC 

Sample 1   GTACAAGGAGGAGCGATCTCGTATCCAATAGCTCGTTTATAGACACGTCC 

Sample 2   GTACAAGGAGGAGCTGG-----------------------GACGGCGTCC 

Sample 3   GTACAAGGAGGAGCTGGA----------------------GACGGCGTCC 

 

Figure S2.2: Alignment of sequencing results for screening PEX10 disruption.  Samples 1 and 2 failed 

to grow on SD oleic media, while sample 3 did grow.  Red indicates variation from native PO1f sequence. 
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TEF sgRNA (PEX10) expression cassette 
AGACCGGGTTGGCGGCGCATTTGTGTCCCAAAAAACAGCCCCAATTGCCCCAATTGACCCCAAATTGACCCAGTAGCGGGCCCAACCCC

GGCGAGAGCCCCCTTCTCCCCACATATCAAACCTCCCCCGGTTCCCACACTTGCCGTTAAGGGCGTAGGGTACTGCAGTCTGGAATCTA

CGCTTGTTCAGACTTTGTACTAGTTTCTTTGTCTGGCCATCCGGGTAACCCATGCCGGACGCAAAATAGACTACTGAAAATTTTTTTGC

TTTGTGGTTGGGACTTTAGCCAAGGGTATAAAAGACCACCGTCCCCGAATTACCTTTCCTCTTCTTTTCTCTCTCTCCTTGTCAACTCA

CACCCGAAATCGTTAAGCATTTCCTTCTGAGTATAAGAATCATTCAAACCGCCTTGTACCTGATGAGTCCGTGAGGACGAAACGAGTAA

GCTCGTCGTACAAGGAGGAGCTGGAGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGG

CACCGAGTCGGTGCTTTTGGCCGGCATGGTCCCAGCCTCCTCGCTGGCGCCGGCTGGGCAACATGCTTCGGCATGGCGAATGGGAC 

SNR52 sgRNA (PEX10) expression cassette 
GACCCCGTCTTCAATTACACTTCCCAACTGGGAACACCCCTCTTTATCGACCCATTTTAGGTAATTTACCCTAGCCCATTGTCTCCATA

AGGAATATTACCCTAACCCACAGTCCAGGGTGCCCAGGTCCTTCTTTGGCCAAATTTTAACTTCGGTCCTATGGCACAGCGGTAGCGCG

TGAGATTGCAAATCTTAAGGTCCCGAGTTCGAATCTCGGTGGGACCTAGTTATTTTTGATAGATAATTTCGTGATGATTAGAAACTTAA

CGCAAAATAATGACGTGTACAAGGAGGAGCTGGAGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTG

AAAAAGTGGCACCGAGTCGGTGCTTTTTTTT 

tRNAGly sgRNA (PEX10) expression cassette 
TGAAAAATACCTCTAATGCGCCGATGGTTTAGTGGTAAAATCCATCGTTGCCATCGATGGGCCCCCGGTTCGATTCCGGGTCGGCGCAG

GTTGACGTGTACAAGGAGGAGCTGGAGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTG

GCACCGAGTCGGTGCTTTTTTTT 

RPR1'- tRNAGly sgRNA (PEX10) expression cassette 
TTCATTACAGCTATATACCTAGTAAGCCGGGTTATTGGCGTTCAATAAATCATACACTTCTGAATCTTTGATTACAGTCATTCCTGACG

ACTGTCCGATGAAACGGCCTAAAAAAGTTAAAATGTCGGGAAATTTAGCTCTGGCCTAACGGTCAGACTGCAGTTACCCGGCCTCTCCC

TCTGGCCTCGCGTACCTGGCTACACAAGACTGCGCTCTGCAGTTCGAATCCAGGTGGGAAATTCGGTGTGAAAAATACCTCTAATGCGC

CGATGGTTTAGTGGTAAAATCCATCGTTGCCATCGATGGGCCCCCGGTTCGATTCCGGGTCGGCGCAGGTTGACGTGTACAAGGAGGAG

CTGGAGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTT

TT 

SCR1'- tRNAGly sgRNA (PEX10) expression cassette 
CCCCAGTTGCAAAAGTTGACACAACTCTAGATCTGCTTCCAAATATAGAATCATAACAAGGGTTAGGGTGTGATTATATAATATTGGTC

TTAATTGATGTGCTAGGGCTTTAAAAGTTGGTTAAAATAACGCTCTAATGCCTTTTTAATATATTGTCTTTTTCAAAATCTCAAATCGG

ACACTTCTTCGTGTATGAGACTCCATTTTTTGGCTCCGTCACGTGATATGTATTATCAGCTATAGTGGTGTAAACAAAGTTTTTTACTA

GCTGTAATGGCATTTTGTCGGAGTGGTAAATCGCCTTCTTGTTGTGCGTTCGAGTTCTGGACTCTGCACTGGGCTACTTTGAAAAATAC

CTCTAATGCGCCGATGGTTTAGTGGTAAAATCCATCGTTGCCATCGATGGGCCCCCGGTTCGATTCCGGGTCGGCGCAGGTTGACGTGT

ACAAGGAGGAGCTGGAGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTC

GGTGCTTTTTTTT 

SNR52'- tRNAGly sgRNA (PEX10) expression cassette 
GACCCCGTCTTCAATTACACTTCCCAACTGGGAACACCCCTCTTTATCGACCCATTTTAGGTAATTTACCCTAGCCCATTGTCTCCATA

AGGAATATTACCCTAACCCACAGTCCAGGGTGCCCAGGTCCTTCTTTGGCCAAATTTTAACTTCGGTCCTATGGCACAGCGGTAGCGCG

TGAGATTGCAAATCTTAAGGTCCCGAGTTCGAATCTCGGTGGGACCTAGTTGAAAAATACCTCTAATGCGCCGATGGTTTAGTGGTAAA

ATCCATCGTTGCCATCGATGGGCCCCCGGTTCGATTCCGGGTCGGCGCAGGTTGACGTGTACAAGGAGGAGCTGGAGAGTTTTAGAGCT

AGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT 

 

Figure S2.3: Nucleotide sequences sgRNA expression cassettes targeting PEX10. For the TEF promoter 

red indicates the hammerhead ribozyme and blue indicates the HDV ribozyme. For the Pol III promoters, 

red indicates the A box and blue indicates the B box. The underlined sections indicate the sgRNA, and the 

bold section is the promoter. Italics indicate the tRNAGly region in synthetic Pol III promoters. 
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Figure S2.4: Schematic of Pol III binding and Pol III promoter dimensions. Schematic representation 

of RNA polymerase III recruitment by TFIIIC transcription factor interacting with with the promoter’s A 

and B boxes. (B) Promoter A and B box characteristics including distance from end of box to beginning of 

sgRNA, number of bases between different promoter elements,and the distance from the end of the B box 

to the polyT terminator. Data is shown for the first set of A and B boxes within a synthetic promoter. 

 

 

 

 

 
Figure S2.5: Phenotype of PEX10 disruptants. Example plates screening of PEX10 disrupted phenotypes 

on YPD and SD oleic acid media. PO1f is shown as a control, light blue indicates RPR1'-tRNAgly, orange 

indicates SNR52'-tRNAgly, and SCR1'-tRNAgly is shown in dark blue. 
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Figure S2.6: Scrambled PEX10 sgRNA.  The active PEX10 sgRNA is shown aligned with the negative 

control sgRNA, in which the last 6 nucleotides are rearranged.  When the scrambled sgRNA was used in 

PEX10 disruption experiments, no disruptions of PEX10 were identified. 

 

 

 

 

 

 

 
Figure S2.7: qPCR showing sgRNA levels from each promoter.  Total RNA was isolated, converted to 

cDNA, and sgRNA expression was quantified.  Data presented is sgRNA copy number found via qPCR 

normalized to the amount of sgRNA generated by the tRNAGly promoter, and represents the results of three 

biological replicates harvested at an OD600 of 10 (mean ± standard deviation; n = 3). Actin was used as 

internal control.  
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Figure S2.8: Disruption of KU70.  Disruption of KU70 was screened for by amplifying a section of the 

gene via PCR and Sanger sequencing the resulting fragment.  Representative sequences are shown aligned, 

with red indicating variation from the sequence of naïve PO1f. 

 

 

 

 
Figure S2.9: Confirmation of KU70 disruption phenotype. Fraction of total screened transformants that 

integrated the linear URA3 cassette with flanking homology via HR, resulting in an Oleic-/Ura+ phenotype.  

Plates showing streaking on both SD-ura and SD oleic media are shown. “cnt” is the naïve PO1f strain, 

“PO1f” is PO1f transformed with the linear donor after selection on SD-ura media, and “PO1f ku70” is 

PO1f with KU70 disrupted transformed with the linear donor.  Plates show typical results of screening. 
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Figure S2.10: Disruption of MFE1. Suspected disruptants of MFE1 were streaked onto both YPD and SD 

oleic acid.  Those in green have functional MFE1, while those in blue have an indel in the MFE1 gene 

rendering it inactive.  The PO1f strain is streaked as a control.  Representative sequencing results of MFE1 

disruption are shown as well, with red indicating variation from the naïve PO1f strain. 

 

 

2.5.3 Supporting tables 

Table S2.1: Growth rates of strains used.  The growth rate, calculated during exponential growth phase, 

of the 4 strains used in this study.  Each growth curve was done in triplicate, and the growth rates were 

averaged and are presented below.  The growth rate of each disruption strain was compared to the naïve 

PO1f strain using a T-test, and none were found to have a statistically significant difference. 
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Table S2.2: Sequences of primers used in this study 
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Chapter 3: Standardized markerless gene integration for pathway engineering in Yarrowia 

lipolytica3 

 

3.1 Abstract 

The yeast Yarrowia lipolytica is a promising microbial host due to its native capacity to 

produce lipid-based chemicals. Engineering stable production strains requires genomic 

integration of modified genes, avoiding episomal expression that requires specialized media to 

maintain selective pressures. Here, we develop a CRISPR-Cas9-based tool for targeted, 

markerless gene integration into the Y. lipolytica genome. A set of genomic loci was screened to 

identify sites that were accepting of gene integrations without impacting cell growth. Five sites 

were found to meet these criteria. Expression levels from a GFP expression cassette were 

consistent when inserted into AXP, XPR2, A08, and D17, with reduced expression from MFE1. 

The standardized tool is comprised of five pairs of plasmids (one homologous donor plasmid and 

a CRISPR-Cas9 expression plasmid), with each pair targeting gene integration into one of the 

characterized sites. To demonstrate the utility of the tool we rapidly engineered a semi-synthetic 

lycopene biosynthesis pathway by integrating four different genes at different loci. The capability 

to integrate multiple genes without the need for marker recovery and into sites with known 

expression levels will enable more rapid and reliable pathway engineering in Y. lipolytica. 

 

  

                                                 
3 This chapter previously appeared as a Letter in ACS Synthetic Biology. The original citation is as follows: 

Schwartz, C., Shabbir-Hussain, M., Frogue, K., Blenner, M., and Wheeldon, I. (2017) Standardized 

markerless gene integration for pathway engineering in Yarrowia lipolytica. ACS Synthetic Biology 6, 402-

409. Reprinted with permission. Copyright 2017 American Chemical Society. 
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3.2 Introduction 

A valuable microbial host for the biosynthesis of lipid-based chemicals is the oleaginous 

yeast Yarrowia lipolytica.1, 2 A set of gene overexpressions and knockouts has been identified that 

creates strains that accumulate lipids to more than 90% of cell dry weight (CDW).3-5 Synthetic 

and semi-synthetic pathways have also been designed including pathways for the biosynthesis of 

omega-3 fatty acids, pentane, carotenoids, and α-ketoglutarate among others.6-9 Its high capacity 

to produce and accumulate lipids has also made it a useful model for lipid metabolism.10, 11  

In comparison to the model yeast Saccharomyces cerevisiae, Y. lipolytica has been more 

difficult to engineer. The high capacity of S. cerevisiae to undergo homologous recombination 

(HR) is the basis of many advanced synthetic biology and genetic engineering tools.12-14 HR in Y. 

lipolytica is significantly reduced and the number of advanced tools is relatively limited.15, 16 

Integrative transformation and marker recovery by Cre-Lox recombination17 is available as are a 

number of stable expression plasmids,18 but genome integrations occur at low efficiency and have 

relied on selectable markers.19, 20 We recently added to the available genome engineering tools by 

developing a CRISPR-Cas9 system for use in Y. lipolytica,21 but the lack of advanced synthetic 

biology tools has limited rapid strain development and targeted markerless gene integration, 

which is favored in industry,22-24 is still challenging. 

Overexpression from chromosomal genes has been shown to be more consistent across 

cell populations than expression from episomal genes.25, 26 Targeted and random gene insertions 

into S. cerevisiae have also revealed that expression can vary upwards of 9-fold between genes 

integrated at different loci.27, 28 Similar effects have been observed in Escherichia coli and 

Bacillus subtilis, where gene expression has been shown to be higher from loci closer to the 

origin of replication.29, 30 The discovery of the type II CRISPR-Cas9 system from Streptococcus 

pyogenes and its adoption for genome editing has made less genetically tractable organisms more 



 78 

accessible and promises to enable more genome-wide and context-dependent expression 

studies.21, 31, 32 

In this work, we developed a tool for markerless gene integrations into the Y. lipolytica 

genome at well-characterized sites. Using HR to repair CRISPR-Cas9 created double stranded 

breaks, we identified five loci where gene integration occurred at reasonably high efficiency 

(AXP, XPR2, A08, D17, and MFE1; Table 3.1). Experimental characterization of strains with an 

integrated model GFP expression cassette showed that disruption of the identified sites did not 

affect cell growth and that expression varied across selected sites. Finally, we demonstrated the 

utility of the gene integration tool by engineering a lycopene biosynthesis pathway in the Y. 

lipolytica genome without integrating selectable auxotrophic markers.  

 

3.3 Results and discussion 

To identify suitable genomic loci, we screened 17 unique sites for CRISPR-Cas9-

mediated HR of a heterologous humanized Renilla green fluorescent protein (hrGFP) expression 

cassette (Figure 3.1). The set of loci included four sites in cryptic sugar metabolism genes,20, 33 

five sites in β-oxidation genes,7, 34 and five sites in annotated pseudogenes (Table S3.1).35 Three 

additional sites, AXP, XPR2, and LEU2, were screened as they are functionally disrupted in the 

PO1f strain. The β-oxidation genes (POX2, POX3, POX4, POX5, and MFE1) were selected 

because they are often disrupted when engineering high lipid accumulation,4, 7, 34, 36 the 

pseudogenes (A08, A11, B20, D17, and E07) were selected because they are annotated as not 

coding for functional protein products, and the cryptic sugar metabolism genes (XDH, XLK, 

XYR, and GAL10) were selected because they are not necessary for growth on glucose or lipid 

feedstocks.20, 33 
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Table 3.1: Description of each site used as an integration target. 

 

 

Figure 3.1: System for markerless gene integration in Y. lipolytica. (A) CRISPR-Cas9 expressing and 

homology donor plasmids. (B) Schematic representation of CRISPR-Cas9 induced homologous 

recombination. (C) Selected genomic loci with Y. lipolytica CLIB122 annotation and sgRNA targeting 

sequences. (D) Examples of hrGFP cassette integration into AXP including a schematic of PCR-based 

screening (top) and electrophoretic gel (bottom). 

 

For each site, a homology donor plasmid was constructed with an hrGFP expression 

cassette flanked by 1 kb homology up and downstream of the targeted Cas9 cut site (Figure 3.1A, 

B). The donor plasmids were designed so that the targeted protospacer adjacent motif (PAM) was 

eliminated after recombination, thus avoiding Cas9 retargeting.  Unique restriction sites between 

the homology regions were included for simple cloning with new genes of interest (Figure S3.1). 

This enables the generation of plasmids for integrating any gene of interest with only a single 

restriction digest and ligation. A second plasmid (pCRISPRyl) expressed codon optimized Cas9 

from S. pyogenes and a targeting sgRNA.21, 37 sgRNAs sequences were designed using a 
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previously defined scoring algorithm,38 with the highest scoring sgRNAs per gene selected for 

use. These sequences were designed to match the PO1f genome, which has high similarity but is 

not identical to the genomes of other Y. lipolytica strains. 

HR rates in Y. lipolytica using selectable genetic markers are reported to vary between 2 

to 44%.15-17 Given the reported success of CRISPR-Cas9-mediated gene integration in S. 

cerevisiae and other yeasts,23, 39-41 we hypothesized that Cas9-induced double stranded breaks in 

the Y. lipolytica genome would increases HR rates and eliminate the need for integrated genetic 

markers. Figure 3.1D shows selected screening results of hrGFP integration into the AXP site. 

Gene integration was achieved by cotransforming pCRISPRyl and a HR donor plasmid specific 

to AXP. Two days of outgrowth in double selective media (LEU- and URA-) followed by plating 

on rich media produced isolated colonies. Screening for integrations was accomplished using a 

three-primer colony PCR. A 2 kb PCR product indicated the PO1f genotype, while a 1 kb PCR 

product resulted from the integration of the hrGFP expression cassette. In the selected examples 

shown in Figure 3.1D, three of six screened colonies showed successful integrations.  

Of the 17 tested loci, five resulted in efficient heterologous gene integration. MFE1 

showed the highest efficiency at 69±25%. Integration into AXP occurred with an efficiency of 

62±10%, while XPR2, A08, and D17 produced integrations with efficiencies of 48±13%, 

53±33%, and 52±13% (Figure 3.2A, Table S2). Three additional sites (POX4, E07, and XDH) 

showed integrations with efficiencies less than 6%, while no integrations were observed in the 

other nine tested sites. It is possible that these sites were less amenable to gene integration due to 

DNA accessibility. Previous work has shown that chromatin structure and nucleosome occupancy 

influence the efficiency of CRISPR-Cas9-mediated processes in mammalian cells, this may also 

be the case in Y. lipolytica and other yeasts.42 In addition, no integrations were observed in 

control experiments with non-targeting sgRNAs and in the absence of the pCRISPRyl plasmid 
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showing that the targeted Cas9 was necessary to induce integration (Figure 3.2A and Table S3.3). 

Disruption of non-homologous end-joining (NHEJ) through knockouts of KU70 and KU80 have 

previously been shown to increase HR efficiency in Y. lipolytica.15, 16 As such, we tested our 

system in a KU70 disrupted background. In the absence of NHEJ, integrations into LEU2, XLK, 

and XYR were possible, increasing HR efficiency from 0 to between 7 and 28% (Figure S3.2). In 

the case of the five high efficiency integration sites, KU70 disruption had little to no effect. In a 

previous work, it was found that disruption of KU70 resulted in an increase from 74% to 100% at 

a site within the MFE1 gene.21  

 

Figure 3.2: Targeted genome integration sites in Y. lipolytica. (A) Homologous recombination (HR) 

efficiency of an hrGFP expression cassette into AXP, XPR2, A08, D17, and MFE1. Each site was tested 

with and without a targeting sgRNA. Integration rates are the average of three biological replicates with at 

least a total of 24 colonies screened across all replicates. (B) Growth rates of strains with hrGFP integrated 

into the indicated site. Growth curves are the average of three separate integrated colonies grown on rich 

media (YPD). 
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Colonies that showed positive integrations of hrGFP into AXP, XPR2, A08, D17, and 

MFE1 were cured of the two-plasmid system by overnight growth in rich media supplemented 

with 5-fluoroorotic acid (5-FOA). Plasmid removal was confirmed by an inability to grow in both 

URA- and LEU- medium (PO1f is an engineered URA and LEU auxotroph). Growth studies in 

rich media revealed that hrGFP integration into each of the high efficiency sites had no 

significant effect on growth (Figure 3.2B).  

The developed experimental protocol allows for the integration of a single gene in five 

days. The protocol includes two days of outgrowth in URA-/LEU- media after transformation, one 

day to produce colonies on solid rich media (for colony PCR-based screening), one day for 

plasmid removal in liquid culture, and one day to isolate colonies with successful integrations. A 

reduced time protocol of four days was also achieved by screening for gene integration after 

plasmid removal. In this case, after two days of outgrowth in URA-/LEU- selective liquid media a 

small volume of the liquid culture was used to inoculate rich liquid media containing 5-FOA to 

cure the plasmids. Plating on rich media produced isolated colonies that can be screened for 

successful integrations with pCRISPRyl and the HR donor plasmid already removed. Schematics 

of the protocols are shown in Figure S3.3. 

To quantify UAS1B8-TEF(136) driven expression of hrGFP, the integrated strains were 

analyzed by flow cytometry during mid-exponential and stationary phase (Figure 3.3A). For all 

five sites, expression was higher at stationary phase than during exponential phase (exponential to 

stationary phase effect, p<0.01). During exponential growth, there was no statistical difference in 

hrGFP expression across AXP, XPR2, A08, and D17, but expression from MFE1 was 

significantly reduced (p<0.01). Similarly, expression from MFE1 at stationary phase was reduced 

in comparison to the other sites (p<0.01). Studies of heterogeneous expression from S. cerevisiae 

genomes have shown significantly higher variation between loci and a previous study in Y. 
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lipolytica showed upwards of a 2.7-fold difference in expression for an integrated expression 

cassette.27, 28, 43 Here, only MFE1 was found to differ from the other characterized sites and the 

effect was limited to a ~2.3-fold reduction in expression. As many Y. lipolytica studies rely on 

low nitrogen media to induce lipid synthesis and accumulation, we characterized expression from 

cultures in synthetic defined media with controlled nitrogen levels (Figure 3.3B). The AXP and 

XPR2 sites showed similar levels of expression when cells were grown on either high or low 

nitrogen media, while the A08, D17, and MFE1 sites showed increased expression in low 

nitrogen media (p<0.01). As the same hrGFP expression cassette was integrated into each site, 

differences in expression are not likely to be due to the gene construct, but instead due to 

differences in the surrounding genomic environment produced with varying culture conditions. 
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Figure 3.3: Quantification of hrGFP expression from Y. lipolytica genomic loci. Flow cytometry 

quantification of hrGFP fluorescence at mid-exponential and stationary phase from each site on rich media 

(A) and synthetic media with high and low nitrogen content at stationary phase (B). Statistical significance 

indicated with * for p values <0.01. With the exception of AXP, all experiments were performed on three 

biological replicates (AXP, n=2). 

 

 To evaluate the suitability of the characterized sites for multigene pathway engineering, 

we integrated a synthetic lycopene biosynthesis pathway into PO1f. It has previously been shown 

that heterologous expression of phytoene desaturase (CrtI) and phytoene synthase (CrtB) is 

sufficient for lycopene production in Y. lipolytica.8 CrtB catalyzes the condensation of two 

natively produced geranylgeranyl pyrophosphate (GGPP) molecules to phytoene, while CrtI 

converts phyoene to lycopene with four consecutive desaturation reactions (Figure 3.4A). Y. 

lipolytica codon-optimized crtB and crtI from Pantoea ananatis each driven by a UAS1B8-

TEF(136) promoter were integrated into the AXP and XPR2 sites, respectively. The resulting 
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strain, PO1f BI, produced 0.39 mg lycopene/g DCW in shake flask cultures with 10% glucose 

YPD over 4 days (Figure 3.4B). 

 In many yeasts, Hmg-CoA reductase (Hmg1) catalyzes the committed step of the 

mevalonate pathway and its overexpression has proven to be a useful strategy for the production 

of carotenoids.44, 45 Integration of a second copy of native HMG1 into the D17 site (PO1f HBI) 

produced 0.57 mg lycopene/g DCW in YPD10, a 1.4-fold increase over the PO1f BI strain. 

Further enhancements of lycopene biosynthesis were possible with the overexpression of GGPP 

synthase (Ggs1), which catalyzes the condensation of farnesyl pyrophosphate and isopentenyl 

pyrophosphate to GGPP. Integration of a second copy of the native GGPP synthase, GGS1, into 

the A08 site (PO1f HGBI) resulted in 1.34 mg lycopene/g DCW, while integration of a 

heterologous ortholog from P. ananatis, crtE (PO1f HEBI, Figure S3.4), produced 3.38 mg 

lycopene/g DCW, representing 3.4- and 8.6-fold increases in lycopene production over the PO1f 

BI strain, respectively. 
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Figure 3.4: Lycopene biosynthesis pathway engineering. (A) The semi-synthetic lycopene biosynthesis 

pathway in Y. lipolytica, including both upstream mevalonate pathway and heterologous lycopene 

production genes. Integrated genes include HMG-CoA reductase (HMG1), GGPP synthase (GGS1 and 

crtE), phytoene desaturase (crtI) and phytoene synthase (crtB). (B) Production of lycopene from generated 

strains grown on rich media with 10% glucose in shake flasks after 4 days of culture. Measurements 

represent the average and standard deviation of three biological replicates. (C) Quantification of copy 

number of each gene in the PO1f and the PO1f HEBI strains, as measured by qPCR on isolated genomic 

DNA. Measurements represent at least three biological replicates. HMG-CoA, 3-hydroxy-3-methylglutaryl-

coenzyme A; MVA, mevalonic acid; DMAPP, diemthylallyl pyrophosphate; IPP, isopentyl pyrophosphate; 

PP, pyrophosphate 

 

A recent study demonstrated heterologous gene duplication during the lab evolution of a 

high xylose utilizing strain of Y. lipolytica.46 Duplication of genes in the synthetic lycopene 

pathway would likely affect pathway flux and our analysis of the standardized integration system; 

as such, we quantified gene copy number in PO1f HEBI, the highest producing strain. 

Quantitative PCR revealed gene copy numbers that matched our expectations: PO1f HEBI had 

single copies of the heterologous crtB, crtE, and crtI, a single copy of native GGS1, and two 

copies of HMG1, one native copy and a second copy integrated into the D17 site (Figure 3.4C). 
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 It is important to note that integrations of HMG1, GGS1, and crtE occurred at lower 

efficiencies than the integration of hrGFP into the same sites. Overexpression of the synthetic 

pathway resulted in increased lycopene biosynthesis, which has previously been shown to 

negatively affect growth rate.47-49 In our standardized integration system, outgrowth in liquid 

culture was used to reduce the total protocol time for gene integration, with only four days being 

needed per gene. In this context, mutants with growth defects (e.g., cells producing lycopene) 

were outcompeted by cells with faster growth rates resulting in low integration efficiency. The 

decreased integration efficiency may have also been due to the larger size of the lycopene 

pathway genes in comparison to hrGFP. To overcome this challenge, cells were plated on 

selective media immediately following transformation and mature colonies were screened for 

integrations. For integration of HMG1, GGS1, and crtE into strains containing crtB and crtI 

expression cassettes, between 10 and 50% of screened colonies showed partial integration. Single 

colonies showing partial integration were then isolated via re-streaking to solid rich media, 

rescreened to confirm integration, and subjected to plasmid removal. This protocol adds to the 

total time for a single integration because plating immediately after transformation on selective 

media results in some heterogenous colonies (i.e., gene integration could occur during colony 

growth in some cells but not others). The process of plating on selective media (three days for 

mature colonies), isolating single colonies by re-streaking on rich media (one day), growth in rich 

liquid media with 5-FOA for plasmid removal (one day), and plating for single colonies (one day) 

results in a total of six days per gene integration. This strategy was used to generate strains PO1f 

HBI, PO1f HGBI, and PO1f HEBI. 

Integration into Y. lipolytica genome has thus far relied on selectable genetic markers to 

identify successful homology-targeted or random insertions. For example, the Cre-Lox systems 

has been used to perform sequential integrations and recycle available genetic markers,17 multiple 
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copies of a single heterologous gene are commonly inserted into repeat rDNA and zeta sites by 

HR or random integration using a defective URA3 marker,18, 43, 50 and multi-gene cassettes have 

been integrated across the genome with selectable markers.51  Multigene integration has also been 

achieved by transforming Y. lipolytica with multiple overlapping linear DNA fragments that 

recombine and integrate into the genome with the assistance of a selectable genetic marker.52 By 

leveraging targeted double stranded breaks from CRISPR-Cas9, our system achieves high 

integration efficiencies of single genes over short time periods in comparison to these established 

methods. And importantly, the resulting gene insertions do not require a genome-integrated 

selectable marker. Similar systems have been developed for S. cerevisiae, reaching efficiencies as 

high as 100% for single gene integrations, and allowing for multiplexed gene integration.22, 24, 40, 41 

These systems benefit from the high capacity of S. cerevisiae to undergo HR, a phenotype not 

present in Y. lipolytica. Multiplexed gene disruption has been achieved in Y. lipolytica using 

CRISPR-Cas9, and so multiplexed gene integrations may be possible using a similar system.32 

Here, we found that HR efficiencies upwards of 50% are possible in Y. lipolytica without 

disrupting DNA repair mechanisms (e.g., NHEJ) in selected genomic loci. Interestingly, in 6 of 

the 17 screened sites we were not able to achieve homologous recombination. 

 In this work, we developed a system of markerless gene integration into predefined 

genomic loci in Y. lipolytica. By using CRISPR-Cas9-induced HR, a heterologous expression 

cassette can be integrated in a minimum of four days, with no need for marker recovery. Genome 

loci amenable to integration were identified and the gene integration tool was expanded to include 

five pairs of plasmids, with each pair design to target a unique site with high efficiency. 

Importantly, the homology donor plasmid was designed for easy cloning of any gene of interest. 

Expression from each identified genomic loci (AXP, XPR2, A08, D17, and MFE1) was 

quantified and characterized. The set of standardized sites could be expanded to include repetitive 
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genomic sequences from rDNA and zeta site loci, thus enabling multi-gene integration in a single 

step. By standardizing a system for integration of heterologous genes in Y. lipolytica, we were 

able to express and improve a synthetic lycopene biosynthetic pathway.  

 

3.4 Methods 

3.4.1 Strains and media 

The PO1f strain of Yarrowia lipolytica (MatA, leu2-270, ura3-302,xpr2-322, axp-2)53 

(ATCC no. MYA-2613) was used in all genome editing and expression experiments in this study. 

Cultures were grown in YPD medium (1% Bacto yeast extract, 2% Bacto peptone, 2% glucose) 

or synthetic defined (SD) media without leucine and uracil (0.67% Difco yeast nitrogen base 

without amino acids, 0.067% CSM-Leu-Ura (Sunrise Science, San Diego, CA), and 2% glucose) 

at 30° C at 200 RPM in 14 mL tubes. Growth curves of Y. lipolytica were done in YPD media by 

inoculating 25 mL to an initial OD600 of 0.05 in a baffled 250 mL flask and incubating at 30° C 

at 200 RPM.  Samples were taken at regular time points and the OD600 measured using a 

NanoDrop 2000 UV-Vis Spectrophotometer. DH5α Escherichia coli was used for plasmid 

construction. E. coli was grown in LB medium with 100 mg/L ampicillin at 37° C.  Yeast strains 

used and generated in this study are shown in Table S3.4. 

 

3.4.2 Cloning procedures  

CRISPR-Cas9 plasmids targeting genomic loci were generated using pCRISPRyl as 

previously described using Gibson Assembly of annealed oligonucleotides.21, 54 All 

oligonucleotides are shown in Table S3.5, and sgRNA target sequences are shown in Figure 3.1 

and Table S3.1. Target sequences were selected by identifying the highest scoring unique 

sequences with a previously developed sgRNA scoring algorithm.38 
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 Homology donor plasmids were generated from pUAS1B8-TEF(136)-hrGFP.55 The 

LEU2 marker was replaced with the Y. lipolytica URA3 marker, and the resulting backbone was 

then amplified by PCR and assembled with 1kb homology arms using Gibson Assembly. SpeI 

and AvrII restriction sites were added between the homology regions. The UAS1B8-TEF(136)-

hrGFP-CYC1t cassette was then inserted between the homology arms using SpeI and AvrII 

digestion and ligation. Homology arms were designed so that successful recombination into the 

genome would result in loss of the PAM sequence and between 3 and 5 additional bases. 

Selection of integration loci and design of homology regions was guided by the CLIB122 

annotated genome, and sequences were designed based on published genomes for the PO1f strain 

and its parental strain.35, 56, 57 Homology donor plasmids and pCRISPRyl plasmids have been 

deposited at Addgene (Plasmids #84608-84617). 

 Heterologous genes in the lycopene pathway (crtB, crtE, and crtI) were codon-optimized 

using Optimizer58 and ordered as gBlocks from IDT with BssHII and NheI sites at the 5’ and 3’ 

ends, respectively. Sequences of codon-optimized genes are available in Table S6. The HMG1 

and GGS1 genes were amplified from Y. lipolytica genomic DNA with BssHII and NheI sites at 

the 5’ and 3’ ends, respectively. All genes were cloned into homology donor plasmids using 

BssHII and NheI digestion and T4 DNA ligase for ligation or Gibson Assembly. Plasmids used in 

this study are shown in Table S4. 

 

3.4.3 Genomic integrations  

Y. lipolytica transformations were performed using a lithium acetate protocol as 

previously described.21 Approximately 0.5 µg of each plasmid was used in each transformation, 

with dual plasmid transformations yielding 15 to 100 colonies. Three variations of outgrowth and 

screening methods are illustrated and described in Figure S3.3. YPD media supplemented with 1 
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mg/ml 5-FOA was used for URA3 marker plasmid removal. Outgrowth in rich media with no 

counter selection was found to be effective for curing the LEU2 marker containing pCRISPRyl 

plasmid. Screening for integration was accomplished using colony PCR of single colonies added 

directly to the PCR reaction as shown in Figure 3.1. 

 

3.4.4 Flow cytometry  

Transformants from glycerol stocks were streaked out on YPD plates and allowed to 

grow for one day. A single colony from each plate was used to inoculate 2 mL YPD liquid 

cultures in 14 mL culture tubes. Once visible growth was observed, cell densities of pre-cultures 

were measured and cells were then passaged into fresh YPD media at a starting OD600 of 0.1. 

Cells were grown to exponential phase (OD600 of ~35) and then stationary phase (OD600 of ~ 

60) prior to harvesting for flow cytometry analysis. For controlled nitrogen level experiments, 

cells from YPD pre-cultures were passaged into Yeast Synthetic Complete (YSC) media (Sunrise 

Science, San Diego, CA). A high nitrogen condition was created by supplementing YSC with 5 

g/L ammonium sulfate. YSC without the addition of ammonium sulfate was used for the low 

nitrogen condition. The cultures were inoculated at a starting OD600 of 0.2. High nitrogen 

condition cultures were grown for 48 hours prior to flow cytometry analysis, while the low 

nitrogen cultures were grown for 72 hours due of slower growth rates under nitrogen depleted 

conditions. 

Prior to analysis, the cells were spun down at 6000g for 1 minute, washed once and 

resuspended in 0.1 M phosphate buffered saline (PBS) solution (Sigma Aldrich). The BD 

accuri™ C6 flow cytometer was used for data collection and analysis. A control cell population 

that was not expressing GFP was first run to identify basal cell auto-fluorescence prior to 

collecting data for the experimental samples. For each sample, 20,000 events were collected and 
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the Virtual Gain™ analysis software was used to normalize gains relative to the control across all 

experimental samples post data collection. All experiments were performed in biological 

triplicate. 

 

3.4.5 Lycopene quantification 

Cultivation of carotenoid producing strains was conducted in 250 mL shake flasks. Shake 

flasks containing 25 mL of a 10% glucose YPD medium were inoculated from overnight cultures 

to an OD600 of 0.1 and culture at 30 °C. Aliquots of the cultures were taken after four days of 

growth and used for lycopene quantification. 

Extraction of carotenoids followed the method provided by Chen and coworkers with a 

few modifications.59 A 5 ml sample was taken and used for DCW as previously described.60 A 1 

ml sample was used for extraction of lycopene by centrifuging at 5,000g for 3 min, washing the 

cell pellet with water, resuspending in 1 ml 3 M HCl, and incubating at 100 °C for 2 min. Cells 

were then cooled in an ice bath for 3 min, washed with water, and resuspended in 1 ml of acetone. 

200 µl of 500-750 µm glass beads (Fisher) were added, and the mixture was vortexed for 2 min. 

The mixture was then centrifuged and the supernatant was analyzed for lycopene. Lycopene was 

quantified by measuring absorbance at 472 nm and comparing to a standard curve created with 

purchased lycopene (Sigma; Figure S3.5). 

 

3.4.6 Quantitative PCR  

Genomic DNA was extracted from cells grown to stationary phase in YPD using the 

YeaStar genomic DNA kit from Zymo Research. 2 uL of genomic DNA was subjected to qPCR 

using the SsoAdvanced Universal SYBR Green Supermix from Biorad on a CFX Connect 

thermocycler from Biorad. Primers were designed using Primer3 according to manufacturer’s 
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specifications61, and can be found in Table S3.5. Copy number was determined relative to actin 

using the amplification efficiency of each. 
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3.6 Supporting information 

3.6.1 Supporting figures 

 
 

Figure S3.1: Homology donor plasmid design. Unique restriction sites enable rapid switching of 

promoter, coding sequence, or terminator. Plasmids were designed such that any SpeI, BssHII, NheI, or 

AvrII sites that occurred within the homology regions were mutated to prevent undesired cutting. 
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Figure S3.2: Homologous recombination efficiency of an hrGFP expression cassette into the genomes of 

PO1f and PO1f ku70 strains. 
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Figure S3.3: Schematic representation of integration protocol variants. (A) Standard protocol: 

Transformation and outgrowth in selective media, followed by plating on plating on rich media and 

screening. Successful integrants were then grown in rich media containing 5-FOA, with a total time of 5 

days. (B) Rapid protocol: Transformation and outgrowth in selective media, followed by immediately 

inoculating rich media with 5-FOA. The culture is then plated on rich media and screened, with a total time 

of 4 days. (C) Difficult Integration protocol: Transformation and plating directly on selective media, with 

screening of the resulting colonies. Successfully integrated colonies were then streaked on rich media to 

isolate single colonies, which were then rescreened. Successful integrants were then grown in rich media 

containing 5-FOA, and plated on rich media, for a total time of 6 days. 
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Figure S3.4: Image of YPD agar plate containing PO1f and PO1f HEBI strains (A) and cell pellets of 

the same after 4 days of growth in liquid YPD10 media (B). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.5: Lycopene standard curve. The relationship between the concentration of a known 

concentration of lycopene and its absorbance at 472 nm was determined. 

 

  



 103 

3.6.2 Supporting tables 

Table S3.1: Tested integration sites. The annotated function of the gene, gene ID (CLIB122), and the 

target sequence of the sgRNA are shown 
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Table S3.2: Screening results of gene integration at each tested site. Each site was tested with three 

biological replicates and at least 8 colonies from each transformation were screened. Only colony PCR 

results that showed a clear single band were recorded. T1 is one biological replicate (transformation 1), etc. 
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Table S3.3: Integration rate of transformation of pHR_AXP_hrGFP after outgrowth for 2 days in SD-

ura media 

 
 

 

Table S3.4: Plasmids and strains used in this study1-3 

 

  

file:///C:/Users/Cory%20Schwartz/Desktop/Wheeldon%20Lab/Writing/Published%20Authored%20Papers/2017%20ACS%20Syn%20Bio%20(Standardized%20sites%20%20in%20Yl)/Revisions/Uploaded%202016-11-22/Schwartz%20et%20al%20ACS%20Syn%20Bio%202016%20Letter%20Supporting%20Information%20Revisions.docx%23_ENREF_1
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Table S3.5: All primers used for cloning in this study 
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Table S3.6: Sequences of codon optimized genes 

Gene Sequence 

crtB ATGAACAACCCCTCTCTGCTGAACCACGCCGTGGAGACCATGGCCGTGGGCTCTAAGTCTTTCGCC
ACCGCCTCTAAGCTGTTCGACGCCAAGACCCGACGATCTGTGCTGATGCTGTACGCCTGGTGCCGA
CACTGCGACGACGTGATCGACGACCAGACCCTGGGCTTCCAGGCCCGACAGCCCGCCCTGCAGAC
CCCCGAGCAGCGACTGATGCAGCTGGAGATGAAGACCCGACAGGCCTACGCCGGCTCTCAGATGC
ACGAGCCCGCCTTCGCCGCCTTCCAGGAGGTGGCCATGGCCCACGACATCGCCCCCGCCTACGCC
TTCGACCACCTGGAGGGCTTCGCCATGGACGTGCGAGAGGCCCAGTACTCTCAGCTGGACGACAC
CCTGCGATACTGCTACCACGTGGCCGGCGTGGTGGGCCTGATGATGGCCCAGATCATGGGCGTGC
GAGACAACGCCACCCTGGACCGAGCCTGCGACCTGGGCCTGGCCTTCCAGCTGACCAACATCGCC
CGAGACATCGTGGACGACGCCCACGCCGGCCGATGCTACCTGCCCGCCTCTTGGCTGGAGCACGA
GGGCCTGAACAAGGAGAACTACGCCGCCCCCGAGAACCGACAGGCCCTGTCTCGAATCGCCCGAC
GACTGGTGCAGGAGGCCGAGCCCTACTACCTGTCTGCCACCGCCGGCCTGGCCGGCCTGCCCCT
GCGATCTGCCTGGGCCATCGCCACCGCCAAGCAGGTGTACCGAAAGATCGGCGTGAAGGTGGAGC
AGGCCGGCCAGCAGGCCTGGGACCAGCGACAGTCTACCACCACCCCCGAGAAGCTGACCCTGCTG
CTGGCCGCCTCTGGCCAGGCCCTGACCTCTCGAATGCGAGCCCACCCCCCCCGACCCGCCCACCT
GTGGCAGCGACCCCTGTAG 

crtE ATGGCCATCTTCGCCGAGCGAGACTCTACCCTGATCTACTCTGACCCCCTGATGCTGCTGGCCATC
ATCGAGCAGCGACTGGACCGACTGCTGCCCGTGGAGTCTGAGCGAGACTGCGTGGGCCTGGCCAT
GCGAGAGGGCGCCCTGGCCCCCGGCAAGCGAATCCGACCCGTGCTGCTGATGCTGGCCGCCCAC
GACCTGGGCTACCGAGACGAGCTGTCTGGCCTGCTGGACTTCGCCTGCGCCGTGGAGATGGTGCA
CGCCGCCTCTCTGATCCTGGACGACATCCCCTGCATGGACGACGCCGAGCTGCGACGAGGCCGAC
CCACCATCCACCGACAGTTCGGCGAGCCCGTGGCCATCCTGGCCGCCGTGGCCCTGCTGTCTCGA
GCCTTCGGCGTGATCGCCCTGGCCGACGGCATCTCTTCTCAGGCCAAGACCCAGGCCGTGGCCGA
GCTGTCTCACTCTGTGGGCATCCAGGGCCTGGTGCAGGGCCAGTTCCTGGACCTGACCGAGGGCG
GCCAGCCCCGATCTGCCGACGCCATCCAGCTGACCAACCACTTCAAGACCTCTGCCCTGTTCTCTG
CCGCCATGCAGATGGCCGCCATCATCGCCGGCGCCCCCCTGGCCTCTCGAGAGAAGCTGCACCGA
TTCGCCCGAGACCTGGGCCAGGCCTTCCAGCTGCTGGACGACCTGACCGACGGCCAGTCTGACAC
CGGCAAGGACGCCCACCAGGACGTGGGCAAGTCTACCCTGGTGAACATGCTGGGCTCTAAGGCCG
TGGAGAAGCGACTGCGAGACCACCTGCGACGAGCCGACCGACACCTGGCCTCTGCCTGCGACTCT
GGCTACGCCACCCGACACTTCGTGCAGGCCTGGTTCGACAAGAAGCTGGCCATGGTGGGATAA 

crtI ATGAAGCCCACCACCGTGATCGGCGCCGGCTTCGGCGGCCTGGCCCTGGCCATCCGACTGCAGG
CCGCCGGCATCCCCGTGCTGCTGCTGGAGCAGCGAGACAAGCCCGGCGGCCGAGCCTACGTGTA
CGAGGACCAGGGCTTCACCTTCGACGCCGGCCCCACCGTGATCACCGACCCCTCTGCCATCGAGG
AGCTGTTCGCCCTGGCCGGCAAGCAGCTGAAGGAGTACGTGGAGCTGCTGCCCGTGACCCCCTTC
TACCGACTGTGCTGGGAGTCTGGCAAGGTGTTCAACTACGACAACGACCAGACCCGACTGGAGGC
CCAGATCCAGCAGTTCAACCCCCGAGACGTGGAGGGCTACCGACAGTTCCTGGACTACTCTCGAGC
CGTGTTCAAGGAGGGCTACCTGAAGCTGGGCACCGTGCCCTTCCTGTCTTTCCGAGACATGCTGCG
AGCCGCCCCCCAGCTGGCCAAGCTGCAGGCCTGGCGATCTGTGTACTCTAAGGTGGCCTCTTACAT
CGAGGACGAGCACCTGCGACAGGCCTTCTCTTTCCACTCTCTGCTGGTGGGCGGCAACCCCTTCG
CCACCTCTTCTATCTACACCCTGATCCACGCCCTGGAGCGAGAGTGGGGCGTGTGGTTCCCCCGAG
GCGGCACCGGCGCCCTGGTGCAGGGCATGATCAAGCTGTTCCAGGACCTGGGCGGCGAGGTGGT
GCTGAACGCCCGAGTGTCTCACATGGAGACCACCGGCAACAAGATCGAGGCCGTGCACCTGGAGG
ACGGCCGACGATTCCTGACCCAGGCCGTGGCCTCTAACGCCGACGTGGTGCACACCTACCGAGAC
CTGCTGTCTCAGCACCCCGCCGCCGTGAAGCAGTCTAACAAGCTGCAGACCAAGCGAATGTCTAAC
TCTCTGTTCGTGCTGTACTTCGGCCTGAACCACCACCACGACCAGCTGGCCCACCACACCGTGTGC
TTCGGCCCCCGATACCGAGAGCTGATCGACGAGATCTTCAACCACGACGGCCTGGCCGAGGACTT
CTCTCTGTACCTGCACGCCCCCTGCGTGACCGACTCTTCTCTGGCCCCCGAGGGCTGCGGCTCTTA
CTACGTGCTGGCCCCCGTGCCCCACCTGGGCACCGCCAACCTGGACTGGACCGTGGAGGGCCCC
AAGCTGCGAGACCGAATCTTCGAGTACCTGGAGCAGCACTACATGCCCGGCCTGCGATCTCAGCTG
GTGACCCACCAGATGTTCACCCCCTTCGACTTCCGAGACCAGCTGAACGCCTACCAGGGCTCTGCC
TTCTCTGTGGAGCCCGTGCTGACCCAGTCTGCCTGGTTCCGACCCCACAACCGAGACAAGACCATC
ACCAACCTGTACCTGGTGGGCGCCGGCACCCACCCCGGCGCCGGCATCCCCGGCGTGATCGGCT
CTGCCAAGGCCACCGCCGGCCTGATGCTGGAGGACCTGATCTAG 
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Chapter 4: CRISPRi repression of nonhomologous end-joining for enhanced genome 

engineering via homologous recombination in Yarrowia lipolytica4 

 

4.1 Abstract 

In many organisms of biotechnological importance precise genome editing is limited by 

inherently low homologous recombination (HR) efficiencies. A number of strategies exist to 

increase the effectiveness of this native DNA repair pathway; however, most strategies rely on 

permanently disabling competing repair pathways, thus reducing an organism’s capacity to repair 

naturally occurring double strand breaks. Here, we describe a CRISPR interference (CRISPRi) 

system for gene repression in the oleochemical-producing yeast Yarrowia lipolytica. By using a 

multiplexed sgRNA targeting strategy, we demonstrate efficient repression of 8 out of 9 targeted 

genes to enhance HR. Strains with nonhomologous end-joining repressed were shown to have 

increased rates of HR when transformed with a linear DNA fragment with homology to a 

genomic locus. With multiplexed targeting of KU70 and KU80, and enhanced repression with 

Mxi1 fused to deactivated Cas9 (dCas9), rates of HR as high as 90% were achieved. The 

developed CRISPRi system enables enhanced HR in Y. lipolytica without permanent genetic 

knockouts and promises to be a potent tool for other metabolic engineering, synthetic biology, 

and functional genomics studies. 

 

  

                                                 
4 This chapter previously appeared as an article in. The original citation is as follows: Schwartz, C., Frogue, 

K., Ramesh, A., Misa, J., and Wheeldon, I. (2017) CRISPRi repression of nonhomologous end-joining for 

enhanced genome engineering via homologous recombination in Yarrowia lipolytica. Biotechnology and 

Bioengineering. Used with permission. Copyright 2017 Wiley. 
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4.2 Introduction 

 An essential part of genome editing and microbial strain development is the targeted 

insertion of genes and functional nucleic acid sequences into an organism’s genome. Genetic 

insertions are made possible by incorporation of transformed DNA through native double 

stranded break (DSB) repair pathways: nonhomologous end-joining (NHEJ), homologous 

recombination (HR), and microhomology mediated end-joining (MMEJ) 1, 2. Random integration 

(also called illegitimate recombination) with a selectable marker is commonly mediated by NHEJ 

resulting in insertions at unknown loci across the genome 3. HR targets integration to loci with 

homology to the donor DNA 4, 5, while MMEJ can induce recombination using homology regions 

as short as 5-25 bp 6. In most eukaryotes, all three repair pathways are active and exist in a 

competitive equilibrium with the balance varying widely across organisms 7; however, in 

biotechnology and synthetic biology applications HR is often preferred because it can be used to 

make specific mutations to genes of interest, knockout genes, and insert heterologous DNA at 

predefined sites. 

 One of the reasons that the yeast Saccharomyces cerevisiae is a model organism for 

genetic engineering is that it has a high capacity for HR 8. In other yeasts, plants, and mammalian 

cells, significant efforts have been put towards recapitulating this capacity by disrupting or 

suppressing NHEJ function, thus biasing DNA repair towards HR. Knockout of NHEJ genes has 

proven effective, but permanently disabling NHEJ is not desirable because the resulting cells are 

prone to mutations and are generally less robust than cells with functional NHEJ 9, 10, Transient 

strategies have also been demonstrated, notably the chemical inhibition of DNA ligase IV and 

shRNA-mediated suppression of KU70 and KU80, critical proteins in NHEJ, have been showed 

to increase HR 11, 12. HR is also known to be more active during DNA replication than other DNA 

repair pathways 13, 14, evidence of which has led to chemically-induced synchronization of cells in 
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G2 or S-phase to enhance HR 15, 16. The mutational and transient strategies outlined above have 

been primarily demonstrated with model yeasts, mammalian cells, and in model plants, and have 

not yet been fully explored in many industrial biotechnology and non-traditional yeasts 11, 12, 17, 18. 

 Over the past five years, the type II CRISPR-Cas9 system from Streptococcus pyogenes 

has been adapted for genome editing and transcriptional regulation in a wide range of organisms 

19-24. Targeted DSB from Cas9 endonuclease complexed with a targeting single guide RNA 

(sgRNA) are repaired by NHEJ often causing an indel mutation and disrupting gene function. In 

the presence of a homology donor, Cas9-induced breaks can be repaired by HR resulting in site 

specific integration 19. Mutation to two Cas9 active site residues produces catalytically inactive 

Cas9 (dCas9), which is still able to bind DNA complementary to the sgRNA spacer sequence but 

is unable to introduce a DSB. Targeting dCas9 to the promoter region of a gene-of-interest can 

suppress transcription, a technique referred to as CRISPR interference (CRISPRi) 25. Gene 

activation is also possible by fusing a transcriptional activator to dCas9 26, 27. Collectively, the set 

of CRISPR-Cas9 genome editing and regulation tools enables the ability to disrupt and control 

arbitrary genes in a targeted manner. 

 The oleaginous yeast Yarrowia lipolytica is of significant biotechnological interest due to 

its native ability to convert a range of carbon sources to high levels of intracellular lipids 28-31. 

Similar to other non-Saccharomyces yeasts, Y. lipolytica has a high capacity for NHEJ that makes 

genome editing by HR challenging, as such we developed a CRISPR-Cas9 system for use in Y. 

lipolytica 32, 33. The work presented here advances the genome engineering tools available for use 

in Y. lipolytica by developing an effective CRISPRi technology for transcriptional knockdown of 

arbitrary genes. We demonstrate the tool by screening a set of NHEJ- and cell cycle-related genes 

to enhance the relative rate of HR and the success rate of targeted gene integration. 

Transcriptional knockdowns were successful, but only the suppression of NHEJ genes resulted in 
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increased integration by HR. sgRNA multiplexing and the fusion of a transcriptional repressor to 

dCas9 produced an optimized NHEJ CRISPRi system that was able to transiently suppress KU70 

and KU80 and increase the rate of HR into different genomic loci within Y. lipolytica PO1f. 

 

4.3 Materials and methods 

4.3.1 Strains and culture conditions  

 DH5α Escherichia coli was used for plasmid construction and propagation and was 

cultured in Lysogeny broth (LB) supplemented with 100 mg/L ampicillin. Plasmid isolation was 

performed using Zymo Research Zyppy Plasmid Miniprep Kits. The PO1f strain of Y. lipolytica 

and derivatives generated in this work (Supporting Table S4.1) were grown in YPD medium (1% 

Bacto yeast extract, 2% Bacto peptone, 2% glucose) 34. Strains transformed with a plasmid were 

cultured in synthetic defined medium without leucine (SD LEU-) (0.67% Difco yeast nitrogen 

base without amino acids, 0.069% CSM-leu (Sunrise Science, San Diego, CA), and 2% glucose). 

All Y. lipolytica culturing was done at 30 °C, and a shaking speed of 225 RPM was used for all 

liquid cultures. 

 

4.3.2 Transformation procedure 

 Transformation of Y. lipolytica with replicating vectors was performed as previously 

described 32. Transformants were selected for by plating on solid SD LEU- with 2% agar plates.  

 For exponential phase transformations, the following protocol was used. Strains of Y. 

lipolytica were transformed with a plasmid of interest and plated on SD LEU- solid media, as 

described above. Random colonies were picked to inoculate 2 mL SD LEU- and allowed to grow 

to stationary phase. In a baffled 250 mL flask, 40 mL of SD LEU- was then inoculated to an 

initial OD600 of 0.05 using the 2 mL starter culture, and allowed to grow to mid-exponential 
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phase (OD600 between 2 and 4). Cells were collected by centrifugation at 4,500 x g, washed with 

3 mL TE buffer (10 mM Tris, 1 mM EDTA, pH=8.0), washed with 4 mL TE with 100 mM LiAc, 

and resuspended in 450 µL of TE with 100 mM LiAC. To 140 µL of resuspended cells, 10 µL of 

10 mg/mL ssDNA and 1 µg of linearized homology donor were added, and the mixture incubated 

for 15 minutes at RT. After incubation, 700 µL of TE with 100 mM LiAc and 40% PEG 3350 

was added, and the mixture was incubated for 20 minutes at RT. A 15 minute heat shock was then 

done at 37 °C. Immediately after heat shock, 700 µL H2O were added, the solution was 

centrifuged at 4,500 x g, decanted to a volume of approximately 100 µL, and then resuspended. 

Cells were plated on solid SD LEU- URA- (0.67% Difco yeast nitrogen base without amino acids, 

0.064% CSM-leu-ura (Sunrise Science, San Diego, CA), and 2% glucose) with 2% agar and 

allowed to grow at 30 °C for 3 days. Colonies were then screened. Transformations yielded 10-

100 colonies in strains with intact DNA repair pathways. 

 

4.3.3 Plasmid design and construction 

 All enzymes and enzyme substrates were purchased from New England Biolabs. Phusion 

DNA Polymerase was used for all cloning PCR reactions. Zymo Research Clean and 

Concentrator-5 was used to column purify all PCR products and restriction digest products. All 

primers and plasmids are shown in Supporting Tables S4.1 and S4.2. To produce a plasmid with 

dCas9, the previously generated pCRISPRyl plasmid was digested with BssHII and NheI and 

separately PCR amplified using Cr_235 and Cr_236, and Cr_237 and Cr_238 32. The digested 

backbone and 2 PCR products were then assembled using Gibson Assembly as previously 

described to yield pCRISPRi_yl 35. Target sequences were cloned by digesting pCRISPRi_yl with 

AvrII, annealing complementary primers containing 20 bp of homology flanking either side of a 

20 bp target sequence, and using Gibson Assembly to combine the two as previously described 32. 
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To clone a second sgRNA expression cassette, the pCRISPRi_yl plasmid was digested with 

XmaI, while a second pCRISPRi_yl plasmid containing the correctly cloned second sgRNA 

cassette was PCR amplified using Cr_272 and Cr_273. The resulting backbone and fragment 

were assembled using Gibson Assembly. To clone 3 sgRNA expression cassettes, pCRISPRi_yl 

was digested with XmaI, a second pCRISPRi_yl containing a second sgRNA was PCR amplified 

using Cr_272 and Cr_275, and a third pCRISPRi_yl containing a third sgRNA was PCR 

amplified using Cr_273 and Cr_276. Fusions of dCas9 were generated by digesting pCRISPRi_yl 

with BssHII and NheI, amplifying dCas9 from pCRISPRi_yl with Cr_1008 and Cr_1009, and 

assembling both with gBlocks containing either the Mxi1 or KRAB domain. The resulting 

plasmid containing the dCas9-Mxi1 and an SCR1’-tRNAGly AvrII sgRNA cloning site 

(pCRISPRi_Mxi1_yl) was deposited with Addgene (Addgene #91248), and the final optimized 

CRISPRi NHEJ plasmid (pCRISPRi_Mxi1_yl_NHEJ) was similarly deposited (Addgene 

#91248). Sequences of repressors were Y. lipolytica codon optimized and synthesized by IDT, 

and are shown in Supporting Figure S4.1. 

 To generate the linear DNA donors for integration into the PEX10, XDH, XLK, and D17 

sites, the following procedure was used. PCR of the pCRISPRyl plasmid using Cr_411 and 

Cr_412 yielded a fragment containing only the ColE1 origin of replication and ampicillin 

resistance gene. The upstream 1kb for PEX10 was amplified from PO1f genomic DNA using 

Cr_111 and Cr_112, the URA3 gene using CR_115 and Cr_116, and the downstream 1kb using 

Cr_113 and Cr_114. The 4 DNA fragments were then combined using Gibson Assembly to yield 

pHR_URA3_PEX10_1kb. The 500 bp, 200 bp, and 50 bp versions of the PEX10 donors were 

generated by amplifying a single fragment of the appropriate size from pHR_URA3_PEX10_1kb 

and using Gibson Assembly to clone into the backbone previously generated. Homology donors 

for XDH, XLK, and D17 were generated in an analogous way manner, with primers shown in 
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Supporting Table S4.2. Linear DNA for transformation was prepared by digesting plasmids with 

BamHI. 

 

4.3.4 Design and selection of sgRNA targets 

 To identify the transcription start site (TSS) for each gene targeted for CRISPRi 

repression, publicly available RNA-seq data was aligned to the available CLIB122 genome using 

the Galaxy web portal 36, 37. Sequence alignments were manually inspected and the TSS or 

approximate start of transcription for each gene was identified. TATA box locations were 

identified by manual inspection of the region 10-120 bp upstream of the TSS. Target sgRNAs that 

spanned the TSS and the TATA box sequences were then identified by finding the nearest 

“NGG” PAM sequence. No sgRNA scoring algorithm was used to select sequences. 

 

4.3.5 RT-qPCR 

 Cultures grown to mid-exponential phase in SD LEU- (an OD600 between 2 and 4) were 

subjected to RNA extraction. Cultures were diluted to an OD600 of 1, and 1 ml of cells were 

subjected to the extraction protocol. Cells were spun down via centrifugation at 6,000 x g for 2 

minutes. The Yeastar RNA Kit from Zymo Research was then used to isolate total RNA. The 

resulting RNA was then subjected to DNaseI digestion for 30 min at 37 °C to prevent genomic 

DNA contamination. DNA-free RNA was then purified using the RNA Clean and Concentrator-

25 kit from Zymo Research. RNA concentration was quantified, and 500 ng of purified RNA was 

used to generate cDNA with the iScript Reverse Transcription Supermix from Biorad. The 

resulting cDNA was diluted 10-fold, and 2 µL was used in each RT-qPCR experiment with the 

SsoAdvanced Universal SYBR Green Supermix from Biorad and appropriate primers. All 

experiments were performed in biological triplicates and technical duplicates using 96-well plates 
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on a Biorad CFX Connect Thermocycler. Relative expression levels were determined by 

normalizing to the expression of actin, with the efficiency of the primers taken into account 38. 

Primers were designed using Primer3 according to the specifications from the manufacturer of the 

SYBR Green Supermix, and validated to have a priming efficiency between 0.90 and 1.10 before 

use 39. Primer sequences are shown in Supporting Table S4.2. 

 

4.3.6 Screening genome modifications  

 Screening for disruption of MFE1 and PEX10 was done by streaking colonies on solid 

SD-oleic media (0.67% Difco yeast nitrogen base without amino acids, 0.079% CSM (Sunrise 

Science, San Diego, CA), 0.3% oleic acid, and 0.2% tween 40). Amplification of the MFE1 cut 

site for sequencing was done using Cr_216 and Cr_217. Integration of linear DNA into the XLK, 

XDH, and D17 sites was done using a 3 primer PCR, as previously described 33. Primers used for 

screening for targeted integration are shown in Supporting Table S4.2.  

 

4.3.7 Statistical analysis 

 All experiments represent the mean and standard deviation of at least three biological 

replicates. Two-tailed T-tests were used to compare the mean of experimental samples to the 

appropriate control, with a p-value<0.05 used to indicate significance. The control samples for 

Figures 4.2A, 4.2B, 4.4A, 4.4B, 4.5B, 4.5C, 4.5D, 4.6B, and 4.6C was the PO1f strain with a 

CRISPRi plasmid containing a scrambled, nontargeting sgRNA. 
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4.4 Results 

4.4.1 CRISPRi for transcriptional repression in Y. lipolytica.  

 The first step in developing a CRISPRi system is the deactivation of Cas9 endonuclease 

activity. Two mutations are necessary and have been previously demonstrated: N10A and H840A 

mutations disrupt Cas9 activity and disable the ability to create DSB 25. We have previously 

demonstrated that hybrid RNA polymerase III promoters are effective in expressing sgRNA and 

result in high CRISPR-Cas9 efficiency, as such the CRISPRi system developed here employs the 

high expressing SCR1’-tRNAGly promoter for sgRNA expression in both single and multiplexed 

systems 32. All strains and plasmids used in this study are described in Supporting Table S4.1 and 

Supporting Figure S4.2. 

 

4.4.2 Selecting gene targets for transcriptional repression.  

 The goal of this work is to develop a CRISPRi system in Y. lipolytica and use the system 

to shift the balance away from NHEJ DNA repair, thus promoting HR and increasing the rate of 

targeted gene integration at predefined loci (Figure 4.1A). To do so, we selected the following 

gene candidates for repression: KU70, KU80, DNL4, MIH1, ZDS1, STT4, SIN3, TUB1, and TUB4 

(Figure 4.1B, Supporting Table S4.3). Ku70 and Ku80 are a highly conserved heterodimer pair 

that bind to DNA at DSBs and are critical for NHEJ function 40-42. At the end of the NHEJ 

process, Dnl4 ligates the two free ends to repair the DSB often resulting in the insertion or 

deletion of one or more bases 42, 43. The genes MIH1, ZDS1, STT4, SIN3, TUB1, and TUB4 were 

targeted due to their hypothesized roles in cell cycle regulation as discussed in Supporting Table 

S4.3 44-48. While none of the targeted cell cycle genes resulted in an increase in the rate of HR 

(see Discussion and Supporting Figure S4.3), they are included here to demonstrate the efficacy 

of the CRISPRi screen for transcriptional repression. All genes were identified in Y. lipolytica 
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PO1f using a BLAST search with the S. cerevisiae gene as an input. The genomic loci attributed 

to each gene involved in NHEJ based on the BLAST results are shown in Table 4.1. Genomic 

loci for cell cycle genes are shown in Supporting Table S4.4. 

Table 4.1: Genes and corresponding Y. lipolytica chromosomal locus tags 

Gene W29 locus tag 

KU70 YALI1_C11925g 

KU80 YALI1_E02574g 

DNL4 YALI1_D27044g 

 

 

 

4.4.3 Designing sgRNAs for transcriptional repression.  

 Recent evidence from yeast CRISPRi systems suggests that transcriptional repression is 

most effective when dCas9 is targeted to promoter regions in close proximity to the TSS 49, 50. 

Other studies also suggest that targeting the TATA box or regions surrounding the TATA box can 

also result in transcriptional repression 51, 52. Based on this evidence, we set out to design pairs of 

multiplexed sgRNAs that target each gene of interest at the TSS and either the TATA box or, in 

cases where one is not clearly defined 53, the region immediately upstream of the TSS. The 

relative location of the sgRNAs targeting each gene’s promoter are shown in Figure 4.1B and 

Supporting Table S4.5.  
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Figure 4.1: CRISPRi in Y. lipolytica for enhanced gene integration by homologous recombination. (A) 

A schematic diagram of transcriptional repression by targeting deactivated Cas9 endonuclease to a gene’s 

promoter with the intended effect of suppressing transcription. (B) Target gene with sgRNA target sites 

shown as red bars in the promoter region of each gene. The transcription start site (TSS; arrow) and TATA 

box (blue) are shown. The putative role of each gene in NHEJ-mediated repair of a double strand break is 

shown. 

 

 The TSS for each gene was identified by aligning previously published RNA-Seq data to 

the Y. lipolytica genome and identifying the 5’ end of each transcript 37. The TSS targeting 

sgRNAs were designed to span the TSS or as close as was possible given the availability of 

protospacer adjacent motif (PAM; the PAM sequence for S. pyogenes Cas9 is NGG). The search 

for TATA boxes and TATA box-like elements was limited to the 120 bp upstream of the TSS. If 

no TATA box was apparent, the second of the multiplexed sgRNAs was targeted approximately 

40-60 bp upstream of the TSS. For KU70, DNL4, and TUB4, TATA box-like elements were 

identified, and sgRNAs were designed as closely as possible. For KU80, MIH1, ZDS1, STT4, 

SIN3, and TUB1, no TATA box-like elements were identified within 120 bp of the TSS, and so an 

sgRNA that targeted upstream of the TSS was designed. Due to an abundance of “CC” motifs and 

relative dearth of “GG” in the promoters, all designed sgRNAs targeted PAM sequences in the 

antisense strand of the promoter. Promoter sequences including TATA box-like elements, TSS, 
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and start codons are provided in Supporting Figure S4.4. All sgRNA sequences are described in 

Supporting Table S4.5. 

 

4.4.4 CRISPRi represses NHEJ genes and enhances HR in Y. lipolytica.  

 CRISPRi plasmids targeting each gene were constructed and transformed into Y. 

lipolytica. Randomly selected colonies were grown to mid-exponential phase in selective media 

and total RNA was isolated. Reverse transcription and quantitative PCR (RT-qPCR) of the 

mRNA revealed that 8 of the 9 targeted genes were repressed by at least ~50% in comparison to 

expression in strains expressing non-targeting CRISPRi control (Figure 4.2A, Supporting Figure 

S4.3). Of note was that no appreciable changes in growth rate were observed.  The highest level 

of repression, achieved with MIH1, was ~90% reduction in relative abundance. Repression of 

SIN3, however, was not statistically significant.  
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Figure 4.2: CRISPRi repression of NHEJ for enhancing HR. (A) The relative expression of targeted 

genes repressed by multiplexed CRISPRi sgRNAs as measured by RT-qPCR. Bars represent the mean of 

biological triplicates, error bars represent the standard deviation.  (B) Rate of homologous recombination of 

a linear URA3 expression cassette with repression of each CRISPRi targeted gene. Control experiments 

with a non-targeting sgRNA (PO1f) and a NHEJ deficient strain (ΔKU70) are also shown. Dashed bar 

indicates the HR rate for the non-targeting control. Each bar represents a minimum of 90 isolated colonies 

from at least three biological replicates. Error bars represent the standard deviation and statistical 

significance from the non-targeting control (PO1f) is indicated by “*” (p<0.05). 

 

 To determine the effects of repressing NHEJ-related genes on HR, strains containing the 

CRISPRi plasmids were grown to mid-exponential phase and transformed with a linear HR donor 

DNA fragment. The fragment contained a URA3 expression cassette with 1 kb of homology to 

PEX10 flanking the URA3 genetic marker. PEX10 was selected as a target site because it is 

involved in peroxisome biogenesis and mutants are easily screened, as functional disruptions lack 

the ability to grow on media with oleic acid as a sole carbon source 28, 32. Random integrants were 

identified by the ability to grow on SD LEU- URA- (the CRISPRi plasmid auxotrophy marker and 

the genetic marker within the transformed linear DNA, respectively) as well as solid oleic acid 

media. Integration into the PEX10 gene by HR was identified by growth on selective media but 
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not on oleic acid media. Two control strains were also tested including one with a non-targeting 

sgRNA and dCas9 expressed in unmodified PO1f, and the other with the non-targeting sgRNA 

and dCas9 plasmid in a strain with disrupted KU70 32. The procedure for implementing CRISPRi 

in Y. lipolytica and quantifying HR rate of linear DNA fragments is shown in Supporting Figure 

S4.5. 

 In the non-targeting sgRNA control 36.5% of screened colonies showed incorporation of 

the linear donor via HR (Figure 4.2B, Supporting Figure S4.6). When NHEJ was knocked out 

through disruption of KU70 91% of colonies integrated the linear donor via HR, while KU70 

repression with CRISPRi resulted in 56% HR. Similarly, repression of KU80 yielded a HR rate of 

73%. None of the other targeted genes, including all 6 of the cell cycle-related genes, produced an 

increase in HR rate.  

 

4.4.5 Microhomology-mediated end-joining repairs DSB in the absence of NHEJ.  

 To further test the roles of KU70, KU80, and DNL4 in NHEJ each of these genes was 

separately disrupted by CRISPR-Cas9 (Supporting Table S4.6). Successful disruptions were 

confirmed by sequencing and the CRISPR-Cas9 expressing plasmid was removed by curing in 

rich media. The resulting strains (PO1f ku70, PO1f ku80, PO1f dnl4) were used to investigate 

potential repair mechanism in the absence of components of the NHEJ repair pathway. A 

CRISPR plasmid targeting the MFE1 gene was transformed into each strain as well as native 

PO1f grown in selective liquid media and plated on rich media. Similar to PEX10, MFE1 is 

essential for growth on oleic acid and disruptions are easily screened on solid media with oleic 

acid as the sole carbon source. Successful disruptions of MFE1 were identified in all 4 strains 

(Supporting Figure S4.7). MFE1 disruptants from the wildtype PO1f background showed a PCR 



 124 

product of about 2,500 bp, which matched the size of the PCR product from wildtype genomic 

DNA. However, MFE1 disruptants from the PO1f ku70, PO1f ku80, and PO1f dnl4 strains 

yielded a PCR product that was approximately 900 bp shorter, as shown in Supporting Figure 

S4.7. Sanger sequencing of the MFE1 mutants from the PO1f strain showed indel formation 

consistent with a DSB repaired via NHEJ. Sequencing of MFE1 from the PO1f ku70, PO1f ku80, 

and PO1f dnl4 strains revealed an 879 bp deletion. A representative result aligned to the native 

MFE1 sequence is shown in Figure 4.3B. The mutated gene is consistent with a MMEJ repair of 

DSB. MMEJ is known to be independent of Ku70 and Ku80 and requires only small regions of 

homology in comparison to HR repair 54. Consistent with other reports of MMEJ repair, an 

imperfect 8 bp region of homology was found on either side of the CRISPR cut site in the 

targeted gene 55. 

 

Figure 4.3: Microhomology-mediated end-joining in Y. lipolytica. (A) Schematic of CRISPR-Cas9 

double strand break (DSB) to the Y. lipolytica MFE1 gene. (B) Sequence alignments a representative MFE1 

mutants and the wildtype sequence in Y. lipolytica PO1f. A single base pair insertion was typical of DSB 

repair in the PO1f strain. In the absence of NHEJ, through disruption of KU70, MMEJ appears to repair the 

break. The homology bases are shown in bold, while variations from the wildtype sequence are shown in 

red. 
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4.4.6 CRISPRi repression is target site-dependent.  

 The initial repression screen of NHEJ and cell cycle genes employed two sgRNA per 

gene, but it was not clear if one or both target sites were needed. A better understanding of the 

effects of the sgRNA used for KU70 and KU80 repression would allow for the development of an 

optimized multiplexed system targeting both genes. As such, the repression ability of each 

sgRNA was individually tested. Plasmids containing dCas9 and each of the sgRNAs were 

constructed and transformed. Isolated colonies were randomly selected, grown in liquid media to 

mid-exponential phase, RNA extracted, and subjected to RT-qPCR. The expression level of 

KU70 was repressed by the sgRNA targeting the TATA box-like element (sgRNA KU70-1), by 

over 50%, while the sgRNA targeted to the TSS (sgRNA KU70-2) had no appreciable effect on 

KU70 transcription (Figure 4.4A). For KU80, both the sgRNA targeted to the TSS and the 

sgRNA targeted upstream of the TSS resulted in ~50% reduction in KU80 mRNA levels (Figure 

4.4B).  

 

Figure 4.4: sgRNA contributions to CRISPRi suppression of KU70 and KU80. (A) Single and dual 

targeting of sgRNAs to the promoter region of KU70 for transcriptional repression as measured by RT-

qPCR relative to a non-targeting sgRNA. (B) Single and dual targeting of sgRNAs to the promoter region 

of KU80. Bars represent the average of at least three biological replicates and the error bars represent the 

standard deviation. Statistical significance is indicated by “*” (p<0.05). 
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4.4.7 Enhanced repression with dCas9 fusion proteins 

 To enhance KU70 and KU80 repression we tested a pair of transcriptional repressors 

fused to dCas9 (Figure 4.5A). The Krüppel associated box (KRAB) domain 56 and the Mxi1 57 

repressor were separately fused to the C-terminus of dCas9 and transformed into Y. lipolytica on a 

CRISPRi vector expressing the single sgRNAs targeting KU70 and KU80. For the KU70 sgRNA 

targeted to the TATA box (KU70-1) and the KU80 sgRNA targeted upstream of the TSS (KU80-

1), the Mxi1 domain showed a significant increase in repression (Figure 4.5B, C). Conversely, the 

sgRNA targeting the TSS of KU80 (KU80-2) was not enhanced by Mxi1 (Figure 4.5D). In all 

three cases, fusion of the KRAB domain to dCas9 did not enhance CRISPRi repression. Overall, 

the highest level of repression was observed with the sgRNA targeting upstream of the TSS for 

KU80 where the repression was reduced from ~38% with dCas9 to 87% reduction with dCas9-

Mxi1.  

 

Figure 4.5: Enhanced gene repression with dCas9-Mxi1. (A) Schematic of dCas9 and dCas9 fused to 

repressor domains Mxi1 and KRAB. (B) CRISPRi repression of KU70 with dCas9, dCas9-KRAB, and 

dCas9-Mxi1 complexed with sgRNA KU70-1. CRISPRi repression of KU80 with dCas9, dCas9-KRAB, 

and dCas9-Mxi1 complexed with sgRNA KU80-1 (C) and KU80-2 (D). Bars represent the average of at 

least three biological replicates and the error bars represent the standard deviation. Statistical significance is 

indicated by “*” (p<0.05). 
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4.4.8 Optimized NHEJ CRISPRi enhances gene integration by HR in the Y. lipolytica 

genome  

 In light of the observed results with single sgRNA targets to KU70 and KU80 and the 

enhanced repression with dCas9-Mxi1, an optimized NHEJ CRISPRi system was designed. The 

optimized system included multiplexed sgRNAs with a single target to KU70 (KU70-1) and dual 

targets to KU80 (KU80-1 and -2; Figure 4.6A). Transformation of the single vector CRISPRi 

system into PO1f repressed KU70 transcription by ~90%, while KU80 transcription was reduced 

by ~83% (Figure 4.6B). The resulting strains showed no apparent change in growth, indicating 

that the multiplexed CRISPRi system did not present a significant metabolic burden. The strain 

containing the optimized NHEJ CRISPRi plasmid was transformed with cassettes containing a 

URA3 gene flanked by 1kb of homology to the PEX10 locus, the xylose dehydrogenase locus 

(XDH), the xylulose kinase locus (XLK), or the D17 pseudogene locus (D17). Integration via HR 

into XDH, XLK, and D17 was determined using a 3 primer PCR reaction 33. HR rates for the four 

sites with the optimized NHEJ CRISPRi system were compared to the rate of HR in a strain with 

a non-targeting sgRNA (Figure 4.6C). The rate of HR increased significantly for each tested 

genomic locus, with the largest increase occurring at the D17 locus where the HR rate increased 

from 28% to 90%. In addition, the HR rate for XDH increased from 44% to 83%, the rate for XLK 

increased from 56% to 84%, and the HR rate for the PEX10 locus increased from 37% to 79%.  
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Figure 4.6: Optimized NHEJ CRISPRi for Y. lipolytica. (A) Schematic of the multiplexed expression of 

dCas9-Mxi1 complexed with sgRNAs KU70-1, KU80-1, and KU80-2. (B) KU70 and KU80 transcriptional 

repression using the optimized NHEJ CRISPRi system as measured by RT-qPCR relative to a non-

targeting sgRNA control. (C) HR rate of a linear homology donor into loci within PEX10, XDH, XLK, and 

D17 genes in Y. lipolytica PO1f. Bars represent the average of at least three biological replicates and the 

error bars represent the standard deviation. Statistical significance is indicated by “*” (p<0.05). 
 

 To further explore the utility of the optimized system, we set out to study the effects of 

homology size on gene integration by HR. PO1f containing the optimized NHEJ CRISPRi 

plasmid, PO1f with a non-targeting sgRNA, and PO1f ku70 containing a non-targeting sgRNA 

were transformed with PEX10 targeting linear DNA donors with homology lengths of 1,000 bp, 

500 bp, 200 bp and 50 bp. Rates of HR are shown in Table 4.2. When the homology size was 

reduced from 1,000 bp to 500 bp, the HR rate dropped from 36% to 0% in the control strain (non-

targeting sgRNA in PO1f), while the NHEJ CRISPRi system maintained HR at a rate of 29%, 

down from 73%. The NHEJ knockout strain faired best with 500 bp of homology, decreasing to 

79% from a high of 91%. At 200 bp of homology, the negative control did not produce 

measurable rates of HR, while the NHEJ CRISPRi and NHEJ knockout strains behaved similarly 

with HR rates of ~6%. At 50 bp of homology, integration rates via HR were negligible with only 

one successful HR integration observed in the KU70 disrupted control strain. Also of note was 

that the number of colonies yielded by each transformation dropped with the homology size in the 

NHEJ CRISPRi and NHEJ knockout strains. Transformation with 1,000 bp homology donors 

regularly produced 30 or more colonies. At 200 and 50 bp of homology, the NHEJ deficient 
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strains never resulted more than 16 colonies and the majority of transformations yielded 5 or 

fewer colonies. This decrease in colony number at shorter homology sizes was not observed in 

the negative control strain with intact NHEJ. 

Table 4.2: Effect of homology length on homologous recombination (HR) of a linear URA3 selectable 

marker in Y. lipolytica PO1f. 

Homology 

size 

(PEX10) 

PO1f scrambled PO1f NHEJ CRISPRi PO1f ku70 scrambled 

# pex10 colonies / # 

colonies 

# pex10 colonies / # 

colonies 

# pex10 colonies / # 

colonies 

1,000 bp 31/85 (36%) 75/96 (78%) 82/90 (91%) 

500 bp 0/90 (0%) 7/24 (29%) 27/34 (79%) 

200 bp 0/90 (0%) 3/50 (6.0%) 3/45 (6.7%) 

50 bp 0/90 (0%) 0/25 (0%) 1/22 (4.5%) 

 

4.5 Discussion 

 The widespread adoption of type II CRISPR−Cas9 systems for genome editing has made 

less genetically tractable organisms more accessible 22, 23, 32. CRISPRi system have extended these 

capabilities to targeted transcriptional regulation 25, 58. Here, we developed a CRISPRi system for 

the oleaginous yeast Y. lipolytica and used the system to enhance HR of heterologous DNA. Our 

multiplexed design of sgRNAs targeting the TSS and TATA box (or PAM sites in close 

proximity) of the genes of interest resulted in the successful repression of 8 out of 9 targeted 

genes (Figure 4.2A, B, Supporting Figure S4.3). This strategy proved useful because, as shown in 

Figure 4.4, even rationally designed sgRNAs may fail to repress the targeted gene, and so the 

redundancy of multiplexed targeting increases the likelihood of success. Our CRISPRi results are 

consistent with other CRISPRi studies that observed enhanced repression when dCas9 is localized 

to a gene’s promoter at the TSS or within 200 bp upstream of the TSS 49-51. One study found that 

multiplexed targeting to the TSS and TATA box of the TEF1 S. cerevisiae promoter increased 

repression, results consistent with the CRISPRi screen accomplished in this work 52. In 

developing an optimized CRISPRi system, we also found Mxi1 to be a superior repressor domain 

than KRAB in Y. lipolytica. This result is also consistent with recent studies in S. cerevisiae, 
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where fusion of Mxi1 to dCas9 increased repression 26, 50. The Mxi1 domain used here is a 

mammalian cell protein known to negatively regulate MYC function 57. It is likely that Mxi1 

functions well in yeast because its native interaction partner is a homolog to the yeast protein 

Sin3, recruitment of which suppresses transcription.  

 Unlike S. cerevisiae, Y. lipolytica has a relatively low capacity for HR in comparison to 

illegitimate recombination 8, 9, 59. As such, we used CRISPRi to repress genes involved in NHEJ 

to increase the relative rate of HR. Previous work has shown that KU70 and KU80 deletions 

increase the rate of HR to upwards of 85%; however, deletion of these genes creates strains that 

are permanently deficient in NHEJ DNA repair, an undesirable phenotype in industrial 

production strains 9, 59. To avoid these deficiencies in production strains, several transient 

strategies targeting NHEJ suppression have recently been demonstrated in other organisms. Two 

recent studies report increased HR rates in mammalian cells when the DNA ligase IV (DNL4 in 

yeast) inhibitor SCR7 is added to the cells before transformation 11, 12. Suppression of KU70, 

KU80, or DNA ligase IV using short hairpin RNAs or targeted inhibition of DNA ligase IV by 

adenovirus 4 proteins E1B55K and E4orf6 was also shown to be effective for increasing HR 11. In 

Y. lipolytica, we found that suppression of KU70 and KU80, both individually and combined, 

resulted in significant increases in HR across various sites in the genome. Our NHEJ CRISPRi 

system produced HR rates comparable to the NHEJ deficient strain (PO1f ku70, Figure 4.6). The 

combination of RT-qPCR data showing ~10-fold knockdown of KU70 and KU80 and an HR rate 

close to that of the KU70 knockout strain suggests that the NHEJ CRISPRi system developed 

here is approaching the maximum HR rate that can be achieved through NHEJ repression. Some 

difference can be seen at shortened homology regions, but both the NHEJ CRISPRi and the 

NHEJ disruption strain show very low HR rates at 200 and 50 bp. Performing efficient HR at 

short homology sizes, especially at 50 bp or lower, would be a significant achievement and a 
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potent tool for engineering Y. lipolytica, but we speculate that achieving higher HR rates at these 

shorter homology sizes would require a strategy that increases expression of genes involved in 

HR, or even expression of HR genes from an organism that performs HR more efficiently.  

 We found that when NHEJ is rendered nonfunctional through disruption of KU70, KU80, 

or DNL4, illegitimate recombination can still occur (Figure 4.2). Additionally, we showed that in 

the absence of NHEJ, DSBs introduced by CRISPR-Cas9 are repaired through MMEJ (Figure 

4.3). This is the first demonstration of MMEJ in Y. lipolytica, and introduces the possibility of 

undesired recombination through the MMEJ pathway. However, in a previous work we found 

that in the absence of functional NHEJ and in the presence of a homology donor, 100% of repair 

at a DSB was done through HR 32. This demonstrates that while MMEJ is a functional repair 

pathway, its effects are insignificant when compared to HR when genome editing is performed. It 

is possible that MMEJ would be more prevalent if significantly shorter homology regions were 

used. The identification of functional MMEJ also demonstrates the possibility of using MMEJ for 

genome editing in Y. lipolytica, as has already been done in several other organisms 60, 61.  

 In a previous study, we demonstrated that the introduction of a DSB using CRISPR-Cas9 

in the presence of a homology donor on a replicating plasmid allowed for HR rates of as high as 

69% 33. In the current study, the highest HR rate achieved was approximately 90%. While both 

methods achieve similarly high rates of HR and use 1 kb of homology, the selective pressures are 

significantly different. In the previous study, HR was induced by introduction of a DSB at the 

target locus, with the need to repair the DSB serving as a selective pressure. In this work, no DSB 

is made, and the selective pressure is provided by the URA3 cassette found on the linear donor. In 

the absence of NHEJ (or when NHEJ is significantly repressed), HR is the major repair pathway 

available to integrate the transformed DNA containing the URA3 marker into the genome, and 

thus the most common mechanism of integration. 
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 An alternative strategy for enhancing HR that avoids permanent genomic modification is 

the synchronization of cells in S phase of the cell cycle by addition of hydroxyurea, which 

increased the HR rate of a linear DNA fragment in Y. lipolytica from 0 to 15% 15. Cell cycle 

synchronization has been shown to be an effective strategy for transient enhancement of HR in 

human and murine cell lines where synchronization in G2/M phase by nocodazole gave the 

largest increase in HR rate 12, 16. To putatively exploit the cell cycle dependence of HR, we 

targeted genes involved in the G2/M phase transition for repression via the developed CRISPRi 

system. Despite the reports of the efficacy of cell cycle synchronization, none of the suspected 

cell cycle regulatory proteins targeted in our CRISPRi screen resulted in an increase in HR. It is 

not clear from our data if this is due to selection of the gene targets for cell cycle synchronization, 

insufficient repression to achieve significant synchronization, or if the strategy of synchronization 

using CRISPRi is ineffective. It is possible that multiplexed targeting of two or more cell cycle-

related genes (including those targeted here, as well as others) may be necessary to reproduce the 

broad effects of hydroxyurea or nocodazole treatment. 

 The multiplexed CRISPRi system for Y. lipolytica developed here was successful in 

repressing gene transcription from all but one targeted gene (8 or 9 genes were repressed by 

50% in comparison to a non-targeting control). A critical element of the strategy was the 

simultaneous targeting of one sgRNA to the TSS (or as close as possible to the TSS) and a second 

to TATA box-like elements in the promoter. Multiplexed targeting was necessary because 

characterization of single sgRNA for gene repression demonstrated it is difficult to know a priori 

which promoter target sites will be most effective. Our optimized NHEJ CRISPRi system was 

successful in suppressing NHEJ and increasing the rate of integration of linear DNA fragments 

containing a genetic marker. We anticipate that this system will prove useful in a broad range of 
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applications including metabolic engineering, functional genomics, and synthetic biology in Y. 

lipolytica. 
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4.7 Supporting information 

 

4.7.1 Supporting figures 

KRAB 

5’- 

CGAACCCTGGTGACCTTCAAGGACGTGTTCGTGGACTTCACCCGAGAGGAGTGGAAGCTGCTGGACACCGCCCAGC

AGATCGTGTACCGAAACGTGATGCTGGAGAACTACAAGAACCTGGTGTCTCTGGGCTACCAGCTGACCAAGCCCGA

CGTGATCCTGCGACTGGAGAAGGGCGAGGAGCCC 

Mxi1 

5’- 

GGCTCCTCTAAGCTGGGCGGCTCTGGCGGCTCTATGGAGCGAGTGCGAATGATCAACGTGCAGCGACTGCTGGAG

GCCGCCGAGTTCCTGGAGCGACGAGAGCGAGAGTGCGAGCACGGCTACGCCTCTTCTTTCCCCTCTATGCCCTCTCC

CCGAGGC 

Figure S4.1: Sequences of codon optimized repressor domains 
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Figure S4.2: Cloning of sgRNA plasmids. Schematic showing cloning procedures for generating 

CRISPRi plasmids expressing 2 sgRNAs and dCas9-Mxi1. 

 

 

 

 

Figure S4.3: CRISPRi repression of NHEJ and cell cycle-related genes for enhancing HR. The 

relative expression of targeted genes repressed by multiplexed CRISPRi sgRNAs as measured by RT-

qPCR. Bars represent the mean of biological triplicates, error bars represent the standard deviation.   

 



 140 

 

 

KU70 

ACAATACTACACAATCCCTTTCCTGTATTCTTCCACCATCGTCATCGTCGTCTGTCTTCTCTTCAGCTTTTTAATTTCACT

CCCCACAAACCCAAATTTAGCTGCATCATTCATCAACCTCCAATTATAACTATACATCGCGACACGAACACGAAACAC

GAACCACGAACCGCCGCTTTTTGAAAATGGAATGGATTTCA 

 

KU80 

GAAACTGAATGTCATATGCCTATTCCTTGTATTTGTAGTTGTAGATTCAAACACCATCGAATCTTGTCCACCCTCGACG

CGTCTTCCCCAAAGTTGAAGGTAAATGCCGGACGCGAAGAAAGGCATCACGCCCAACAGCATACACACACAACCAA

GAGCACACTGCCATACCAGTGACTTTGAGCATGGCATCCAAAGAA 

 

DNL4 

CAGCCATCAGAAACCGCTTTCCCAATTTTGATGCCAATTGCTTGTCATTTAATATCATCTTTGCCCCCCCCTTCAAATTA

CGTCTCCCCGCATGGTCTTGCGGCTAACATGCATATGCTGCACTCCTCCAACTATAGCTGACCTGACTGGATCTAGAC

ATCAAGACAACTCACACCGCCAAACACATGTCGAGCGAGCGG 

 

MIH1 

CTGCTACAGCTCCTACCTGCTACGCCATGTCTCACACAACGTCTCCAACCGCTGCACCAGTTGTACTCGACATTGCCA

ATATGTGGTTGGCCCAACAACCAAGTCTAATTCTAATGGGCAAAAGGCAAACATGCGCCAGAGGAAACCAGCTCAC

AAACTTGATCTCCTATCCACACTAACACAGGATGCAAAGTGTGACT 

 

ZDS1 

ACAGTTGCTGGTTCCCCTCAGAATTGCACGTCTGGTCTCTGCAAATCCGCCGCCTACAGTAGGTAGTGGTACACTAC

AAAGTACTGCCAGTCCAAAGTTTACACCTTATTCTAAGCTTACCGGTCTGCACCGTGGGACACGACAGTTCACCACCA

ACTGCACACAACTCCTTCTACATTACACTCATGGAACGACTCAGC 

 

STT4 

GATATAATTACTCGGACACCGTCAGTACCTCGTCTCCTTTTCACCCCGCTCACGAACTTTCACACGCACCACTTTAGAC

TCAGACTTCATGCATGCCCCCCAACCCCACGTTGAGTAAAGACAGGTCATCTTGGACCACTCTTTCAAGTCCTCACAA

CAGGAAAACCAAATTCTGAACGACTGAAATGGAAGATTTCGGT 

 

SIN3 
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CTGAGCACATATTCTTACACGTTTGTCTGTGTTGCTTCCGTGCCTGTGTTTGTGTGTCTGTGGTGCCGTTTCGCCCACA

TGCAGCAGTATTGATTCGACGTCACCAGGGTGTATCAAGTCACATGCATCAAGCTGTGGTGTAGCAGAGGACATGG

AACCCCGACGTCGTGCGATTTCATTGTGACATGGCCATTTATCAT 

 

TUB1 

CCCCGTCAGTTTACCCGGAAGTGTTTCTTGGGTAACCGGCCACGACGCGTTGCCCAGGCAACCCCCTTTGTTTGTCTG

GCCACCACACCTTGACACACAACTCCCCCAACCTTATTCTGTTTTTGTGTCGCCAAACTTGTTCTCCTGTATCTCCTCCC

CTTTCCACCACACACAACTACACAATCATGAGAGAAGTCATC 

 

TUB4 

TACACCCGAAATATGATCTCAAACTAGTCACTTTTCTCGTAAACGTCTCTCATCACTCTTCACAATGCCCCCTACTTCTC

TCCTATATTTCCCCATAAAGTTGTATCAGCGTAAAGTTTAAAAGTACACGCACCACTTGTCTTATCACTTCACATCACG

GCCCCAAACTCGTCTCAGACACTCAGATGCCACGGGAAATC 

Figure S4.4: 200 bp of promoter regions of genes targeted for repression. TATA box-like elements, if 

present, are shown in red and underlined, TSS are shown in green and underlined, and start codons are 

shown in blue and underlined. 

 

 

 

 

 

Figure S4.5: Schematic showing exponential transformation for HR rate in CRISPRi strains. Leucine 

and Uracil auxotroph PO1f is first transformed with the desired CRISPRi plasmid containing the LEU2 

selectable marker using the stationary phase transformation protocol. Colonies are used to inoculate SD-leu 

liquid media, which is then used for an exponential transformation as described. A linear DNA donor 

fragment with a URA3 selectable marker is transformed. Colonies are grown on SD-leu-ura solid media for 

3 days, after which they are screened for successful HR. If the strain is desired for further manipulation and 

characterization, the pCRISPRi plasmid can be cured by overnight culture in YPD media to recover the 

leucine auxotrophy. 
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Figure S4.6: CRISPRi repression of NHEJ and cell cycle-related genes for enhancing HR. Rate of 

homologous recombination of a linear URA3 expression cassette with repression of each CRISPRi targeted 

gene. Control experiments with a non-targeting sgRNA (PO1f) and a NHEJ deficient strain (ΔKU70) are 

also shown. Dashed bar indicates the HR rate for the non-targeting control. Each bar represents a minimum 

of 90 isolated colonies from at least three biological replicates. Error bars represent the standard deviation 

and statistical significance from the non-targeting control (PO1f) is indicated by “*” (p<0.05). 

 

 

 

 

Figure S4.7: Gel showing MMEJ-mediated DSB repair. Agarose gel showing PCR products of MFE1 

disruptants in the PO1f, PO1f ku70, PO1f ku80, and PO1f dnl4 strains. All screened colonies in NHEJ 

deficient strains with MFE1 disrupted with CRISPR-Cas9 showed a PCR product that was approximately 

870 bp smaller than the wildtype PO1f strain with MFE1 disrupted with CRISPR-Cas9. 
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4.7.1 Supporting tables 

Table S4.1: Plasmids and strains 

Plasmid Description 

pCRISPRyl Y. lipolytica vector expression Cas9 and sgRNA AvrII site (Addgene #70007) 

pCRISPRi_yl pCRISPRyl with dCas9 replacing Cas9 

pCRISPRi_yl_nontargeting pCRISPRi_yl with SCR1'-tRNA-sgRNA-nontargeting 

pCRISPRi_yl_KU70 pCRISPRi_yl with 2 SCR1'-tRNA-sgRNA cassettes targeting KU70 

pCRISPRi_yl_KU80 pCRISPRi_yl with 2 SCR1'-tRNA-sgRNA cassettes targeting KU80 

pCRISPRi_yl_DNL4 pCRISPRi_yl with 2 SCR1'-tRNA-sgRNA cassettes targeting DNL4 

pCRISPRi_yl_MIH1 pCRISPRi_yl with 2 SCR1'-tRNA-sgRNA cassettes targeting MIH1 

pCRISPRi_yl_ZDS1 pCRISPRi_yl with 2 SCR1'-tRNA-sgRNA cassettes targeting ZDS1 

pCRISPRi_yl_STT4 pCRISPRi_yl with 2 SCR1'-tRNA-sgRNA cassettes targeting STT4 

pCRISPRi_yl_SIN3 pCRISPRi_yl with 2 SCR1'-tRNA-sgRNA cassettes targeting SIN3 

pCRISPRi_yl_TUB1 pCRISPRi_yl with 2 SCR1'-tRNA-sgRNA cassettes targeting TUB1 

pCRISPRi_yl_TUB4 pCRISPRi_yl with 2 SCR1'-tRNA-sgRNA cassettes targeting TUB4 

pCRISPRi_yl_KU70-1 pCRISPRi_yl with SCR1'-tRNA-sgRNA KU70-1 cassette 

pCRISPRi_yl_KU70-2 pCRISPRi_yl with SCR1'-tRNA-sgRNA KU70-2 cassette 

pCRISPRi_yl_KU80-1 pCRISPRi_yl with SCR1'-tRNA-sgRNA KU80-1 cassette 

pCRISPRi_yl_KU80-2 pCRISPRi_yl with SCR1'-tRNA-sgRNA KU80-2 cassette 

pCRISPRi_yl_KRAB pCRISPRi with dCas9 fused to KRAB 

pCRISPRi_yl_KRAB_KU70-1 pCRISPRi_yl_KRAB with SCR1'-tRNA-sgRNA KU70-1 cassette 

pCRISPRi_yl_KRAB_KU80-1 pCRISPRi_yl_KRAB with SCR1'-tRNA-sgRNA KU80-1 cassette 

pCRISPRi_yl_KRAB_KU80-2 pCRISPRi_yl_KRAB with SCR1'-tRNA-sgRNA KU80-2 cassette 

pCRISPRi_yl_Mxi1 pCRISPRi with dCas9 fused to Mxi1 (Addgene #91248) 

pCRISPRi_yl_Mxi1_KU70-1 pCRISPRi_yl_Mxi1 with SCR1'-tRNA-sgRNA KU70-1 cassette 

pCRISPRi_yl_Mxi1_KU80-1 pCRISPRi_yl_Mxi1 with SCR1'-tRNA-sgRNA KU80-1 cassette 

pCRISPRi_yl_Mxi1_KU80-2 pCRISPRi_yl_Mxi1 with SCR1'-tRNA-sgRNA KU80-2 cassette 

pCRISPRi_yl_Mxi1_NHEJ 
pCRISPRi_yl_Mxi1 with KU70-1, KU80-1, and KU80-2 sgRNAs (Addgene 
#91249) 

pHR_URA3_PEX10_1kb Homology donor with 1kb PEX10 flanking URA3 cassette 

pHR_URA3_PEX10_500bp Homology donor with 500 bp PEX10 flanking URA3 cassette 

pHR_URA3_PEX10_200bp Homology donor with 200 bp PEX10 flanking URA3 cassette 

pHR_URA3_PEX10_50bp Homology donor with 50 bp PEX10 flanking URA3 cassette 

pHR_URA3_XDH_1kb Homology donor with 1kb XDH flanking URA3 cassette 

pHR_URA3_XLK_1kb Homology donor with 1kb XLK flanking URA3 cassette 

pHR_URA3_D17_1kb Homology donor with 1kb D17 flanking URA3 cassette 

pCRISPRyl_MFE1 pCRISPRyl targeting MFE1 

pCRISPRyl_KU70 pCRISPRyl targeting KU70 

pCRISPRyl_KU80 pCRISPRyl targeting KU80 

pCRISPRyl_DNL4 pCRISPRyl targeting DNL4 

  

Y. lipolytica strain Description 

PO1f MatA, leu2-270, ura3-302,xpr2-322, axp-2 

PO1f ku70 PO1f with frameshift mutation in KU70 

PO1f ku80 PO1f with frameshift mutation in KU80 

PO1f dnl4 PO1f with frameshift mutation in DNL4 
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Table S4.2: Primers used in this study. 

Name Sequence Use 

Cr_235 
GCATTTCCTTCTGAGTATAAGAATCATTCAAAGgcgcgccacaATGGATAAGAAAT
ACTCCATTGGCCTGGCCATCGGAACCAACTCCG 

dCas9 cloning 

Cr_236 
TAGAATCGTCCTTCAGGAAGGACTGGGGCACAATGGCGTCCACATCGTAGTC
GGAGAGTC 

dCas9 cloning 

Cr_237 GTGCCCCAGTCCTTCCTG dCas9 cloning 

Cr_238 GAATGTAAGCGTGACATAACTAATTACATGAG dCas9 cloning 

Cr_272 CATCCCTAAATTTGATGAAAGGGGGATCCCCCAGTTGCAAAAGTTGACACAAC sgRNA cloning 

Cr_273 
GTACCGCATGCTTCCTTGGTACCTTCGAACGTTACATCCTTTTATCAGACATAG
CGG 

sgRNA cloning 

Cr_275 
ATCTCTAAGAACGTCACAAGACATCAAGTAGTTACATCCTTTTATCAGACATAG
CGG 

sgRNA cloning 

Cr_276 TACTTGATGTCTTGTGACGTTCTTAGAGATCCAGTTGCAAAAGTTGACACAAC sgRNA cloning 

Cr_411 
TTTCCGATTTCCGATATTCCCTTTTTTAGCggatccTAGACGTCAGGTGGCACTTT
TC 

Plasmid backbone 
cloning 

Cr_412 
GCATGAATATATTTTAGCATTGGAGATATGAGggatccGGCGTAATCATGGTCAT
AGCTG 

Plasmid backbone 
cloning 

Cr_111 GCTAAAAAAGGGAATATCGGAAATC 1kb PEX10 cloning 

Cr_112 GCTCCTCCTTGTACTGGTGG 1kb PEX10 cloning 

Cr_113 CGTCCAAGTTTGCATATCTCG 1kb PEX10 cloning 

Cr_114 CTCATATCTCCAATGCTAAAATATATTCATG 1kb PEX10 cloning 

Cr_115 TACGATTTATCCACCAGTACAAGGAGGAGCgtcgacgagtatctgtctgACTC URA3 cloning 

Cr_116 TACACAAACCGAGATATGCAAACTTGGACGgtcgacaaaggcctgTTTCTC URA3 cloning 

Cr_1008 CATTTCCTTCTGAGTATAAGAATCATTCAAAG dCas9 cloning 

Cr_1009 CACCTTTCGCTTCTTCTTGGG dCas9 cloning 

Cr_535 CCGAAAAGTGCCACCTGACGTCTAggatccAACCCCCCAGCACCGG 
500 bp PEX10 
cloning 

Cr_536 AACAGCTATGACCATGATTACGCCggatccCTGCACAAATGACGTGGCAAAC 
500 bp PEX10 
cloning 

Cr_537 
CCGAAAAGTGCCACCTGACGTCTAggatccCATGAGCGACAATACGACAATCAA
AAAG 

200 bp PEX10 
cloning 

Cr_538 AACAGCTATGACCATGATTACGCCggatccCATCAGTTTGGCGCGCAAC 
200 bp PEX10 
cloning 

Cr_539 CCGAAAAGTGCCACCTGACGTCTAggatccTCTGCAGAAATGGAAGGGAGTACG 
50 bp PEX10 
cloning 

Cr_540 AACAGCTATGACCATGATTACGCCggatccAGTCTTGGAGCCCACAAGCG 
50 bp PEX10 
cloning 

Cr_772 
TCCCCGAAAAGTGCCACCTGACGTCTAggatccTCTCAAGGTCTGTTTTCTGAAT
ACGAG 

1kb XDH cloning 

Cr_773 CAATGACGAGTcagacagatactcgtcgacAGGGAGGGGTGGCAGC 1kb XDH cloning 

Cr_774 CTGTACACCGAGAAAcaggcctttgtcgacACTCTGTGTCGTCACTACATCATTCC 1kb XDH cloning 

Cr_775 GAAACAGCTATGACCATGATTACGCCggatccGTGTCGCTCATGTACTCCATTGC 1kb XDH cloning 

Cr_778 GTCGACGAGTATCTGTCTGACTCG URA3 cloning 

Cr_779 GTCGACAAAGGCCTGTTTCTC URA3 cloning 

Cr_776 TCCCCGAAAAGTGCCACCTGACGTCTAggatccCGGTGCAGAGATCCCCTGC 1kb XLK cloning 

Cr_777 CAATGACGAGTcagacagatactcgtcgacGTTGCGTTCCTTGACCTTGAGAATC 1kb XLK cloning 

Cr_778 CTGTACACCGAGAAAcaggcctttgtcgacTTCAAGGCCACGTCACGGG 1kb XLK cloning 

Cr_779 GAAACAGCTATGACCATGATTACGCCggatccCGTGAACCTGTACCTGGCCTG 1kb XLK cloning 

Cr_784 
TCCCCGAAAAGTGCCACCTGACGTCTAggatccAGATAGAGTCTCTTCAACTCGC
TCAAAAAAC 

1kb D17 cloning 

Cr_785 
CAATGACGAGTcagacagatactcgtcgacGATAGAAGACTAGCTTGGACAGGAAAAA
CATG 

1kb D17 cloning 

Cr_786 
CTGTACACCGAGAAAcaggcctttgtcgacTCACCTATATTACGGAAGCAGTGGTACT
C 

1kb D17 cloning 
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Cr_787 GAAACAGCTATGACCATGATTACGCCggatccATCGTCTGGCAGATGGCCTTG 1kb D17 cloning 

Cr_216 TCGCAATTGTCATTTCTGTCACTATTACC MFE1 screening 

Cr_217 CTCGGTAAGTGTAAGTGTAGTCGAAAG MFE1 screening 

Cr_549 GACCCGCACCTCTAATTATAAGACC XDH screening 

Cr_550 GGCTTCCGCTCTGTGGTAC XDH screening 

Cr_553 GTATCTGATCCCCAACATTTTTGACG XLK screening 

Cr_554 GCCTTGAGTAGCACGTCTG XLK screening 

Cr_561 GAAAATTTCAACCAAGGTTGACAGAAGTTTAC D17 screening 

Cr_562 GTAAAAAACAACTTCCGCGCTCATTC D17 screening 

Cr_835 AAGCCAAGATACTATCAAGACATGTGTC URA3 screening 

Cr_541 TCCAGGCCGTCCTCTCCC Actin qPCR 

Cr_542 GGCCAGCCATATCGAGTCGCA Actin qPCR 

Cr_543 TGATCAACCCTTCGGAAGAC KU70 qPCR 

Cr_544 TGATCGATTGAGCACGTTTC KU70 qPCR 

Cr_545 AGCCAAGAAGCGAAAGACAG KU80 qPCR 

Cr_546 GCCTACCTGGCTCAGACTTG KU80 qPCR 

Cr_547 ACATGGGAAGACGGACTGAC DNL4 qPCR 

Cr_548 CTGCATTGCGTCTCTTTCTG DNL4 qPCR 

Cr_609 CGTAAGCCGTTCCGTTTCTC  MIH1 qPCR 

Cr_610 GACAAGCTACCAAGGCCATC  MIH1 qPCR 

Cr_611 ATACACCCAGACTGACGTGG ZDS1 qPCR 

Cr_612 CGTCTGTGTAGTCCTCCTGG ZDS1 qPCR 

Cr_615 GACGAGTCTACCTGGGCTTC STT4 qPCR 

Cr_616 CTCCCACGATGACCAGAGAG STT4 qPCR 

Cr_617 GTTTCTGCCTGACACTAGCG SIN3 qPCR 

Cr_618 TGAACAGGACCAGGATAGGC SIN3 qPCR 

Cr_619 GTCAACGAGATCACCAACGC TUB1 qPCR 

Cr_620 CAACGGCAGCCTGTACATC TUB1 qPCR 

Cr_621 TGCTGACTCTGAGACGACTG TUB4 qPCR 

Cr_622 TGATCAAAGGTCGGCGATTG TUB4 qPCR 

Cr_029 GGAAAATTCAGATCAGATTTGAGAGCAAAGTCCAAC 
KU70 disruption 
sequencing 

Cr_030 TCAATTCGAACTCGTGTCTTGTTGATATCGTC 
KU70 disruption 
sequencing 

Cr_205 CAAGAGCACACTGCCATACCAG 
KU80 disruption 
sequencing 

Cr_206 CCTCCTTGTATGTAGCAAAGACGG 
KU80 disruption 
sequencing 

Cr_153 CAACTCACACCGCCAAACACATG 
DNL4 disruption 
sequencing 

Cr_154 CTTTTCCGTCGCGTTCATCTTCATC 
DNL4 disruption 
sequencing 
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Table S4.3: Cell cycle genes targeted for repression, and rationale supporting each. 

Gene Rationale 

MIH1 
Encodes phosphorylase involved in initiation of mitosis from G2  
Diploid Saccharomyces cerevisiae with single copy of MIH1 disrupted 
show increase in number of cells with 2N DNA from 41% to 58%. 

ZDS1 
Promotes entry into into mitosis from G2 in S. cerevisiae  
Knockouts show reduced growth and abnormal bud morphology 

STT4 
Involved in cytoskeleton organization  
In S. cerevisiae, Stt4 deficiency results in arrest at G2/M phase 
transition. 

SIN3 Involved in regulating transcription during DNA replication 

TUB1 
Encodes for α-tubulin  
Chemical inhibition of polymerization with nocodazole synchronizes 
cells in G2/M phase 

TUB4 
Encodes for γ-tubulin  
Chemical inhibition of polymerization with nocodazole synchronizes 
cells in G2/M phase 
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Table S4.4: Cell cycle genes and corresponding genomic loci in Y. lipolytica. 

Gene W29 locus tag 

MIH1 YALI1_C08600g 

ZDS1 YALI1_F17138g 

STT4 YALI1_E33150g 

SIN3 YALI1_D34785g 

TUB1 YALI1_E23184g 

TUB4 YALI1_B09448g 

 

 

 

 

Table S4.5: sgRNA sequences used for each CRISPR experiment. 

Target sgRNA 1 sgRNA 2 

KU70 CRISPRi CGATGTATAGTTATAATTGG TTTCAAAAAGCGGCGGTTCG 

KU80 CRISPRi GGTTGTGTGTGTATGCTGTT CTGGTATGGCAGTGTGCTCT 

DNL4 CRISPRi GTCAGGTCAGCTATAGTTGG CTTGATGTCTAGATCCAGTC 

MIH1 CRISPRi TTGCCCATTAGAATTAGACT CATCCTGTGTTAGTGTGGAT 

ZDS1 CRISPRi TGGTGAACTGTCGTGTCCCA TAGAAGGAGTTGTGTGCAGT 

STT4 CRISPRi TGACCTGTCTTTACTCAACG AATTTGGTTTTCCTGTTGTG 

SIN3 CRISPRi GCATGTGACTTGATACACCC ACAATGAAATCGCACGACGT 

TUB1 CRISPRi ACAAAAACAGAATAAGGTTG GAGATACAGGAGAACAAGTT 

TUB4 CRISPRi ACAACTTTATGGGGAAATAT ATGTGAAGTGATAAGACAAG 

KU70 disruption AACTCTTCATAAGGCCTTGG  

KU80 disruption GTACAGTTTGATCATCTGAA  

DNL4 disruption CGGACGAGAGTGGAAAACCG   

Nontargeting GTACAAGGAGGAGCGGATAG  
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Chapter 5: Multiplexed CRISPR activation of cryptic sugar metabolism enables Yarrowia 

lipolytica growth on cellobiose5 

 

5.1 Abstract 

The yeast Yarrowia lipolytica has been widely studied for its ability to synthesize and 

accumulate intracellular lipids to high levels. Recent studies have identified native genes that 

enable growth on biomass-derived sugars, but these genes are not sufficiently expressed to 

facilitate robust metabolism. In this work, we developed a CRISPR-dCas9 activation (CRISPRa) 

system in Y. lipolytica and used it to activate native β-glucosidase expression to support growth 

on cellobiose. A series of different transcriptional activators were compared for their 

effectiveness in Y. lipolytica, with the synthetic tripartite activator VPR yielding the highest 

activation. A VPR-dCas9 fusion was then targeted to various locations in a synthetic promoter 

driving hrGFP expression, and activation was achieved. Subsequently, the CRISPRa system was 

used to activate transcription of two different native β-glucosidase genes, facilitating enhanced 

growth on cellobiose as the sole carbon source. This work expands the synthetic biology toolbox 

for metabolic engineering in Y. lipolytica and demonstrates how the programmability of the 

CRISPR-Cas9 system can enable facile investigation of transcriptionally silent regions of the 

genome. 

 

  

                                                 
5 This chapter previously appeared as an Article in Biotechnology Journal. The original citation is as 

follows: Schwartz, C., Curtis, N., Lobs, A. K., and Wheeldon, I. (2018) Multiplexed CRISPR activation of 

cryptic sugar metabolism enables Yarrowia lipolytica growth on cellobiose. Biotechnology Journal, 

e1700584. Used with permission. Copyright 2018 Wiley. 
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5.2 Introduction 

The dimorphic yeast Yarrowia lipolytica has been widely studied due to its native ability 

to synthesize and accumulate lipids, lipid-derived products, and organic acids.1, 2 Over the past 

several years, a number of studies have achieved success in engineering enhanced lipid 

production and accumulation.3-5 Metabolic engineering efforts have also been successful in 

producing higher value oleochemicals, including fatty alcohols, omega-3 fatty acids, and 

alkanes.6, 7 Recent studies have expanded the product range to include terpenes, such as limonene, 

lycopene, and other carotenoids.8-10 Y. lipolytica is an attractive host for the biosynthesis of these 

products because of its lipogenic metabolism, which is well-suited for synthesizing molecules 

derived from acetyl-CoA.11, 12 

As a bioprocessing host, Y. lipolytica also benefits from its capacity to metabolize a range 

of different substrates. Native strains have been shown to use glucose, glycerol, alkanes, and a 

range of different lipid molecules as a carbon source.13 Despite this, commonly used laboratory 

strains tend to grow poorly, or not at all, on biomass-derived sugars such as xylose, cellobiose, 

and galactose.14-19 To increase the utility of Y. lipolytica as an industrial host, several studies have 

attempted to expand the substrate range to include biomass-derived sugars. Collectively, these 

studies have found that many of the sugar metabolizing genes are present in the genome, but that 

their expression is too low to support growth. Several of these works have also shown that 

overexpressing the cryptic genes confers growth on the target substrate.14, 16, 17, 19 

The advent and adaptation of the CRISPR-Cas9 system from Streptococcus pyogenes for 

genome editing in eukaryotes has revolutionized strain engineering and enabled the 

programmable control of gene expression.20-22 Our group and others, have adapted this system for 

use in Y. lipolytica.23, 24 Targeted genetic disruptions and markerless gene integrations are 

possible with an endonuclease active CRISPR-Cas9 system,25 while transcriptional knockdowns 
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have been demonstrated with CRISPR interference (CRISPRi).26 The synthetic biology tools 

available for engineering Y. lipolytica also include well-characterized hybrid and native 

promoters with constitutive and inducible expression.27-31 

The primary goal of this work was to design and validate a CRISPR activation 

(CRISPRa) system for Y. lipolytica. We demonstrate and explore its practical utility by 

upregulating cryptic cellobiose degrading genes that enable growth on the biomass-derived sugar 

without the need for cloning overexpression cassettes or the expression of heterologous 

enzymes.16 We first screened a series of heterologous transcriptional activation domains for use in 

Y. lipolytica, the most successful of which was fused to dCas9 to create a functional CRISPRa 

system. Validation of the system using a synthetic S. cerevisiae GAL1 expression cassette driving 

hrGFP expression demonstrated positional targeting effects upstream of the coding region. 

Finally, the CRISPRa system was used to activate two extracellular β-glucosidases (singularly 

and multiplexed) to enable growth with cellobiose as the sole carbon source. 

 

5.3 Materials and methods 

5.3.1 Strains and transformation 

 The Escherichia coli strain DH5α was used for all plasmid construction and propagation, 

and was cultured in Lysogeny broth with 100 mg L-1 ampicillin. Plasmids were isolated from E. 

coli cultures using the Zymo Research Plasmid Miniprep Kit (Irvine, CA). The PO1f strain of Y. 

lipolytica (MatA, leu2-270, ura3-302,xpr2-322, axp-2) was used and grown in YPD medium (2% 

Bacto peptone, 1% Bacto yeast extract, 2% glucose) or on YPD agar plates (2% agar). Strains 

transformed with a vector were grown in synthetic defined medium without leucine (SD-leu; 

0.069% CSM-leu (Sunrise Science, San Diego, CA), 0.67% Difco yeast nitrogen base without 

amino acids, and 2% glucose) or on SD-leu agar plates (2% agar). Dual plasmid transformations 
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used synthetic defined media without leucine and uracil (SD-leu-ura; 0.067% CSM-leu-ura 

(Sunrise Science, San Diego, CA), 0.67% Difco yeast nitrogen base without amino acids, and 2% 

glucose). Cellobiose growth experiments used synthetic defined media with cellobiose and 

without leucine (SC-leu; 0.069% CSM-leu (Sunrise Science, San Diego, CA), 0.67% Difco yeast 

nitrogen base without amino acids, and 2% cellobiose). 

 Transformations were performed using a previously described protocol.23 Integration of 

the GAL1-TEF-hrGFP construct into the XPR2 site of the Y. lipolytica genome was done using 

the plasmids pCRISPRyl_XPR2 and pIW709 (Table S5.1) as previously described using a 6-day 

protocol to generate the strain PO1f GAL1-TEF-hrGFP::XPR2.25 Y. lipolytica genomic DNA 

from the PO1f strain and S. cerevisiae genomic DNA from the S288C derived strain BY4742 was 

isolated using the Zymo Research Yeastar Genomic DNA Kit. 

 

5.3.2 Culture conditions 

 All Y. lipolytica cultures were grown at 30 °C, with liquid cultures shaken at 225 RPM. 

Cultures were grown in 2 mL of liquid media in 14 mL Falcon tubes unless otherwise noted. 

Cellobiose sgRNA screening growth experiments were done by preculturing transformants in 2 

mL of SD-leu for 2 days, and then inoculating 2 mL of SC-leu to an optical density (OD600) of 

approximately 0.1 and growing for 2 days. Extended cellobiose growth experiments were done in 

40 mL of SC-leu in 250 mL baffled flasks, and 1.5 mL samples were taken each day for analysis.  

 

5.3.3 Cloning 

All restriction enzymes, Gibson assembly master mixes, and PCR components were 

purchased from New England Biolabs. The high fidelity DNA Polymerase Q5 was used for all 

amplifications. DNA purification was done using the Zymo Research Clean and Concentrator-5 
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and the Zymo Research Zymoclean Gel DNA Recovery kits. All primers (Table S5.2) and 

gBlocks (Table S5.3) were ordered from Integrated DNA Technologies (Coralville, IA). 

To generate the GAL1-TEF-hrGFP integration plasmid pIW709 (Table S5.1), 

pHR_XPR2_hrGFP was digested with SpeI and BssHII. The GAL1 UAS was amplified from S. 

cerevisiae isolated genomic DNA using primers Cr_863 and Cr_864, and the TEF core promoter 

amplified from Y. lipolytica genomic DNA using Cr860 and Cr862. The resulting fragments were 

purified and cloned into the digested backbone using Gibson Assembly. Plasmids to express 

activation domain-GAL4_DBD fusion proteins were generated by first digesting pIW209 with 

BssHII and NheI.10 gBlocks consisting of overhangs, the SV40 nuclear localization tag, and the 

activation domain of interest were combined with a gBlock containing the GAL4_DBD and 

overhangs were cloned into the digested backbone using Gibson Assembly. 

 The pCRISPRa_VPR_yl plasmid (Addgene #107677) was generated by first digesting 

the pCRISPRi_Mxi1_yl plasmid with BssHII and NheI. A dCas9 fragment was then generated by 

subjecting pCRISPRi_Mxi1_yl to PCR with Cr_1250 and Cr_1251, and a VPR fragment was 

made by subjecting SV40-VPR to amplification with Cr_1252 and Cr_1253. The resulting 

fragments were cloned into the digested backbone with Gibson Assembly. All subsequent 

CRISPRa plasmids were generated by digesting pCRISPRa_VPR_yl with AvrII and using 

Gibson Assembly to insert two annealed oligonucleotides (such as Cr_1625 And Cr_1626). The 

multiplexed plasmid activating both BGL1 and BGL2 (pCRISPRa_VPR_yl_BGL1&2) was 

generated by digesting pCRISPRa_VPR_yl_BGL1-1 with XmaI and inserting the BGL2-1 

sgRNA expression cassette after amplification using Cr_272 and Cr_273. All sgRNAs were 

designed based on location in the promoter of interest and were not based on any sgRNA 

selection software or algorithm. 
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5.3.4 RT-qPCR 

Cultures were grown to late exponential phase, and RNA was isolated using the Zymo 

Research Yeastar RNA kit. The RNA was treated with DNaseI, and cDNA was produced using 

iScript Reverse Transcription Supermix from Biorad (Hercules CA). Produced cDNA was diluted 

tenfold, and qPCR was performed using SsoAdvanced Universal SYBR Green Supermix from 

Biorad in a Biorad CFX Connect Thermocycler. The relative amount of cDNA was determined as 

described previously using the primers shown in Table S5.2.26 

 

5.3.5 Flow cytometry 

Cultures for analysis of fluorescence were grown to late exponential phase and subjected 

to flow cytometry. A Biorad S3e was used for all measurements and analysis. For each sample, 

15,000 single cell events were collected, and identical gates were used on all samples based on 

forward and side scatter. Fluorescence measurements were taken using the GFP channel. 

 

5.3.6 HPLC sugar analysis 

For cellobiose analysis, samples were spun down and filtered using a 0.2 µm syringe 

filter. 10 l of the filtrate was analyzed using a Shimadzu High Pressure Liquid Chromatography 

(HPLC) 2040 system equipped with a Phenomenex Rezex ROA-Organic Acid column (300 mm 

x 7.8 mm) and a Shimadzu refractive index (RI) detector. The column was heated to 70 °C and 

analysis was performed using an eluent of 2.5 mM sulfuric acid at a flow rate of 0.8 mL min-1. 

Peaks were analyzed using the LabSolutions Postrun software (Shimadzu).  
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5.4 Results  

5.4.1 Design of a GAL1-TEF synthetic hybrid promoter 

A core component of CRISPRa systems is the fusion of a transcriptional activation 

domain to dCas9. To identify such a domain for use in Y. lipolytica, we constructed a synthetic 

hybrid promoter using the GAL1 UAS from S. cerevisiae, its cognate binding domain from Gal4p 

(Gal4_BD), and the TEF core promoter native to Y. lipolytica (see ref. 31). The GAL4 system was 

selected because it has no close homolog in the Y. lipolytica genome, while the TEF core 

promoter was selected because it is well-characterized and has minimal expression in the absence 

of a UAS.29, 32 The core promoter is a necessary but not sufficient element for RNA polymerase 

binding and transcription. The GAL UAS provides a heterologous sequence upstream of the core 

promoter to which synthetic transcription factors can be targeted. A strain containing the GAL1-

TEF synthetic promoter driving hrGFP expression was then created via CRISPR-mediated gene 

integration (Figure 5.1A; Y. lipolytica PO1f GAL1-TEF-hrGFP::XPR2). The orthogonality of the 

GAL1 UAS system to the native Y. lipolytica transcriptional machinery was confirmed by flow 

cytometry, which revealed no significant difference between the mean fluorescence of PO1f 

GAL1-TEF-hrGFP::XPR2 and un-engineered PO1f (Figure S5.1). 
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Figure 5.1: Comparison of activation domains for gene expression in Y. lipolytica. (A) Schematic 

diagram depicting the synthetic GAL1-TEF promoter and artificial transcription factor with variable 

activation domain. (B) Flow cytometry measurements of hrGFP fluorescence from a series of 

transcriptional activators driving expression from the synthetic GAL1-TEF promoter. An empty vector 

negative control and hrGFP positive control with expression from UAS1B8-TEF(136) are also shown. Data 

is the mean and standard deviation of biological triplicates, and “*” indicates statistical significance 

(p<0.001) as determined by 1-way ANOVA and post-hoc analysis. 

 

5.4.2 The VPR transcriptional activation domain drives high expression in Y. lipolytica 

To characterize various activation domains, we designed synthetic transcription factors 

for the hybrid GAL1-TEF promoter. Each transcription factor followed the general design of 

‘SV40-activation domain-GAL4_BD’, with SV40 used to ensure nuclear localization and 

GAL4_BD for UAS binding. In each case, the designed fusion protein was expressed from an 

episomal plasmid using the UAS1B8-TEF(136) promoter described by Blazeck et al.31 

A total of four different activation domains were characterized: the GAL4 activation 

domain from S. cerevisiae; the viral activators VP16 and VP64; and, the synthetic activator VPR. 
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VP16 is a protein domain from the herpes simplex virus that can drive gene expression in a range 

of eukaryotes.33 VP64 is the concatenation of 4 copies of VP16, which has been shown to achieve 

higher activation levels than a single copy. Finally, the tripartite activation domain VPR, which is 

a fusion of VP64 and the transcriptional activators p65 and Rta, was also tested.34 All activation 

domains were codon optimized for expression in Y. lipolytica. 

Plasmids expressing each of the designed transcription factors were transformed into 

PO1f GAL1-TEF-hrGFP::XPR2. Negative and positive control samples were generated by 

transforming an empty vector and a hrGFP expression vector, respectively. Fusion of VPR to 

Gal4_BD resulted in the highest expression of hrGFP, while VP64 increased expression above 

background levels (Figure 5.1B). Interestingly, VPR driven expression from GAL1-TEF achieved 

similar or slightly higher fluorescence than the well-characterized UAS1B8-TEF promoter. The 

GAL4 activation domain from S. cerevisiae and VP16 did not show significant increases in 

fluorescence above the empty vector control. Based on these results, we selected VPR as the 

activation domain to use in our CRISPRa system. 

 

5.4.3 CRISPRa control of gene expression from the GAL1-TEF synthetic promoter 

With a functional activation domain in hand, we converted our previously demonstrated 

interference system into a CRISPRa system.26 Specifically, the C-terminal Mxi1 repressor domain 

used for CRISPRi function was replaced with the VPR activation domain. The other necessary 

components of the system are: i) sgRNA expression, which was accomplished using a hybrid 

RNA Polymerase III promoter (tRNAgly-SCR1); and ii), dCas9-VPR expression from an episomal 

plasmid. The complete system was expressed from the plasmid pCRISPRa_VPR_yl.  

A series of nine sgRNAs spanning the GAL1 UAS and TEF core promoter was designed 

to test the positional effects of dCas9-VPR mediated activation (Figure 5.2A). Each construct of 
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the series was transformed into PO1f GAL1-TEF-hrGFP::XPR2, transformants were grown to 

late exponential phase, and hrGFP fluorescence was quantified and compared to a nontargeting 

sgRNA sample (Figure 5.2B). Three of the seven sgRNAs targeting the GAL1 UAS resulted in 

significant activation (sgRNAs -3, -4, and -6), while the other four sgRNAs did not (sgRNAs -1, -

2, -5, and -7). Neither of the sgRNAs targeted to the core promoter (sgRNAs -8 and -9) resulted 

in significant GFP fluorescence.  

 

Figure 5.2: CRISPRa control of the synthetic GAL1-TEF promoter. (A) Schematic diagram showing 

position of tested sgRNAs. (B) Comparison of fluorescence by flow cytometry when CRISPRa plasmid 

containing dCas9-VPR and the indicated sgRNA was transformed into Y. lipolytica PO1f GAL1-TEF-

hrGFP::XPR2. Data is the mean and standard deviation of biological triplicates, and “*” indicates statistical 

significance (p<0.001) as determined with 1-way ANOVA and Tukey post-hoc analysis. 

 

5.4.4 sgRNA screening for β-glucosidase activation 

The PO1f strain of Y. lipolytica is not capable of growing on cellobiose as a sole carbon 

source. However, a previous work identified two β-glucosidase genes that confer growth on 
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cellobiose when overexpressed.16, 19 BGL1 and BGL2, or YALI1_F21504 and YALI1_B18845, 

respectively, are putative β-glucosidases. For each gene, we designed five sgRNAs that targeted 

locations upstream of the native core promoter (we defined the core promoter region as 100 base 

pairs upstream of the start codon; Figure 5.3A). The effectiveness of each sgRNA was determined 

by characterizing growth in cellobiose containing media (SC-leu). As shown in Figure 5.3B, only 

one sgRNA for BGL1 (sgRNA BGL1-5) resulted in a significant increase in optical density over 

the nontargeting control. Similarly, only one sgRNA targeting the promoter region of BGL2 

(sgRNA BGL2-5) resulted in growth above the background. Of note is that both of the successful 

sgRNAs were those closest to the core promoter of the gene of interest. These sgRNAs are 

similar in position to sgRNA-6 show in Figure 5.2 (CRISPRa activation of hrGFP from the 

GAL1-TEF synthetic promoter), suggesting that proximity to the core promoter may increase the 

degree of activation. 
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Figure 5.3: CRISPRa-mediated activation of Y. lipolytica β-glucosidase genes BGL1 and BGL2. (A) 

Schematic showing the positions of tested sgRNAs in the native promoters of BGL1 and BGL2. (B) 

Measurement of OD600 after 2 days of growth in minimal media with cellobiose as the sole carbon source. 

Data is the mean and standard deviation of biological triplicates, and “*” indicates statistical significance 

(p<0.001) as determined with 1-way ANOVA and Tukey post-hoc analysis. 

 

Although the control strain containing a nontargeting sgRNA reached an OD600 of ~1.2 

after 48 hours at 30 °C, HPLC measurements of cellobiose consumption showed that no 

cellobiose was metabolized (Figure S5.2). This growth was likely due small amounts of glucose 

present in the cellobiose media (approximately 150 mg/L; Figure S5.3). To confirm that the 

growth in the nontargeting strain was due to residual glucose, cultures were refreshed in SC-leu 

media twice and growth of the nontargeting strain was found to be consistent (Figure 5.3 and 

S5.4). For samples containing sgRNA BGL1-5, the same analysis showed the consumption of 
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~1.3 g/L of cellobiose, while sgRNA BGL2-5 samples only consumed ~0.4 g/L (Figure S5.2). 

The activation of BGL1 and BGL2 by these sgRNAs was separately measured and compared to a 

nontargeting control using RT-qPCR (Figures 5.4B and C). Expression of BGL1 was increased 

by 112-fold, while BGL2 was increased by 43-fold. This increase in transcript levels confirms 

that the increased growth and cellobiose consumption was due to CRISPRa-mediated activation 

of β-glucosidase expression.  

 

Figure 5.4: Multiplexed activation of BGL1 and BGL2 for growth on cellobiose. (A) Diagram of 

multiplexed CRISPRa targeting BGL1 and BGL2. (B) RT-qPCR data showing transcriptional activation of 

BGL1 by a CRISPRa plasmid containing a single sgRNA and the multiplexed CRISPRa system. (C) RT-

qPCR data showing activation of BGL2 by a CRISPRa plasmid containing a single sgRNA and the 

multiplexed CRISPRa system. (D) Growth and (E) cellobiose consumption of Y. lipolytica PO1f 

containing the multiplexed CRISPRa plasmid and a nontargeting negative control. In all cases, plotted data 

is the mean and standard deviation of biological triplicates. Some error bars are not visible because they are 

within the magnitude of the data point. 

 

5.4.5 Multiplexed CRISPRa enhances growth on cellobiose 

To maximize growth of Y. lipolytica on cellobiose, and to expand the application of the 

system, we attempted simultaneous activation of BGL1 and BGL2 by multiplexing the successful 

sgRNAs (Figure 5.4A). Multiplexed sgRNA expression was achieved by cloning two 

independent expression cassettes in the pCRISPRa_VPR_yl plasmid, each with their own hybrid 
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Pol III promoter and terminator. The success of this strategy was tested via RT-qPCR (Figures 

5.4B and C). Activation of BGL1 from the multiplexed and singularly-targeted systems was 

equal. BGL2 activation was slightly reduced in the multiplexed format; however, more than ~20-

fold activation was still achieved.  

To more fully characterize growth of Y. lipolytica on cellobiose with CRISPRa-mediated 

activation of the two β-glucosidases, we performed extended cultures in selective minimal media 

with cellobiose as the sole carbon source. Control samples with a nontargeting sgRNA were also 

conducted. As shown in Figure 5.4D, the OD600 of the nontargeting sgRNA increases to slightly 

over 1 after one day of culture, before beginning a steady decline over time. The strain containing 

the multiplexed CRISPRa plasmid for BGL1 and 2 activation reached an OD600 of ~10 after 6 

days, indicating significant growth over the control sample. A maximum growth rate of 0.042 h-1 

and biomass yield of 1.4 g/L was achieved. Cellobiose consumption followed a similar trend 

(Figure 5.4E). The nontargeting CRISPRa plasmid resulted in no significant consumption of 

cellobiose, while cellobiose consumption from samples containing the multiplexed CRISPRa 

plasmid increased steadily over the 6 days of culture. 

 

5.5 Discussion 

The yeast Y. lipolytica is an important and versatile host for metabolic engineering and 

industrial biotechnology. In this work, we developed a CRISPRa system to add to the collection 

of synthetic biology tools available for controlling gene transcription in Y. lipolytica. CRISPRa 

has proven valuable in other organisms: for example, it has been used to explore how bacteria can 

gain antibiotic resistance; tune biosynthetic pathway gene expression in yeast; and, perform 

genome-wide gain of function studies in mammalian cells.35-37 This work demonstrates the 
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CRISPRa activation of silent genes to expand the substrate range of an organism, specifically the 

oleaginous yeast Y. lipolytica. 

In the course of this study, we constructed a synthetic hybrid promoter consisting of the 

GAL1 UAS from S. cerevisiae and the TEF core promoter from Y. lipolytica (Figure 5.1). 

Interestingly, this promoter achieved slightly higher expression than the widely used hybrid 

UAS1B8-TEF(136) promoter, despite being significantly smaller in length (235 to 1036 bp).31 A 

caveat is that the GAL1-TEF promoter required separate expression of the synthetic transcription 

factor GAL4_BD-VPR to drive expression. This result demonstrates that heterologous and 

orthogonal promoter systems could serve as an alternative to re-engineering native promoters. 

The VPR activation domain, which is a concatenation of the VP64 domain and two additional 

activation domains (the p65 subunit from the human NF-kappa-B transcription factor and the 

activation domain from the Epstein-Barr virus R transactivator protein), showed the highest level 

of activation among all tested domains. This matches results in other eukaryotes, and is likely due 

to VPR containing three unique activators working in parallel. 

The capacity to grow on a range of different biomass-derived sugars is an important trait 

for industrial biotechnology hosts.38 While wild type strains do not typically grow with 

cellobiose, galactose, or xylose as a carbon source, engineering of Y. lipolytica has produced 

strains with these phenotypes.14-19 Genome analysis shows that genes encoding enzymes that can 

degrade and metabolize these sugars are present, but that they are silent and/or not sufficiently 

expressed to support growth. By using a CRISPRa system to upregulate BGL1 and BGL2 (β-

glucosidase genes that are transcriptionally silent), we validated a strategy to enhance cryptic 

sugar metabolism. Using simple growth experiments, we screened a series of sgRNAs targeting 

the upstream regions of BGL1 and BGL2 for transcriptional activation. In each case, the sgRNA 

closest to the core promoter increased transcript abundance (Figures 5.4B and C) and conferred 
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enhanced growth with cellobiose as the sole carbon source (Figure 5.3B). Multiplexing of the two 

functional sgRNAs successfully activated both genes and produced growth comparable to 

previous reports of BGL1 and BGL2 overexpression using traditional metabolic engineering.16, 19 

Our CRISPRa strategy could be expanded to activate additional genes, such as a cellobiose 

transporter, to further improve growth and cellobiose assimilation.16 Multiplexing could also 

expand experimental scope and facilitate the screening of more complex combinatorial space than 

traditional metabolic engineering strategies, as has been shown in S. cerevisiae.39, 40 

In this work, we used a CRISPRa system to activate native β-glucosidases to facilitate 

growth of Y. lipolytica on cellobiose. The tripartite VPR activator was identified as a potent 

activation domain in Y. lipolytica, and fusion to dCas9 enabled targeted gene activation. A panel 

of sgRNAs was tested for activation of two separate β-glucosidases, and successful sgRNAs were 

identified using a growth screen. The functional sgRNAs were then multiplexed, and the 

cellobiose-assimilation capacity of a strain transformed with the multiplexed plasmid was 

characterized. This CRISPRa system represents a valuable addition to the set of synthetic biology 

tools available for metabolic engineering of Y. lipolytica, and will help advance Y. lipolytica as a 

host for industrial biotechnology. 
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5.7 Supporting information 

5.7.1 Supporting figures 

 
Figure S5.1: Mean fluorescence of PO1f and PO1f GAL1-TEF-hrGFP::XPR2 as measured by flow 

cytometry. Data represents the mean and standard deviation of biological triplicates. 
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Figure S5.2: Cellobiose consumption by BGL1#1 and BGL2#1 strains after 2 days of growth. Data 

represents the mean and standard deviation of biological triplicates. 

 

 

 

 

 
Figure S5.3: HPLC trace showing glucose peak in glucose-containing media, cellobiose-containing 

media, and in media after growth of the nontargeting CRISPRa strain for 2 days. 

  



 169 

 
Figure S5.4: Growth of nontargeting, Bgl1, Bgl2, and multiplexed CRISPRa strains after refreshing in 

SC-leu media. Precultures were made by inoculating glucose media with a single colony from an agar 

plate. Cellobiose cultures (containing a trace amount of glucose) were inoculated with samples from the 

preculture. A second cellobiose culture was inoculated after two days of growth. The OD of the second 

cellobiose cultures after 2 days of growth are shown on the right.  
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5.7.2 Supporting tables 

 

Table S5.1: All plasmids used in this study. 

Plasmid Description Reference 

pIW209 UAS1B8-TEF(136)p-hrGFP-CYC1t [1] 

pHR_XPR2_hrGFP 
URA3 CEN1 AmpR ColE1 UAS1B8-TEF(136)-hrGFP-CYC1t 
into XPR2 [2] 

pIW709 GAL1-TEFp-hrGFP-CYC1t into XPR2 This work 

pCRISPRyl_XPR2 pCRISPRyl plasmid cutting XPR2 site [2] 

pIW936 UAS1B8-TEF(136)p-SV40-VP16-GAL4_DBD-CYC1t This work 

pIW937 UAS1B8-TEF(136)p-SV40-VP64-GAL4_DBD-CYC1t This work 

pIW938 UAS1B8-TEF(136)p-SV40-GAL4_AD-GAL4_DBD-CYC1t This work 

pIW939 UAS1B8-TEF(136)p-SV40-VPR-GAL4_DBD-CYC1t This work 

pCRISPRi_Mxi1_yl UAS1B8-TEF(136)p-SV40-dCas9-Mxi1 and AvrII-sgRNA site [3] 

pCRISPRa_VPR_yl UAS1B8-TEF(136)p-SV40-dCas9-VPR and AvrII-sgRNA site This work 

pCRISPRa_VPR_yl_GAL1-1 GAL1 sgRNA -1 This work 

pCRISPRa_VPR_yl_GAL1-2 GAL1 sgRNA -2 This work 

pCRISPRa_VPR_yl_GAL1-3 GAL1 sgRNA -3 This work 

pCRISPRa_VPR_yl_GAL1-4 GAL1 sgRNA -4 This work 

pCRISPRa_VPR_yl_GAL1-5 GAL1 sgRNA -5 This work 

pCRISPRa_VPR_yl_GAL1-6 GAL1 sgRNA -6 This work 

pCRISPRa_VPR_yl_GAL1-7 GAL1 sgRNA -7 This work 

pCRISPRa_VPR_yl_GAL1-8 GAL1 sgRNA -8 This work 

pCRISPRa_VPR_yl_GAL1-9 GAL1 sgRNA -9 This work 

pCRISPRa_VPR_yl_BGL1-1 BGL1 sgRNA -1 This work 

pCRISPRa_VPR_yl_BGL1-2 BGL1 sgRNA -2 This work 

pCRISPRa_VPR_yl_BGL1-3 BGL1 sgRNA -3 This work 

pCRISPRa_VPR_yl_BGL1-4 BGL1 sgRNA -4 This work 

pCRISPRa_VPR_yl_BGL1-5 BGL1 sgRNA -5 This work 

pCRISPRa_VPR_yl_BGL2-1 BGL2 sgRNA -1 This work 

pCRISPRa_VPR_yl_BGL2-2 BGL2 sgRNA -2 This work 

pCRISPRa_VPR_yl_BGL2-3 BGL2 sgRNA -3 This work 

pCRISPRa_VPR_yl_BGL2-4 BGL2 sgRNA -4 This work 

pCRISPRa_VPR_yl_BGL2-5 BGL2 sgRNA -5 This work 

pCRISPRa_VPR_yl_BGL1&2 BGL1 sgRNA -5 and BGL2 sgRNA -5 This work 
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Table S5.2: All primers used in this study. 

Primer Sequence Use 

Cr_860 
TCAGGATCTGCTTGCTCACCATGGCGCGCTTTGAATGATTCTTATACTCAGAA
GGAAATG 

Amplify TEF core 
promoter  

Cr_862 CAATTGTATAAAAGACCACCGTCCCCG 
Amplify TEF core 
promoter  

Cr_863 
CAGAGGTGATACCGTTGGACGAGTACTAGTCTCATGCATCGGATTAGAAGCC
GCCGAG 

Amplify GAL1 UAS 
from gDNA 

Cr_864 ATTCGGGGACGGTGGTCTTTTATACAATTGCGGAGCAGTGCGGCGC 
Amplify GAL1 UAS 
from gDNA 

Cr_125
0 TATAAGAATCATTCAAAGGCGCGCATGGATAAGAAATACTCCATTGGCCTG Amplify dCas9 
Cr_125
1 

GATCAAAGTCATCGAGAGCGTCTCCTGATCCTCCCACCTTTCGCTTCTTCTTG
GG Amplify dCas9 

Cr_125
2 

CCCAAGAAGAAGCGAAAGGTGGGAGGATCAGGAGACGCTCTCGATGACTTTG
ATC Amplify VPR 

Cr_125
3 AACTAATTACATGAGGCTAGCTTAGAACAGAGAGGTGTCGAAGATAGAC Amplify VPR 

Cr_827 TCCAGGCCGTCCTCTCCC actin qPCR 

Cr_828 GGCCAGCCATATCGAGTCGCA actin qPCR 
Cr_162
1 CCTCTCATCTACTTTGGGATCG BGL1 qPCR 
Cr_162
2 

CATTGAAAAGCAGAACAACAGC 
BGL1 qPCR 

Cr_162
3 

CTAGGTTTGAATTTGGCTACGG 
BGL2 qPCR 

Cr_162
4 

TTCAAAGGATCAATGTCACTGG 
BGL2 qPCR 

Cr_128
1 

GGGTCGGCGCAGGTTGACGTCGGATTAGAAGCCGCCGAGCGTTTTAGAGCTA
GAAATAGC GAL1-1 

Cr_128
2 

GCTATTTCTAGCTCTAAAACGCTCGGCGGCTTCTAATCCGACGTCAACCTGCG
CCGACCC GAL1-1 

Cr_128
3 

GGGTCGGCGCAGGTTGACGTAGCGGGCGACAGCCCTCCGAGTTTTAGAGCT
AGAAATAGC GAL1-2 

Cr_128
4 

GCTATTTCTAGCTCTAAAACTCGGAGGGCTGTCGCCCGCTACGTCAACCTGCG
CCGACCC GAL1-2 

Cr_128
5 

GGGTCGGCGCAGGTTGACGTCCGTGCGTCCTCGTCTTCACGTTTTAGAGCTA
GAAATAGC GAL1-4 

Cr_128
6 

GCTATTTCTAGCTCTAAAACGTGAAGACGAGGACGCACGGACGTCAACCTGC
GCCGACCC GAL1-4 

Cr_128
7 

GGGTCGGCGCAGGTTGACGTGCGAGGCACATCTGCGTTTCGTTTTAGAGCTA
GAAATAGC GAL1-7 

Cr_128
8 

GCTATTTCTAGCTCTAAAACGAAACGCAGATGTGCCTCGCACGTCAACCTGCG
CCGACCC GAL1-7 

Cr_128
9 

GGGTCGGCGCAGGTTGACGTCCGGTGAAGACGAGGACGCAGTTTTAGAGCTA
GAAATAGC GAL1-6 

Cr_129
0 

GCTATTTCTAGCTCTAAAACTGCGTCCTCGTCTTCACCGGACGTCAACCTGCG
CCGACCC GAL1-6 

Cr_129
1 

GGGTCGGCGCAGGTTGACGTCACGGAGGAGAGTCTTCCGTGTTTTAGAGCTA
GAAATAGC GAL1-5 

Cr_129
2 

GCTATTTCTAGCTCTAAAACACGGAAGACTCTCCTCCGTGACGTCAACCTGCG
CCGACCC GAL1-5 

Cr_129
3 

GGGTCGGCGCAGGTTGACGTGAGGGCTGTCGCCCGCTCGGGTTTTAGAGCT
AGAAATAGC GAL1-3 

Cr_129
4 

GCTATTTCTAGCTCTAAAACCCGAGCGGGCGACAGCCCTCACGTCAACCTGC
GCCGACCC GAL1-3 

Cr_129
5 

GGGTCGGCGCAGGTTGACGTGAGGAAAGGTAATTCGGGGAGTTTTAGAGCTA
GAAATAGC GAL1-8 

Cr_129
6 

GCTATTTCTAGCTCTAAAACTCCCCGAATTACCTTTCCTCACGTCAACCTGCGC
CGACCC GAL1-8 

Cr_129
7 

GGGTCGGCGCAGGTTGACGTGAATGATTCTTATACTCAGAGTTTTAGAGCTAG
AAATAGC GAL1-9 

Cr_129
8 

GCTATTTCTAGCTCTAAAACTCTGAGTATAAGAATCATTCACGTCAACCTGCGC
CGACCC GAL1-9 
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Cr_162
5 

GGGTCGGCGCAGGTTGACGTTGGACTGGCATGTTGTCTTTGTTTTAGAGCTAG
AAATAGC BGL1-5 

Cr_162
6 

GCTATTTCTAGCTCTAAAACAAAGACAACATGCCAGTCCAACGTCAACCTGCG
CCGACCC BGL1-5 

Cr_162
7 

GGGTCGGCGCAGGTTGACGTGACCGTCAAGAGAAAACTGCGTTTTAGAGCTA
GAAATAGC BGL1-4 

Cr_162
8 

GCTATTTCTAGCTCTAAAACGCAGTTTTCTCTTGACGGTCACGTCAACCTGCG
CCGACCC BGL1-4 

Cr_162
9 

GGGTCGGCGCAGGTTGACGTCTTAAAGGTCGGGGATGTATGTTTTAGAGCTA
GAAATAGC BGL1-3 

Cr_163
0 

GCTATTTCTAGCTCTAAAACATACATCCCCGACCTTTAAGACGTCAACCTGCGC
CGACCC BGL1-3 

Cr_163
1 

GGGTCGGCGCAGGTTGACGTTTCTTGAACGCCTTTAGTTTGTTTTAGAGCTAG
AAATAGC BGL1-2 

Cr_163
2 

GCTATTTCTAGCTCTAAAACAAACTAAAGGCGTTCAAGAAACGTCAACCTGCG
CCGACCC BGL1-2 

Cr_163
3 

GGGTCGGCGCAGGTTGACGTGACAATGTCATTGTTGGTGTGTTTTAGAGCTAG
AAATAGC BGL1-1 

Cr_163
4 

GCTATTTCTAGCTCTAAAACACACCAACAATGACATTGTCACGTCAACCTGCGC
CGACCC BGL1-1 

Cr_163
5 

GGGTCGGCGCAGGTTGACGTAAAGGACAGGAACAAAGTATGTTTTAGAGCTA
GAAATAGC BGL2-5 

Cr_163
6 

GCTATTTCTAGCTCTAAAACATACTTTGTTCCTGTCCTTTACGTCAACCTGCGC
CGACCC BGL2-5 

Cr_163
7 

GGGTCGGCGCAGGTTGACGTCGGAAACACTAACTCCGCCGGTTTTAGAGCTA
GAAATAGC BGL2-4 

Cr_163
8 

GCTATTTCTAGCTCTAAAACCGGCGGAGTTAGTGTTTCCGACGTCAACCTGCG
CCGACCC BGL2-4 

Cr_163
9 

GGGTCGGCGCAGGTTGACGTGATCAGGGCGATGGTTGGTTGTTTTAGAGCTA
GAAATAGC BGL2-3 

Cr_164
0 

GCTATTTCTAGCTCTAAAACAACCAACCATCGCCCTGATCACGTCAACCTGCG
CCGACCC BGL2-3 

Cr_164
1 

GGGTCGGCGCAGGTTGACGTGCCGTGGAGATGCTATGTGTGTTTTAGAGCTA
GAAATAGC BGL2-2 

Cr_164
2 

GCTATTTCTAGCTCTAAAACACACATAGCATCTCCACGGCACGTCAACCTGCG
CCGACCC BGL2-2 

Cr_164
3 

GGGTCGGCGCAGGTTGACGTGAAATCAATTAAGCAACTAAGTTTTAGAGCTAG
AAATAGC BGL2-1 

Cr_164
4 

GCTATTTCTAGCTCTAAAACTTAGTTGCTTAATTGATTTCACGTCAACCTGCGC
CGACCC BGL2-1 

Cr_272 CATCCCTAAATTTGATGAAAGGGGGATCCCCCAGTTGCAAAAGTTGACACAAC Multiplexed cloning 

Cr_273 
GTACCGCATGCTTCCTTGGTACCTTCGAACGTTACATCCTTTTATCAGACATAG
CGG Multiplexed cloning 
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Table S5.3: Sequence of all purchased gBlocks used in this study 
Construct Sequence 

SV40-VP16 
TATAAGAATCATTCAAAGGCGCGCATGCCCAAGAAGAAGCGAAAGGTGTCCCGAGGTGG
AGCCGACGCTCTCGATGACTTTGATCTGGACATGCTTCCGCGGGGAGGTGGATCTGGTG
CTGGTTCTGGAGCTGGA 

SV40-VP64 

TATAAGAATCATTCAAAGGCGCGCATGCCCAAGAAGAAGCGAAAGGTGTCCCGAGGTGG
AGCCGACGCTCTCGATGACTTTGATCTGGACATGCTTGGCTCCGATGCTCTTGACGATTT
CGACCTCGACATGCTTGGATCTGACGCTCTGGATGACTTCGACCTTGATATGCTCGGAT
CTGATGCCCTTGACGATTTCGATCTGGACATGCTGCCGCGGGGAGGTGGATCTGGTGCT
GGTTCTGGAGCTGGA 

SV40-
GAL4_AD 

TATAAGAATCATTCAAAGGCGCGCATGCCCAAGAAGAAGCGAAAGGTGTCCCGAGGTGG
AGCCGCCAACTTCAACCAGTCTGGCAACATCGCCGACTCTTCTCTGTCTTTCACCTTCAC
CAACTCTTCTAACGGCCCCAACCTGATCACCACCCAGACCAACTCTCAGGCCCTGTCTC
AGCCCATCGCCTCTTCTAACGTGCACGACAACTTCATGAACAACGAGATCACCGCCTCTA
AGATCGACGACGGCAACAACTCTAAGCCCCTGTCTCCCGGCTGGACCGACCAGACCGC
CTACAACGCCTTCGGCATCACCACCGGCATGTTCAACACCACCACCATGGACGACGTGT
ACAACTACCTGTTCGACGACGAGGACACCCCCCCCAACCCCAAGAAGGAGCCGCGGGG
AGGTGGATCTGGTGCTGGTTCTGGAGCTGGA 

SV40-VPR 

TATAAGAATCATTCAAAGGCGCGCATGCCCAAGAAGAAGCGAAAGGTGTCCCGAGGTGG
AGCCGACGCTCTCGATGACTTTGATCTGGACATGCTTGGCTCCGATGCTCTTGACGATTT
CGACCTCGACATGCTTGGATCTGACGCTCTGGATGACTTCGACCTTGATATGCTCGGAT
CTGATGCCCTTGACGATTTCGATCTGGACATGCTGCCGCGATCTTCTGGCTCTCCCAAG
AAGAAGCGAAAGGTGGGCTCTCAGTACCTGCCCGACACCGACGACCGACACCGAATCG
AGGAGAAGCGAAAGCGAACCTACGAGACCTTCAAGTCTATCATGAAGAAGTCTCCCTTCT
CTGGCCCTACCGACCCACGACCTCCTCCCCGACGAATCGCCGTGCCCTCTCGATCTTCT
GCCTCTGTGCCCAAGCCCGCTCCTCAGCCCTACCCCTTCACCTCTTCTCTGTCTACCATC
AACTACGACGAGTTCCCCACCATGGTGTTCCCCTCTGGCCAGATCTCTCAGGCCTCTGC
CCTGGCACCAGCTCCTCCACAGGTGCTGCCTCAGGCACCTGCACCGGCTCCTGCACCG
GCCATGGTGTCTGCCCTGGCCCAAGCCCCTGCTCCCGTGCCTGTGCTGGCACCTGGCC
CTCCCCAAGCTGTGGCTCCTCCGGCTCCTAAGCCCACCCAGGCCGGCGAGGGCACCCT
GTCTGAGGCTCTGCTGCAGCTGCAGTTCGACGACGAGGACCTGGGCGCCCTGCTGGGC
AACTCTACCGACCCCGCCGTGTTCACCGACCTGGCCTCTGTGGACAACTCTGAGTTCCA
GCAGCTGCTGAACCAGGGCATCCCCGTGGCTCCTCACACCACCGAGCCCATGCTGATG
GAGTACCCCGAGGCCATCACCCGACTGGTGACCGGCGCCCAGCGACCTCCAGACCCCG
CTCCTGCCCCTCTGGGCGCCCCCGGCCTGCCCAACGGCCTGCTGTCTGGCGACGAGGA
CTTCTCTTCTATCGCCGACATGGACTTCTCTGCCCTGCTGGGCTCTGGCTCTGGCTCTC
GAGACTCTCGAGAGGGCATGTTCCTGCCCAAGCCCGAGGCCGGCTCTGCCATCTCTGA
CGTGTTCGAGGGCCGAGAGGTGTGCCAGCCCAAGCGAATCCGACCCTTCCACCCACCC
GGCTCTCCTTGGGCTAACCGACCCCTGCCTGCTTCTCTGGCACCAACCCCCACCGGCC
CTGTGCACGAGCCAGTGGGCTCTCTGACCCCTGCTCCAGTGCCCCAGCCTCTGGACCC
TGCCCCCGCTGTGACCCCCGAGGCCTCTCACCTGCTGGAGGACCCCGACGAGGAGACC
TCTCAGGCCGTGAAGGCCCTGCGAGAGATGGCCGACACCGTGATCCCCCAGAAGGAGG
AGGCCGCCATCTGCGGCCAGATGGACCTGTCTCACCCTCCACCCCGAGGCCACCTGGA
CGAGCTGACCACCACCCTGGAGTCTATGACCGAGGACCTGAACCTGGACTCTCCCCTGA
CCCCCGAGCTGAACGAGATCCTGGACACCTTCCTGAACGACGAGTGCCTGCTGCACGC
CATGCACATCTCTACCGGCCTGTCTATCTTCGACACCTCTCTGTTCCCGCGGGGAGGTG
GATCTGGTGCTGGTTCTGGAGCTGGA 

GAL4_DBD 

TGGATCTGGTGCTGGTTCTGGAGCTGGAATGAAGCTGCTGTCTTCTATCGAGCAGGCCT
GCGACATCTGCCGACTGAAGAAGCTGAAGTGCTCTAAGGAGAAGCCCAAGTGCGCCAA
GTGCCTGAAGAACAACTGGGAGTGCCGATACTCTCCCAAGACCAAGCGATCTCCCCTGA
CCCGAGCCCACCTGACCGAGGTGGAGTCTCGACTGGAGCGACTGGAGCAGCTGTTCCT
GCTGATCTTCCCCCGAGAGGACCTGGACATGATCCTGAAGATGGACTCTCTGCAGGACA
TCAAGGCCCTGCTGACCGGCCTGTTCGTGCAGGACAACGTGAACAAGGACGCCGTGAC
CGACCGACTGGCCTCTGTGGAGACCGACATGCCCCTGACCCTGCGACAGCACCGAATC
TCTGCCACCTCTTCTTCTGAGGAGTCTTCTAACAAGGGCCAGCGACAGCTGACCGTGTC
TTAAGCTAGCCTCATGTAATTAGTTATGTCACGCTTACATTC 
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Chapter 6: Host and pathway engineering for enhanced lycopene biosynthesis in Yarrowia 

lipolytica6 

 

6.1 Abstract 

Carotenoids are a class of molecules with commercial value as food and feed additives 

with nutraceutical properties. Shifting carotenoid synthesis from petrochemical-based precursors 

to bioproduction from sugars and other biorenewable carbon sources promises to improve process 

sustainability and economics. In this work, we engineered the oleaginous yeast Yarrowia 

lipolytica to produce the carotenoid lycopene. To enhance lycopene production, we tested a series 

of strategies to modify host cell physiology and metabolism, the most successful of which were 

mevalonate pathway overexpression and alleviating auxotrophies previously engineered into the 

PO1f strain of Y. lipolytica. The beneficial engineering strategies were combined into a single 

strain, which was then cultured in a 1-L bioreactor to produce 21.1 mg/g DCW. The optimized 

strain overexpressed a total of eight genes including two copies of HMG1, two copies of CrtI, and 

single copies of MVD1, EGR8, CrtB, and CrtE. Recovering leucine and uracil biosynthetic 

capacity also produced significant enhancement in lycopene titer. The successful engineering 

strategies characterized in this work represent a significant increase in understanding carotenoid 

biosynthesis in Y. lipolytica, not only increasing lycopene titer but also informing future studies 

on carotenoid biosynthesis. 

 

  

                                                 
6 This chapter previously appeared as an Article in Frontiers in Microbiology. The original citation is as 

follows:Schwartz, C., Frogue, K., Misa, J., and Wheeldon, I. (2017) Host and pathway engineering for 

enhanced lycopene biosynthesis in Yarrowia lipolytica. Frontiers in Microbiology 8. 
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6.2 Introduction 

Carotenoids are an important and diverse class of aliphatic C40 molecules with a variety 

of applications in nutrition and human health. Due to their high level of conjugated double bonds, 

carotenoids absorb light, and most of their natural biological functions, such as capturing light for 

photosynthesis, take advantage of this characteristic 1. Carotenoids also have beneficial properties 

for human health as antioxidants and neutraceuticals, and can be used as a food coloring agent 2. 

Lycopene, a relatively simple compound and the starting point for the synthesis of most other 

carotenoids, has antitumor properties and has been shown to be beneficial for coronary health 3. 

Carotenoids, such as lycopene, are natively produced by a range of organisms from 

higher plants to bacteria 1. Most carotenoids used for human applications are either harvested 

from these natural producers or are chemically synthesized from petrochemicals, and so 

metabolic engineering for the production of these molecules represents a valuable opportunity to 

lower production costs and environmental impacts 2. A range of different carotenoids, including 

lycopene, β-carotene, astaxanthin, and zeaxanthin, have been produced in the model metabolic 

engineering hosts Escherichia coli and Saccharomyces cerevisiae 4-8.  A common solution 

identified in these works was engineering the methylerythritol-4-phosphate (MEP) and 

mevalonate (MEV) pathways in E. coli and yeast, respectively, to increase carotenoid precursor 

pools and flux to the desire compound.  

An alternative strategy is to identify non-convention or non-traditional microbial hosts 

with native phenotypes and metabolisms biased towards high yield, high rate biosynthesis of the 

desire product 9-11. The yeast Yarrowia lipolytica is emblematic of this trend, as it has been the 

focus of a range of metabolic engineering studies due to its oleaginous nature and ability to grow 

on diverse substrates 12-14. Many studies have focused on engineering high lipid production and 

accumulation 15-17, and a range of genetic engineering tools have been developed to facilitate 
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these efforts 18-21. Recently, Y. lipolytica has emerged as an attractive host for carotenoid 

production due to its ability to produce high levels of acetyl-CoA, a precursor for both lipids and 

carotenoids 11, and its ability to produce large lipid droplets, which sequester carotenoids and 

prevent membrane destabilization 22. A previous study engineered lycopene synthesis in Y. 

lipolytica, with controlled bioreactor studies producing upwards of 16 mg lycopene/g dry cell 

weight (DCW) 23. Other carotenoids have also been produced, with one study producing 49 mg β-

carotene/g DCW after extensive pathway engineering and media composition optimization 24.  

In this study, we used advanced genetic engineering tools to, 1) characterize a series of 

gene disruptions that probed the effects of altering host cell physiology and metabolism, and 2) 

engineer enhanced flux down the mevalonate pathway to maximize lycopene production (Figure 

6.1). We first characterized the effects of alleviating essential nutrient auxotrophies previously 

engineered into the PO1f strain of Y. lipolytica. Secondly, we characterized the effects of 

disrupting β-oxidation and glycogen biosynthesis. The effects of promoting membrane protein 

expression via disrupting PAH1, a mutation that putatively increases endoplasmic reticulum (ER) 

membrane abundance were also explored 25. In addition to exploring these host engineering 

strategies, we undertook a comprehensive set of enzyme overexpressions to increase lycopene 

production. Finally, the successful metabolic engineering strategies were combined to create a 

high producing strain that was characterized in fed-batch cultures. 
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Figure 6.1: Engineering lycopene biosynthesis in Y. lipolytica. (A) Schematic of the lycopene 

biosynthetic pathway from acetyl-CoA. For simplicity, cofactors and ATP consumption is not shown. (B) 

Summary of strategies attempted in this work. Items shown in green enhanced lycopene yield, while items 

shown in red had negative effects.  

 

6.3 Materials and methods 

6.3.1 Strains and media 

Yeast strains and plasmids used in this study are shown in Table 6.1. A derivative of the 

PO1f strain of Y. lipolytica (MatA, leu2-270, ura3-302, xpr2-322, axp-2; ATCC no. MYA-2613) 

26 that we previously described was used as the base strain for all genome editing and expression 

experiments in this study 27. DH5α E. coli was used for plasmid construction and propagation, 

with growth in Lysogeny Broth (LB) supplemented with 100 mg/L ampicillin. Yeast cultures 

were grown in YPD medium (1% Bacto yeast extract, 2% Bacto peptone, 2% glucose), while 

cultures for lycopene biosynthesis were grown in YPD10 medium (1% Bacto yeast extract, 2% 

Bacto peptone, 10% glucose). For strain development, solid synthetic defined media without 

leucine and uracil (SD -Leu -Ura; 0.67% Difco yeast nitrogen base without amino acids, 0.067% 

CSM-Leu-Ura (Sunrise Science, San Diego, CA), 2% glucose, 2% agar) was used to plate and 

screen transformants.  
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Table 6.1: Plasmids and strains used in this study 

Plasmids Description Reference 

pIW209 
LEU2 pUAS1B8-TEF(136)-hrGFP 

Blazeck et 

al., 2011 

pIW245 URA3 pSL16-UAS1B8-TEF(136)-hrGFP 

Schwartz 

et al., 

2017 

pIW209-ERG20 UAS1B8-TEF(136)-ERG20-Cyc This study 

pIW209-MVD1 UAS1B8-TEF(136)-MVD1-Cyc This study 

pIW209-IDI1 UAS1B8-TEF(136)-IDI1-Cyc This study 

pIW209-ERG10 UAS1B8-TEF(136)-ERG10-Cyc This study 

pIW209-ERG13 UAS1B8-TEF(136)-ERG13-Cyc This study 

pIW209-ERG8 UAS1B8-TEF(136)-ERG8-Cyc This study 

pIW209-ERG12 UAS1B8-TEF(136)-ERG12-Cyc This study 

pIW209-HMG1 UAS1B8-TEF(136)-HMG1-Cyc This study 

pIW209-CrtE UAS1B8-TEF(136)-CrtE-Cyc This study 

pIW209-CrtB UAS1B8-TEF(136)-CrtB-Cyc This study 

pIW209-CrtI UAS1B8-TEF(136)-CrtI-Cyc This study 

pIW245-CrtI UAS1B8-TEF(136)-CrtI-Cyc This study 

pHR_XDH_hrGFP 1kb_XDH_up-UAS1B8-TEF-HMG1-CYC-1kb_XDH_down 

Schwartz 

et al., 

2017 

pHR_LEU2_hrGFP 1kb_LEU2_up-UAS1B8-TEF-MVD1-CYC-1kb_LEU2_down 

Schwartz 

et al., 

2017 

pHR_XDH_HMG1 1kb_XDH_up-UAS1B8-TEF-HMG1-CYC-1kb_XDH_down This study 

pHR_LEU2_MVD1 1kb_LEU2_up-UAS1B8-TEF-MVD1-CYC-1kb_LEU2_down This study 

pCRISPRyl_XDH pCRISPRyl with XDH targeting sgRNA 

Schwartz 

et al., 

2017 

pCRISPRyl_LEU2 pCRISPRyl with LEU2 targeting sgRNA 

Schwartz 

et al., 

2017 

pCRISPRyl_MFE1 pCRISPRyl with MFE1 targeting sgRNA 

Schwartz 

et al., 

2017 

pCRISPRyl_PAH1 pCRISPRyl with PAH1 targeting sgRNA This study 

pCRISPRyl_GSY1 pCRISPRyl with GSY1 targeting sgRNA This study 
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Strains Description Reference 

PO1f MatA, leu2-270, ura3-302, xpr2-322, axp1-2 
Madzak et 

al., 2000 

HEBI-L-U 
PO1f UAS1B8-TEF-HMG1-CYC::D17 UAS1B8-TEF-CrtE-CYC::A08 

UAS1B8-TEF-CrtB-CYC::AXP UAS1B8-TEF-CrtI-CYC::XPR2 

Schwartz 

et al., 

2017 

HEBI ΔMFE1 PO1f HEBI ΔMFE1 This study 

HEBI ΔGSY1 PO1f HEBI ΔGSY1 This study 

HEBI ΔPAH1 PO1f HEBI ΔPAH1 This study 

HEBI-L PO1f HEBI +URA3  This study 

HEBI-U PO1f HEBI +LEU2 This study 

HEBI PO1f HEBI +URA3 +LEU2 This study 

HEBI ERG10 PO1f HEBI +ERG10 This study 

HEBI ERG13 PO1f HEBI +ERG13 This study 

HEBI ERG20 PO1f HEBI +ERG20 This study 

HEBI HMG1 PO1f HEBI +HMG1 This study 

HEBI MVD1 PO1f HEBI +MVD1 This study 

HEBI IDI1 PO1f HEBI +IDI1 This study 

HEBI CrtE PO1f HEBI +CrtE This study 

HEBI CrtB PO1f HEBI +CrtB This study 

HEBI CrtI PO1f HEBI +CrtI This study 

HEBI HV PO1f HEBI HMG1::LEU2 MVD1::E07 This study 

HEBI HV8 PO1f HEBI HMG1::LEU2 MVD1::E07 +ERG8 This study 

HEBI HHV PO1f HEBI HMG1::LEU2 MVD1::E07 +HMG1 This study 

HEBI HVI PO1f HEBI HMG1::LEU2 MVD1::E07 +CrtI This study 

HEBI HV8I PO1f HEBI HMG1::LEU2 MVD1::E07 +ERG8 +CrtI This study 

 

 

 

6.3.2 Plasmid design and construction  

Native genes in the mevalonate pathway were obtained via PCR amplification from 

purified genomic DNA of the PO1f strain.  Genomic DNA was isolated using the Zymo Research 

YeaStar genomic DNA kit. Genes were amplified using Phusion DNA Polymerase with primers 

listed in Table S6.1. Amplified genes were cloned into pUAS1B8-TEF(136)-hrGFP 28 digested 

with BssHII and NheI by Gibson Assembly yielding plasmids as shown in Figure S6.1. As such, 

all overexpressed genes had the same promoter, the UAS1B8-TEF(136) (Table S6.2). Plasmid 

construction for markerless integration was done as previously described, with all genes again 
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using the UAS1B8-TEF(136) promoter 27. All cloning enzymes were purchased from New 

England Biolabs. 

 

6.3.3 Strain engineering and genome editing 

Overexpression of genes in the mevalonate and lycopene pathways were carried out with 

linear DNA transformations using the selectable leucine marker (LEU2). Plasmids containing 

LEU2 and a gene of interest, derived from pIW209, were linearized with the restriction enzyme 

KpnI (Figure S6.1). The linearized DNA was column purified using Zymo Research Clean & 

Concentrator. The DNA was then transformed into the yeast strain HEBI-L (Table 6.1) and 

screened by plating the transformants on minimal media agar plates (SD -Leu -Ura). Uracil 

auxotrophy was alleviated using an analogous methodology, with plasmids derived from pIW245. 

Transformation of linear DNA resulted in integration of the fragment into a random location in 

the genome. Transformations were conducted at stationary phase and followed a previously 

described procedure 27. After two days of outgrowth at 30 °C, healthy colonies were selected and 

used for lycopene characterization. Markerless integration enabled by CRISPR-Cas9 and 

homologous repair donors was used for genes identified as limiting in the mevalonate and 

lycopene pathways to facilitate the overexpression of more than 2 genes 27. Gene disruptions were 

done in the HEBI-L-U strain using CRISPR-Cas9 with repair by nonhomologous end-joining, 

and auxotrophies alleviated after.  

 

6.3.4 Culture conditions 

Cultivation of carotenoid producing yeast strains was conducted in 250 mL baffled 

Erlenmeyer shake flask.  Strains were initially grown in YPD medium and cultured overnight at 

30 °C. Flasks containing 25 mL of YPD10 were then inoculated to an OD600 of 0.1 and grown in 
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a 30 °C shaker at 200 RPM. Aliquots of the shake flask cultures were taken on the fourth day and 

used for DCW and lycopene quantification. Extended cultures (12-day cultures) were carried out 

in a similar manner, with DCW not taken until the last day of the trial and glucose added via 

pipetting at 2 day intervals by addition of 2.5 mL of 40% glucose.  

Bioreactor experiments were performed in a 1-L batch reactor (Biostat A, Sartorius, 

Figure S6.2). The bioreactor enabled control of dissolved oxygen (25%, maintained by constant 

aeration with oxygen and air, and variable stir rates), temperature (30 °C, maintained through a 

heat jacket), and pH (6.8, maintained through automated addition of 3 M NaOH). Starter cultures 

were grown overnight in YPD and used to inoculate 500 mL of media to an OD600 of 0.02. At 24 

h intervals, 25 mL of 40% glucose was added. At each 24 h interval, 10 mL was removed and 

used to quantify the specific lycopene content of the culture. 

 

6.3.5 Lycopene quantification 

Extraction of carotenoids followed the method provided by Chen and coworkers with a 

few modifications 8, 27. Briefly, a 5 mL sample was taken and used for dry cell weight (DCW), 

and a 1 mL sample was used for extraction of lycopene by centrifuging at 5,000 g for 3 min, 

washing the cell pellet with water, resuspending in 1 mL 3M HCl, and incubating at 100 °C for 2 

min. Cells were then cooled in an ice bath for 3 min, washed with water, and resuspended in 1 

mL of acetone. Two hundred-µl of 500-750 µm glass beads (Fisher Scientific) were then added, 

and the mixture was vortexed for 2 min. Subsequently, the mixture was centrifuged and the 

supernatant was subjected to analysis for lycopene. Lycopene was quantified by measuring 

absorbance at 472 nm and compared to a standard curve of purchased lycopene (Sigma-Aldrich, 

Figure S6.3).  
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6.3.6 Statistical analysis 

Experiments were performed in triplicate, and the mean and standard deviation are 

reported. Comparisons between two means were done using a two-tailed T-test (Figures 6.3, 6.4, 

and 6.5), while comparisons among three or more means was done using 1-way ANOVA with 

post-hoc Fisher’s analysis (Figures 6.2, 6.6B, 6.7B, and 6.8). A p-value less than 0.05 was used to 

determine statistical significance.  

 

6.4 Results 

6.4.1 Effect of auxotrophy on growth and lycopene production 

The initial lycopene producing strain used here, HEBI-L-U (see Table 6.1), was 

generated in a previous study by using a CRISPR-Cas9-enabled markerless gene integration 

strategy 27. As such, the strain retained both the ura3 and leu2 auxotrophies that were present in 

the starting Y. lipolytica PO1f strain. To investigate the effect of alleviating these auxotropies, we 

sought to determine the effect of restoring functional LEU2 and URA3 genes on lycopene 

production. 

Linear DNA containing one of the selectable markers was transformed into the HEBI-L-

U and randomly integrated into the genome to alleviate each of the auxotrophies. Lycopene 

production from the resulting strains, reported as titer, is presented in Figure 6.2A. As shown, 

alleviating either auxotrophy individually did not have an effect on lycopene titer, while 

alleviating both increased lycopene titer from 23 ± 1.6 mg/L to 44 ± 18.8 mg/L, an almost 2-fold 

increase. This increase was primarily due to higher cell mass production. When lycopene 

production was normalized to DCW to give the specific lycopene yield (mg lycopene/g DCW), 

the HEBI-L-U and HEBI strains were almost identical, with both producing approximately 2 mg 

lycopene/g DCW (Figure 6.2B). Alleviating uracil and leucine auxotrophies resulted in higher 
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overall cell mass and a corresponding increase in lycopene production, but did not affect the 

specific lycopene content. 

 

 

Figure 6.2: Effect of leucine and uracil auxotrophies on lycopene production. (A) Lycopene titer for 

strains with and without leucine and uracil auxotrophies. (B) Specific lycopene content (mg lycopene/g 

DCW) for strains with and without leucine and uracil auxotrophies. Strains were grown for 4 days in 25 mL 

of YPD10 at 30 °C in baffled shake flasks. Dry cell weight produced by each strain: HEBI-L-U 2.4 ± 0.4 

g/L, HEBI-U 2.8 ± 0.2 g/L, HEBI-L 2.0 ± 0.4 g/L, and HEBI 4.3 ± 0.8 g/L. Statistical significance from the 

HEBI-L-U strain is indicated by “*”. HEBI indicates the following overexpressions in the PO1f 

background: H=HMG1, E=CrtE, B=CrtB, I=CrtI. 

 

6.4.2 Disruption of β-oxidation   

A previously demonstrated strategy to increase carotenoid production in Y. lipolytica is 

the disruption of β-oxidation 23. β-oxidation is the biological process through which intracellular 

lipids are degraded and metabolized. As sequestration of lycopene in lipid droplets (which are 

composed primarily of neutral lipids) has been reported to be important for overall production of 

lycopene, blocking this degradation pathway may increase lycopene accumulation. To test this 

hypothesis in our host, we used a previously described CRISPR-Cas9 system to disrupt the MFE1 

gene in the HEBI-L-U strain, yielding HEBI ΔMFE1. Transformation with pCRISPRyl_MFE1, 

outgrowth for 2 days, and plating on rich media enabled the identification of a strain containing 

an indel mutation in the MFE1 gene that rendered it nonfunctional (Table S6.3). 
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The HEBI and HEBI ΔMFE1 strains were grown for 4 days and their respective lycopene 

yields were measured (Figure 6.3). The HEBI strain was found to have higher lycopene 

production than the HEBI ΔMFE1 strain, with HEBI ΔMFE1 yielding a 30% reduction in 

specific lycopene content. The reduction in lycopene yield was more apparent when the cultures 

were grown to 10 days, when the HEBI strain produced 1.8-fold more lycopene than HEBI 

ΔMFE1. Disruption of β-oxidation appeared to have a deleterious effect on specific lycopene 

content, especially at extended culture times once glucose is exhausted.  

 

Figure 6.3: The effect of β-oxidation on lycopene production in Y. lipolytica PO1f. Relative specific 

lycopene content of strains with and without intact β-oxidation at 4 and 10 days of culture time. β -

oxidation was disrupted by knockout of MFE1. Strains were grown for 4 and 10 days in 25 mL of YPD10 

at 30 °C in baffled shake flasks. Bars and error bars represent the mean and standard deviation, 

respectively, of biological triplicates. Statistical significance from the HEBI strain is indicated by “*”. At 4 

days, the HEBI strain produced 2.8 ± 0.3 mg lycopene/g DCW. 

 

6.4.3 Increasing membrane availability for enhanced pathway biocatalysis 

A previous study in Y. lipolytica found that disruption of phosphatidic acid 

phosphohydrolase, PAH1, resulted in increased expression of proteins localized to the ER 25. 

Several genes needed for synthesis of lycopene, including HMG1, are localized to the ER, and so 

increasing membrane protein expression might increase flux to lycopene. To test this hypothesis, 

the PAH1 gene was disrupted in the HEBI-L-U strain by CRISPR-Cas9, with an indel mutation 
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rendering the PAH1 gene nonfunctional (Table S6.3). Lycopene production between the HEBI 

and HEBI ΔPAH1 strains were compared; however, no significant change in lycopene production 

was observed (Figure 6.4). 

 

Figure 6.4: The effect of PAH1 knockout on lycopene production in Y. lipolytica PO1f. Relative 

specific lycopene content of strains with and without disruption of PAH1. Strains were grown for 4 days in 

25 mL of YPD10 at 30 °C in baffled shake flasks. Bars and error bars represent the mean and standard 

deviation, respectively, of biological triplicates. Statistical significance from the HEBI strain is indicated by 

“*”. No statistically significant difference was detected. The HEBI strain produced 5.3 ± 0.3 mg lycopene/g 

DCW. 

 

6.4.4 Disrupting glycogen biosynthesis to divert flux to lycopene 

A recent work showed that disruption of glycogen synthase (GSY1) in Y. lipolytica gave 

an increase in lipid accumulation by diverting carbon from carbohydrate storage to lipid storage 

29. We hypothesized that eliminating glycogen biosynthesis may increase overall acetyl-CoA 

production, and that some of this increased pool of acetyl-CoA might then enter the mevalonate 

pathway and lead to higher lycopene yields. The GSY1 gene was disrupted in the HEBI-L-U 

strain by CRISPR-Cas9 (Table S6.3) and HEBI and HEBI ΔGSY1 were compared for lycopene 

production (Figure 6.5). It was found that under the conditions used in this study, disruption of 

GSY1 did not lead to an increase in lycopene production. 
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Figure 6.5: The effect of disrupting glycogen biosynthesis on lycopene production in Y. lipolytica 

PO1f. Relative specific lycopene content of strains with and without intact glycogen biosynthesis. Strains 

were grown for 4 days in 25 mL of YPD10 at 30 °C in baffled shake flasks. Bars and error bars represent 

the mean and standard deviation, respectively, of biological triplicates. Statistical significance from the 

HEBI strain is indicated by “*”. The HEBI strain produced 3.4 ± 0.2 mg lycopene/g DCW. 

 
 

6.4.5 Identifying limiting steps in mevalonate biosynthesis 

Lycopene biosynthesis is dependent upon the products of the mevalonate pathway as 

precursors, and so increasing flux through the mevalonate pathway is likely to increase lycopene 

production. The mevalonate pathway, from acetyl-CoA to isopentenyl diphosphate (IPP), consists 

of 6 enzymatic reactions (Figure 6.6A). First, 2 molecules of acetyl-CoA are condensed to form 

acetoacetyl-CoA by acetoacetyl-CoA thiolase (ERG10). A third acetyl-CoA molecule is then 

added to form 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) by HMG-CoA synthase (ERG13). 

The next step, which is reported to be rate-limiting 30, involves the conversion of HMG-CoA to 

mevalonate (MVA) by HMG-CoA reductase (HMG1) while also consuming 2 molecules of 

NADPH. Mevalonate is then phosphorylated twice, first by mevalonate kinase (ERG12) and 

second by phosphomevalonate kinase (ERG8), with each phosphorylation consuming 1 molecule 

of ATP and resulting in mevalonate-5-diphosphate (MV5PP). MV5PP is then converted to IPP by 

mevalonate pyrophosphate decarboxylase (MVD1), which consumes 1 molecule of ATP and 

removes 1 carbon from the molecule. Finally, IPP can be isomerized to dimethylallyl-
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pyrophosphate (DMAPP) by isopentenyl diphosphate:dimethylallyl diphosphate isomerase 

(IDI1).  

 

Figure 6.6: Engineering mevalonate biosynthesis pathway. (A) Schematic representation of the 

mevalonate pathway. (B) Relative specific lycopene production from strains with a single gene in the 

mevalonate pathway overexpressed. Strains were grown for 4 days in 25 mL of YPD10 at 30 °C in baffled 

shake flasks. Bars and error bars represent the mean and standard deviation, respectively, of biological 

triplicates. Statistical significance from the HEBI strain is indicated by “*”. The HEBI strain produced 3.2 

± 0.9 mg lycopene/g DCW. 
 

To identify the limiting step(s) in this pathway in the context of lycopene biosynthesis, 

the HEBI-L-U strain was separately transformed with an expression cassette for each gene in the 

pathway and the auxotrophies were alleviated (Figure 6.6B). Production of lycopene with each 

gene separately overexpressed was then measured. Only one gene showed a statistically 

significant increase in lycopene production, the gene encoding MVD1. MVD1 overexpression 

yielded an increase of ~1.9-fold in specific lycopene yield. Two additional genes, ERG8 and 

HMG1, appeared to increase lycopene production, although the results were not statistically 

significant (p~0.1). ERG10, ERG13, and ERG12 appeared to reduce specific lycopene content 
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(but, the reductions are not statistically significant), possibly due to the overexpressions leading 

to the accumulation of intermediates and an unbalanced pathway. 

 

6.4.6 Identifying limiting steps in the lycopene biosynthesis pathway 

For the purposes of this discussion, we describe the lycopene biosynthetic pathway as the 

steps necessary to convert the products of the mevalonate pathway (IPP and DMAPP) to lycopene 

(Figure 6.7A). This pathway is a combination of native enzymes and heterologous activities, as Y. 

lipolytica does not natively synthesize lycopene. First, DMAPP and IPP are condensed to form 

geranyl-diphosphate (geranyl-PP) by farnesyl pyrophosphate synthetase (ERG20). The same 

enzyme, ERG20, then catalyzes the addition of a second IPP molecule to produce farnesyl-

diphosphate (farnesyl-PP). Farnesyl-PP can then be converted to geranylgeranyl-diphosphate 

(GGPP) by geranylgeranyl diphosphate synthase (BTS1). In a previous work, we found that a 

heterologous geranylgeranyl diphosphate synthase (CrtE, from Pantoea ananatis) was more 

effective 27, and so it is used exclusively in this work. The production of GGPP is the end of the 

native yeast biosynthetic pathway, the subsequent steps are heterologous. Two molecules of 

GGPP are condensed by phytoene synthase (CrtB, from P. ananatis) to form phytoene. Phytoene 

then undergoes 4 consecutive desaturation reactions catalyzed by lycopene synthase (CrtI, from 

P. ananatis) to yield lycopene. 
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Figure 6.7: Engineering the lycopene biosynthetic pathway. (A) Schematic representation of the 

lycopene biosynthetic pathway. (B) Relative specific lycopene production from strains with a single gene in 

the lycopene biosynthetic pathway overexpressed. Strains were grown for 4 days in 25 mL of YPD10 at 30 

°C in baffled shake flasks. Bars and error bars represent the mean and standard deviation, respectively, of 

biological triplicates. Statistical significance from the HEBI strain is indicated by “*”. The HEBI strain 

produced 3.2 ± 0.9 mg lycopene/g DCW. 

 

Each enzyme in this pathway was separately overexpressed by random integration in the 

HEBI-L-U strain, and the auxotrophies were alleviated. The lycopene production from each strain 

was quantified (Figure 6.7B). Only 1 gene showed an increase in lycopene production relative to 

the HEBI strain: specific lycopene production was increased 1.8-fold in the strain with a second 

copy of CrtI. These results suggested that the final step, four consecutive desaturations of 

phytoene, is the limiting step in lycopene biosynthesis. ERG20, CrtE, and CrtB appeared to 

reduce specific lycopene content, possibly due to intermediate accumulation; however, none of 

the observed reductions in lycopene were statistically significance. 

 

6.4.7 Combination of successful strategies to maximize lycopene production 

Through sequentially testing a variety of different genetic knockouts and pathway 

enzyme overexpressions, a set of changes to maximize lycopene production was identified. 
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Alleviation of both the ura3 and leu2 auxotrophies was combined with sequential 

overexpressions of different combinations of the mevalonate and lycopene pathway enzymes that 

resulted in higher production (HMG1, ERG8, MVD1, and CrtI; Figure 6.8). To achieve this, 

HMG1 and MVD1 were integrated into the genome using CRISPR-Cas9-mediated markerless 

integration to yield HEBI HV -L-U. The gene coding for HMG1 was integrated into the disrupted 

LEU2 locus in the PO1f genome, and the gene for MVD1 was integrated in a similar manner into 

the pseudogene YALI0E07645g locus. Integration was confirmed by PCR. The auxotrophies of 

this strain were then alleviated to yield HEBI HV. Linear expression cassettes for ERG8 and CrtI 

overexpression were transformed into the HEBI HV -L-U strain to yield HEBI HV8 and HEBI 

HVI, respectively. Due to literature reports of HMG1 being limiting, a third exogenous copy of 

HMG1 was also integrated in the same way, yielding HEBI HHV. Finally, linear DNA fragments 

containing the URA3 and LEU2 selectable markers and ERG8 and CrtI were separately 

transformed into HEBI HV -L-U, to yield HEBI HV8I. Using this strategy, the quadruple 

integration gave the highest level of lycopene production, at about 2.6-fold higher than the HEBI 

strain. All of the triple and double integrations produced similar specific lycopene contents, 

indicating that the quadruple integrant had a synergistic effect to maximize flux to lycopene. 
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Figure 6.8: Combing successful overexpressions to optimize lycopene production. Relative specific 

lycopene of strains combining successful engineering strategies to maximize lycopene production in 4-day 

shake flask cultures. Strains were grown for 4 days in 25 mL of YPD10 at 30 °C in baffled shake flasks. 

Bars and error bars represent the mean and standard deviation, respectively, of biological triplicates. 

Statistical significance from the HEBI strain is indicated by “*”. The HEBI strain produced 2.0 ± 0.5 mg 

lycopene/g DCW. HV8I indicates the following overexpressions in the HEBI background: H=HMG1, 

V=MVD1, 8=ERG8, I=CrtI. Names with multiple copies of a given letter indicate multiple overexpressions 

of the indicated gene. 

 

To further maximize lycopene production, the HEBI HV8I strain was grown to longer 

times. Figure 6.3 demonstrates a 2-fold increase in specific lycopene content when increasing the 

culture time from 4 to 10 days. We tested to see if this would be replicated in the HEBI HV8I 

strain. Additionally, a glucose feeding strategy was tested. For glucose feeding, every 2 days 2.5 

mL of 40% glucose was added to the culture of HEBI HV8I in YPD10 media. For both feeding 

and non-feeding cultures, samples were taken every 2 days to determine the titer of lycopene. The 

results are shown in Figure 6.9. As shown, no feeding of glucose resulted in a lycopene titer of 

155 ± 26 mg/L, while the glucose feeding strategy maximized lycopene titer throughout the 

culture and at day 12, reaching as high as 213 ± 8 mg/L lycopene. 
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Figure 6.9: Lycopene production in fed-batch shake flask cultures. Strains were grown for 12 days in 

25 mL of YPD10 at 30 °C in baffled shake flasks with glucose feeding as described. Bars and error bars 

represent the mean and standard deviation, respectively, of biological triplicates. 

 

In order to fully maximize specific lycopene yields, the HEBI HV8I strain was cultured 

in a fed batch bioreactor. Specific lycopene content measurements and cell pellet images were 

taken each day over the 10-day experiment. As can be seen in Figure 6.10A and S6.2, the culture 

turned visibly red, indicating significant lycopene production. Figure 6.10B shows specific 

lycopene measured over the course of the culture. After 10 days of growth, a specific lycopene 

yield of 21.1 mg/g DCW was obtained.  
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Figure 6.10: Lycopene production in fed-batch bioreactor. (A) Cell pellets taken from each day of 

bioreactor culture post-inoculation. Red coloration is due to lycopene production. (B) Specific lycopene 

production at each day of bioreactor culture post-inoculation. Data represents technical triplicates of a 

single bioreactor experiment. 

 

 

6.5 Discussion 

The HEBI-L-U strain of Y. lipolytica that had previously been generated 27 produced a 

specific lycopene content of 2 mg/g DCW when grown in shake flasks for 4 days in YPD10 

media. Alleviation of both the leu2 and ura3 auxotrophies did not result in increased specific 

lycopene content, but did result in a 1.9-fold increase in lycopene titer, from 23 mg/L to 44 mg/L. 

It has been shown elsewhere that the presence of auxotrophies can cause an organism to grow 

more slowly than the equivalent prototroph on rich media 31, the results presented here are in 

agreement with this report. The increased production by eliminating the leu2 auxotrophy also 

agrees with a previous work in lipid production in Y. lipolytica, which found that leucine-

mediated signaling was important for efficient lipogenesis 15. This role of leucine-mediated 

signaling may also have caused the reduced DCW production by strain HEBI-L relative to HEBI-

L-U and HEBI-U.  
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It has been hypothesized that lipid droplets are able to sequester intracellularly 

synthesized carotenoids and thus allow Y. lipolytica to avoid insertion of carotenoids into cellular 

and organellar membranes, which can be harmful to the cell 22. Based on the results shown in 

Figure 6.3, disruption of β-oxidation (an oxidative degradation pathway for storage lipids found 

in lipid droplets) appears to be counter-productive for increasing lycopene production under the 

conditions used at extended culture times. This is in contrast to a previous study, which found as 

much as a 3-fold increase in lycopene production following disruption of β-oxidation 23. The 

discrepancy is likely due to a difference in the culture conditions. It is also possible that different 

gene knockouts to disrupt β-oxidation might have different effects. For example, Matthaus and 

coworkers disrupted POX1-6, while this work disrupted MFE1. Our finding of increasing levels 

of lycopene at longer time points may be due to degradation of lipids (via β-oxidation) leading to 

production of acetyl-CoA, which then enters the mevalonate pathway and is converted to 

lycopene. It is also possible that the conditions used in this study (10% glucose) allowed for more 

than enough lipids to be produced, and so some degradation of lipid droplets is not harmful. The 

balance between carotenoid production and lipid droplet size and capacity for sequestration is an 

open question that merits further study. 

Two other strategies were attempted for engineering Y. lipolytica as a host for lycopene 

production. The first was an attempt to increase ER-bound enzyme expression, as two key native 

enzymes are ER-bound, HMG1 and ERG20. To increase expression of these enzymes, we sought 

to increase the total area of the ER by PAH1 disruption 25. However, no increase in lycopene 

production was detected. This suggests that the natively available ER is adequate for HMG1 

expression, or that disruption of PAH1 has a negative effect on the host cell’s metabolism. It has 

also been reported to decrease lipid droplet size, which could prevent lycopene from being 

sequestered effectively.  
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The second strategy, builds from a recent study that examined the effects glycogen 

production on lipid synthesis by disrupting GSY1. The study found that in Y. lipolytica, up to 16% 

of the cell mass could be glycogen, and that eliminating glycogen production forced carbon flux 

to lipids, resulting in a 60% increase in lipids 29. As increased lipid production indicates higher 

flux through the metabolic acetyl-CoA node, we hypothesized some of this acetyl-CoA would 

enter the mevalonate pathway and be converted to lycopene. However, no significant increase in 

lycopene production was detected. This could be due to a limitation of enzyme activity for flux 

down the mevalonate pathway, or could be due to the use of different culture conditions.  

In investigating the effect of overexpression of each step in the mevalonate and lycopene 

pathways, four genes were identified that appeared to increased lycopene production. HMG1 is 

commonly known to be the bottleneck step for flux down the mevalonate pathway in yeast, and 

has thus been targeted for overexpression in a number of previous studies in both S. cerevisiae 

and Y. lipolytica, with consistent success 23, 24, 32. Commonly, a truncated version of HMG1 is 

used, with the membrane localization and regulatory regions removed. In this study, however, the 

full length HMG1 was used for overexpression. The final step in carotenoid production (CrtI in 

this study) was identified as limiting in Y. lipolytica when producing β-carotene, and increasing 

the number of overexpression cassettes gave increased levels of production 24. In this work, 

integrating a second copy of the CrtI gene for additional overexpression produced a 1.8-fold 

increase in lycopene biosynthesis (Figure 6.7B), indicating that the final conversion step is 

partially limiting. A previous study tested overexpression of ERG8 and MVD1 for production of 

β -carotene in Y. lipolytica, but found that neither resulted in an increase in β -carotene 

production when separately overexpressed 24. Here, overexpression of a second copy of ERG8 

increased lycopene production by 1.5-fold and overexpression of MVD1 increased lycopene 

production by 1.9-fold (Figure 6.6B). The difference in these results is likely due to the difference 
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in the background strains. In the β -carotene study, the strain already produced around 20 mg β -

carotene/g DCW, while in our study the base strain was not as strong of a carotenoid producer, 

making only 3.2 mg lycopene/g DCW.  

To further increase lycopene production, cells containing all identified beneficial genetic 

modifications were grown continuously for 12 days in shake flasks and again in a 10-day, fed-

batch bioreactor experiment. Growth in shake flasks produced upward of 9.8 mg lycopene /g 

DCW, while the 10-day bioreactor experiment resulted in a specific lycopene content of 21.1 mg 

lycopene/ g DCW. To our knowledge, the specific lycopene yield achieved in our bioreactor 

culture is the highest reported value for Y. lipolytica, a 1.3-fold improvement over the previously 

report 16 mg lycopene/g DCW achieved in a similar bioreactor experiment 23. However, higher 

yields have been achieved in other hosts including 55.6 mg/g DCW in S. cerevisiae. The study in 

S. cerevisiae was able to achieve such high titers by combining 4 knockouts of genes with roles 

not directly involved in the mevalonate and lycopene biosynthetic pathways (using the 

Saccharomyces knockout collection), and by testing different mating types. Further increases in 

titer in Y. lipolytica may be achievable by using strategies demonstrated in other yeast metabolic 

engineering studies. For example, using a truncated form of HMG1 and overexpressing additional 

copies would likely increase flux through the mevalonate pathway 24. Reduction of FPP flux to 

the squalene biosynthetic pathway (a competing pathway for carotenoid production) has also 

shown to increase production in yeast 33; however, one study showed that this strategy was not 

successful in Y. lipolytica 24. Adaptive laboratory evolution with oxidative stress selection has 

resulted in increased carotenoid production in S. cerevisiae 34 – an analogous strategy may be able 

to increase lycopene production in Y. lipolytica.  
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6.6 Conclusion 

Several different host cell engineering strategies were tested for enhanced lycopene 

biosynthesis in Y. lipolytica. Alleviating leucine and uracil auxotrophies was found to increase 

cell growth, and therefore lycopene titers. Disruption of -oxidation to prevent lipid degradation, 

disruption of PAH1 to increase ER-membrane proliferation, and disruption of glycogen synthesis 

were all tested for their effect on lycopene yields; however, none of these strategies significantly 

increase lycopene production in the engineered strains of Y. lipolytica PO1f used here. Individual 

overexpressions of each enzymatic step from acetyl-CoA to lycopene were analyzed, with 4 

enzymes successfully increasing lycopene production: HMG1, MVD1, ERG8, and CrtI. By 

combining the beneficial engineering strategies, extending culture time, and culturing under fed-

batch conditions lycopene titer reached 213 mg/L. This systematic strain engineering presented 

here, provides both biological insights into carotenoid production and a roadmap for future 

terpenoid engineering studies in Y. lipolytica. 
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6.8 Supplementary information 

6.8.1 Supplementary figures 

 

 

Figure S6.1: Plasmid map of pIW209-HMG1 gene used for overexpression during linear transformation. 

Digestion with KpnI used for linearization. 
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Figure S6.2: Image of the bioreactor at day 1 (left) and day 10 (right) showing lycopene 

accumulation. 

 

 

 

Figure S6.3: Absorbance spectrum of lycopene. (A) Absorption spectrum of purchased 

lycopene in acetone. (B) Absorption spectrum of lycopene produced by and extracted from Y. 

lipolytica in acetone. 
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6.8.2 Supplementary tables 

Table S6.1: Primers used in this study 

Primer Sequence Use 

Cr_793 TCTGAGTATAAGAATCATTCAAAGGCGCGCATGCGACTCACTCTGCCCC ERG10 cloning 

Cr_794 
GCGTGACATAACTAATTACATGAGGCTAGCCTACTCGACAGAAGAGACCTTCTTGA

TG ERG10 cloning 

Cr_795 TCTGAGTATAAGAATCATTCAAAGGCGCGCATGTCGCAACCCCAGAACG ERG13 cloning 

Cr_796 GCGTGACATAACTAATTACATGAGGCTAGCCTACTGCTTGATCTCGTACTTTCGTCG ERG13 cloning 

Cr_797 TCTGAGTATAAGAATCATTCAAAGGCGCGCATGTCCAAGGCGAAATTCGAAAG ERG20 cloning 

Cr_798 GCGTGACATAACTAATTACATGAGGCTAGCCTACTTCTGTCGCTTGTAAATCTTGG ERG20 cloning 

Cr_985 TCTGAGTATAAGAATCATTCAAAGGCGCGCATGCTACAAGCAGCTATTGGAAAG HMG1 cloning 

Cr_986 GCGTGACATAACTAATTACATGAGGCTAGCCTATGACCGTATGCAAATATTCGAAC HMG1 cloning 

Cr_987 TCTGAGTATAAGAATCATTCAAAGGCGCGCTGGCCATCTTCGCCGAG CrtE cloning 

Cr_988 GCGTGACATAACTAATTACATGAGGCTAGCTTATCCCACCATGGCCAGCTTC CrtE cloning 

Cr_989 TCTGAGTATAAGAATCATTCAAAGGCGCGATGAACAACCCCTCTCTGC CrtB cloning 

Cr_990 GCGTGACATAACTAATTACATGAGGCTAGCTACAGGGGTCGCTGC CrtB cloning 

Cr_991 TCTGAGTATAAGAATCATTCAAAGGCGCGATGAAGCCCACCACCG CrtI cloning 

Cr_992 GCGTGACATAACTAATTACATGAGGCTAGCTAGATCAGGTCCTCCAGCATC CrtI cloning 

Cr_999 TCTGAGTATAAGAATCATTCAAAGGCGCGCATGGACTACATCATTTCGGCGC ERG12 cloning 

Cr_1000 GCGTGACATAACTAATTACATGAGGCTAGCCTAATGGGTCCAGGGACCGATGT ERG12 cloning 

Cr_1001 TCTGAGTATAAGAATCATTCAAAGGCGCGCATGATCTTCGACCGGCTCTTC ERG8 cloning 

Cr_1002 GCGTGACATAACTAATTACATGAGGCTAGCCTACTTGAACCCCTTCTCGAGC ERG8 cloning 

Cr_1003 TCTGAGTATAAGAATCATTCAAAGGCGCGCATGATCCACCAGGCCTCCAC MVD1 cloning 

Cr_1004 
GCGTGACATAACTAATTACATGAGGCTAGCCTACTTGCTGTTCTTCAGAGAACCATC

CTC MVD1 cloning 

Cr_1005 TCTGAGTATAAGAATCATTCAAAGGCGCGCATGACGACGTCTTACAGCGACAAAAT IDI1 cloning 

Cr_1006 GCGTGACATAACTAATTACATGAGGCTAGCCTACTTGATCCACCGCCGAATCT IDI1 cloning 

Cr_370 GCTCAAGTTCTCTCTTAACATGAAGC Leu2 integration 

Cr_371 CAATAGAACCTGTTTTGAGGCTGAAAC Leu2 integration 

Cr_419 CTCGAAGGCTTTAATTTGCcctagg CYC integration 

Cr_549 GACCCGCACCTCTAATTATAAGACC XDH integration 

Cr_550 GGCTTCCGCTCTGTGGTAC XDH integration 

Cr_100 
GGGTCGGCGCAGGTTgacgtGCTCTGAACGACTCTAAACAGTTTTAGAGCTAGAAATA
GC 

PAH1 CRISPR 

Cr_101 

GCTATTTCTAGCTCTAAAACTGTTTAGAGTCGTTCAGAGCacgtcAACCTGCGCCGACC

C 
PAH1 CRISPR 

Cr_137 ACCGAGCTGCCCATGAAGG PAH1 screening 

Cr_138 GGCTCTGTAGGCTCTGTGAGC PAH1 screening 

Cr_102 

GGGTCGGCGCAGGTTGACGTGCTGTTCGAGGTCGCCACCGGTTTTAGAGCTAGAAA

TAGC 
GSY1 CRISPR 

Cr_103 

GCTATTTCTAGCTCTAAAACCGGTGGCGACCTCGAACAGCACGTCAACCTGCGCCG

ACCC 
GSY1 CRISPR 

Cr_1176 CAAAGTGACTGTACTTGAACACTG GSY1 screening 

Cr_1177 GACTTTAGTGTTTTGTTGATGGCTTC GSY1 screening 

Cr_084 CAAGGCTGTTGCTAACTACGACTC MFE1 screening 

Cr_804 TGTCGTCGCCCTTGAAAACAG MFE1 screening 
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Table S6.2: Sequences of non-native parts 

Part Sequence 

UAS1B8-

TEF(136) 

GAATTCCTGAGGTGTCTCACAAGTGCCGTGCAGTCCCGCCCCCACTTGCTTCTCTTTG

TGTGTAGTGTACGTACATTATCGAGACCGTTGTTCCCGCCCACCTCGATCCGGTCTAG

ACTGAGGTGTCTCACAAGTGCCGTGCAGTCCCGCCCCCACTTGCTTCTCTTTGTGTGT

AGTGTACGTACATTATCGAGACCGTTGTTCCCGCCCACCTCGATCCGGGGATCCCTG

AGGTGTCTCACAAGTGCCGTGCAGTCCCGCCCCCACTTGCTTCTCTTTGTGTGTAGTG

TACGTACATTATCGAGACCGTTGTTCCCGCCCACCTCGATCCGGGTCGACCTGAGGT

GTCTCACAAGTGCCGTGCAGTCCCGCCCCCACTTGCTTCTCTTTGTGTGTAGTGTACG

TACATTATCGAGACCGTTGTTCCCGCCCACCTCGATCCGGGAGCTCCTGAGGTGTCTC

ACAAGTGCCGTGCAGTCCCGCCCCCACTTGCTTCTCTTTGTGTGTAGTGTACGTACAT

TATCGAGACCGTTGTTCCCGCCCACCTCGATCCGGTCTAGACTGAGGTGTCTCACAA

GTGCCGTGCAGTCCCGCCCCCACTTGCTTCTCTTTGTGTGTAGTGTACGTACATTATC

GAGACCGTTGTTCCCGCCCACCTCGATCCGGGGATCCCTGAGGTGTCTCACAAGTGC

CGTGCAGTCCCGCCCCCACTTGCTTCTCTTTGTGTGTAGTGTACGTACATTATCGAGA

CCGTTGTTCCCGCCCACCTCGATCCGGGTCGACCTGAGGTGTCTCACAAGTGCCGTG

CAGTCCCGCCCCCACTTGCTTCTCTTTGTGTGTAGTGTACGTACATTATCGAGACCGT

TGTTCCCGCCCACCTCGATCCGGGCATGCCTGCAGAAGCTTTTGTGGTTGGGACTTTA

GCCAAGGGTATAAAAGACCACCGTCCCCGAATTACCTTTCCTCTTCTTTTCTCTCTCT

CCTTGTCAACTCACACCCGAAATCGTTAAGCATTTCCTTCTGAGTATAAGAATCATTC

AAAGGCGCGC 

CrtB 

ATGAACAACCCCTCTCTGCTGAACCACGCCGTGGAGACCATGGCCGTGGGCTCTAAG

TCTTTCGCCACCGCCTCTAAGCTGTTCGACGCCAAGACCCGACGATCTGTGCTGATG

CTGTACGCCTGGTGCCGACACTGCGACGACGTGATCGACGACCAGACCCTGGGCTTC

CAGGCCCGACAGCCCGCCCTGCAGACCCCCGAGCAGCGACTGATGCAGCTGGAGAT

GAAGACCCGACAGGCCTACGCCGGCTCTCAGATGCACGAGCCCGCCTTCGCCGCCTT

CCAGGAGGTGGCCATGGCCCACGACATCGCCCCCGCCTACGCCTTCGACCACCTGGA

GGGCTTCGCCATGGACGTGCGAGAGGCCCAGTACTCTCAGCTGGACGACACCCTGCG

ATACTGCTACCACGTGGCCGGCGTGGTGGGCCTGATGATGGCCCAGATCATGGGCGT

GCGAGACAACGCCACCCTGGACCGAGCCTGCGACCTGGGCCTGGCCTTCCAGCTGAC

CAACATCGCCCGAGACATCGTGGACGACGCCCACGCCGGCCGATGCTACCTGCCCGC

CTCTTGGCTGGAGCACGAGGGCCTGAACAAGGAGAACTACGCCGCCCCCGAGAACC

GACAGGCCCTGTCTCGAATCGCCCGACGACTGGTGCAGGAGGCCGAGCCCTACTACC

TGTCTGCCACCGCCGGCCTGGCCGGCCTGCCCCTGCGATCTGCCTGGGCCATCGCCA

CCGCCAAGCAGGTGTACCGAAAGATCGGCGTGAAGGTGGAGCAGGCCGGCCAGCAG

GCCTGGGACCAGCGACAGTCTACCACCACCCCCGAGAAGCTGACCCTGCTGCTGGCC

GCCTCTGGCCAGGCCCTGACCTCTCGAATGCGAGCCCACCCCCCCCGACCCGCCCAC

CTGTGGCAGCGACCCCTGTAG 

CrtE 

ATGGCCATCTTCGCCGAGCGAGACTCTACCCTGATCTACTCTGACCCCCTGATGCTGC

TGGCCATCATCGAGCAGCGACTGGACCGACTGCTGCCCGTGGAGTCTGAGCGAGACT

GCGTGGGCCTGGCCATGCGAGAGGGCGCCCTGGCCCCCGGCAAGCGAATCCGACCC

GTGCTGCTGATGCTGGCCGCCCACGACCTGGGCTACCGAGACGAGCTGTCTGGCCTG

CTGGACTTCGCCTGCGCCGTGGAGATGGTGCACGCCGCCTCTCTGATCCTGGACGAC

ATCCCCTGCATGGACGACGCCGAGCTGCGACGAGGCCGACCCACCATCCACCGACA

GTTCGGCGAGCCCGTGGCCATCCTGGCCGCCGTGGCCCTGCTGTCTCGAGCCTTCGG

CGTGATCGCCCTGGCCGACGGCATCTCTTCTCAGGCCAAGACCCAGGCCGTGGCCGA

GCTGTCTCACTCTGTGGGCATCCAGGGCCTGGTGCAGGGCCAGTTCCTGGACCTGAC

CGAGGGCGGCCAGCCCCGATCTGCCGACGCCATCCAGCTGACCAACCACTTCAAGA

CCTCTGCCCTGTTCTCTGCCGCCATGCAGATGGCCGCCATCATCGCCGGCGCCCCCCT

GGCCTCTCGAGAGAAGCTGCACCGATTCGCCCGAGACCTGGGCCAGGCCTTCCAGCT

GCTGGACGACCTGACCGACGGCCAGTCTGACACCGGCAAGGACGCCCACCAGGACG

TGGGCAAGTCTACCCTGGTGAACATGCTGGGCTCTAAGGCCGTGGAGAAGCGACTG

CGAGACCACCTGCGACGAGCCGACCGACACCTGGCCTCTGCCTGCGACTCTGGCTAC

GCCACCCGACACTTCGTGCAGGCCTGGTTCGACAAGAAGCTGGCCATGGTGGGA 
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CrtI 

ATGAAGCCCACCACCGTGATCGGCGCCGGCTTCGGCGGCCTGGCCCTGGCCATCCGA

CTGCAGGCCGCCGGCATCCCCGTGCTGCTGCTGGAGCAGCGAGACAAGCCCGGCGG

CCGAGCCTACGTGTACGAGGACCAGGGCTTCACCTTCGACGCCGGCCCCACCGTGAT

CACCGACCCCTCTGCCATCGAGGAGCTGTTCGCCCTGGCCGGCAAGCAGCTGAAGGA

GTACGTGGAGCTGCTGCCCGTGACCCCCTTCTACCGACTGTGCTGGGAGTCTGGCAA

GGTGTTCAACTACGACAACGACCAGACCCGACTGGAGGCCCAGATCCAGCAGTTCA

ACCCCCGAGACGTGGAGGGCTACCGACAGTTCCTGGACTACTCTCGAGCCGTGTTCA

AGGAGGGCTACCTGAAGCTGGGCACCGTGCCCTTCCTGTCTTTCCGAGACATGCTGC

GAGCCGCCCCCCAGCTGGCCAAGCTGCAGGCCTGGCGATCTGTGTACTCTAAGGTGG

CCTCTTACATCGAGGACGAGCACCTGCGACAGGCCTTCTCTTTCCACTCTCTGCTGGT

GGGCGGCAACCCCTTCGCCACCTCTTCTATCTACACCCTGATCCACGCCCTGGAGCG

AGAGTGGGGCGTGTGGTTCCCCCGAGGCGGCACCGGCGCCCTGGTGCAGGGCATGA

TCAAGCTGTTCCAGGACCTGGGCGGCGAGGTGGTGCTGAACGCCCGAGTGTCTCACA

TGGAGACCACCGGCAACAAGATCGAGGCCGTGCACCTGGAGGACGGCCGACGATTC

CTGACCCAGGCCGTGGCCTCTAACGCCGACGTGGTGCACACCTACCGAGACCTGCTG

TCTCAGCACCCCGCCGCCGTGAAGCAGTCTAACAAGCTGCAGACCAAGCGAATGTCT

AACTCTCTGTTCGTGCTGTACTTCGGCCTGAACCACCACCACGACCAGCTGGCCCAC

CACACCGTGTGCTTCGGCCCCCGATACCGAGAGCTGATCGACGAGATCTTCAACCAC

GACGGCCTGGCCGAGGACTTCTCTCTGTACCTGCACGCCCCCTGCGTGACCGACTCT

TCTCTGGCCCCCGAGGGCTGCGGCTCTTACTACGTGCTGGCCCCCGTGCCCCACCTG

GGCACCGCCAACCTGGACTGGACCGTGGAGGGCCCCAAGCTGCGAGACCGAATCTT

CGAGTACCTGGAGCAGCACTACATGCCCGGCCTGCGATCTCAGCTGGTGACCCACCA

GATGTTCACCCCCTTCGACTTCCGAGACCAGCTGAACGCCTACCAGGGCTCTGCCTT

CTCTGTGGAGCCCGTGCTGACCCAGTCTGCCTGGTTCCGACCCCACAACCGAGACAA

GACCATCACCAACCTGTACCTGGTGGGCGCCGGCACCCACCCCGGCGCCGGCATCCC

CGGCGTGATCGGCTCTGCCAAGGCCACCGCCGGCCTGATGCTGGAGGACCTGATCTA

G 
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Table S6.3: Sequencing of disrupted genes. Underlined sequences show PAM sequences, and red bases 

indicate variations from the wildtype sequence that result in frameshift mutations. 

HEBI  TATCTCTACCTCTTCCGCTGCTGGTCTTTACGGAAACTTCG 

HEBI ΔMFE1 TATCTCTACCTCTTCCGCTG-TGGTCTTTACGGAAACTTCG 

 

HEBI  CTTGCTCTGAACGACTCTAA-ACAGGGTGGCGACAGCAAGC 

HEBI ΔPAH1 CTTGCTCTGAACGACTCTAAAACAGGGTGGCGACAGCAAGC 

 

HEBI  CCTGCTGTTCGAGGTCGCCA-CCGAGGTCGCCAACCGGGTC 

HEBI ΔGSY1 CCTGCTGTTCGAGGTCGCCAACCGAGGTCGCCAACCGGGTC 
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Chapter 7: Validating genome-wide CRISPR-Cas9 function improves screening in the 

oleaginous yeast Yarrowia lipolytica7 

 

7.1 Abstract 

Genome-wide mutational screens are central to understanding the genetic underpinnings 

of evolved and engineered phenotypes. The widespread adoption of CRISPR-Cas9 genome 

editing has enabled such screens in many organisms, but identifying functional sgRNAs still 

remains a challenge. Here, we developed a methodology to quantify the cutting efficiency of each 

sgRNA in a genome-scale library, and in doing so improve screens in the biotechnologically 

important yeast Yarrowia lipolytica. Screening in the presence and absence of native DNA repair 

enabled high-throughput quantification of sgRNA function leading to the identification of high 

efficiency sgRNAs that cover 94% of genes. Library validation enhanced the classification of 

essential genes by identifying inactive guides that create false negatives and mask the effects of 

successful disruptions. Quantification of guide effectiveness also creates a dataset from which 

determinants of CRISPR-Cas9 can be identified. Finally, application of the library identified 

mutations for high lipid accumulation and eliminated pseudohyphal morphology. 

 

7.2 Introduction 

A critical challenge in CRISPR-based library screens is the inability to separate active 

from inactive guides to ensure genome-wide coverage and generate high confidence hits. 

Typically, multiple guide RNAs are designed to target each gene of interest with the hypothesis 

                                                 
7 This chapter previously appeared on biorXiv. The original citation is as follows: Schwartz, C., Cheng, J.-

F., Evans, R., Schwartz, C. A., Wagner, J. M., Anglin, S., Beitz, A., Pan, W., Lonardi, S., Blenner, M., 

Alper, H. S., Yoshikuni, Y., and Wheeldon, I. (2018) Validating genome-wide CRISPR-Cas9 function in 

the non-conventional yeast Yarrowia lipolytica. bioRxiv, 358630 
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that some guides may not be functional1, 2. This strategy maximizes the likelihood of full genome 

coverage through redundant targeting of each gene and has been successful in identifying new 

phenotypes3-5, but the presence of inactive guides can obscure screening results and create false 

negatives6. While in silico design and activity predictions are emerging, complete training sets 

that correlate CRISPR endonuclease activity, guide sequence, and local genetic context are not 

yet available. 

 Herein, we demonstrate a methodology to measure and validate the activity of each guide 

RNA in a genome-wide library for screening in the oleaginous yeast Yarrowia lipolytica. We 

selected this non-conventional yeast because it has value as a bioprocessing host for the 

conversion of biomass derived sugars and industrial waste streams (e.g., glycerol, alkanes, and 

fatty acids) into value added chemicals and fuels7-10. Unlike the model yeast Saccharomyces 

cerevisiae, DNA repair in Y. lipolytica and most other eukaryotes is dominated by 

nonhomologous end-joining (NHEJ)11, 12. We reasoned that the effectiveness of each guide RNA 

in a high coverage CRISPR library could be quantified by comparing library evolution in an 

NHEJ-proficient strain and an NHEJ-deficient strain. In a strain lacking NHEJ and a homologous 

template (i.e., NHEJ-disrupted haploid Y. lipolytica), double strand break repair is severely 

limited, and the most likely outcome of a Cas9-induced DNA double strand break is cell death13. 

Using this approach, CRISPR-Cas9 activity can be coupled to cell viability thus providing a 

facile, quantitative metric of guide efficiency.  

 Validated CRISPR libraries promise to generate more accurate and robust genetic screens 

with a drastically reduced false negative rate compared with libraries that are naïve to the cutting 

efficiency of each guide. We demonstrate this by identifying essential genes and by screening for 

the industrially relevant phenotypes of increased lipid accumulation and elimination of 

pseudohyphal cell morphology. In addition, when coupled with genome structure analysis (i.e., 
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nucleosome occupancy), validation experiments can provide insights into the biological effects 

that dictate guide RNA effectiveness and genome accessibility. Defining a list of validated guide 

RNAs for any given organisms is valuable in and of itself, and is also an important step in 

moving towards high coverage, combinatorial screens that simultaneously target multiple genes 

in the genome14. 

 

7.3 Results 

7.3.1 Genome-wide CRISPR-Cas9 library design, construction, and analysis 

 We designed a library of single guide RNAs (sgRNAs) to target 7,854 coding sequences 

in Y. lipolytica PO1f (Figure 7.1a and Figure S7.1). Unique sgRNAs were designed to target the 

first 300 exon base pairs in each ORF, then scored and ranked based on their predicted on-target 

cutting efficiency15. The complete library was subsequently designed to contain the 6 highest 

scoring sgRNAs for each ORF, along with 480 nontargeting controls. The library was synthesized 

and subsequently cloned into an expression vector with sgRNA expression driven by a synthetic 

RNA polymerase III (Pol III) promoter16,17. Sequencing revealed that over 97% of the designed 

sgRNAs were well represented in the library (Figure S7.2). 

 Growth screens in three different Y. lipolytica strains enabled us to experimentally 

determine two separate metrics for each sgRNA (Figure 7.1a). A fitness score (FS) was defined 

as the log2 ratio of the abundance of any given sgRNA in a Cas9 expressing strain (PO1f Cas9) to 

the abundance of the same sgRNA in the negative control (PO1f). Each sgRNA was also given a 

cutting score (CS) by calculating the same log2 ratio, but in this case comparing a Cas9 

expressing NHEJ deficient strain (PO1f Cas9 ku70) to the control strain. FS is a measure of how 

harmful a CRISPR-Cas9 mediated indel was to cell growth, whereas CS is a measure of how 

efficient an sgRNA was for inducing a Cas9-mediated DNA double strand break. A pilot scale 
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experiment with a nontargeting sgRNA and known functional sgRNAs targeting an essential gene 

and a nonessential gene confirmed that the outcomes of the FS and CS experiments were 

consistent with this scoring methodology (Figure S7.3).  

The evolution of the full genome-wide library over three subculture cycles (6 days in 

total) and corresponding CS and FS values are shown in Figure 7.1b. Only after two growth 

cycles (day 4) were significant changes in the library distribution observed. The nontargeting 

control population behaved as expected, shifting to the upper right quadrant of the FS/CS plot 

indicating nonfunctional sgRNAs that resulted in no change in cell fitness. The day 4 and day 6 

data indicate that the majority of the library was able to create double strand breaks. This is 

apparent from the shift toward the lower two quadrants. The lower left quadrant is indicative of 

sgRNAs that both cut (negative CS) and have a negative effect on growth (negative FS). The 

lower right quadrant also contains sgRNAs that cut effectively but have a neutral or positive 

effect on cell growth (positive FS). The upper left quadrant is only sparsely populated around the 

origin, likely because this quadrant represents instances with observed negative growth effects in 

the absence of a functional sgRNA (positive CS). Overall, three important trends are apparent: 1) 

the library skews strongly towards negative CS values, indicating that many of the sgRNAs are 

functional; 2) sgRNAs that do not produce a cut in the genome can be identified in the upper right 

and left quadrants; and, 3) a broad range of FS values results from outgrowth-based screens, 

suggesting that the library can be used to select for a wide variety of phenotypes.  
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Figure 7.1: Genome-wide CRISPR-Cas9 validation and screening in Yarrowia lipolytica. (a) Schematic 

representation of sgRNA library design and workflow for genome-wide validation and screening. Y. 

lipolytica PO1f was used as the base strain for all experiments. Fitness score (FS) experiments used PO1f 

with constitutive expression of Cas9 from Streptococcus pyogenes (PO1f Cas9). Cutting score (CS) 

experiments used PO1f Cas9 with functionally disrupted nonhomologous end-joining (NHEJ) by 

inactivation of KU70 (PO1f Cas9 ku70). LOF indel indicates loss of function insertion or deletion, and cntrl 

strain indicates the negative control strain that does not express Cas9 but does contain the sgRNA library. 

(b) Comparison of FS to CS for each sgRNA after 2, 4, and 6 days of growth on defined minimal media 

containing 2% glucose. Transformations were done in biological triplicates with at least 100-fold coverage of 

the library in each replicate. FS and CS values shown are the mean of the three biological replicates. 

 

7.3.2 sgRNA validation and analysis of functional determinants 

 Based on the average CS of the nontargeting controls, we set a value of 2 as the threshold 

to identify inactive sgRNAs (i.e. noncutters, CS> 2). At the other end of the spectrum, we set a 

CS value of -5 (a 32-fold reduction in sgRNA abundance) as the lower limit of sgRNAs 

considered to be excellent cutters (CS< -5). This threshold was set based on a subpopulation of 

sgRNAs whose abundance was reduced to zero after two subculture cycles (4 days). Two 

intermediate categories were also defined: moderate (-5<CS< -1) and poor (-1<CS< 2) cutters. 

Figure 7.2a shows the CS distribution of the full library as well as six subpopulations ranked from 
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best sgRNA per gene (1st) to worst sgRNA per gene (6th). Each subpopulation represents 1-fold 

coverage of the genome. The best subpopulation contained an excellent cutter for 94.6% of the 

targeted genes, while 82.6% of the genes have at least two excellent cutters. Histograms of each 

subpopulation, and the number of excellent cutters per gene are presented (Figures 7.2b and c, 

and Figure S7.4 and S7.5). 

 

Figure 7.2: Genome coverage and distribution of CRISPR-Cas9 cutting efficiency. (a) Library and 

genome coverage by sgRNA classification: Excellent (CS<-5; green; 48% of full library), Moderate (-

5<CS< -1; yellow; 28%), Poor (-1<CS< 2; orange; 18%), and Noncutter (>2; red; 6%). The sgRNAs for 

each gene were ranked by CS from 1st to 6th and separated into six subpopulations each representing 1-fold 

genome coverage. (b,c) Histograms of the 1st and 6th sgRNA subpopulations. Mean CS values were 

determined after two growth cycles (4 days) from triplicate biological samples.  

 

The analysis of CS across the library revealed several trends in sequence determinants of 

active sgRNAs. For example, a total of 1,808 sgRNAs were found to contain a polyT motif (four 

or more consecutive “T” bases). This subpopulation had a significantly higher average CS than 

the library as a whole (CSpolyT = -1.389, n = 1,808 and CSlibrary = -3.786, n = 46,234; t-test p < 

0.0001, t = 30.43, df = 48,040). The apparent inefficiency of sgRNAs containing a polyT motif is 

not unexpected, as polyT sequences are known terminators for RNA Pol III. As such, it is likely 

that sgRNAs containing a polyT motif are poorly expressed, and this poor expression causes 

reduced CRISPR-Cas9 activity. The effect of RNA secondary structure was also examined, but 

was found to be minimal (Figure S7.7).  
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The position of sgRNAs within each chromosome was also found to have an effect. 

sgRNAs that target close to chromosomal ends were found to have increased cutting scores in 

comparison to the full library (Figure 7.3a and Figure S7.6). Previous studies have reported that 

genes directly adjacent to telomeric regions can be transcriptionally silenced, thus providing the 

likely mechanism of reduced CRISPR-Cas9 activity at chromosomal ends observed here18. 

Given this result, we also elected to study the effect of genome-wide chromatin structure 

on sgRNA activity (Figure 7.3b). The CS values of all sgRNAs in the library were compared to 

experimental estimates of nucleosome occupancy across the genome19 As shown in Figure 3b, 

nucleosome occupancy positively correlated with CS. These data reveal that occupancy provides 

a stronger correlation to CRISPR-Cas9 activity (Pearson’s, r = 0.223) than the algorithm used to 

design the library15 (r = 0.0525) or other algorithms20, 21 (r = 0.0511; r = 0.1431; Figure S7.9). 
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Figure 7.3: Identifying determinants of CRISPR-Cas9 function. (a) Cutting score of all sgRNAs 

targeting chromosome C, plotted by position. The terminal 100 kbp of both ends are shown expanded. Each 

data point represents the mean and standard deviation of biological triplicates of CS calculated at day 4. 

The solid blue line represents the average CS for the full sgRNA library. The standard deviation of the CS 

library average is shown as blue dashed lines. (b) Relationship between nucleosome occupancy and cutting 

score. Each data point represents the mean CS of biological triplicates at day 4 and the relative average 

nucleosome occupancy for each (n=45,247). Pearson’s correlation is 0.223.  

 

7.3.3 Activity validated CRISPR-Cas9 library improves essential gene analysis 

 Inactive sgRNAs in CRISPR libraries can produce false negatives in essential and 

nonessential gene classification6. This problem arises when one or more poor cutting sgRNAs 

mask the effect of successful disruptions on the FS average for a particular gene. The second 

dimension of data provided by CS experiments can eliminate this issue by focusing analysis on 
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the validated cutters and excluding inactive sgRNAs. Figure 7.4a shows the rank-ordered FS 

calculated from the full library, which is naïve to the effectiveness of each sgRNA (the naïve 

library). Twelve nonessential genes and twelve genes that are known to be essential across 

eukaryotes are shown as two subpopulations (Figure 7.4 and Table S7.1). The subpopulations 

partially overlapped and had closely related FS distributions when calculated from the naïve 

library (Figures 7.4a and b). Three of the genes are notable; ACT1, MYO1, and FOL2 are genes 

critical to eukaryotic cell viability, but were not distinguishable from nonessential genes, 

suggesting that the presence of poor cutting sgRNAs artificially increased their FS. Analysis with 

only excellent cutters (the validated library) resulted in a clear separation between the 

subpopulations: ACT1, MYO1, and FOL2 clustered as expected with other essential genes, and 

the difference between FS of the essential and nonessential subpopulations increased significantly 

(Figures 7.4c and d). 

 One method of evaluating sgRNA effectiveness is to compare multiple targets to the 

same known essential gene20, 22. By definition, disruptions to essential genes are fatal (with or 

without intact DNA repair), which leads to a hypothesis similar to that of the CS experiments. 

That is, double strand breaks lead to cell death, therefore viability in a growth screen can be used 

as a measure of cutting efficiency. This hypothesis is supported by the observed trends in the 

essential and nonessential subpopulations (Figures 7.4e and f).  The regression line of CS/FS data 

for all sgRNAs targeting the selected essential gene subpopulation has a slope of 0.997 (r = 0.82), 

suggesting a quantitative correlation between FS and CS, and providing experimental evidence to 

support CS as a metric for CRISPR-Cas9 activity. Appropriately, this relationship does not hold 

for the nonessential gene subpopulation.  
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Figure 7.4: Library validation enhances essential gene identification. (a) Rank-ordered fitness score 

(FS) for each gene calculated using the 6-fold sgRNA library (naïve library). Twelve nonessential (yellow) 

and putatively essential (red) genes are shown. (b) FS for essential and nonessential genes using the naïve 

library. Boxes extend from the 25th to 75th percentiles, the box line indicates the median, and the whiskers 

extend from the 10th to the 90th percentiles, n = 12 for both nonessential and essential. Comparison between 

the means was accomplished by two-sided T-test (t = 3.029 and p = 0.0062). Statistical significance is 

shown graphically with * indicating p<0.01 and ** indicating p<0.0001. (c) Rank-ordered FS for each gene 

calculated using only the validated excellent sgRNAs (validated library). For the 5.4% of genes that did not 

have an excellent sgRNA, the best cutter was included. (d) FS for essential and nonessential gene 

subpopulations using the validated library (t = 7.764 and p < 0.0001). (e,f) Comparison of FS to CS for 

each sgRNA targeting the essential and nonessential subpopulations. Pearson’s coefficients from linear 

regression (r) and slopes are shown (n = 72). FS and CS values are the mean of three biological replicates, 

the standard deviations associated with the means are presented in Figure S7.10.  

 

The validated library identified 1,450 ORFs as essential in Y. lipolytica, which represents 

18.4% of coding sequences (Figure 7.5). Using the same statistical tests, the naïve library 

identified only 5.4% of the genes (424 ORFs) as essential. Genome-wide knockout collections in 

model yeasts suggest that ~20% of yeast genes are essential (19.5% or 1,268 ORFs in S. 

cerevisiae23 and 26.1% or 1,260 ORFs in Schizosaccharomyces pombe24), indicating that the 

naïve library produced a high number of false negatives. A recent transposon-based analysis in Y. 

lipolytica supports our results25. The transposon screen identified 22.4% of Y. lipolytica genes as 

essential, an increase in 513 ORFs over the CRISPR-based analysis. The validated CRISPR 

library implicitly accounts for genomic targets that may be inaccessible due to heterochromatin 
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structure, a known experimental limitation of transposon-based screens that can cause false 

positives26. The difference between these data sets is also likely due to challenges in transposon 

targeting of short ORFs (Figure S7.11).  

 

 

Figure 7.5: Y. lipolytica genome map. Y. lipolytica genome map with all nonessential and essential genes 

when grown on synthetic minimal media with 2% glucose at 30 °C are shown by chromosomal position. 

Nonessential genes (n = 6,404; yellow) are shown in the outer ring, and essential genes (n = 1,450; red) are 

shown in inner ring. 

 

Of the 1,450 ORFs identified as essential for growth of Y. lipolytica, 1,003 had a 

homolog in S. cerevisiae, 502 of which were found to be essential in both organisms (Figure 

S7.12). One hundred fifty-six genes essential in Y. lipolytica are conditionally essential in S. 

cerevisiae for respirative growth. As Y. lipolytica is an obligate aerobe, respiration is essential. 

Ninety-eight more ORFs are duplicated in the S. cerevisiae genome, and 71 are involved in amino 

acid or nucleotide biosynthesis. GO term analysis27 was also performed on all genes that had a S. 

cerevisiae homolog. Genes involved in transcription, translation, cellular organization, and cell 

cycle were found to have significantly lower FS (Figure S7.13). 
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7.3.4 Genome-wide screening for growth and nongrowth associated phenotypes  

 To demonstrate the utility of the CRISPR library, we performed a series of growth and 

nongrowth associated screens to identify genes linked to new phenotypes. The classic genetic test 

for canavanine resistance was successful. Ninety-four percent of the sequenced colonies that 

survived the canavanine challenge (50 mg/L over 2 days of growth) harbored an expression 

vector encoding a CAN1 targeting sgRNA (Figure 7.6a). The remaining sgRNA targeted 

YALI1_E36540g, a vacuolar phosphate transporter. All identified sgRNAs were excellent cutters.  

 In a second screen, Y. lipolytica strains with increased lipid staining were isolated from 

the CRISPR library using a fluorescent lipid dye and fluorescence activated cell sorting (Figure 

7.6b). A total of four unique genes associated with a high lipid staining phenotype were identified 

in this screen. Two of the four identified genes (YALI1_A22440g and YALI1_F16045g) have 

known roles in lipid turnover and growth on fatty acids in other yeast species28, 29. A third gene 

(YALI1_F31153g) is likely involved in the enzymatic processing of acyl-CoA species30, a 

function that is often intertwined with lipid metabolism (e.g., β-oxidation). The final gene 

(YALI1_F20943g) in the set has no known function or similarity to a well-annotated sequence, 

but two different excellent sgRNAs targeting the gene were isolated from the high lipid staining 

subpopulation. This redundant targeting supports the validity of the result and demonstrates the 

utility of the screen to identify novel genotype to phenotype relationships. 
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Figure 7.6: Genome-wide CRISPR-Cas9 screens for growth and non-growth associated phenotypes. 

(a) Growth screen for canavanine resistance. Cells were grown in the presence of 50 mg L-1 canavanine for 

3 days, plated and sequenced. (b) Two populations were stained and analyzed using fluorescence activated 

cell sorting (PO1f with library; red in histogram, and PO1f Cas9 with library; blue in histogram). The PO1f 

Cas9 strain with library was sorted twice for high lipid producers to yield a high lipid producing population 

(2x FACS Pool; yellow in histogram). Several strains from the high lipid producing population were 

isolated and compared to a mock/un-sorted control consisting of cells subjected to the same produce but 

without a fluorescence sorting cutoff. Comparison between the means was accomplished by two-sided T-

test (n = 34, 41; t = 6.713; and, p < 0.0001). Statistical significance is shown graphically with * indicating 

p<0.01 and ** indicating p<0.0001. (c) Non-growth associated screen for altered cell morphology. Plated 

colonies were visually inspected for a smooth colony appearance, indicating a lack of pseudohyphal cell 

morphology. 5 of ~50,000 colonies were identified with a smooth phenotype. Rough and smooth colony 

appearance along with brightfield microscopy images are shown. 

 

A third screen tested the ability of the library to screen for a nongrowth associated 

phenotype. Y. lipolytica is a dimorphic yeast, where the transition from yeast to pseudophyphal 

morphology is often precipitated by environmental stress or nutrient limitations31. Multiday 
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growth on solid media is often sufficient to trigger this transition, which can be readily observed 

by visual inspection of agar plates (Figure 7.6c). To identify strains deficient in pseudohyphal 

formation, we plated the library, identified colonies with altered morphology, confirmed cellular 

phenotype by microscopy, and sequenced. A total of 5 unique genes were identified as necessary 

for the pseudohyphal transition. Three of these genes are involved in chromatin remodeling or 

transcriptional regulation (YALI1_D30097g, YALI1_D05956g and YALI1_F04690g), while the 

other two genes bind or cleave GTP as part of a signaling pathway (YALI1_E35305g and 

YALI1_E30639g). These results demonstrate the utility of this library to rapidly identify novel 

targets for phenotypes of interest. 

 

7.4 Discussion  

With genome-scale mutagenesis technologies such as MAGE, TRMR, Tn-seq and other 

similar approaches, it is now possible to generate and track genome edits and their effects on 

native and engineered phenotypes32-36. Genome-wide CRISPR systems are complementary to 

these approaches3-5, 37, 38 and can have the added functionality of genome targeted site saturation 

mutagenesis39-42. However, these techniques have not yet been widely translated to non-model 

and other industrially and medically relevant organisms. The widespread adoption of CRISPR–

Cas9 promises to enable genome-wide engineering and screening for a vast array of hosts3, 5, 12, 43-

46. Here, we designed and applied such a system for functional genomic screening and non-native 

phenotype engineering in the yeast Y. lipolytica. Key to the success of the system was our ability 

to functionally disable native nonhomologous DNA repair, which allowed quantification of the 

cutting efficiency of each sgRNA-Cas9 complex in parallel and yielded a list of validated 

sgRNAs for nearly every gene in the Y. lipolytica genome. 
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The additional genome-wide data created by cutting score (CS) experiments also 

generates new information that can be used to identify the determinants of CRISPR-Cas9 

function, as well as improve screen accuracy. Our experiments in Y. lipolytica revealed that 48% 

of guides in the 6-fold coverage library were highly active, and that 94.6% of protein coding 

sequences were targeted by at least one excellent cutting sgRNA (Figure 7.2). This library 

validation also substantially improved essential/nonessential gene classification (Figures 7.4 and 

7.5) by significantly reducing false negatives that arise in the naïve library. Nongrowth associated 

screens were also successful in identifying novel gene disruptions for the industrially-relevant 

phenotypes of high lipid accumulation and elimination of pseudohyphal growth (Figure 7.6). 

Correlation of CS data with nucleosome occupancy and several sgRNA scoring algorithms 

revealed that occupancy was a stronger predictor of function than in silico design (Figure 7.3; see 

Refs. 15, 19-21, 47). We also observed that chromosomal ends were difficult to target. Current scoring 

algorithms have been limited by training set quality and size, relying on subsets of essential genes 

and/or high expression reporters to learn about the relationships between guide RNA sequence 

and resultant Cas9 activity15, 20, 22. The genome-wide activity measurements obtained in the CS 

experiments provide a substantially richer data set for correlating guide sequence parameters to 

system-level characteristics. We envision that our experiments in Y. lipolytica may also be 

possible in other eukaryotes by genetically disrupting or chemically inhibiting native 

nonhomologous DNA repair48. As such, the approach described here not only resulted in a new 

validated screening tool for Y. lipolytica, but also represents a generalizable methodology for 

enhancing CRISPR-based screens in other organisms.  

 

  



 223 

7.5 Methods 

7.5.1 Strains and media 

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

302,xpr2-322, axp-2)49. The PO1f Cas9 strain was constructed by markerless integration of a 

UAS1B8-TEF(136)-Cas9-CycT expression cassette into the A08 site17, 50. The PO1f Cas9 ku70 

strain was constructed by disrupting KU70 using CRISPR-Cas9 as previously described16. 

Yeast culturing was done at 30 °C, unless specifically noted otherwise. Yeast strains were 

grown in YPD (1% Bacto yeast extract, 2% Bacto peptone, 2% glucose) for nonselective growth. 

Cells transformed with sgRNA-expressing plasmids were selected in 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 canavanine resistance screening, 50 µg/mL was 

added to SD-leu. For lipid overproduction experiments, SDL-leu (0.67% Difco yeast nitrogen 

base without amino acids, 0.069% CSM-leu, and 8% glucose) was used for outgrowth.  

 

7.5.2 Plasmid construction 

For integration of Cas9, pIW1009 (UAS1B8-Cas9 integration into A08 site) was 

constructed. pHR_A08_hrGFP (Addgene #84615) was digested with BssHII and NheI, and Cas9 

was inserted via Gibson Assembly after PCR via Cr_1250 and Cr_1254 from pCRISPRyl 

(Addgene #70007). To facilitate cloning of the library of sgRNAs, pIW771 (SCR1’-tRNA-AvrII 

site) was generated by digesting pCRISPRyl with BamHI and HindIII and circularizing.  

 

7.5.3 sgRNA library design 

Custom Matlab scripts were used to design each sgRNA in the library based on a recent 

assembly of the Y. lipolytica PO1f parent strain genome, W2951. sgRNAs were designed for all 
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non-redundant protein coding sequences. The top 6 sgRNAs, as ranked by on target efficiency 

score15 that met the following criteria were selected for each gene: (1) uniqueness of target 

sequence and PAM (final 12 bp + NGG) in genome, (2) located within first 300 bp of gene, and 

(3) target sequence present in both genome and mRNA sequence (to avoid targeting introns). 480 

sgRNAs of random sequence, confirmed to not target in the genome, were included as 

nontargeting controls.  

 

7.5.4 sgRNA library cloning 

Four oligo pools (Table S7.2) consisting of 25% of the designed sgRNAs each were 

ordered from Twist Bioscience. Equal volumes of the oligo pool (1 µM) and a complementary 

primer (5 µM) were mixed together and annealed using the Thermo annealing advanced protocol 

and the calculated Tm of the complementary primers using IDT’s OligoAnalyzer 3.1. For 

libraries 1 and 3, second strand synthesis reactions were completed using T4 DNA polymerase 

(NEB) and sgRNA-Rev2, gel extracted, and purified using Zymo Research Zymo-Spin 1 

columns. Libraries 2 and 4 were amplified via Q5 DNA polymerase (NEB) using 60mer_pool-F 

and spacer-AarI.rev or pLeu-mock-sgRNA.fwd and sgRNA-Rev2 with 0.2 picomoles of DNA as 

template for 7 cycles and column purified.   

For libraries 1, 3, and 4, Gibson Assembly HiFi HC 1-step Master Mix (SGI-DNA) were 

used to clone into pIW771 digested with AarI. Library 2 was digested with AarI and cloned into 

pIW771 digested with AarI with a GoldenGate reaction using T4 DNA ligase (NEB). Cloned 

DNA was transformed into NEB 10-beta E. coli and plated. Sufficient electroporations were 

performed for each library to yield a >10-fold excess colonies for the number of library variants, 

and the plasmid library was isolated. 
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7.5.5 Yeast transformation and screening 

Transformation of Y. lipolytica with the sgRNA plasmid library was done using a 

previously described method, with slight modifications16. Two mL of YPD was inoculated with a 

single colony of the strain of interest and grown in a 14 mL tube with shaking at 200 RPM for 24-

30 h. One point five mL of cells were washed with transformation buffer (0.1 M LiAc, 10 mM 

Tris (pH=8.0), 1 mM EDTA) via centrifugation at 4,000 g and resuspended in 600 µL 

transformation buffer. To these cells, 18 µL of ssDNA mix (8 mg/mL Salmon Sperm DNA, 10 

mM Tris (pH=8.0), 1 mM EDTA), 90 µL of β-mercaptoethanol mix (5% β-mercaptoethanol, 

95% triacetin), and 4 µg of plasmid library were added, mixed via pipetting, and incubated. After 

incubation at room temperature for 30 min, 900 µL of PEG mix (70% w/v PEG (3,350 MW)) was 

added and mixed via pipetting, and incubated at room temperature for 30 min. Cells were then 

subjected to heat shock for 25 min at 37 °C, washed with 10 mL H2O, and used to inoculate 25 

mL of SD-leu media for outgrowth experiments. Dilutions of the transformation were plated on 

solid SD-leu media to calculate transformation efficiency. Transformations were pooled as 

necessary to ensure adequate diversity to maintain library representation (100x coverage, 5 x 106 

total transformants per biological replicate). 

Outgrowth was allowed to proceed in 25 mL of liquid media in a 250 mL baffled flask. 

After 2 days, cells reached confluency (OD600 > 10), and approximately 150 µL (at least 200-fold 

library coverage) were used to inoculate 25 mL of fresh media as desired. Also at each timepoint, 

1 mL of culture was taken, DNase I (New England Biolabs) and the corresponding buffer were 

added, and the mix was incubated for 1 h at 30 °C to digest any plasmid DNA in the media. 

Pellets were then frozen and stored at -80 °C for future analysis. Each growth cycle from 

inoculation to sampling represented approximately 7 cell doublings. 
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7.5.6 Library isolation and sequencing 

Pellets were thawed and resuspended in 1 mL H2O. Cells were split into 5 samples of 200 

µL, and plasmid was isolated using a Zymo Yeast Miniprep Kit (Zymo Research). Samples from 

a single pellet were pooled, and plasmid copy number was quantified using RT-qPCR with 

M13_F and M13_R and SsoAdvanced Universal SYBR Green Supermix (Biorad) and verified to 

be higher than 1 x 107. 

To prepare samples for next generation sequencing, isolated plasmid was subjected to 

PCR using forward (Cr_1665-1668) and reverse primers (Cr_1669-1673 and Cr_1709-1711) 

containing all necessary sequences and barcodes1 (Table S7.2). At least 1 x 107 plasmids were 

used as template, and PCR reactions were not allowed to go to completion to avoid biased 

amplification. PCR product at 250 bp was gel extracted, samples were pooled at equimolar 

amounts, and submitted for sequencing on a NextSeq500 at the UCR IIGB core facility. 

Next generation sequencing results were demultiplexed and mapped to each sgRNA 

using custom scripts. A total of 453 sgRNAs were not present in the sequencing data. In addition, 

440 sgRNAs had only a very low number of reads (less than 10) in the untransformed library or 

were erroneously designed, and were excluded from downstream analysis. Pairwise comparison 

between normalized read abundances for biological replicates were done to verify consistency 

(Figure S7.14). 

 

7.5.7 Cutting and fitness score analysis 

To calculate fitness score (FS) and cutting score (CS) for each replicate, the number of 

reads for each sgRNA in each sequencing sample was normalized to the total number of reads, 

with a pseudo-count of 0.5 added when no reads were mapped to a given sgRNA for a given 

biological replicate. Normalized read counts for biological triplicates were then averaged 
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together. The log2 for each abundance was then taken, and then the FS was calculated by 

subtracting the PO1f log2 abundance from the PO1f Cas9 log2 abundance. CS was calculated in 

analogous way, but with PO1f Cas9 replaced with PO1f Cas9 ku70.  

 

7.5.8 sgRNA analysis 

Analysis of sgRNA characteristics was done using a range of publicly available tools and 

data. Nucleosome occupancy was determined by mapping sgRNAs to previously published 

nucleosome occupancy data19, adding the occupancy for each base pair in the target sequence, 

and dividing by 20. The scoring for predicting on-target activity for each sgRNA was carried out 

using previously published algorithms15, 20, 21. Secondary structure was predicted using the default 

settings for RNA using Quikfold on the DINAMelt web server (http://unafold.rna.albany.edu/)52. 

polyT sequences were identified by searching each sgRNA sequence for 4 consecutive “T”. 

sgRNAs at chromosome ends were annotated as the 50 sgRNAs nearest either end of each 

chromosome, except for the end of chromosome A (84 sgRNAs), the beginning of chromosome C 

(126 sgRNAs), and the end of chromosome E (71 sgRNAs). Ends of chromosomes 

determinations were informed by where sgRNA cutting scores increased. 

 

7.5.9 Essential gene identification 

Essential genes were identified based on FS. A two-sided T-test was used to determine 

which genes had a FS lower than the highest of the 12 putative essential genes plus two standard 

deviations (POL1 (YALI1_E14644), FS<-1.38 for validated library). Samples with p values < 

0.05 were considered significant. A second two-sided T-test was performed to identify which 

genes had a FS lower than the 12 putative nonessential genes (p<0.05), with a Bonferroni 

correction for multiple comparisons. The same series of tests were also applied to the FS obtained 

http://unafold.rna.albany.edu/
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from analysis with the 6-fold coverage library (the naïve library). In this case, the initial FS cut 

off was from FOL2 (YALI1_A10254, FS<1.53). 

 

 

 

7.5.10 Essential gene comparison to S. cerevisiae 

Mapping of all Y. lipolytica genes to S. cerevisiae genes was carried out using BLAST 

(E<10-30). Essential genes in S. cerevisiae were those annotated as being “inviable” null 

mutants53.  

 

7.5.11 Canavanine screen 

Glycerol stocks of the transformed library taken from day 2 cultures were grown in SD-

leu for 2 days, and then used to inoculate SD-leu with 50 µg/mL canavanine. Cultures were then 

allowed to grow to confluency and plated on solid SD-leu. Single colonies were subjected to 

colony PCR using Cr_1742 and Cr_1743 to identify the sgRNA expressed in each colony. 

 

7.5.12 Morphology screen 

Glycerol stocks of the transformed library taken from day 2 cultures were grown in SD-

leu for 2 days, and then plated on solid SD-leu. Approximately 50,000 colonies were examined 

for a smooth morphology after 4 days of growth on solid media. Colonies were restreaked, and 

smooth morphology confirmed. All colonies with confirmed smooth morphology were observed 

using an Olympus BX51 microscope (UPlanFL 100X 1.30 oil-immersion objective lens), and 

images were captured with a Q-Imaging Retiga Exi CCD camera and processed using Cellsense 

Dimension 1.7 software.  
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7.5.12 LipidTOX deep red staining, fluorescence activated cell sorting (FACS), and flow 

cytometry confirmation 

CRISPR libraries were cultivated for FACS in media and conditions that were previously 

established for Y. lipolytica lipid characterization10. Specifically, cultures were started from 

frozen glycerol stocks (PO1f with CRISPR library and PO1f Cas9 with CRISPR library, starting 

from day 2 stocks) by inoculating 50 mL of SD-leu media in a 250 mL baffled shake flask, 

followed by 2 days of outgrowth at 28°C.  The resulting inoculum cultures were then used to start 

50 mL lipid production cultures in SDL-leu media (initial optical density of 0.1) with 80 g/L 

glucose in 250 mL shake flasks. These shake flask cultures were grown using air-permeable plugs 

by shaking for 3 days at 28°C and 225 RPM in a shaking incubator (New Brunswick Scientific I 

26). HCS LipidTOX Deep Red (Thermo Fisher Scientific) was then used to fluorescently stain 

lipids according to the manufacturer-recommended protocol: cells were pelleted, all culture media 

was removed, and then the cell pellet was re-suspended in 100 μL of a 1:200 dilution of lipid 

stain in phosphate buffered saline (PBS).  Two successive rounds of fluorescence activated cell 

sorting (FACS) were performed on a BD FACS Aria III using the APC laser/filter set.  For high 

lipid sorting, the top 0.3% of 3x106 APC+ cells and the top 3% of 1x105 APC+ cells were 

collected.  After the first APC sort, the collected cells were outgrown in SD-leu to saturation (3 

days) and glycerol stocked.  Fresh cultures were then started from the frozen glycerol stock by 

inoculating 50 mL of SD-leu media in a 250 mL baffled shake flask, followed by 2 days of 

outgrowth at 28°C.  The resulting inoculum culture was then used to start a 50 mL lipid 

production culture in SDL-leu media with 80 g/L glucose (initial optical density of 0.1) in a 250 

mL shake flask.  This shake flask culture was grown using air-permeable plugs by shaking for 3 

days at 28°C and 225 RPM in a shaking incubator (New Brunswick Scientific I 26) until ready 
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for the second sort. After the second APC sort, the collected cells were outgrown in SD-leu to 

saturation (3 days) and glycerol stocked again. A mock-sorted / un-sorted pool was also generated 

in parallel throughout this double sorting process by passing the same pool of cells through the 

same FACS process/conditions without applying the sorting gate (i.e. all cells were collected, 

regardless of APC fluorescence). 

From the 2X sorted (2X FACS) glycerol stock and mock/un-sorted glycerol stock, 

individual colonies were then isolated on SD-leu plates to isolate individual strains. 48 colonies 

from the 2X FACS and 48 colonies from the mock/un-sorted plates were then subjected to colony 

PCR and Sanger sequencing of the sgRNA cassette. Clones with sgRNAs that were successfully 

colony PCR amplified, sequenced, and identified as cutters (see cutting and fitness score analysis 

above) were subsequently re-screened to establish a lipid staining mean fluorescence intensity for 

individual clones (41 from 2X FACS, 34 from mock/unsorted) using the same procedure as for 

FACS, but with a BD LSRII Fortessa analytical flow cytometer for quantifying APC channel 

fluorescence. 

 

7.5.13 Statistics 

Data is shown as mean ± s.d., with n values indicated in the figure legends. P values were 

generated using the statistical approach described in the figure legends using either Graphpad 

Prism 7 or R 3.3.2. 
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7.7 Supporting information 

7.7.1 Supporting figures 

 
Figure S7.1: sgRNA design. Flowchart outlining sgRNA design strategy. On target efficiency calculated 

using previously constructed algorithm1. YALI1 is a recent assembly of the Y. lipolytica PO1f parent strain 

genome, W292. 

 



 237 

 
Figure S7.2: Library cloning results. sgRNA abundance distribution in the full library and for each 

partial library, which were generated using 3 different cloning strategies 
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Figure S7.3: Pilot scale cutting and fitness score experiments. (a) Small scale transformation of PO1f, 

PO1f Cas9, and PO1f Cas9 ku70 with 3 different sgRNA expression plasmids. ACC1 (light red) is an 

essential gene, D17 (yellow) is a validated nonessential gene, and NT (red) represents a nontargeting 

sgRNA. (b) Percent abundance of sgRNAs before (initial) and after transformation into each strain. 
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Figure S7.4: Distribution of cutting scores across library. The sgRNAs for each gene were ranked by 

CS from 1st to 6th and separated into six subpopulations each representing 1-fold genome coverage and 

assigned to sgRNA classes (Excellent (CS< -5; green;), Moderate (-5<CS< -1; yellow), Poor (-1<CS< 2; 

orange), and Noncutter (>2; red)). Mean CS values were determined after two growth cycles (4 days) from 

triplicate biological samples. 

 

 

 
Figure S7.5: Excellent sgRNAs per gene. Frequency of the number of excellent sgRNAs for each gene in 

the genome. 
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Figure S7.6: Cutting score by chromosome position. Moving average of cutting score across 

chromosomes. Average CS is calculated by moving average of 50 sgRNAs, ordered by position in each 

chromosome. 
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Figure S7.7: Secondary structure of excellent and noncutter sgRNAs. Predicted secondary structure3 

for a representative population of excellent cutters and all noncutters that are not at chromosome ends or 

that contain a polyT motif. 

 

 

 

 
Figure S7.8: Comparison of nucleosome occupancy to cutting score. Plot of cutting score for each 

sgRNA compared to average nucleosome occupancy.  

 

 

 

 



 242 

 

 

 

 

 
Figure S7.9: Comparison of sgRNA design algorithm score to cutting score. (a) sgRNA activity 

prediction from Doench et al. 20141 compared to cutting score. (b) sgRNA activity prediction from Doench 

et al. 20164 compared to cutting score. (c) sgRNA activity prediction from Labuhn et al. 20185 compared to 

cutting score. 

 

 

 

 

 

 

 

 

 
 
Figure S7.10: Rank-ordered curves of fitness scores with error. The mean and standard deviation of 

three biological replicates is shown for the full 6-fold coverage library and for the validated library. 
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Figure S7.11: Transposon and CRISPR essential gene comparison. (a) Comparison of essential genes 

identified in CRISPR and transposon screens. All CRISPR essential genes are shown, with the percentages 

representing the amount that were also identified as essential in the transposon screen. (b) Size distribution 

of CRISPR essential genes that were also identified as essential by the transposon screen and those not 

identified as essential in the transposon screen. 
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Figure S7.12: Essential gene comparison to Saccharomyces cerevisiae. Comparison of essential genes 

identified in Y. lipolytica with known essential genes from S. cerevisiae. Respiration indicates genes 

annotated as being essential for respirative growth in S. cerevisiae, Paralog in Sc indicates genes that are 

duplicated in the S. cerevisiae genome, and Auxotroph indicates genes that are involved in nucleotide or 

amino acid biosynthesis (identified via manual inspection). Unknown or no Yl homolog indicate genes that 

did not have a clear homolog. 

 

 

 

 

 

 

 

 
Figure S7.13: GO term analysis and fitness score. Fitness score of groups of genes separated by gene 

ontology classification of genes by S. cerevisiae homolog. Significance was determined by 1-way ANOVA 

with post hoc analysis (# p<0.05; * p<0.01; **p<0.0001). 
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Figure S7.14: Pairwise comparison across biological replicates. (a) Pairwise comparison of PO1f Cas9 

biological replicates 1 and 2. Linear regression analysis yielded a Pearson’s coefficient of 0.941. (b) All 

possible pairwise comparisons of different replicates. 
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7.7.2 Supporting tables 

 

Table S7.1: Selected essential and nonessential genes 

Putative Essential Genes  

Gene Systematic name Function Ref. 

ACC1 YALI1_C15991g Acetyl-CoA carboxylase; lipid biosynthesis unpublished 

HMG1 YALI1_E05731g HMG-CoA reductase; sterol biosynthesis unpublished 

ERG20 YALI1_E06759 Farnesyl pyrophosphate synthetase; sterol biosynthesis 
6 

FBA1 YALI1_E30886 Fructose 1,6-bisphosphate aldolase; glycolysis 
6 

KAR2 YALI1_E16731 ATPase; protein import to ER and protein folding mediator 
6 

DPB2 YALI1_F35907 Subunit B of DNA polymerase II 
6 

POL1 YALI1_E14644 DNA polymerase I catalytic subunit 
6 

PRO3 YALI1_B18955 
Delta 1-pyrroline-5-carboxylate reductase; proline 
biosynthesis 

6 

FOL2 YALI1_A10254 GTP-cyclohydrolase I; folic acid biosynthesis 
6 

RPS5 YALI1_F11930 Protein component of 40S ribosomal subunit 
6 

MYO1 YALI1_F17836 Type II myosin heavy chain; cytokinesis and cell separation 
6 

ACT1 YALI1_D10600 Actin; structural protein and cytoskeletal functions 6 

    

Nonessential genes Ref. 

Gene name Systematic name Function  

POX2 YALI1_F14495 
3-hydroxyacyl-CoA dehydrogenase and enoyl-CoA 
hydratase; peroxisomal beta-oxidation 

7 

GAL1 YALI1_C18258 Galactokinase; galactose catabolism 
8 

GAL7 YALI1_F31405 
Galactose-1-phosphate uridyl transferase; galactose 
catabolism 

8 

POX5 YALI1_C32886 
3-hydroxyacyl-CoA dehydrogenase and enoyl-CoA 
hydratase; peroxisomal beta-oxidation 

7 

BGL1 YALI1_F21504 beta-glucosidase; cellobiose catabolism 
8 

BGL2 YALI1_B18845 beta-glucosidase; cellobiose catabolism 
8 

KU70 YALI1_C11925 Subunit of Ku complex; nonhomologous end-joining 
9 

KU80 YALI1_E02574 Subunit of Ku complex; nonhomologous end-joining 
9 

POX3 YALI1_D32754 
3-hydroxyacyl-CoA dehydrogenase and enoyl-CoA 
hydratase; peroxisomal beta-oxidation 

7 

POX4 YALI1_E32603 
3-hydroxyacyl-CoA dehydrogenase and enoyl-CoA 
hydratase; peroxisomal beta-oxidation 

7 

ALK2 YALI1_F02132 n-alkane-inducible cytochrome P450; beta-oxidation 
10 

CAN1 YALI1_B25360 Arginine permease; knockout confers canavanine resistance This work 
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Table S7.2: Primers used in this study 

Primer Sequence Use 

Cr_1250 
TATAAGAATCATTCAAAGGCGCGCATGGATAAGAAATACTCCATTGG
CCTG 

Cas9 integration 
cloning 

Cr_1254 
ATAACTAATTACATGAGGCTAGCTTACAGCATGTCCAGATCGAAATC
G 

Cas9 integration 
cloning 

M13_F GTAAAACGACGGCCAGT RT-qPCR 

M13_R CACAGGAAACAGCTATGAC RT-qPCR 

Cr_1665 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCTAGTCCGGTTCGATTCCGGGTC 

Forward primer 
Illumina 

Cr_1666 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCTGTAGTCCGGTTCGATTCCGGGTC 

Forward primer 
Illumina 

Cr_1667 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCTCAGTAGTCCGGTTCGATTCCGGGTC 

Forward primer 
Illumina 

Cr_1668 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCTTCCAGTAGTCCGGTTCGATTCCGGGTC 

Forward primer 
Illumina 

Cr_1669 CAAGCAGAAGACGGCATACGAGATTCGCCTTGGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTCGACTCGGTGCCACTTTTTCAAG 

Reverse primer 
Illumina 

Cr_1670 CAAGCAGAAGACGGCATACGAGATATAGCGTCGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTCGACTCGGTGCCACTTTTTCAAG 

Reverse primer 
Illumina 

Cr_1671 CAAGCAGAAGACGGCATACGAGATGAAGAAGTGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTCGACTCGGTGCCACTTTTTCAAG 

Reverse primer 
Illumina 

Cr_1672 CAAGCAGAAGACGGCATACGAGATATTCTAGGGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTCGACTCGGTGCCACTTTTTCAAG 

Reverse primer 
Illumina 

Cr_1673 CAAGCAGAAGACGGCATACGAGATCGTTACCAGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTCGACTCGGTGCCACTTTTTCAAG 

Reverse primer 
Illumina 

Cr_1709 CAAGCAGAAGACGGCATACGAGATGTCTGATGGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTCGACTCGGTGCCACTTTTTCAAG 

Reverse primer 
Illumina 

Cr_1710 CAAGCAGAAGACGGCATACGAGATTTACGCACGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTCGACTCGGTGCCACTTTTTCAAG 

Reverse primer 
Illumina 

Cr_1711 CAAGCAGAAGACGGCATACGAGATTTGAATAGGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTCGACTCGGTGCCACTTTTTCAAG 

Reverse primer 
Illumina 

60mer_pool-F GATTCCACCTGCCTGAACGT Lib 2 cloning 

spacer-AarI.rev CGGCTCACCTGCAGTCAAAC Lib 2 cloning 
pLeu-mock-
sgRNA.fwd TAAAATCCATCGTTGCCATCGATGGGC Lib 1, 3, 4 cloning 

sgRNA-Rev2 CACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTT
CTAGCTCTAAAA Lib 1, 3, 4 cloning 

Cr_1742 
GCTCCGTCACGTGATATGTATTATC 

Colony PCR and 
sequencing 

Cr_1743 
CTCGTGATACGCCTATTTTTATAGGTTAATG 

Colony PCR and 
sequencing 

Oligo pool 1 

TAAAATCCATCGTTGCCATCGATGGGCCCCCGGTTCGATTCCGGGT
CGGCGCAGGTTGACGTNNNNNNNNNNNNNNNNNNNNGTTTTAGAG
CTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAA
AAGTG Lib 1 sgRNAs 

Oligo pool 2 
GATTCCACCTGCCTGAACGTNNNNNNNNNNNNNNNNNNNNGTTTGA
CTGCAGGTGAGCCG Lib 2 sgRNAs 

Oligo pool 3 

TAAAATCCATCGTTGCCATCGATGGGCCCCCGGTTCGATTCCGGGT
CGGCGCAGGTTGACGTNNNNNNNNNNNNNNNNNNNNGTTTTAGAG
CTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAA
AAGTG Lib 3 sgRNAs 

Oligo pool 4 

TAAAATCCATCGTTGCCATCGATGGGCCCCCGGTTCGATTCCGGGT
CGGCGCAGGTTGACGTGACAGGCTCATCTCTAGAAAGTTTTAGAGC
TAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAA
AGTG Lib 4 sgRNAs 
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Chapter 8: Summary and conclusion 

 

In this work, the potential of nonconventional yeasts as metabolic engineering hosts for 

industrial biochemical production is explored. My work here focuses on the dimorphic oleaginous 

yeast Yarrowia lipolytica. Because the tools available for genetic engineering of Y. lipolytica are 

limited, slow when compared to model organisms, and laborious to use, significant time was 

invested in developing advanced synthetic biology tools. We adapted the widely used CRISPR-

Cas9 system from Streptococcus pyogenes to function in Y. lipolytica, and demonstrated its utility 

for gene knockout and for inducing integration of heterologous DNA into the genome. To 

standardize and accelerate the process of gene integration for metabolic engineering applications, 

several genomic loci amenable to integration were identified, and integration rates and gene 

expression were thoroughly characterized. The utility of these standardized integration sites was 

then demonstrated by efficiently integrating the lycopene biosynthetic pathway, and generating a 

strain of Y. lipolytica that produced the valuable carotenoid. Further work investigated potential 

changes in host cell physiology and morphology, as well as additional metabolic pathway targets, 

to further increase lycopene production. 

The CRISPR-Cas9 system was further leveraged to expand the synthetic biology toolbox 

for Y. lipolytica. By fusing transcriptional effector domains to a catalytically inactive form of 

Cas9, genes can be easily targeted for repression or activation; we developed such CRISPR 

interference (CRISPRi) and CRISPR activation (CRISPRa) systems for Y. lipolytica. The 

CRISPRi system was used to repress native error-prone DNA repair pathways to enable more 

efficient targeted genome editing. The CRISPRa system was used to activate silent, inactive 

native genes in the Y. lipolytica genome that conferred the ability to grow on the biomass-derived 

carbon source, cellobiose. To expand the Y. lipolytica engineering toolbox beyond single gene 
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strategies, a genome-wide CRISPR knockout library was created. Library coverage was verified 

by performing screening experiments in a strain deficient in DNA repair and enabled the 

classification of essential genes. The library was also applied to engineer the industrially relevant 

phenotypes of eliminating pseudohyphal cell morphology and improving lipid accumulation. 

As discussed in Chapter 1, nonmodel microorganisms hold great promise for the 

economic production of a wide range of biochemicals. Domestication of these organisms has 

been facilitated by advances in DNA synthesis and sequencing, as well as by the application of 

CRISPR-Cas9 for genome editing. As our ability to engineer nonmodel organisms approaches 

that of model organisms, production hosts can be selected based on difficult to engineer 

phenotypes that reduce process costs and improve efficiency. While nonmodel organisms are 

promising, the available tools are still limited in most cases and significant investment is still 

needed.  

Y. lipolytica is one of the most heavily studied nonconventional organisms, and it has 

successfully been used to produce a number of molecules at high titers (omega-3 fatty acids, 

carotenoids, lipids). Very high carbon flux to lipids (and thus through cytosolic acetyl-CoA) is the 

phenotype that initially attracted researchers to Y. lipolytica. It also has the ability to grow on a 

wide range of carbon sources, and is capable of surviving and growing in the presence of 

hydrophobic solvents. Applications of Y. lipolytica could be advanced by introducing additional 

industrially favorable phenotypes. For example, although Y. lipolytica can grow in the presence of 

moderate levels of salt and osmotic stress, higher tolerance would be advantageous. One potential 

way to achieve this would be to cross native isolates of marine Y. lipolytica with lab strains that 

are more amenable to engineering. It is also possible that thermotolerant strains may be isolated. 

Some work has also already been done to engineer Y. lipolytica to grow on an expanded range of 
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substrates (including Chapter 5 of this dissertation), but significant improvements are still 

possible.  

Another potential way to improve Y. lipolytica’s utility for industrial chemical production 

is to increase the cytosolic pool of acetyl-CoA available for chemical production. Native strains 

produce high amounts, but this acetyl-CoA is rapidly converted to lipids. To produce non-lipid 

molecules, flux to lipids likely needs to be reduced and the pool of cytosolic acetyl-CoA 

increased. Some work has already been done to increase cytosolic acetyl-CoA pools. This has 

been done by disrupting the TCA cycle, so that citrate is exported from the mitochondria at 

higher rates. Alternative strategies involve taking pathways from Saccharomyces cerevisiae, 

Escherichia coli, or other organisms that directly convert pyruvate to acetyl-CoA. The alternative 

(and so far unexplored) strategy is to reduce flux to lipids. This could be done by tuning 

expression of ACC1, the committed step in lipid production. Alternative regulation points could 

also be identified, but it is likely that significant improvements could be achieved by reducing 

ACC1 expression and resulting activity. Several potential strategies to do this exist. In the 

simplest way, the promoter for ACC1 (or other regulatory genes) could be replaced. Alternatively, 

CRISPRi or CRISPRa could be used for constitutive activation or repression. The most potent 

potential solution would rely on construction of a synthetic system that enabled coupling of an 

inducible promoter to a biosensor. A possible construction would involve a malonyl-CoA 

biosensor that activates ACC1 when malonyl-CoA levels are too low for cell viability, 

minimizing flux to malonyl-CoA while ensuring cell viability.  

Nonmodel yeasts outside of Y. lipolytica hold great promise, as well. Kluyveromyces 

marxianus is one such yeast; its high growth rate, thermotolerance, and ability to grow on a wide 

range of biomass-derived sugars make a potent future host. Tools for K. marxianus are not as 

mature as those for Y. lipolytica, but significant CRISPR-Cas9 tools have been developed in 
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parallel to those for Y. lipolytica described in this dissertation, and I expect these tools to facilitate 

widespread adoption of K. marxianus within both academic and industrial metabolic engineering 

labs. Another such yeast is Issatchenkia orientalis, which shows the ability to grow at extremely 

low pH and at very high osmotic stress. Tool development in this yeast is still in the early phases, 

but the work done in Y. lipolytica can provide a blueprint for how to prioritize investment and 

tool construction. 

CRISPR-Cas9 systems in yeast rely upon 2 components, the protein Cas9 and a single 

guide RNA (sgRNA). These two components form the active complex, which is able to introduce 

a double strand break in DNA at a target sequence specified by the sgRNA sequence. In the 

course of our work to adapt CRISPR-Cas9 for Y. lipolytica, we found that the sgRNA was the 

more difficult component to express and that activity was dictated by sgRNA levels (see Chapter 

2). To overcome existing limitations in short RNA production in Y. lipolytica, we developed a 

series of synthetic RNA polymerase III promoters, the best of which was a concatenation of the 

SCR1 promoter and a tRNA. In parallel work conducted in our lab, this strategy was also found 

to be successful in K. marxianus, suggesting that it may be a universal strategy to improve 

CRISPR-Cas9 function. 

While our developed CRISPR-Cas9 system for Y. lipolytica works efficiently and 

enabled significant engineering, further improvement is possible. Spacing between the tRNA and 

the targeting sequence of the sgRNA was not optimized in the work presented in Chapter 2. As 

RNA processing is not well characterized in Y. lipolytica, it is possible that the used spacing is 

suboptimal. This synthetic promoter system could also be applied to test alternative RNA-guided 

endonuclease systems, which may perform better than Cas9. Several options exist, such as Cpf1, 

Cms1, or even Cas9 systems from other organisms (Streptococcus aureus). As the protein 

components of these systems are significantly different than Cas9, they may function better in Y. 
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lipolytica. These systems also have different targeting requirements, and thus can target locations 

that Cas9 cannot. Finally, in the case of Cpf1 and Cms1, they produce a different type of double 

strand break in DNA, which could possibly be exploited. 

 Integration into the genome is the preferred strategy for heterologous gene expression in 

Y. lipolytica because plasmid-based expression is inconsistent and has high variability among 

cells from the same culture. However, existing methods for genomic integration are either slow or 

have similar variability. One strategy is integration via homologous recombination (HR) with a 

markered linear donor. This strategy has two limitations; (1) because HR is inefficient in Y. 

lipolytica, many colonies must be screened before a successful clone is found, and (2), the 

selectable marker must be recovered if subsequent engineering is to be done. The alternative 

strategy is to transform linear DNA with a selectable marker, and allow it to randomly integrate 

into the genome. This strategy has been used with some success, but expression levels vary across 

different transformants and marker recovery is still required for subsequent engineering. The 

limitations of these strategies have slowed development of Y. lipolytica as a host. 

 To address this and accelerate strain engineering, we developed a standardized strategy 

for integrating expression cassettes into the genome using CRISPR-Cas9 (described in Chapter 

3). By identifying genomic loci amenable to repeatable and efficient integration, and 

characterizing expression from these sites, pathway engineering can be done in a more systematic 

and reproducible way. Because the integrated cassettes do not have a selectable marker, no 

recovery step is needed and sequential integrations can be done more quickly. Several avenues 

exist to further improve and characterize this system. First, it is not clear why some locations in 

the genome are amenable to integration while others are recalcitrant. This could be due to genome 

structure at the site or the efficiency of the used sgRNA; further experiments are needed to 

confirm. Similar experiments could also be done with different RNA-guided endonuclease 
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systems, such as Cpf1. Because Cpf1 creates a staggered cut that can be more difficult for cells to 

repair, higher rates of HR may be achieved. Additionally, because Cpf1 cuts distal to its PAM 

site, it is likely that more cuts occur and are repaired, increasing the chances of HR occurring. 

Another avenue that could be explored is increasing the size of the integrated fragment. Over the 

course of this work, we generated anecdotal evidence that larger cassettes are integrated with 

lower efficiency, but a formal study would improve understanding and perhaps reveal a way for 

multigene integration into the same site to be achieved.  

We demonstrated that transcriptional repression of the native error-prone DNA repair 

pathway increased the rate of HR for transformed DNA using our developed CRISPRi system 

(Chapter 4). This CRISPRi system represents the first tool available to repress gene expression in 

Y. lipolytica, and will prove valuable on its own. However, its utility for increasing HR could be 

expanded. One possible route would be to use the system to repress genes involved in cell cycle 

progression. If cell’s residence time in G2 or S phase of the cell cycle could be increased by 

repressing genes with CRISPRi (these are the cell cycle phases where HR occurs), the rate of HR 

could be improved. A possible orthogonal strategy is to create a bifunctional CRISPR/CRISPRi 

system. It has been shown that shortening the target sequence of the sgRNA from 20 bp to 14 bp 

results in a system that is still efficiently targeted, but is no longer able to induce a cut in DNA. If 

14 bp sgRNAs for repression of DNA repair were coexpressed with Cas9-Mxi1 (not dCas9-

Mxi1) and an sgRNA targeting one of the standardized sites, it is possible that higher rates of HR 

would be achieved.  

Achieving Y. lipolytica growth on cellobiose using only a CRISPRa plasmid 

demonstrates that natively silent genes can be activated to enable expanded substrate utilization. 

While this work only achieves growth on cellobiose (Chapter 5), similar silent genes for 

utilization of galactose and xylose are present in the genome. By activating these genes with 
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CRISPRa (either separately or in combination with cellobiose), a strain of Y. lipolytica that has 

the type of wide utilization of biomass-derived sugars desired in industrial bioprocessing could be 

generated. An additional interesting potential application of the CRISPRa system is translating it 

to an orthogonal RNA-guided endonuclease system, such as Cpf1. If this was done, the CRISPRi 

and CRISPRa systems would be orthogonal, allowing simultaneous activation and repression of 

genes. This would allow rapid pathway tuning to improve metabolic flux, as enzyme expression 

levels could be tuned using the CRISPRi and CRISPRa systems instead of cloning new strains 

with different promoters or requiring multiple inducible promoter systems. 

The standardized sites system described in Chapter 3 was used to generate a strain of Y. 

lipolytica capable of producing lycopene. Lycopene is an interesting product because it is the first 

carotenoid in the biosynthetic pathways; carotenoids as a whole are a $1 billion+ market, and Y. 

lipolytica is a production chassis with significant potential. Several strategies were tested to 

improve production in Chapter 6. The effects of auxotrophy on biosynthesis were characterized, 

as was the effect of knocking out phosphatidate phosphatase (hypothesized to improve ER 

production and thus improve membrane protein expression). Knockout of glycogen production 

was also tested, as it was thought that glycogen might be an undesired sink of the cell’s available 

carbon. However, the most successful strategy proved to be further pathway engineering. By 

systematically overexpressing every gene in the lycopene biosynthetic pathway, bottlenecks were 

identified. Follow up work is needed to identify what the current bottlenecks are, and identify 

overexpressions that alleviate them. Combinatorial tuning of expression levels of genes in the 

pathway may also result in improved titers, as this strategy has been successful for other products 

in model organisms. 

An alternative strategy to increasing flux through the lycopene pathway is increasing 

availability of pathway precursors. Most significantly, this could be done by tuning the gene 
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ACC1. ACC1 is the committed step for lipid biosynthesis, and so lowering flux through ACC1 

would increase acetyl-CoA pools in the cytosol and possibly increase lycopene yields. A similar 

strategy could be applied to other branch points in the pathway, such as sterol biosynthesis. The 

trouble with reducing flux to side reactions is that many of them (including lipid production) are 

essential for cell growth. This means that successful engineering strategies will enable adequate 

flux to the side reaction to allow for robust growth, while minimizing carbon and energy loss. 

One potential strategy to enable tuning of flux through these key branch points is by developing 

an inducible promoter system (or an inverted system). By doing this, expression of ACC1 could 

be controlled by introduction of an exogenous chemical, allowing rapid testing of a wide range of 

expression levels during production phase while enabling high expression levels during 

preculture growth. Such a system could be developed using a chemical dimerization system, the 

beta-estradiol system already developed for S. cerevisiae, or even more novel methods of 

transcriptional tuning, such as optogenetics. 

Engineering lycopene production is interesting beyond carotenoids as a product. Because 

lycopene is produced from cytosolic acetyl-CoA through the mevalonate pathway, a wide range 

of products (most terpenoids) share the same upstream pathway, meaning that conclusions and 

engineering strategies can be easily applied for new molecules. One interesting class of molecules 

are the monoterpenes, which have attracted significant attention as both a fuel molecule and as 

fragrance or bioactive compounds. By changing only a few genes in the downstream pathway, 

engineered strains of Y. lipolytica could be adapted to produce valuable terpenes such as pinene, 

limonene, and vanillin. Additionally, high levels of cytosolic acetyl-CoA could also be taken 

advantage of for the production of other products, most notably polyketide-derived natural 

products.  
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The tools described in Chapters 2-6 all enable engineering of single or a couple genes at a 

time. To advance Y. lipolytica as a host we set out to develop a larger scale tool, and so created a 

genome-wide sgRNA library that targeted each gene in the genome with 6-fold coverage 

(Chapter 7). By transforming this pooled library into different strains of Y. lipolytica (with and 

without Cas9) and quantifying changes in the abundance of each sgRNA over time, the effect of 

each sgRNA can be measured. The same transformations were done in a strain with Cas9 and 

deficient in DNA repair and allowed the quantification of the activity of each sgRNA in the 

library. The critical hypothesis for these experiments is that decreases in sgRNA abundance 

correlates to some type of negative growth effect, either creation of an indel mutation in a gene 

important for growth or generation of a double strand break that cannot be repaired. These 

experiments revealed determinants of CRISPR-Cas9 function in yeast and also enabled insight 

into the importance of each gene in the genome for growth. The library was also applied to screen 

for knockouts that conferred industrially relevant phenotypes.  

Genome-wide CRISPR screens are a very recent development in biotechnology, and so 

significant follow up work would be fruitful. The data on sgRNA activity could be used to 

generate an algorithm to predict sgRNA activity with better accuracy than those already in the 

literature. The work in Chapter 7 gave activity data for almost 48,000 sgRNAs, while most 

current algorithms in the literature use an order of magnitude fewer sgRNAs as training sets. The 

size of the dataset generated here would allow machine learning to be successfully applied, and 

may be adequate for more advanced deep learning techniques.  

The genome-wide screening of Y. lipolytica could also be improved by using different 

systems. By using the CRISPRi or CRISPRa systems, the effect of activation or repression of 

each gene could be tested. This would be valuable, especially in the case of essential genes that 

cannot be tested for phenotype in a knockout screen. If a non-S. pyogenes system was developed, 
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it could be used in parallel to enable simultaneous screening of 2 genes, either as knockouts or for 

transcriptional tuning. Doubles enable investigation of genetic interactions, synthetic lethalities, 

and other features of importance.  

 

 

 

 




