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Abstract 
Our increasingly interconnected and globalized world relies heavily on a constant 

supply of a large variety of chemical compounds. Many of these compounds come from 

unsustainable sources, causing climate change and environmental destruction. 

Microbial cell factories have emerged as a promising alternative, and have already been 

shown to convert renewable substrates into a variety of useful compounds such as 

biofuels, plastic precursors, food supplements, and medicines.  

This thesis investigates the potential of the oleaginous yeast Yarrowia lipolytica to 

be engineered to produce fatty alcohols. Fatty alcohols are an important group of 

compounds widely used throughout society, for example in personal care products 

such as hand creams, shampoos, hair conditioners, and liquid soap.  

Firstly, the thesis describes EasyCloneYALI, a genetic engineering toolbox, which 

allows for simple and rapid engineering of Y. lipolytica using either the traditional 

selection marker-based integration system or a marker-free Cas9-based system. 

Secondly, a method book chapter based on the EasyCloneYALI method is presented. 

Thirdly, the thesis employs a multi-omics analysis of the cellular response to fatty 

alcohol production in the yeasts S. cerevisiae and Y. lipolytica. The multi-omics analysis 

consists of transcriptomics, metabolomics, and 13C-fluxomics. Fourthly, the thesis 

evaluates a data-driven engineering strain design based on key findings in the 

multi-omics study. 

In conclusion, this thesis presents an improved Y. lipolytica genetic engineering 

toolbox, and explores how multi-omics data and data-driven design might aid in strain 

development.  
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Resumé 
Vores i stigende grad forbundne og globaliserede verden er afhængig af en konstant 

forsyning af en lang række kemiske forbindelser. Mange af disse forbindelser kommer 

fra uholdbare kilder, der forårsager klimaændringer og miljøforringelse. Mikrobielle 

cellefabrikker er et lovende alternativ og man har allerede vist at sådanne kan omdanne 

bæredygtige råmaterialer til en række nyttige forbindelser, såsom biobrændstoffer, 

plastkomponenter, kosttilskud og medicin. 

Denne afhandling undersøger potentialet for udvikling af den olieholdige gær 

Yarrowia lipolytica til produktion af fedtalkoholer. Fedtalkoholer er en vigtig gruppe af 

forbindelser, der er vidt brugt i hele samfundet, for eksempel i produkter til personlig 

pleje, såsom håndcreme, shampoo, hårbalsam og flydende sæbe. 

Først beskriver afhandlingen EasyCloneYALI, en værktøjskasse til 

genredigering, der muliggør enkel og hurtig redigering af Y. lipolytica med enten et 

traditionelt markørbaseret integrationssystem eller et markørfrit Cas9-baseret system. 

For det andet præsenteres et bogkapitel baseret på EasyCloneYALI-metoden. For det 

tredje bruger afhandlingen en multi-omics-analyse af den cellulære reaktion på 

fedtalkoholproduktion i gærene S. cerevisiae og Y. lipolytica. Multi-omics-analysen består 

af transcriptomics, metabolomics og 13C-fluxomics. For det fjerde evaluerer 

afhandlingen et datadrevet design baseret på centrale fund i multi-omics-analysen. 

I sammendrag præsenterer denne afhandling en forbedret værktøjskasse til 

genredigering af Y. lipolytica og undersøger, hvordan multi-omics-data og datadrevet 

design kan hjælpe med at udvikle mikrobielle cellefabrikker. 
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1.1 Background 

We are living in an increasingly interconnected and globalized world. The backbone of 

this world is relying heavily on the production and consumption of goods. Which in 

turn, relies almost invariably on the supply of a large variety of chemical compounds. 

Whether it is the fuel in your car, the paint on your walls, the plastics around your 

groceries, the ingredients of your shampoo, or the clothes that you wear, most goods 

either consist of or involved the use of chemicals. This on its own isn’t necessarily a 

problem, after all, chemical is just a broad category signifying the purified form of a 

compound. The problem arises from the fact that many of these chemicals come from 

unsustainable sources. The source may vary, but two examples would be petroleum 

and unsustainable plantations. Today, most people are already familiar with the 

problems of petroleum. The unearthing of buried carbon sinks results in increased 

levels of carbon dioxide in the atmosphere, creating a greenhouse effect, resulting in 

global warming and climate change. Deriving chemicals from plants can intuitively 

seem like a good and natural thing, absorbing carbon from the atmosphere while 

producing the products we need. However, in practice, this is often done in an 

unsustainable way. Native forests may need to be cleared to make room for the 

plantations (land-use change), creating a net reduction in carbon absorption, as well as 

reducing habitats for wildlife, possibly leading to the extinction of whole species. Heavy 

use of fertilizer often spread to nearby terrestrial and aquatic environments, resulting in 

eutrophication. Eutrophication, in turn, may result in toxic algae blooms, oxygen 

depletion, habitat destruction, and loss of biodiversity. Furthermore, improper disposal 

of plant waste may result in the uncontrolled production of methane. Methane is a 

much more potent greenhouse gas, corresponding to 28-84 CO2-equivalents depending 

on the time horizon used(1), undoing any initial carbon absorption, and even exceeding 

the greenhouse gas emission of the corresponding petroleum-based chemical.  
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Weaning society of chemicals from unsustainable sources is a daunting task. 

Responsibility and risk are spread out across multiple entities, and simply enforcing 

strict regulations on their own is unlikely to be successful. A better approach might be 

to combine regulation with creative and novel innovations. The specific solutions 

needed will differ from chemical to chemical, but chemical production via microbial 

fermentation, or so-called microbial cell factories, seems like a promising alternative 

that can be repurposed for a large variety of chemical compounds. 

 

1.2 Microbial Cell Factories 

Many microbes naturally produce compounds. The most notorious is likely the 

brewer’s yeast, Saccharomyces cerevisiae, converting sugar into ethanol. S. cerevisiae is 

obviously used in beer and wine production but is also used in general ethanol 

production, for applications such as hand sanitizer and biofuels. Many filamentous 

fungi, such as Aspergillus niger, naturally produce citric acid. Citric acid is primarily 

used in the food and beverage industry, where it serves as a pH regulator, preservative, 

and/or flavor additive. Furthermore, many species of Lactobacillus produce lactic acid, 

which, among other things, can be used as a precursor for PLA plastic.  

However, relying on the natural variation of microorganisms is far too limited. 

Although there is a tremendous diversity of compounds produced, only a handful of 

compounds can be produced at high enough titers, rates, and yields at an industrial 

scale. Luckily, thanks to the progression of molecular biology, we are now starting to be 

able to reengineer the metabolism of microbes. This reengineering can either be done to 

boost the naturally occurring production or to rewire the microbe’s metabolism to make 

it produce something new. This reengineered microbe is typically referred to as a 

microbial cell factory (Figure 1), whereas the process of rewiring is referred to as 

metabolic engineering. For more details on the recent progress of metabolic 



- 4 - 

 

engineering, see previously published reviews(2–5). On a laboratory scale, scientists 

have managed to produce hundreds of different compounds using microbial cell 

factories. The key challenge, however, is in increasing their production capability, to be 

competitive on an industrial scale. Due to the low cost of petroleum, reaching cost-

parity might be difficult even when operating at close to the theoretical maximum 

efficiency of the cell factory. It is still early days in the field of metabolic engineering, 

but some prominent examples of compounds produced by microbial cell factories at an 

industrial scale are; butanediol (plastics), butylene glycol (cosmetics), squalene 

(cosmetics), butadiene (rubber), hexamethylenediamine (nylon), caprolactam (nylon), 

adipic acid (nylon), fatty acid derivatives (cleaning, biofuels).  

 

Figure 1. Microbial Cell Factories. 

A microbial cell factory can be designed to convert low cost, renewable substrates 

into higher value end products, such as plastic precursors, oils, fatty alcohols, or 

supplements and medicines. 
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1.3 Design-Build-Test-Learn Cycle 

The construction of industrially relevant 

microbial cell factories is a slow, tedious, 

and expensive process, typically requiring 

6-8 years and over 50 million USD(3). This 

is largely due to the complexity of 

biological systems, where intricate 

regulation and complex interactions have 

evolved over millions of years. Scientific 

understanding is lagging far behind, and to 

compensate for this, metabolic engineers 

typically employ an iterative design process commonly referred to as the Design-Build-

Test-Learn (DBTL) cycle (Figure 1.2).  

As its name implies, the DBTL cycle is a cyclical process divided into four stages 

(design, build, test, and learn), and serves as a useful template when discussing 

metabolic engineering. The DBTL cycle is looped through multiple times during the 

construction of a microbial cell factory, incrementally increasing the performance of the 

strain until the desired titer, rate, and yield has been reached. A lot of research is 

dedicated to figuring out ways of iterating through the DBTL cycle faster, leading to 

lower costs and shorter time to market. 

 

Design 

The design stage can take many different forms and is largely constrained by the other 

stages in the DBTL cycle. Rational design is the most straight-forward and most widely 

applied approach, which relies heavily on the knowledge and expertise of the 

responsible scientists and trial and error testing.  

Figure 1.2. Design-Build-Test-Learn Cycle. 

A conceptual framework for metabolic 

engineering. 
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Alternatively, computational design can be employed. Computational design 

involves the computational simulations of metabolic networks in a process typically 

referred to as flux balance analysis (FBA). The metabolic network is represented as a 

genome-scale model (GEM)(6), which contains a subset of the enzymatic reactions 

taking place in the cell. They are typically too simple to accurately model cells, but may 

provide some early guidance and have been very successful for certain applications, 

such as predicting knock-outs for growth coupling(7).  

Recent developments have expanded upon the simplistic stoichiometric models 

by including biologically relevant parameters such as enzyme constraints(8) or kinetics 

and thermodynamics(9). Another aspect of metabolic engineering is enzyme selection 

and pathway discovery, which typically rely heavily on trial and error screening. Some 

computational tools have been designed to also help with this, such as RetroPath(10) 

and BridgIT(11). 

A third option is data-driven design, which is further explored within this thesis. 

The principle of data-driven design is to convert the insights and findings discovered in 

previous iterations of the DBTL-cycle to strain engineering strategies, both reducing the 

amount of trial and error testing needed as well as predicting novel strategies that 

might not otherwise be obvious. The promise of data-driven design is, essentially, that 

extra effort spent in the learn-phase will pay off in the long run by shortening the 

overall strain construction process. 

Regardless of the method used, the design process outputs a set of genetic 

modifications to be made, typically incorporation of heterologous genes and/or 

increasing, decreasing, or knock-out the expression of native genes. 

 

Build 

The purpose of the build-phase is to physically implement the strategy construed 

during the design-phase. It typically entails knocking out genes, introducing new genes, 
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and/or altering the expression of existing genes. The build-phase is typically rather 

time-consuming. Hence, standardized genetic engineering toolboxes have been 

developed to speed up and simplify the process. 

In many yeasts, and in particular in S. cerevisiae, genetic fragments can easily be 

integrated into the genome due to the native homologous repair machinery.  

Traditionally, selection markers had to be included alongside the genes of interest in the 

repair fragment, enabling the ability to select for cells that integrated the exogenous 

DNA. The selection markers are typically based on either antibiotic resistance or the 

restoration of auxotrophies. However, since the discovery of Cas9, genetic engineering 

has been further simplified, allowing for the integration of exogenous DNA without the 

need for including selection markers in the integrated DNA in multiple yeast 

species(12–14). Circumventing the need for selection markers greatly improves the 

ability to perform large scale metabolic engineering projects.  

In addition to Cas9 and/or a set of selection markers, genetic engineering 

toolboxes include a set of characterized promoters and terminators to ensure high 

expression, as well as characterized integration sites that have been verified to allow 

high expression and to tolerate integration without affecting cell functions.  

Most metabolic engineering projects typically start off by exploring the extremes 

of gene expression, either removing expression altogether (knockouts) or expressing as 

strongly as possible by integrating genes under the control of strong promoters. 

However, there are occasions where are more fine-tuned gene expression is needed. 

One way to solve this is to characterize promoters across a range of expression 

levels(15), and matching the promoter to the specific needs. Furthermore, modulating 

the translation initiation site allows for further tuning of individual promoters(16). 

Another approach is to introduce RNA-guided regulatory proteins such as RNAi or 

dCas9. RNAi, or RNA interference, functions on the RNA-level by degrading a targeted 

mRNA and has been shown to successfully tune expression in S. cerevisiae(17, 18). 
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dCas9, or dead Cas9, consist of an inactive Cas9, functions on the DNA-level by binding 

to genes and physically blocking access. It has been shown to work in S. cerevisiae, 

however, the level of control is so far quite modest(19, 20).  

In addition to the specific build techniques creating a specific change and a single 

strain, there are multiple techniques for simultaneously generating multiple strains. 

Techniques such as combinatorial assembly, random mutagenesis, or site-directed 

mutagenesis, generates a pool of strains that subsequently can be coupled to directed 

evolution or high-throughput testing techniques. 

The build-phase is a very time-consuming part of the DBTL-cycle, and current 

developments in robotic lab automation will likely prove paramount for speeding up 

the whole strain construction process.  

 

Test 

The purpose of the test-phase is to evaluate the constructed strains. The strains may be 

evaluated on a variety of parameters. Unsurprisingly, the key parameter is product 

formation, i.e. how much of the target chemical is produced. Additionally, the 

formation of intermediates and/or byproducts are commonly quantified. Quantifying 

substrate consumption allows for the determination of yield, and biomass formation 

and growth rates help reveal product burdens or toxicities. Furthermore, cellular 

responses can be investigated using various omics methods, such as metabolomics, 

fluxomics, transcriptomics, proteomics, and phosphoproteomics. The test-phase, 

depending on the testing methods selected, might impose restrictions on the rest of the 

DBTL-cycle, mainly depending on the level of throughput associated with the methods 

needed.  

Standard analytical methods such as HPLC, GCMS, and LCMS are considered 

low throughput as they analyze samples one by one, with a significant time cost for 

each. As a result, these methods typically cap the maximum number of samples in the 
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low hundreds. An alternative strategy is to screen for compounds using chromophoric 

or fluorescent assays, which raises the screening capability to the thousands, by which 

point, strain cultivation becomes a bigger concern.  

True high throughput can be reached by coupling the desired trait to growth or 

fluorescence, making it possible to screen millions of strains from a single pooled 

culture. Biosensors are an application of such high throughput testing. Transcription 

factor-based biosensors couple the intracellular concentration (e.g. the target 

compound) to the expression of a fluorescent protein. Hence, if a variety is generated 

among the cells through techniques such as random mutagenesis or combinatorial 

libraries, high producing strains can easily be selected using fluorescent activated cell 

sorting (FACS). Application of biosensors rely on the availability of suitable biosensors, 

which is an active field of research, and some general guidelines for biosensor 

engineering allow aspects such as operational range, dynamic range, and specificity to 

be adjusted to the specific requirements (21).  

Omics-based testing currently suffers from severe throughput limitations, due to 

a combination of reasons such as expensive analyses, extensive sample preparation, and 

lack of automated data processing and analysis. Which in practice sets the maximum 

cap to only a few strains for an academic project. 

 

Learn 

The purpose of the learn-phase is to summarize the findings and extract the valuable 

information so that it may be converted into design strategies for the next round of the 

DBTL-cycle. In practice, the learn-phase is commonly somewhat neglected, and 

typically lacks a systematic framework. Instead, relying on ad hoc observations and the 

intuition of the researchers. The learn-phase would benefit greatly from a more 

formalized structure aided by standardized computational and statistical support. 

Especially as data sets grow more diverse and complex (e.g. omics data) it becomes 
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more challenging for researchers to consider all aspects. There are multiple recent 

efforts in providing a structure by integrating omics data into computational models, 

such as metabolomics and fluxomics data into kinetic(22) and thermodynamic(23) 

models, proteomic data has been integrated into enzyme constrained models(8). 

Furthermore, as bigger datasets become more commonplace, it opens the 

possibility of utilizing machine learning. Machine learning is still sparsely applied in 

metabolic engineering, but recent examples include pathway balancing in a tryptophan 

overproducing strain (24), or narrowing down enzyme candidates in 1,4-butanediol 

production(25). 

 

1.4 Fatty Alcohols 

Fatty alcohols are a group of compounds similar to fatty acids. They contain a chain of 

carbon atoms and a terminal hydroxyl group, rather than the terminal carboxyl group 

present in fatty acids. The chain of carbon atoms can vary in length and may contain 

one or more double bonds, both of which have a significant impact on the properties of 

the molecule. Fatty alcohols are commonly grouped on the basis of their lengths. The 

exact cutoff may vary, but are typically grouped as follows; short-chain alcohols (< 

C10), medium-chain alcohols (C10-C14), long-chain alcohols (C16-C20), very long-chain 

alcohols (> C20). For the research part of this thesis, the term “fatty alcohols” will refer 

to the long-chain alcohols unless otherwise specified.  

Fatty alcohols (all lengths) are commonly notated in an abbreviated form. For 

example, hexadecanol (cetyl alcohol) would be C16:0-OH, where the number after the 

“C” corresponds to the number of carbon atoms, and the number after the colon (“:”) 

corresponds to the number of double bonds, the OH is appended to emphasize the 

hydroxyl group. Similarly, octadecanol (oleyl alcohol) is annotated as C18:1-OH.  
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Due to the high reactivity of the hydroxyl group, fatty alcohols can be converted 

into other compounds, such as surfactants and waxes, in fact, in western Europe 95% of 

the fatty alcohol serves as an intermediate for other compounds(26). Fatty alcohols and 

their derivatives are used as detergents, surfactants, lubricants, or creaming agents in a 

variety of industries. Some common household items made with fatty alcohols include 

liquid soaps, hair conditioners, shampoos, and skin creams. The global market for fatty 

alcohols is estimated at 5 billion USD(27). Currently, industrial fatty alcohol production 

is primarily derived from either crude oil or palm kernel oil, both feedstocks being 

unsustainable in the long term(28). Microbial cell factories may serve as an alternative, 

producing fatty alcohols from sustainable and renewable substrates. 

Fatty alcohol biosynthesis requires two enzymatic steps from fatty acyl-CoAs, 

the products of the fatty acid synthase complex and key intermediates in membrane 

and storage lipid biosynthesis. The two enzymatic steps can be carried out by two 

Figure 3. Fatty alcohol biosynthesis via fatty acyl-CoA reductase (FAR) 

An alcohol-forming fatty acyl-CoA reductase (FAR) catalyzing the conversion of the 

lipid intermediate fatty acyl-CoA into fatty alcohol, consuming two NADPH in the 

process and creates a fatty aldehyde as a transient intermediate. Chemical changes 

highlighted in red.  
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enzymes, an aldehyde-forming long-chain acyl-CoA reductase (ACR, EC 1.2.1.50) and 

an aldehyde reductase (AHR, EC 1.1.1.2), where ACR converts the fatty acyl-CoA into a 

fatty aldehyde, which in turn is converted by AHR into fatty alcohol. The two 

enzymatic steps can also be carried out by a single enzyme, an alcohol-forming fatty 

acyl-CoA reductase (FAR, EC 1.2.1.84), where FAR converts fatty acyl-CoA into fatty 

alcohol, with a fatty aldehyde as a transient intermediate. For the purposes of microbial 

cell factories, FARs and the single enzyme pathway has generally been favored. The 

conversion of fatty acyl-CoA into the corresponding fatty alcohol requires two NADPH 

molecules (Figure 3).  

Multiple microbial hosts have been engineered for fatty alcohol production. The 

two standard metabolic engineering workhorses, Escherichia coli and Saccharomyces 

cerevisiae were engineered to produce fatty alcohols, reaching titers of 6.3 g/L(29) and 

6.0 g/L(30) total fatty alcohols, respectively (complex media in bioreactors). Several 

oleaginous yeast species have also been engineered for fatty alcohol production. 

Yarrowia lipolytica was engineered to produce 5.8 g/L (bioreactor, minimal media)(31), 

and Lipomyces starkeyi was engineered to produce 1.7 g/L(32) (minimal media in shake 

flasks). As of writing, the highest reported titer in the scientific literature was achieved 

with the oleaginous yeast Rhodosporidium toruloides, which reached 8 g/L total fatty 

alcohols (complex media in bioreactors)(33). 

 

1.5 Yarrowia lipolytica 

The work throughout this thesis is primarily done using the dimorphic oleaginous yeast 

Yarrowia lipolytica. Dimorphic meaning that it can adopt two different morphologies, a 

single cell state similar to S. cerevisiae, or a hyphae-forming state reminiscent of 

filamentous fungi. Oleaginous, or ‘oily’, meaning that it can accumulate lipids. 
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Y. lipolytica is a non-conventional yeast that has gained a lot of popularity in recent 

years as a potential host for cell factory based chemical production.  

 Y. lipolytica occur naturally in a variety of habitats and have been isolated from 

sources such as dairy products(34, 35), sausages(36, 37), and oil spills(38). These habitats 

indicate one of Y. lipolytica’s key features, the ability to grow on fats and oils. This 

ability to utilize hydrophobic substrates is one key feature of interest for cell factory 

constructions. In addition to hydrophobic substrates, consumption of substrates such as 

glucose, fructose, glycerol, and acetate, have also been reported(39). Furthermore,  

Y. lipolytica is generally considered an obligate aerobe, unable to grow in the absence of 

oxygen, although there is a study reporting a strain of Y. lipolytica growing in 

semi-anaerobic conditions and producing ethanol(40). 

The second key feature of interest to metabolic engineers is the ability to 

accumulate lipids. Y. lipolytica naturally store lipids as a response to nitrogen limitation, 

with the exact amount stored varying depending on the strain and conditions. This 

lipid accumulation relies on two key features of Y. lipolytica metabolism, a high flux 

through the pentose phosphate pathway (PPP) providing reducing power to the fatty 

acid synthesis in the form of NADPH(41), and the presence of ATP citrate lyase (ACL) 

responsible for a high flux from citrate to the fatty acid precursor acetyl-CoA. Given the 

accumulation of lipids, Y. lipolytica has been investigated as a cell factory host for the 

production of lipids, reaching as high as 98% of DCW with a titer of 99 g/L (42). Due to 

its high flux to acetyl-CoA, it has also been used for the production of other compounds 

branching off from acetyl-CoA, such as various terpenoids(43, 44).  

 

Tools 

As Y. lipolytica is a non-conventional yeast, it is less well studied and has fewer tools 

available than standard microbial cell factory workhorses such as E. coli and S. cerevisiae. 

It’s a problem in general for the metabolic engineering of Y. lipolytica, but the problem is 
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enhanced for techniques such as omics analysis and data-driven design. Tools are still 

somewhat limited, but during the start of this thesis project, and even more so during 

the conceptualization phase of the EasyCloneYALI toolbox (presented in chapter 2). 

Although several genetic engineering tools existed(45–47) and markerless Cas9-based 

engineering had been demonstrated(13, 48, 49), they lacked the versatility desired for 

metabolic engineering projects. This prompted the development of the EasyCloneYALI 

toolbox (Chapter 2), a Y. lipolytica genetic engineering toolbox adapted from the 

successful EasyClone series developed for S. cerevisiae(12, 50–52). EasyCloneYALI 

features some particularly useful traits such as the use of characterized intergenic 

integration sites, Cas9-based marker-free integration, and characterized promoters. 

Thorough characterization of intergenic integration sites had not been done prior to the 

development of EasyCloneYALI. Concurrent with the development of the 

EasyCloneYALI toolbox, other Y. lipolytica genetic engineering toolboxes were 

developed, such as the golden gate based toolbox developed by Celińska et al(53). 

allowing for rapid multi-gene assembly and flexible part selection, or the Yalibricks 

toolkit(54), also allowing for fast multi-gene assembly. While great contributions in their 

own right, none of these provide the complete feature set of the EasyCloneYALI 

toolbox. 

In Y. lipolytica, expression of heterologous genes can either be done through 

low-copy number episomal plasmids or through integration into the genome. Plasmids 

provide great convenience but are generally agreed to provide fluctuations in the copy 

number and increased risk of genetic loss. Hence, genomic integration is typically the 

preferred method for metabolic engineering. Genes can be integrated either through 

homologous recombination or non-homologous end-joining (NHEJ). In Y. lipolytica, 

NHEJ is the preferred method for repairing double-stranded breaks and is mediated by 

the Ku70-Ku80 heterodimer. Deletion of Ku70 (or Ku80) results in an increased tendency 

for homologous recombination(55), and hence targeted, site-specific, integration. Ku70 
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deletion has become a widespread technique in Y. lipolytica. In order to perform site-

specific integration, a genomic site inevitably has to be selected. The integration site 

may coincide with an existing gene, in which case the inserted gene cassette will replace 

and/or disrupt the existing gene, and is useful when the pre-existing gene is undesired. 

An alternative selection strategy is to use intergenic sites, these should preferably be 

sufficiently far from surrounding genes as to not disrupt regulatory elements, and 

should be verified to support sufficient expression level. Cas9-based integration in Y. 

lipolytica had been previously demonstrated (49) and enables markerless integration, i.e. 

site-specific integration without the need to include a selection marker in the integrated 

fragment. Site-specific integration typically only allows for single integrations during 

each transformation, which may be restrictive when multiple copies of a gene or 

pathway are desired.  

An alternative integration strategy is semi-random multi-copy integration. Multi-

copy integration has previously been described in Y. lipolytica, for example the targeting 

of the zeta region of the Ylt1 retrotransposon(56). The zeta region is present in multiple 

copies throughout the genome, and multiple integrations are ensured using a deficient 

version of the URA3 gene, URA3d4, which requires more than 10 copies to fully restore 

the native URA3 function(56). However, Y. lipolytica w29 lacks the Ylt1 retrotransposon 

(57), and hence multi-copy integration, using the zeta integration vectors, occurs 

randomly at lower efficiency (56), a fact that was neglected during chapter 5 of this 

thesis. Y. lipolytica w29 does on the other hand contain multiple copies of the Ylli LINE 

(long interspaced element) retrotransposon(58, 59).  

Metabolic engineering projects typically start by introducing the required 

enzymes expressed under the control of strong constitutive promoters. In Y. lipolytica, 

the promoters from the genes for the export protein EXP1, the translation elongation 

factor TEF1, and the glyceraldehyde-3-phosphate dehydrogenase GPD, has been shown 

to support a high level of expression(60). Additionally, synthetic promoters using 
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upstream activating sequences have been designed to allow for either higher gene 

expression or the ability to tune expression(60). Furthermore, the inclusion of the native 

intron present in the TEF1 promoter resulted in a 17-fold higher expression, this intron-

containing promoter is typically referred to as TEF intron(61) (TEFin). TEFin and GPD 

are the primary promoters used within this thesis.  

Promoters responding to the presence of certain metabolites or stimuli, so-called 

inducible promoters, allow for temporal control of gene expression. Examples of 

inducible promoters in Y. lipolytica are the copper ion inducible promoter MT-2 as well 

as the erythritol inducible promoter EYK1 and its synthetic variant EYK300A3B(62). 

EYK300A3B is used in chapter 5 and displays low levels of leaky expression and very 

high expression upon induction of the low-cost chemical erythritol. 

 

Genomics 

There are currently two fully sequenced and annotated Y. lipolytica genomes publically 

available. The two genomes belong to the strains CLIB122(63) and w29 (CLIB89)(57, 59), 

also referred to as YALI0 and YALI1 respectively. W29 and its derivatives are very 

commonly used for Y. lipolytica metabolic engineering, including the studies presented 

in this thesis. Draft genome sequences for several other strains have also been 

published(64–66). Compared to S. cerevisiae, Y. lipolytica has a larger genome (YL: 

20.5 Mb vs SC: 12.1 Mb) with more genes (YL: ~6700 vs SC: ~5800), although less 

densely spaced (YL: 1 CDS /3 kb vs SC: 1 CDS /2 kb). Y. lipolytica has a higher GC 

content (YL: ~50% vs SC: ~40%) and almost twice as many tRNA genes(YL: 510 vs SC: 

274)(63). These tRNAs appear to mainly be encoding particular codons for each amino 

acids(57), possibly resulting in a quite strict codon usage preference. Due to a lack of 

functional studies in Y. lipolytica, most genome annotations are made based on 

similarity to other yeasts, in particular S. cerevisiae. Y. lipolytica has approximately 50% 

amino acid identity to S. cerevisiae(63). 
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1.6 Metabolic Pathways and previous metabolic engineering 

Overview 

At the start of this PhD project, four publications on fatty alcohol production in 

Y. lipolytica had been published(67–70). At the time of writing, an additional three 

studies (excluding the work presented in this thesis) have been published(31, 71, 72).  

As a minor aside, it is worth noting that the study published by Zhang et al in 

2019(71), reports somewhat questionable experimental designs and findings, and may 

have limited applicability to the field at large. Firstly, the entire study is conducted in a 

modified YPD media which confuscates the results and is unlikely to be compatible 

with an industrial fermentation. Furthermore, the choice of sampling point (onset of 

stationary phase) for transcriptomic analysis, is poorly selected as it increases the risk of 

artifacts from differences in growth rate. In fact, the proposed transcriptomic response 

to fatty alcohol production shares little resemblance to the findings in chapter 4 of this 

thesis, and arguably the key findings presented by Zhang et al, such as changes to 

translation, carbohydrate metabolism, and amino acid metabolism, make more 

biological sense as an indicator of the shift to stationary phase rather than an effect of 

fatty alcohol production. Additionally, the study contains many smaller quirks such as 

the use of different integration sites and terminators for pairwise promoter 

comparisons. They report highly variable effects of ACC1 and OLE1 overexpression 

depending on strain background, ranging from improving to having no effect to 

reducing the fatty alcohol titer. Lastly, they also report counterintuitive findings such as 

fatty alcohol titers decreasing when the fatty alcohol degrading enzyme ADH3 is 

knocked out, in contrast with the improvement seen for the same modification in 

chapter 5 of this thesis. Taken altogether it casts doubt on the utility of the study.  

In addition to the work done on fatty alcohols, there’s also extensive work done 

on other fatty acid derivatives, such as storage lipid (TAG) accumulation and free fatty 
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acids (FFA). Due to their similarity to fatty alcohols, many of the findings and 

conclusions from these studies can be extrapolated to the production of fatty alcohols.  

For the purposes of a Y. lipolytica fatty alcohol-producing cell factory, we are 

primarily interested in converting sugar, typically glucose, into fatty alcohol. The 

metabolism for doing so can roughly be divided into five parts; biosynthesis of acetyl-

CoA, biosynthesis of fatty acyl-CoA, generation of NADPH redox power, biosynthesis 

of fatty alcohols, and degradation of fatty alcohols.  

Figure 4. Overview of fatty alcohol biosynthesis in Y. lipolytica 

Schematic view of key steps in fatty alcohol biosynthesis. Abbreviations: 

ACC: Acetyl-CoA carboxylase, ACL: ATP-citrate lyase, ACR: aldehyde forming fatty 

acyl-CoA reductase, AHR: aldehyde reductase, ADH: alcohol dehydrogenase, 

DGA: Diacylglycerol acyltransferase, FAA: Fatty acid activation, FAO: fatty alcohol 

oxidase, FAR: alcohol forming fatty acyl-CoA reductase, FAS: Fatty acid synthase, 

HFD: Fatty aldehyde dehydrogenase, MFE: Multi-functional enzyme, 

PEX: Peroxisomal biogenesis factor, POT: Peroxisomal thiolase, POX: peroxisomal 

fatty acyl-CoA oxidase, TCA: Tricarboxylic acid 
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Acetyl-CoA supply 

Acetyl-CoA is a core intermediate in cellular metabolism and participates in a large 

number of cellular processes. When Y. lipolytica metabolizes glucose, acetyl-CoA is 

primarily produced through the conversion of the TCA-cycle intermediate citrate 

through the action of ATP-Citrate lyase (ACL1/2, Figure 4), splitting citrate into 

acetyl-CoA and oxaloacetate (Citrate + CoA + ATP -> Acetyl-CoA + Oxaloacetate + ADP 

+ Pi). While present in plants and animals, ACL is lacking in the model yeast S. cerevisiae.  

In addition to lipid accumulation, Y. lipolytica has the ability to produce and secrete 

several of the organic acids from the TCA cycle, in particular citrate(73). This results in a 

competing flux diverting carbon away before reaching acetyl-CoA. The transporters 

facilitating this secretion are currently unidentified. 

In Y. lipolytica the ACL2 has shown to be regulated by phosphorylation in response to 

nitrogen limitation (resulting in lipid accumulation), whereas ACL1/2 expression levels 

remain unchanged(74), indicating that its regulation rather than abundance might be 

important for generating the acetyl-CoA supply. Additionally, a study investigating the 

pH-induced shift from citrate production to lipid accumulation also found that ACL1/2 

expression level remained unchanged, but reported changes in the expression of 

multiple transporters(75). Knockout of ACL1 has been shown to result in decreased 

lipid accumulation and increased citrate secretion(76), whereas overexpression of 

ACL1/2 showed no improvement on fatty alcohol titers (68), and a minimal 

improvement on lipid accumulation(67). On the other hand, heterologous expression of 

mouse ACL (MmACL), resulted in a 50%-200% increase in lipid content, depending on 

the number of copies integrated(77).  

Several other strategies for increasing the acetyl-CoA supply in Y. lipolytica have 

been evaluated. Some successful ones include expression of carnitine acetyltransferase 

(ScCAT2), pyruvate-formate lyase (EcPflA/B), as well as phosphoketolase (AnPK) and 

phosphotransacetylase (BsPta), resulting in 75%, 62%, and 47% increase 
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respectively(67). ScCAT2 helps form an acetyl-CoA shuttle between mitochondrial and 

cytoplasmic acetyl-CoA. EcPflA/B catalyzes the reaction pyruvate + CoA -> acetyl-CoA + 

formate, with formate presumably being subsequently degraded by native Y. lipolytica 

formate dehydrogenases. Expression AnPK and BsPta, establishes a non-oxidative 

pentose phosphate pathway, generating acetyl-CoA from the PPP intermediates X5P 

and F6P(78).  

 

Fatty Acyl-CoA supply 

Fatty Acyl-CoA is a key intermediate in lipid metabolism, being the precursor for both 

fatty alcohols as well as storage lipids and membrane lipids (figure 4). It is synthesis is 

catalyzed by the acetyl-CoA carboxylase (ACC1) and the fatty acid synthase complex 

(FAS). FAS is a multimeric complex consisting of twelve subunits, six each from the 

genes FAS1 and FAS2, with each gene encoding proteins with multiple functional 

domains(79). FAS converts an acetyl-CoA, several malonyl-CoA and NADPH, into fatty 

acyl-CoA, typically 16 or 18 carbons in length. ACC1 in turn converts acetyl-CoA, CO2 

and ATP into malonyl-CoA. Together ACC1 and FAS is responsible for the conversion 

of acetyl-CoA into fatty acyl-CoA, according to the reaction stoichiometry; 

𝑛

2
 acetyl-CoA + (

𝑛

2
 -1) ATP + (n-2)NADPH -> C(n) fatty acyl-CoA.  

Similarly to ACL, ACC1 expression has been shown to be unaffected by nitrogen 

limitation, and instead be regulated by phosphorylation(74). However, unlike ACL, 

overexpression of ACC1 has been shown to boost both fatty alcohol titer(68) and lipid 

accumulation. In fact, ACC1 overexpression is frequently included as a base 

modification in engineered lipid accumulating strains(42, 67). Furthermore, studies in 

S. cerevisiae have demonstrated that removal of the ScACC1 phosphorylation sites 

improves the production of malonyl-CoA derived products(80). Additionally, ACC1 

appear to be allosterically regulated by saturated fatty acyl-CoA molecules, and the 
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overexpression of a desaturase (SCD) in an ACC1 overexpressing background further 

improved lipid accumulation(81), the high expression of ACC1 and SCD is also 

characteristic of human adipose tissue(81).  

For many applications medium-chain fatty alcohols C8-C14 are desired, such as 

the widely used sodium laureth sulfate derived from C12-OH. The Y. lipolytica FAS 

primarily produces FA lengths of C16 and C18. Hence, to produce medium-chain FA, 

additional strategies must be applied, such as FAS engineering, reverse β-oxidation, or 

controlled chain shortening. As for FAS engineering, multiple approaches have been 

tested. Such as premature release using medium-chain thioesterases, or mutating the 

binding pocket of the FAS2 ketoacyl synthase (KS) domain (the domain determining FA 

chain length(82)), promoting the release of shorter FA.  

 In Y. lipolytica combining FAS with a thioesterase for early substrate 

release, has been successfully reported for both thioesterases fused to FAS or expressed 

freely in the cytosol. Thioesterases fused to the C-terminal of FAS1 (interior of FAS 

complex), was reported FFA composition of up to 30% C14 FFA(67). Whereas cytosolic 

thioesterases were used to produce more than 500 mg/L C10-OH(70). 

Mutations to the ylFAS2 fatty acid binding pocket resulted in the production of 

C14 FA, reaching 11.6% of total FA for the mutant I1220W(79). The alternative mutant 

I1220F was subsequently used for the production of C14 fatty alcohols by Holkenbrink 

et al. reaching 800 mg/L C14-OH (72).  

Reversed β-oxidation was first demonstrated in E. coli in 2011 (83), but has, to the 

best of my knowledge, not yet been implemented in Y. lipolytica.  

 

Reducing power, NADPH 

The biosynthesis of fatty acid derivatives requires a large amount of reducing power in 

the form of NADPH. Requiring 2 NADPH for each 2 carbon elongation performed by 

FAS, 1 NADPH for each desaturation, and in the case of fatty alcohols, 2 NADPH for 



- 22 - 

 

the reduction of the terminal carboxyl group to a hydroxyl group.  Unlike many other 

oleaginous yeasts, Y. lipolytica lacks the gene for the cytosolic malic enzyme typically 

providing NADPH(84), and instead primarily relies on NADPH generation through the 

PPP(41).  

Boosting NADPH supply has been explored for lipid production, and Qiao et al 

identified NADPH supply as a limiting factor to high lipid production(42). 

Furthermore, Qiao et al calculated by that introducing non-native NADPH producing 

enzymes, the theoretical maximum yield could be increased from 0.271 g stearic acid/g 

glucose to 0.311 g/g. Several strategies were evaluated and several indeed showed 

improved lipid yields in a lipid producing parental strain. For example complementing 

the NAD-dependent glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase 

(GPD), with an NADP-dependent counterpart from either Clostridium acetobutylicum 

(CaGapC) or Kluyveromyces lactis (KlGPD1) resulted in ~20% improved lipid yield. 

Introduction of a cytosolic malic enzyme (McMCE2), enabling ATP-dependent 

conversion of NADH to NADPH resulted in similar improvement. The combination of 

GapC and MCE2 in a lipogenic background resulted in a strain producing lipids at a 

titer of 99 g/L and yield of 0.269 g/g glucose (99% of the theoretical maximum of an non 

NADPH optimized strain)(81).  

 

Heterologous pathway, FAR 

The production of fatty alcohols in Y. lipolytica requires heterologous expression of 

enzymes catalyzing the two enzymatic steps from fatty acyl-CoA, via fatty aldehydes, 

to fatty alcohols. As elaborated upon in section 1.4, this can be accomplished either 

through the combined action of an aldehyde-forming fatty acyl-CoA reductase (ACR) 

and an aldehyde reductase (AHR), or a single alcohol-forming fatty acyl-CoA reductase 

(FAR)(Figure 3, figure 4). In Y. lipolytica there hasn’t been any thorough screen 

comparing different ‘fatty alcohol’-producing enzymes. A small scale screen performed 
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by Xu et al(67) demonstrated that a FAR from Marinobacter aquaeolei (Maqu2220) resulted 

in higher fatty alcohol titers than various two-step enzyme combinations, and a small 

comparison of six different FARs carried out by wang et al (68), only showed detectable 

fatty alcohol production from the barn owl FAR (TaFAR), although codon-optimization 

and gene expression possibly confounded the results. A small-scale screen in 

S. cerevisiae showed the highest titer from a mouse FAR (MmFAR), with TaFAR also 

performing well, both greatly outperforming Maqu2220(30). Although, Maqu2220 has 

been successfully used in multiple Y. lipolytica studies(67, 69, 71), including the highest 

reported producer(31).  

 

Fatty alcohol degradation 

In Y. lipolytica three enzymes are primarily responsible for fatty alcohol degradation. 

The fatty alcohol oxidase (FAO1), has been demonstrated to be the main fatty alcohol 

degrading enzyme, with the alcohol dehydrogenases ADH1 and ADH3, providing some 

additional degradation(68, 85) (Figure 4). Additionally, deletion of the fatty aldehyde 

dehydrogenases HFD1 and HFD4, have also been shown to improve fatty alcohol 

production(72, 86).  

Attention has also been given to the degradation of fatty acyl-CoA, which is 

degraded via peroxisomal β-oxidation. Strategies for interrupting this degradation can 

be divided into two categories, either disruption of β-oxidation or disruption of 

peroxisome formation. β-oxidation is a 4-step cyclic pathway repeatedly cleaving off an 

acetyl-CoA from the acyl-CoA chain. In Y. lipolytica, the first step of the β-oxidation can 

be catalyzed by either of six fatty acyl-CoA oxidases (POX1-6), the second and third 

step is catalyzed by the multi-functional enzyme (MFE1), and the fourth step by 

(POT1)(87). Both knockouts of POX1-6(87) or MFE1 has been shown to result in 

increased lipid accumulation (88). β-oxidation occurs inside the peroxisome, and the 

knockout of genes involved in peroxisome formation, such as the peroxisome 
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biogenesis factor, PEX10, has been shown to increase both lipid accumulation(89) and 

medium-chain fatty alcohol titers(70). 

 

Fatty alcohol secretion 

Introduction of the heterologous fatty alcohol pathway and cultivation in standard 

shake flask conditions result in the vast majority of fatty alcohols accumulating 

intracellularly(69). However, extracellular fatty alcohols might be preferable, due to 

simplified product extraction and reduced product inhibition. The use of a hydrophobic 

dodecane overlay has been shown to increase product titer and to greatly increase fatty 

alcohol secretion in Y. lipolytica, with the majority of the fatty alcohols produced 

recovered from the dodecane overlay(31, 69). Similarly, the use of a dodecane overlay 

contributed to free fatty acid (FFA) titer exceeding the biomass weight(90). In 

S. cerevisiae, the expression of the human fatty acid transporter FATP1 in a ‘fatty 

alcohol’-producing strain resulted in a five-fold increase in fatty alcohol secretion(91). 

There are as of yet to reports of successful implementation of FATP1 in Y. lipolytica.  

 

Most successful strategies reported 

The highest fatty alcohol titer reported in yeast so far is in the Rhodosporidium toluroides. 

The production of 8.4 g/L of fatty alcohols was achieved simply by performing a 

multicopy integration of Maqu2220 and cultivating in complex media. Interestingly R. 

Toluroides naturally secrete the majority of the fatty alcohol without the need for a 

hydrophobic overlay. The use of the complex media does however diminish the 

industrial applicability and complicates the yield estimations. The highest fatty alcohol 

titer in a minimal media was achieved by Cordova et al in Y. lipolytica(31). They 

reported a titer of 5.8 g/L fatty alcohols, by simply expressing Maqu2220 in a lipogenic 

strain, carrying a DGA1 overexpression and a mutated version of the MGA2 lipogenesis 

regulator (resulting in increased lipid accumulation)(92). Similarly, high production of 
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storage lipids have been reported with very few modifications needed. Such as 

overexpression of ACC1, DGA1, and SCD resulting in 55 g/L lipids(81), overexpression 

of ACC1, DGA1, caGapC, and mcMCE2 resulting in 99 g/L lipids(42), or simply 

overexpression of ACC1, DGA1 with acetate as a carbon source resulting in 115 g/L 

lipids(93). Furthermore, Blazeck et al showed that a sufficiently strong pull decouples 

lipid accumulation from nitrogen limitation(94). All of this seems to indicate that Y. 

lipolytica is capable of supporting a high flux toward fatty acid derived products with 

minimal metabolic engineering required. In S. cerevisiae, a titer of 6.0 g/L fatty alcohols 

was reported in a heavily engineered strain (9 modifications), cultivated in complex 

media with a dodecane overlay(30).  

 

1.7 Outline of work done during the Ph.D. study 

This Ph.D. study was part of the Predictive and Accelerated Metabolic Engineering 

Network (PAcMEN), a Horizon 2020 Marie Skłodowska-Curie Innovative Training 

Network. The PAcMEN network consisted of five renowned European universities and 

two SMEs with the participation of five industrial and one academic partner 

organizations. Within this program, 16 Ph.D. candidates were trained to conduct 

state-of-the-art research on metabolic engineering of yeast cell factories. 

The aim of the project is to further our understanding and capabilities for how to 

genetically engineer Y. lipolyitica for production of fatty alcohols, in particular with an 

omics driven focus. As such, within this thesis, four manuscripts are presented. The first 

two (chapters 2 and 3) relate to the development of EasyCloneYALI, a genetic 

engineering toolbox for Y. lipolytica. The last two (chapters 4 and 5) constitute the main 

part of the thesis. The third manuscript (chapter 4), is a multi-omics study aimed at 

increasing our understanding of how fatty alcohol production impacts the host 
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organism. The fourth manuscript (chapter 5) is a follow-up to the multi-omics study, 

aiming to apply the insights learned for another iteration through the DBTL cycle. 

In addition to the four manuscripts presented, several studies were initiated that 

never resulted in publications. Moreover, contributions were made to an additional five 

manuscripts (see list of publications). 
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2.1 Supplementary Material for EasyCloneYALI: CRISPR/Cas9-Based Synthetic 

Toolbox for Engineering of the Yeast Yarrowia lipolytica 
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Full supplementary marker-free protocol can be freely accessed at 

https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700543 Supplementary data S1. 

  

https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700543
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Full supplementary marker-based protocol can be freely accessed at 

https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700543 Supplementary data S2. 

 

  

https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700543
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Excerpt from supplementary data S3. Full supplementary file can be freely accessed at  

https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700543 Supplementary data S3. 

 

https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700543
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Download the full supplementary data file to see DNA sequences.  

Full supplementary file can be freely accessed at  

https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700543 Supplementary data S3.  

https://onlinelibrary.wiley.com/doi/full/10.1002/biot.201700543
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i. Running header 

CRISPR editing of Yarrowia lipolytica 

ii. Abstract 

In order to unlock the full potential of Yarrowia lipolytica, as model organism and  

production host, simple and reliable tools for genome engineering are essential. In this 

chapter, the practical details of working with the EasyCloneYALI Toolbox are 

described.  

Highlights of the EasyCloneYALI Toolbox are high genome editing efficiencies, 

multiplexed Cas9-mediated knockouts, targeted genomic integrations into 

characterized intergenic loci, as well as streamlined and convenient cloning for both 

marker-based and marker-free integrative expression vectors.  

iii. Key Words 

Genome Editing, Metabolic Engineering, Chromosomal Integration, CRISPR, Cas9, 

EasyClone, EasyCloneYALI 

1. Introduction 

Yarrowia lipolytica has shown great promise as an industrial host. However, there is a 

limit to what can be achieved by screening natural variants and optimizing growth 

mailto:irbo@biosustain.dtu.dk
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conditions. In order to unlock the full potential of Y. lipolytica, genetic engineering is 

crucial and this requires convenient genetic tools. In this chapter, we present the 

practical details of the EasyCloneYALI[1] toolbox, an all-encompassing system for 

simple, rapid and reliable engineering of Y. lipolytica. 

The EasyCloneYALI toolbox utilizes uracil-specific excision reagent (USER) cloning[2] 

and allows you to perform three types of genome editing (See figure 1) with the 

following features. 

Marker-based genomic integration of expression cassettes: 

 11 integrative vectors targeting intergenic sites;  

 3 different selection markers; 

 Convenient cloning via standardized USER system; 

 Cre-lox vector for selection marker recycling. 

CRISPR/Cas9-mediated marker-free genomic integration of expression cassettes: 

 6 integrative vectors targeting intergenic sites and 6 corresponding 

sgRNA helper vectors; 

 The 6 sgRNA helper vectors are cross-compatible at least across the three 

Y. lipolytica strains CLIB122, W29(CLIB89), and GB20[3] that we analyzed.  

 Two integrative Cas9 expression vectors for simple strain preparation. 

CRISPR/Cas9-mediated marker-free gene knockouts: 

 sgRNA parent vector; 

 Instructions for single or multi sgRNA vector assembly; 

 Instructions for dsOligo repair template design. 

 Two integrative Cas9 expression vectors (same as above). 
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One important feature of the EasyCloneYALI toolbox is the characterized integration 

sites. These sites were identified using transcriptomics data, and have been selected in 

the intergenic regions to allow for insertion of gene expression cassettes without 

Figure 1, The three applications of the EasyCloneYALI Toolbox 

A. Marker-based genomic integration of expression cassettes, with vectors targeting 

the 10 genomic integration sites.. B. Marker-free, Cas9-mediated, genomic integration 

of expression vectors, with vectors targeting 6 of the integration sites and the 6 

corresponding sgRNA vectors. C. Marker-free, Cas9-mediated, gene knockouts, with 

two Cas9 integration vectors. Figure modified from (1). 
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disrupting native genes. 11 target sites were selected according to the following criteria; 

Be a unique region of approximately 5 kb not containing ORFs or non‐coding RNA 

genes, and have high levels of expression of the five most adjacent ORFs during 

exponential growth phase as well as under nitrogen limitation. The level of expression 

from each site was characterized by integration of a GFP expression cassette (figure 2). 

 

Another important feature is the characterized promoters, which span a range of 

expression levels (see figure 3). Most of these promoters have standardized USER 

compatible linkers, allowing for swapping of promoters without redesigning the gene 

biobricks. Two promoters are designed without such linkers, and when they are used 

the gene biobrick needs to be amplified with a primer containing a compatible USER 

overhang. 

Figure 2, Relative Expression at Integration Sites 

Measured fluorescence signal from GFP integrated at each integration site. Figure 

modified from (1). 
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The EasyCloneYALI toolbox is designed for use with USER cloning. The construction of 

an integrative expression vector can be divided into three steps: (See figure 4) 

1. Preparation of parent vector. 

 Parent vector is digested with SfaAI and Nb.BsmI in order to create USER 

compatible overhangs. 

2. Amplification of promoter and gene biobricks 

 Promoter and gene biobricks are amplified using primers containing 

standardized USER tails. The USER tails determine the orientation of the 

genes in the insert. 

Figure 3, Relative Expression of Different Promoters 

All promoters except the ones labeled w/o linker contains the standardized cloning 

overhangs. Note the break in the Y-axis to accommodate the TEFintron expression. 

Figure modified from (1). 
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3. USER Cloning 

 The prepared vectors and amplified biobricks (genes and promoters) are 

combined and treated with the USER enzyme to generate compatible 

overhangs and are allowed to anneal. This USER mixture is then 

transformed into E. coli and can then be purified as an assembled plasmid.  

The purified plasmid is then verified by sequencing and linearized by NotI digestion 

before being transformed into the desired Y. lipolytica strain. 

For the purposes of this protocol, it is assumed that the reader has basic familiarity with 

CRISPR-Cas9. As a very brief overview, Cas9 based genome engineering via 

EasyCloneYALI relies on three factors; first, the Cas9 enzyme, an ultra-specific nuclease 

capable of creating double stranded breaks (DSB) in the genome. Secondly, a small 

RNA known as sgRNA (single guide RNA), which guides the Cas9 to a specific site in 

the genome specified by a 20 bp sequence encoded in the sgRNA. Thirdly, a dsDNA 

repair template with ends homologous to regions both upstream and downstream of 

the DSB. The middle of the repair template can either be empty, for knockouts, or 

contain an expression cassette, for gene integration. The Cas9 in the EasyCloneYALI is a 

Y. lipolytica codon optimized version of Cas9 from S. pyogenes. Double stranded breaks 

in the genome can be repaired in several ways. Many Y. lipolytica strains have a strong 

tendency towards repair via non-homologous end joining (NHEJ), primarily carried out 

by the protein Ku70, and to some minor extent the Ku80[4,5]. For site specific genome 

integration NHEJ may cause problems, and the alternative repair pathway of 

homologous recombination is highly desirable. In order to work as intended (especially 

the marker-free vectors), the EasyCloneYALI relies on the prior removal of at least  
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Figure 4, Overview of Cloning Strategy 

A, Pretreatment of vector (Section 3.6). B, Primer Design (Section 3.5). C, 

Amplification of BioBricks (Section 3.7). D, USER Cloning (Section 3.8). Figure 

modified from (10). 
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Ku70, resulting in a strong down regulation of NHEJ. The EasyCloneYALI toolbox 

includes a vector carrying an integrative Cas9 expression cassette surrounded by 

homology regions for the ku70 locus. This allows new strains to be quickly prepared for 

use with the toolbox, by simultaneously knocking out ku70 and expressing cas9. The 

original publication of EasyCloneYALI system is available and the supplementary 

materials include detailed protocols on implementation of the method. The plasmids 

can be ordered from AddGene (addgene.org, IDs: 106125 - 106166). The aim of this 

protocol was to provide the most up-to-date detailed summary protocol along with 

troubleshooting suggestions. 

 

2. Materials 

2.1 Strains and Media 

1. E. coli DH5α, or similar 

2. Y. lipolytica strain of choice (e.g. Y. lipolytica W29(NRRL Y-63746, ATCC 20460)) 

3. LB agar + Ampicillin: 10 g/L (1%) Tryptone, 5 g/L (0.5%) Yeast Extract, 10 g/L 

(1%) NaCl, 15 g/L (1.5%) Agar, 100 mg/L Ampicillin. 

4. SOC media: 20 g/L (2%) Tryptone, 5 g/L (0.5%) Yeast Extract, 0.6 g/L (10 mM) 

NaCl, 0.02 g/L (2.5 mM) KCl, 2.04 g/L (10 mM) MgCl2, 8 g/L (0.8%) Glucose, 10 

mM MgSO4. 

5. YNB (yeast nitrogen base) agar plates + D-serine: 1.7 g/L Yeast Nitrogen Base 

(w/o amino acids and w/o ammonium sulfate), 20 g/L Glucose, 6.6 g/L Potassium 

sulfate, 2 g/L D-Serine, 15 g/L Agar 

6. YPD (Yeast extract, peptone, dextrose) Agar plates +/- antibiotics: 10 g/L (1%) 

Yeast Extract, 20 g/L (2%) Peptone, 15 g/L (1.5%) Agar, 20 g/L (2%) Glucose, 

http://www.addgene.org/search/advanced/?q=easycloneyali
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Optional: 250 mg/L Nourseothricin (Nat), 100-400 mg/L Hygromycin B (Hyg) 

(see note 1) 

7. YPD Media: 10 g/L (1%) Yeast Extract, 20 g/L (2%) Peptone, 20 g/L (2%) Glucose 

8. SC (Synthetic Complete) Agar plates w/o Uracil, or Leucin : 6.8 g/L Yeast 

Nitrogen Base w/o amino acids (Sigma-Aldrich Y0626), 20 g/L (2%) Glucose, 15 

g/L (1.5 %) Agar, Yeast Synthetic Drop-out Medium Supplements, 1.9 g/L w/o 

uracil (Sigma-Aldrich Y1501), or 1.6 g/L w/o leucine (Sigma-Aldrich Y1376),  

2.2 Molecular Biology Reagents 

1. EasyCloneYALI Toolbox kit (Addgene (addgene.org, IDs: 106125 – 106166)). 

2. EasyCloneYALI Compatible primers (Any oligo supplier). 

3. FastDigest® NotI (ThermoFisher). 

4. FastDigest® SfaAI (ThermoFisher). 

5. FastDigest® buffer (ThermoFisher). 

6. Nb.BsmI (NEB). 

7. NEB 3.1 buffer (NEB). 

8. Phusion U Hot Start DNA Polymerase (ThermoFisher). 

9. dNTP mix, 10 mM. 

10. Phusion HF Buffer, 5x (ThermoFisher). 

11. USER™ Enzyme (NEB). 

12. CutSmart (NEB). 

13. OneTaq Master Mix, 2x (NEB). 

2.3 Buffers and Solutions 

1. PEG 8000, 50% solution. 

2. LiAc, 2 M solution. 

3. ssDNA, 10 mg/ml boiled salmon sperm. 

4. Glycerol, 50% v/v solution.  

http://www.addgene.org/search/advanced/?q=easycloneyali
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3. Methods 

3.1 Integration of Cas9 Expression Cassette 

1. Select appropriate Cas9 expression cassette (see note 2). 

2. Purify pCfB6364 or pCfB4906 using NucleoSpin® Plasmid miniprep or similar. 

3. Digest plasmid with NotI by mixing as shown in table 1. 

Table 1, NotI linearization of cas9 integration vectors 

Reagent: Volume: 

FastDigest® buffer (10x) 5 µl 

pCfB6364 (min. 20 µg) or pCfB4906 (min 4 µg) X µl 

FastDigest® NotI (0.2 µl per 1 µg DNA) X µl 

dH2O up to 50 µl final volume 

 

4. Incubate at 37 °C for 1 hour. 

5. (Optional: Confirm linearization with gel electrophoresis, and if desired purify 

the correct fragment from the gel). 

6. Purify linearized vector using NucleoSpin® Gel and PCR Clean-up or similar. 

Store at -20 °C until transformation. 

7. Continue with transformation following the protocol in section 3.14, using 5 µg 

of pCfB6364 or 500 ng of pCfB4906, and plating on YNB + D-serine agar plates or 

YPD + hygromycin agar plates, respectively. 

 

3.2 Design of sgRNA 

1. If targeting a sequence other than the six integration sites available for 

marker-free integration (see figure 1), a new sgRNA will need to be constructed. 

2. Select a 20bp sgRNA recognition sequence from the set of validated sgRNAs 

generated by Schwartz et al.[6] or design a new recognition sequence using 

prediction software, such as the online tool CHOPCHOP[7]. (see note 3). 
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3. Design to primers; the first should consist of the 20 bp recognition sequence 

followed by “gttttagagct”, the second should consist of the reverse 

complement of the 20 bp recognition sequence followed by “taaccaacct” (see 

table 2). 

4. Order primers from a commercial oligo suppliers (e.g., IDT DNA). 

5. Proceed to section 3.3 for the assembly of the sgRNA expression cassette. 

Table 2, Primers composing the sgRNA Biobrick 

Primers to be ordered for each new target: 

Sense primer:  5’-NNNNNNNNNNNNNNNNNNNNgttttagagct-3’ 

Antisense primer:  5’-NNNNNNNNNNNNNNNNNNNNtaaccaacct-3’ 

sgRNA BioBrick:           5’-NNNNNNNNNNNNNNNNNNNNgttttagagct-3’ 

3’-tccaaccaatNNNNNNNNNNNNNNNNNNNN-5’  

 

3.3 Construction of sgRNA Expression Cassettes 

1. Prepare vector pCfB3405 according to the instructions on section 3.6, and amplify 

BB1635 and BB1636 according to section 3.7.  

2. Optional: For sgRNA plasmids containing a single sgRNA-cassette, simply 

proceed to section 3.8 using the custom sgRNA biobrick, BB1635 and BB1636 as 

the three biobricks and USER-ready pCfB3405 as the backbone. 

For construction of sgRNA vectors containing multiple sgRNA expression cassettes, 

mix reagents in a PCR tube according to table 3. 

Table 3, Reagents for USER cloning 

 

Reagent: Volume: 

BB1635 1 µl 

BB1636 1 µl 

Sense primer (10µM) 1 µl 

Antisense primer (10µM) 1 µl 

CutSmart buffer (10x) 0.5 µl 

USER™ enzyme 0.5 µl 
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3. Incubate in a PCR machine for 25 min at 37°C followed by 10 min at 25°C 

4. Perform ligation by adding reagents according to table 4 to the tube containing 

the USER reaction above.  

Table 4, Reagents for ligation 

5. Incubate for 15 min at room temperature. 

6. Mix reagents in a PCR tube according to table 5 (for selection of primers, see 

figure 7, table 5 and note 4).  

Table 5, Reagents for PCR reaction 

 

Table 6, Primers for Multi sgRNA vectors 

Primer Name Sequence (5'-3') 

P1F (PR-10607) CGTGCGAUagtgaatcattgctaacagatc 

P1R (PR-10604) CACGCGAUaccgtacccacacaaaaaaagcaccaccgactc 

P2F (PR-15790) GTGCAGGUagtgaatcattgctaacagatc 

P2R (PR-15791) ACCTGCACUaccgtacccacacaaaaaaagcac 

P3F (PR-15792) ATCTGTCAUagtgaatcattgctaacagatc 

P3R (PR-15793) ATGACAGAUaccgtacccacacaaaaaaagcac 

 

 

 

 

Reagent: Volume: 

USER reaction 5 µl 

T4 ligase buffer (10x) 2 µl 

dH2O 12 µl 

T4 ligase 1 µl 

Reagent: Volume: 

dH2O 31.5 µl 

dNTPs (10mM) 1 µl 

HF buffer (5x) 10 µl 

Forward primer 2.5 µl 

Reverse primer 2.5 µl 

Ligation reaction 2 µl 

Phusion U Hot start Polymerase 0.5 µl 
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7. Place the PCR tube in a PCR machine and run the program according to table 7. 

Figure 5, Schematic view of Multi sgRNA Expression Vectors 

A. sgRNA expression cassette, divided into its three biobricks; 1, Promoter BioBrick. 

2, sgRNA BioBrick. 3, tracrRNA-Terminator BioBrick. B. Primer combinations for 

constructing “multi sgRNA”-expression vectors with 1-3 sgRNA. Figure modified 

from (1) . 
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Table 7, PCR Protocol 

 

8. Run PCR product on gel electrophoresis and purify the BioBricks from the gel 

using NucleoSpin® Gel and PCR Clean-up or similar (see note 5).  

9. Store the BioBricks at -20°C for repeated use. 

10. Proceed to USER cloning (section 3.8), using the “sgRNA expression cassette”-

biobricks and pretreated vector pCfB3405 (section 3.6). 

 

3.4 Design of Repair Template for Cas9-mediated Knockouts 

1. Design a 90bp DNA sequence consisting of an upstream homology region 

consisting of the 45 bp preceding the start codon (ATG), followed by the 

downstream homology region consisting of the 45 bp following the stop codon 

(See figure 6). 

2. Order a 90bp double stranded oligo (dsOligo) from a commercial oligo supplier 

(e.g., “Duplex” primers from IDT DNA). 

3. Resuspend the primers at a 1 mM concentration (higher concentration than 

ordinary primers). 

4. Use the repair template in the transformation in section 3.12. 

5. For alternative design considerations see note 6 and note 7. 

Step Temperature Time 

1 96 °C 2 min 

2 96 °C 15 sec 

3 52 °C 20 sec 

4 72 °C 30 sec 

5 Return to step 2, 29 times  

6 72 °C 5 min 

7 4 °C Hold 
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3.5 Primer Design 

1. Design the annealing sequence of forward and reverse primers for each gene and 

promoter to be cloned (see note 8).  

2. Add a 5’-overhang based on table 8 (see figure 4 for a schematic overview and 

see note 9 for use of the TEFintron promoter). 

3. Order primers from a commercial oligo suppliers (e.g., IDT DNA). 

4. Use primers to amplify biobricks in section 3.7. 

 

 

 

Figure 6, Design of repair template for full CDS knock-out. 

A, showing an example of homology regions in their genomic context. B, showing the 

final dsOligo repair template to be ordered from your favorite primer supplier. 
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Table 8 USER Overhang for Primer Design 

Gene 1 primers   

Forward primer (GP1F) AGTGCAGGU GCCACA ATG(N)n 

Reverse primer (GV1R) CGTGCGAU TCA(N)n 

Gene 2 primers   

Forward primer (GP2F) ATCTGTCAU GCCACA ATG(N)n 

Reverse primer (GV2R) CACGCGAU TCA(N)n 

Promoter 1 primers   

Forward primer (PV1F) CACGCGAU (N)n 

Reverse primer (PG1R) ACCTGCACU (N)n 

Promoter 2 primers   

Forward primer (PV2F) CGTGCGAU (N)n 

Reverse primer (PG2R) ATGACAGAU (N)n 

USER overhang in bold, GCCACA = Kozak sequence, 

ATG = start codon, TCA = stop codon, (N)n = Target 

specific sequence (Gene/Promoter). 

 

3.6 Pretreatment of vectors 

1. Select an appropriate vector (see figure 1 and figure 2 and note 10). 

2. Perform SfaAI digestion by mixing reagents according to table 9. 

Table 9, SfaAI digestion 

 

3. Incubate for 1 hour at 37 °C. 

4. Purify the plasmid from solution, using NucleoSpin® Gel and PCR Clean-up or 

similar, eluting with 50 µl of elution solution. 

5. Determine DNA concentration using Nanodrop or similar. 

6. Perform Nb.BsmI nicking by mixing reagents according to table 10: 

Reagent: Volume: 

FastDigest® buffer 20 µl 

EasyCloneYALI vector (20 μg) X µl 

FastDigest® SfaAI restriction enzyme 5 µl 

dH2O up to 200 µl final volume 
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Table 10, Nb.BsmI nicking 

 

7. Incubate for 1 hour at 65 °C in a PCR machine with a heated lid. 

8. Purify the digested and nicked vector from the gel, using NucleoSpin® Gel and 

PCR Clean-up or similar. Elute with 50 µl of elution solution. 

9. Determine DNA concentration using Nanodrop or similar. 

10. Store the USER-ready vectors at -20°C for repeated use. 

11. The pretreated vector will be used for USER cloning (section 3.8). For integrative 

expression vectors, proceed to section 3.7. For sgRNA expression cassettes, 

proceed to section 3.8. 

 

3.7 Amplification of Biobricks 

1. Mix reagents in a PCR tube according to table 11 (see table 21 and table 22 for 

suggested template and primer combinations).  

Table 11, Reagents for PCR reaction 

 

2. Place the PCR tube in a PCR machine and run the program according to table 12. 

Reagent: Volume: 

NEB 3.1 buffer 5 µl 

SfaAI-digested vector 40 µl 

Nb.BsmI (use 1U per 1 µg of vector) x µl 

dH2O up to 50 µl final volume 

Reagent: Volume: 

dH2O 32.5 µl 

dNTPs (10mM) 1 µl 

HF buffer (5x) 10 µl 

Forward primer (10 μM) 2.5 µl 

Reverse primer (10 μM) 2.5 µl 

Template DNA (plasmid or genomic DNA) 1 µl 

Phusion U Hot start Polymerase 0.5 µl 
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Table 12, PCR Protocol 

3. Purify the BioBricks from the gel using NucleoSpin® Gel and PCR Clean-up or 

similar (see note 5).  

4. Store the BioBricks at -20°C for repeated use. 

5. Proceed section 3.8.  

 

3.8 User Cloning 

1. Mix reagents in a PCR tube according to table 13. 

Table 13, Reagents for USER cloning 

2. Incubate in a PCR machine for 25 min at 37°C followed by 10 min at 25°C. 

3. Thaw competent E. coli DH5α cells on ice. 

4. Cool the tubes containing USER reaction on ice and add 50 µl of the competent 

E. coli cells. 

5. After 10 min on ice, perform heat shock at 42°C for 45 s and place the tubes on 

ice.  

6. Add 100 μl SOC media to each tube and incubate at 37°C for 30 min. 

7. Plate the cells on LB-amp plates and incubate at 37°C overnight. 

Step Temperature Time 

1 98 °C 2 min 

2 98 °C 10 sec 

3 54 °C (or another suitable annealing temperature) 30 sec 

4 72 °C 60 sec per kb of product 

5 Return to step 2, 29 times  

6 72 °C 5 min 

7 4 °C Hold 

Reagent: Volume: 

SfaAI/Nb.BsmI-treated vector 1 µl 

BioBrick 1 (e.g. gene 1) 1 µl 

BioBrick 2 (e.g. gene 2) 1 µl 

BioBrick 3 (e.g. double promoter) 1 µl 

CutSmart buffer (10x) 0.5 µl 

USER™ enzyme 0.5 µl 
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8. For integrative expression cassettes, proceed to section 3.9 for verification of 

expression vector assembly via colony PCR. For sgRNA vectors, proceed to 

section 3.10 for plasmid purification and verification via sequencing. 

3.9 E. coli Colony PCR 

1. Select a few colonies from each plate and verify using colony PCR, for choice of 

primers see note 11. 

2. Mix reagents according to table 14, scale according to number of colonies 

screened. 

Table 14, Reagents for verification PCR 

3. Add small amount of E. coli colony biomass (it is enough to touch the colony 

with a tip) to each PCR tube (see note 12). 

4. Place the PCR tube in a PCR machine and run the program according to table 15. 

Table 15 PCR Protocol 

5. Analyze samples using gel electrophoresis with a 1% agarose gel.  

6. Proceed to section 3.10. 

Reagent: Volume: 

OneTaq Master Mix (2x) 5 µl 

Forward verification primer (10 µM) 0.5 µl 

Reverse verification primer (10 µM) 0.5 µl 

dH2O 4 µl 

Step Temperature Time 

1 94 °C 5 min 

2 94 °C 20 sec 

3 X+15 °C (See note 13) 

Decrement temperature by 1.5 °C per cycle 

30 sec 

4 68 °C 60 sec per kb of 

product 

5 Return to step 2, 9 times  

6 94 °C 20 sec 

7 X °C (See note 13) 30 sec 

8 68 °C 60 sec per kb of 

product 

9 Return to step 6, 29 times 
 

10 68 °C 10 min 

11 4 °C Hold 
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3.10 Plasmid purification and sequencing 

1. Inoculate colony PCR verified E. coli clones into 5 ml LB medium containing 100 

mg/L ampicillin and incubate overnight at 37°C shaking at 250 RPM. 

2. Mix 500 µl 50% v/v sterile glycerol solution with 500 µl overnight culture in a 

cryotube, and store at -80 °C for long-term storage. 

3. Use the rest of the overnight culture to purify the vectors using NucleoSpin® 

Plasmid miniprep or similar. 

4. Sequence the cloned inserts, e.g. using a Sanger sequencing service (see note 14). 

5. For integrative expression vectors, proceed to section 3.11 for vector 

linearization. For Cas9 mediated gene knockouts, proceed to section 3.12. 

 

3.11 NotI Treatment 

1. Linearize the integrative expression vector by NotI digestion (see note 15) by 

mixing reagents according to table 16. 

Table 16, NotI linearization of expression vectors 

Reagent: Volume: 

FastDigest® buffer (10x) 5 µl 

Expression vector (min 1 µg) X µl 

FastDigest® NotI (0.2 µl per 1 µg DNA) X µl 

dH2O up to 50 µl final volume 

2. Incubate at 37°C for 1 hour. 

3. (Optional step) Confirm linearization on the gel and if desired purify the correct 

fragment from the gel (beware of the vector backbone fragment of 2.8 kb).  

4. Purify the linearized vector from solution using NucleoSpin® Gel and PCR 

Clean-up or similar. Store at -20°C until proceeding to transformation (section 

3.12). 

5. Proceed to section 3.12. 
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3.12 Yarrowia Transformation 

1. Streak each parent strain evenly onto an YPD plate by resuspending 

approximately 20 mg cells (wet weight) in 100 µl sterile H2O and streak using 

glass beads or similar. (see note 16) 

2. Incubate for 24 h at 30 °C. 

3. Prepare a sterile Eppendorf tube with 1 ml sterile H2O for each parent strain.  

4. Scrape of cells from the plate in step 1 using an inoculation needle, and 

resuspend in the water. Resuspend the cells by gently pipetting up and down a 

few times (See note 17). 

5. Centrifuge the tubes at 3000 g for 5 min at room temperature. 

6. Discard the supernatant, and resuspend in 1 ml sterile H2O by gently pipetting 

up and down a few times.  

7. Centrifuge the tubes again at 3000 g for 5 min at room temperature. 

8. Discard the supernatant, and resuspend in 1 ml sterile H2O by gently pipetting 

up and down a few times (See note 18). 

9. Measure the OD and calculate the volume of cell suspension needed 

(5x107 cells/transformation, see note 19). Put the cell suspensions on ice until 

further use.  

10. Prepare one sterile Eppendorf tube for each transformation, including controls.  

11. Add 500 ng of sgRNA vector to its corresponding tube (skip this for marker-

based transformations). 

12. Add repair template (2 µl of dsOligo (1 mM) or 500 ng of linearized vector/repair 

biobrick).  

13. In a sterile Eppendorf tube, prepare an appropriate amount of transformation 

mix according to table 17. 
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Table 17, Components of Transformation Mix. 

 For 1 

transformation 

For 10 

transformations 

PEG 8000 (Stock: 50%, Final: 46.3%) 92.5 µl 925 µl 

LiAc (Stock: 2M; Final: 0.1 M) 5 µl 50 µl 

ssDNA (Stock: 10 g/L, Final: 0,25 g/L) 

see note 20 

2.5 µl 25 µl 

 

14. Aliquot the cell suspension volume calculated in the previous step 8 into sterile 

Eppendorf tubes. 

15. Centrifuge at 3000 g for 5 min at room temperature. Discard supernatant and 

resuspend in the calculated volume of transformation mix 

(100 µl/transformation) by gently pipetting up and down a few times. 

16. Transfer 100 μl of “cell-transformation mix”-suspension into each tube prepared 

in step 3. Mix by gently flicking the tubes a couple of times.  

17. Incubate the tubes at 39 °C for 60 min. (Heat Shock) 

18. Centrifuge the tubes at 3000 g for 5 min at room temperature. Discard 

supernatant and resuspend in 500 µl YPD. Incubate at 30 °C for 2 hours shaking 

(recovery). 

19. Centrifuge the tubes at 3000 g for 5 min at room temperature. Discard 

supernatant, resuspend in 100 µl H2O and plate the cells on appropriate selection 

plates (e.g. YPD + Nat). 

20. Incubate plates at 30 °C. 

21. Check the plates for transformants after 2-5 days (See note 21). 

22. Select a few transformants and proceed to section 3.13 to verify integration by 

colony PCR. 
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3.13 Yarrowia Colony PCR 

1. Select suitable primers from table 18 or design your own (See note 11). 

 

Table 18 Verification Primers 

Integration 

site 

Test integration genotype Test for WT genotype 

Fw 

primer 

Rev 

primer 

Expected 

size 

Fw 

primer 

Rev 

primer 

Expected 

size 

IntA_1 PR-14840 PR-8859 823 bp PR-14840 PR-14596 1159 bp 

IntB PR-11697 PR-8859 1042 bp PR-11697 PR-11699 1263 bp 

IntC_1 PR-14833 PR-8859 947 bp PR-14833 PR-14568 1154 bp 

IntC_2 PR-14834 PR-8859 933 bp PR-14834 PR-14572 1140 bp 

IntC_3 PR-14838 PR-8859 915 bp PR-14838 PR-14588 1106 bp 

IntD_1 PR-14832 PR-8859 927 bp PR-14832 PR-14564 1145 bp 

IntE_1 PR-14442 PR-8859 891 bp PR-14442 PR-14398 1066 bp 

IntE_2 PR-14831 PR-8859 930 bp PR-14831 PR-14560 1141 bp 

IntE_3 PR-14835 PR-8859 957 bp PR-14835 PR-14576 1177 bp 

IntE_4 PR-20880 PR-8859 950 bp PR-20880 PR-14592 1184 bp 

IntF_2 PR-14836 PR-8859 933 bp PR-14836 PR-14580 1140 bp 

IntF_3 PR-14837 PR-8859 973 bp PR-14837 PR-14584 1175 bp 

ku70 PR-17134 PR-16703 2463 bp PR-17134 PR-18008 3959 bp 

 

2. Select a few (4-16) transformants from each plate to screen for correct 

integration/knock-out. Using a 10 µl pipette tip pick 2-4 mm3 cells from each 

colony and resuspend in 20 µl H2O in a PCR tube (Take care to leave some of the 

colony behind on the plate so that it can be used for further work if the results 

are positive). See note 22. 

3. Vortex cell suspensions for 10-20 seconds. 

4. Centrifuge for 1-2 min on a mini-benchtop centrifuge. 

5. Mix reagents according to table 19, scale according to number of colonies 

screened. 
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Table 19, Reagents for verification PCR 

 

6. Place the PCR tube in a PCR machine and run the program according to table 20. 

Table 20, PCR Protocol 

 

7. Analyze samples using gel electrophoresis with a 1% agarose gel.  

8. Optional: Proceed to section 3.15, Curing of sgRNA plasmids, or section 

3.14, Cre-lox mediated marker recycling. 

9. Inoculate positive transformants in 1 ml YPD media and incubate at 30 °C 

shaking at 250 RPM for 24 hours.  

10. Mix 500 µl 50% v/v sterile glycerol solution with 500 µl cell culture in a cryotube, 

and store at -80°C for long term storage.  

 

 

 

Reagent: Volume: 

OneTaq Master Mix (2x) 5 µl 

Forward verification primer (10 µM) 0.5 µl 

Reverse verification primer (10 µM) 0.5 µl 

Supernatant from step 4. 4 µl 

Step Temperature Time 

1 94 °C 5 min 

2 94 °C 20 sec 

3 60 °C (See note 13) 

Decrement temperature by 1.5 °C per cycle 

30 sec 

4 68 °C 60 sec per kb of 

product 

5 Return to step 2, 9 times  

6 94 °C 20 sec 

7 47 °C (See note 13) 30 sec 

8 68 °C 60 sec per kb of 

product 

9 Return to step 6, 29 times 
 

10 68 °C 10 min 

11 4 °C Hold 
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3.14 Cre-lox Mediated Marker Recycling 

1. In order to recycle selection markers for the marker-based integration, perform a 

loop-out (see note 23) by transforming the strain with pCfB4158 following the 

procedure in section 3.12, using a plates made from SC agar w/o leucine.  

2. Resuspend several transformants in 200 µl sterile H2O, and restreak onto YPD 

plates and selective plates for the markers removed. (Transformants who fail to 

grow on the selective plates have successfully lost the marker cassettes). 

3. Pick the colonies of successful transformants from corresponding YPD plate and 

verify that the genes in the integrated expression cassettes are still present by 

performing colony PCR (section 3.13, see note 24). 

4. Inoculate positive colonies in 1 ml YPD media and incubate at 30 °C shaking at 

250 RPM for 24 hours.  

5. Mix 500 µl 50% v/v sterile glycerol solution with 500 µl cell culture in a cryotube, 

and store at -80°C for long term storage.  

 

3.15 Curing of sgRNA Plasmids 

1. If performing consecutive rounds of Cas9-mediated modifications (integration or 

knockout), the sgRNA expressing vector needs to be removed (cured) after each 

round. Do so by following the steps below. 

2. Inoculate selected transformants in 1 ml YPD media and incubate at 30 °C 

shaking at 250 RPM for 24 hours.  

3. Dilute and plate approximately 20-200 colonies on an YPD plate and incubate at 

30 °C for 24 hours.  

4. Select several transformants (4-12), and resuspend in 200 µl sterile H2O. 

5. Place a 5 µl drop of cell suspension onto both an YPD plate and an YPD + Nat 

plate. Incubate at 30 °C for 24-48 hours.  
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6. Select colonies that failed to grow on the YPD + Nat plate but grew on the YPD 

plate. Inoculate in 1 ml liquid YPD media and incubate at 30 °C shaking at 250 

RPM for 24 hours.  

7. Mix 500 µl 50% v/v sterile glycerol solution with 500 µl cell culture in a cryotube, 

and store at -80°C for long term storage.  

 

4. Notes 

1, The specific hygromycin concentration depends on the specific Y. lipolytica strain. For 

GB20 100 mg/L is sufficient, for W29 400 mg/L is needed. It might be necessary to screen 

different concentrations to find the optimal concentration for each distinct strain. The 

concentration tolerated may be different from other hygromycin resistance cassettes, 

likely depending on the promoter used. Make sure to protect the hygromycin plates 

from light. 

2, Two different cas9 integration vectors are included in the toolbox; pCfB6364 

(recommended) contains the cas9 expression cassette with a D-serine selection marker 

surrounded with homology regions to the ku70 locus. The integration results in 

simultaneous knockout of ku70 and integration of cas9. pCfB4906 contains the cas9 

expression cassette with a hygromycin selection marker surrounded with homology 

regions to the IntB integration site. pCfB4906 should be used if the ku70 knock-out is 

unwanted. 

3, Not all sgRNAs are able to efficiently generate a double stranded break. The 

mechanistic reasons for this have not yet been elucidated, so not all sgRNA designs will 

be successful. If new sgRNAs recognition sequences need to be designed, it is 

recommended to design two sgRNAs for each target in order to increase the likelihood 

of a successful knockout. 



- 94 - 

 

4, If many sgRNA vectors will be constructed it may be beneficial to scale up the PCR 

reaction as to prepare a larger amount of each biobrick. 

5, Alternatively, the BioBricks can be purified from solution or the PCR reaction can be 

used directly. This may however result in lower cloning efficiency. 

6, It is also possible to construct the repair template by PCR amplifying the homology 

regions from the genome and fusing them via USER cloning or Gibson assembly. This 

option might be preferable if the cost is a major concern or if the same knock out will be 

repeated a large number of times. If a PCR amplified biobrick is used as a repair 

template, it will be beneficial to make it longer than the 90 bp of the dsOligo. Usually 

500 bp homology up- and downstream of the CDS is recommended (in total 1 kb), this 

will also result in a higher transformation efficiency than the 90 bp oligos. There has 

been some limited success in using single stranded oligos (ssOligo) as repair 

templat8[8], although, to our knowledge the efficiency of this approach has not yet been 

fully investigated in Y. lipolytica. 

7, It is recommended to remove the full CDS, making it virtually impossible for the 

knockout to spontaneously revert. An alternative way of performing knockouts it to 

disrupt the CDS by performing a gene inactivating mutation, it is recommended to 

introduce a stop codon followed by a frame shift mutation, in order to reduce the 

likelihood of spontaneous reversion. The sgRNA should be targeted towards the 

beginning of the CDS, but not so early as to allow the ribosome to find alternative 

translation start codons. Furthermore, the mutations has to be placed in the Cas9 

binding site, as to prevent further cleavage after the repair has been carried out. To 

design a dsOligo select a codon in the binding site to convert. Select the 43 bp preceding 

the codon as the upstream homology region, add a stop codon (e.g. TAA), skip one 

nucleotide to introduce the frame shift, select the 44 bp following the skipped 

nucleotide as the downstream homology region, this results in a 90 bp oligo that can be 
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used as a repair template. Keep in mind that in order to verify the knockout sequencing 

covering the binding site is necessary. 

8, When designing custom primers, aim for a primer Tm of ~60 °C excluding the USER 

tail. For a complete list of biobricks and corresponding primers used in the toolbox, see 

table 21 and table 22. 

9, To design a primer with USER tail compatible with the TEFintron promoter, design 

the forward gene primer as following: ACTTTTTGCAGTACUAACCGCAG(N)n (Where 

(N)n is a gene specific sequence starting with the first nucleotide after the ATG start 

codon). The TEFintron promoter can be amplified using the primers PR-10595 and PR-

18214 (or similar with higher Tm) using genomic Y. lipolytica DNA as a template (see 

table 22). 

10, User feedback has revealed IntE_3 to sometimes be problematic (but functional) in 

Y. lipolytica strain w29. If working with Y. lipolytica w29 it might be advisable to avoid 

IntE_3 as your primary choice.  

11, The ideal primers to use would be a pair binding to the two terminators, amplifying 

everything between (such as PR-14148 and PR-14149 (table 22)), as only a single 

verification reaction would be needed. However, for large constructs such a PCR 

reaction may become difficult. Other primer pair suggestions would be from terminator 

to promoter, or gene specific primers in these cases perform separate verifications for 

each gene to ensure proper construct assembly (See table 21 for more primers). 

12, Only a very small amount of colony is needed. Too much biomass may inhibit the 

PCR reaction. 

13, The annealing temperature may differ depending on the primers used, and may 

need to be changed if primers other than those included the EasyCloneYALI toolbox are 
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being used. The touchdown PCR should start at least 10 °C above the lowest predicted 

Tm. 

14, For sanger sequencing of small constructs in may be enough to sequence using 

general primers binding to the terminators and/or promoters. For larger constructs 

custom primers needs to be designed, covering the entire construct, spaced apart by 

700-800 bp. 

15, If the genes or promoters used contain NotI sites, the restriction enzyme SmiI can be 

used instead. 

16, Here we employ a LiAc chemical transformation technique based on a previously 

described protocol[9].  

17, The cell amount should not exceed 20% of the total volume of the cell suspension. If 

more cells are needed, divide into two tubes. 

18, There has been some indications that replacing the H2O in the final washing step 

with 100 mM LiAc improves the transformation efficiency. Although this has not been 

properly validated.  

19, The corresponding OD might differ depending on the specific spectrophotometer 

and strain used. For Y. lipolytica GB20 using a NanoPhotometer Pearl (Implen), 5x107 

cells equal an optical density (OD600) of 9.2. Example: The OD of the cell suspension was 

determined to be OD600 = 40. In this case, 230 μl of the cell suspension equals an OD600 

of 9.2 (calculation: 1000 μl/40*9.2 = 230 μl) and should be used for one transformation 

reaction. 

20, ssDNA: boiled single stranded DNA from salmon testes. If you are preparing the 

transformation mix ahead of time, keep ssDNA separately on ice and add to the 

transformation mix just before resuspension of the cells.  
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21, The number of days it takes for transformants to appear depends on several factors, 

such as choice of parent strain, growth effects of modification and type of selection 

plate. For Y. lipolytica w29, with the integration of a non-harmful gene and selected on 

YPD + Nat, transformants will take 2-3 days. For modifications causing growth defects 

selected on SC plates it might take up to 7 days.  

22, It may be the case that background colonies appear, these will typically be smaller in 

size than positive transformants. When screening, primarily select the bigger colonies, 

the size difference is usually distinct. 

23, The integrative expression vectors used for the marked-based integrations have loxP 

sites flanking both ends of the marker cassette, upon expression of the CreA 

recombinase the loxP sites will recombine and the marker cassette will be looped out. 

The EasyCloneYali toolbox includes a vector carrying an expression cassette for the 

CreA recombinase, which can be used for Cre-lox mediated recycling of the selective 

markers. The CreA-expressing vector (pCfB4158) can be used in leucine-auxothrophic 

strains such as Po1d and Po1f. 

24, The reason for having the additional verification step is that the Cre recombinase 

may occasionally recombine with an unintended site (e.g. other loxP site) and may 

remove the whole integrated cassette in the process. This may be more likely if the 

integrated cassette is causing a growth defect. It is not recommended omitting this step 

unless the function can be easily assayed in other ways (e.g. GFP fluorescence).  
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Table 21 List of Biobricks 

BioBrick Description PCR template Forward 

primer 

Reverse 

primer 

BB1635 sgRNA Promoter 

Biobrick 

pCfB4589 PR-10607 PR-15788 

BB1636 sgRNA crRNA-

Term. Biobrick 

pCfB4589 PR-15789 PR-10604 

BB1360 TPex20-Tlip2 pCfB4132 PR-14148  PR-14149  

BB1244 <-PrGPD gDNA of Yl ST3683 PR-13337  PR-13338 

BB993 PrTefYL gDNA of Yl ST3683 PR-10595 PR-10596 

BB1393 PrTEFintron gDNA of Yl ST3683 PR-14279  PR-14158 

BB2093 PTEFintron_USER gDNA of Yl ST3683 PR-10595 PR-18214 

BB1557 PrTef gDNA of Yl ST3683 PR-14279 PR-15508 

BB1558 PrExp gDNA of Yl ST3683 PR-15521 PR-15522 

BB1559 PrFBA1-> gDNA of Yl ST3683 PR-15523 PR-15524 

BB1562 PrGPD1-> gDNA of Yl ST3683 PR-15527 PR-15528 

BB1614 PrYAT1-> gDNA of Yl ST3683 PR-15659 PR-15660 

BB1615 PrGPM1-> gDNA of Yl ST3683 PR-15661 PR-15662 

BB1616 PrDGA1-> gDNA of Yl ST3683 PR-15563 PR-15564 

BB1617 PrGPAT-> gDNA of Yl ST3683 PR-15565 PR-15566 

BB1618 PrFBA1in-> gDNA of Yl ST3683 PR-15523 PR-15567 

BB1619 PrGPDin-> gDNA of Yl ST3683 PR-15527 PR-15668 

BB1626 PrILV5-> gDNA of Yl ST3683 PR-15755 PR-15756 

BB1627 PrlCL1-> gDNA of Yl ST3683 PR-15757 PR-15758 
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Table 22, List of Primers 

Primer 

name 

Sequence Description 

PR-10595 CGTGCGAUAGAGACCGGGTTGG Forward primer for amplification of 

PrTefYL 

PR-10596 ATTTTGAAUGATTCTTATACTC

AGAAG 
Reverse primer for amplification of 

PrTefYL 

PR-10604 CACGCGAUACCGTACCCACACA

AAAAAAGCACCACCGACTC 
Reverse primer for amplification of 

sgRNA crRNA-Term. Biobrick 

PR-10607  CGTGCGAUAGTGAATCATTGCT

AACAGATC 
Forward primer for amplification of 

sgRNA Promoter Biobrick 

PR-13337 CACGCGAUGACGCAGTAGGATG

TCCTG 
Forward primer for amplification of 

PrGPD 

PR-13338 ACCTGCACUGTTGATGTGTGTT

TAATTC 
Reverse primer for amplification of 

PrGPD 

PR-14148  ACGTGCAACGCTUACGCAACTA

ACATGAATG 
Forward primer for amplification of 

TPex20-Tlip2 

PR-14149  AGCTGTTCUCAGATGCATTCTT

GGGCGGTC 
Reverse primer for amplification of 

TPex20-Tlip2 

PR-14158 ATGACAGAUCTGCGGTTAGTAC

TGCAAAAAG  
Reverse primer for amplification of 

PrGPD-Tefintron 

PR-14279 CGTGCGAUAGAGACCGGGTT Forward primer for amplification of 

PrTef 

PR-15508 ATGACAGAUTTTGAATGATTCT

TA 
Reverse primer for amplification of 

PrTef 

PR-15521 CGTGCGAUAAGGAGTTTGGCGC

CCGTT 
Forward primer for amplification of 

PrEXP 

PR-15522 ATGACAGAUTGCTGTAGATATG

TCTTGT  
Reverse primer for amplification of 

PrEXP 

PR-15523 CGTGCGAUAACAGTGTACGCAG

TACTATAGAGG 
Forward primer for amplification of 

PrFBA1 

PR-15524 ATGACAGAUTGTGTGATGTGTA

GTTTAGATTTCG 
Reverse primer for amplification of 

PrFBA1 

PR-15527 CGTGCGAUGACGCAGTAGGATG

TCCTGCACGG 
Forward primer for amplification of 

PrGPD1 

PR-15528 ATGACAGAUTGTTGATGTGTGT

TTAATTCAAGAATG 
Reverse primer for amplification of 

PrGPD1 
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PR-15659 CGTGCGAUATAAGTTTGCAAAA

AGATCGTATTA 
Forward primer for amplification of 

PrYAT1 

PR-15660 ATGACAGAUTTGTGAATTAGGG

TGGTG 
Reverse primer for amplification of 

PrYAT1 

PR-15661 CGTGCGAUCTCTGTCAAACAGC

TCCAA  
Forward primer for amplification of 

PrGPM1 

PR-15662 ATGACAGAUTTTTGTATGTGTT

TTGGTGATGTC 
Reverse primer for amplification of 

PrGPM1 

PR-15663 CGTGCGAUTTTCTCCCACCACC

ACCA 
Forward primer for amplification of 

PrDGA1 

PR-15664 ATGACAGAUAGCTTTTGTTTTG

TGTGACTTG 
Reverse primer for amplification of 

PrDGA1 

PR-15665 CGTGCGAUGATACGCATTATGC

CTGTACA 
Forward primer for amplification of 

PrGPAT 

PR-15666 ATGACAGAUGGTTGTGGAGGAA

GAAGTT 
Reverse primer for amplification of 

PrGPAT 

PR-15667 ATGACAGAUGGAGAGCTGGGTT

AGTTTG 
Reverse primer for amplification of 

PrFBA1in 

PR-15668 ATGACAGAUGACCTGTGTTAGT

ACATTGTCG 
Reverse primer for amplification of 

PrGPD1in 

PR-15755 CGTGCGAUGAGCGAGGAATGTG

AATAGC 
Forward primer for amplification of 

PrIVL5 

PR-15756 ATGACAGAUTACTGTGGTGTTG

TGTTGG 
Reverse primer for amplification of 

PrIVL5 

PR-15757 CGTGCGAUACTCTACTCCAGAT

TTGCAC  
Forward primer for amplification of 

PrICL1 

PR-15758 ATGACAGAUTTTTGTATGCTTG

GTCAGTCTAC 
Reverse primer for amplification of 

PrICL1 

PR-15788 TAACCAACCUGCGCCGACCCGG

AATCGAAC 
Reverse primer for amplification of 

sgRNA Promoter Biobrick 

PR-15789 GTTTTAGAGCUAGAAATAGCAA

GTTAAAATAAG 
Forward primer for amplification of 

sgRNA crRNA-Term. Biobrick 

PR-18214 AGTACTGCAAAAAGUGCTG Reverse primer for amplification of 

PrTefin_USER 
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Supplementary File 1 

>malFAR_codon_optimized_for_Y._lipolytica 

ATGGCTACCCAGCAGCAGCAGAACGGTGCATCCGCTTCGGGCGTTCTGGAGCAGCTTAGAGGCA

AGCATGTCTTGATTACCGGTACTACAGGATTTCTGGGAAAGGTGGTTCTGGAGAAGCTGATCCG

AACCGTGCCTGACATCGGTGGTATTCATCTGCTGATTAGAGGCAACAAGAGACATCCTGCTGCC

AGAGAAAGATTCTTGAACGAAATCGCCTCTTCCTCTGTGTTCGAGCGGCTTAGACATGACGACA

ACGAAGCCTTTGAGACTTTCCTGGAGGAGCGTGTGCACTGCATCACCGGAGAAGTGACCGAGTC

GAGATTTGGCCTTACTCCTGAGCGGTTCCGAGCCCTTGCTGGCCAAGTGGATGCCTTCATCAAT

TCCGCCGCCTCTGTTAACTTCAGAGAGGAGCTGGACAAGGCACTCAAGATCAACACCCTGTGTC

TGGAGAACGTGGCTGCTCTGGCCGAACTTAACTCCGCTATGGCAGTGATCCAAGTTTCCACCTG

TTACGTGAACGGCAAGAACTCTGGACAGATCACCGAGTCCGTTATCAAGCCCGCTGGCGAATCC

ATCCCCAGATCCACAGATGGCTACTACGAGATCGAGGAGCTGGTCCACCTTCTGCAAGACAAGA

TCTCCGACGTGAAGGCTCGATACTCTGGCAAGGTGTTGGAGAAGAAGCTGGTGGACCTGGGCAT

CCGAGAGGCGAACAACTACGGCTGGTCTGACACCTACACCTTCACCAAATGGCTCGGAGAGCAG

CTTCTGATGAAAGCTCTGTCCGGAAGATCCCTGACTATCGTGCGGCCTTCCATCATCGAGTCGG

CTCTTGAAGAGCCTTCTCCAGGTTGGATCGAGGGCGTGAAGGTTGCTGACGCCATCATCCTTGC

GTACGCCAGAGAGAAGGTTTCGTTGTTCCCCGGCAAGCGATCTGGCATCATCGACGTTATCCCC

GTGGATCTGGTGGCCAACTCTATCATTCTCTCTCTTGCTGAAGCCCTTTCTGGATCTGGCCAGC

GTAGAATCTACCAATGTTGTTCTGGCGGTTCTAACCCGATTTCTCTGGGCAAGTTCATCGACTA

CCTTATGGCCGAAGCCAAGACCAACTATGCTGCCTACGACCAGCTCTTCTACCGACGACCCACC

AAGCCCTTCGTCGCTGTGAACCGAAAGCTGTTCGATGTTGTCGTGGGAGGAATGCGAGTGCCTC

TTTCCATTGCTGGCAAGGCCATGAGATTGGCGGGTCAGAATCGAGAATTGAAGGTTCTCAAGAA

CCTTGACACTACTCGATCGCTCGCTACTATCTTTGGATTCTACACTGCTCCTGACTACATCTTC

CGGAATGACTCTCTGATGGCTCTTGCTTCCCGAATGGGAGAACTCGATCGTGTGCTGTTCCCTG

TTGACGCTCGACAGATCGACTGGCAGCTCTACTTGTGTAAGATCCACCTGGGCGGCCTGAACCG

ATATGCTCTGAAAGAACGAAAGCTGTACAGCCTTAGAGCCGCTGATACCCGAAAGAAGGCTGCT

TAA 
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Full supplementary data for this chapter is freely available for download at: 

https://www.frontiersin.org/articles/10.3389/fgene.2019.00747/full#supplementary-

material  
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Abstract 

Fatty alcohols are a group of compounds used in a variety of applications within 

different industries, ranging from the soap and detergent industry to the personal care 

and cosmetics industry, and even the food industry. Currently, fatty alcohols are being 

produced at a megaton scale with roughly equal parts derived from fossil oil and from 

plant oils or animal fats, which often result in a negative environmental impact. Hence, 

there is a need for alternative production methods such as production via microbial 

fermentation using cheap renewable feedstocks.  

In this study, we use the insights and data from our previous multi-omics study 

on fatty alcohol production in yeast, to guide the strain engineering of a fatty alcohol-

producing Y. lipolytica strains, with the purpose of evaluating a data-driven strain 

engineering process. Seven key findings are converted into strain engineering 

strategies, and are evaluated for their effect on fatty alcohol production. Most of the 

strategies worked as intended, with the exception of expression of the E. coli pyruvate 

formate lyase, EcPFL, which decreased the fatty alcohol production, the opposite of 

both the predicted effect and reports in the scientific literature. 

In conclusion, in principle data driven strain engineering was shown to be a 

successful approach to the construction of cell-factories. However, to reach its full 

potential further improvements in method development, data processing, and data 

analysis are needed, in order to make it a fast and convenient process.  

 

Keywords: fatty alcohol, data-driven strain engineering, Yarrowia lipolytica. 
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Introduction 

Much of our modern society relies on unsustainably produced chemicals. Microbial cell 

factories have arisen as a promising alternative and would allow for environmentally 

friendly and sustainable production from renewable substrates. Cell factory 

development is however a costly and time-consuming endeavor, typically requiring 6-8 

years and over 50 million USD(Nielsen and Keasling 2016). Metabolic engineers 

typically employ an iterative design process commonly referred to as the Design-Build-

Test-Learn (DBTL) cycle. The DBTL cycle is looped through multiple times during the 

construction of a microbial cell factory, incrementally increasing the performance of the 

strain until the desired titer, rate, and yield has been reached. Rational engineering is 

commonly employed, which relies heavily on trial and error as well as on the expertise 

of the scientist responsible. Therefore, there is a need to develop a more targeted and 

informed approach. Data-driven strain engineering may be an alternative, which relies 

on objective data gathered via strain characterization and various omics techniques to 

build a more holistic understanding of the particular cell factory being constructed.  

Fatty alcohols and their derivatives are used as detergents, surfactants, 

lubricants, or creaming agents in a variety of industries. The global market for fatty 

alcohols is estimated at 5 billion USD (Grand View Research, Inc 2016). Currently, 

industrial fatty alcohol production is primarily derived from either crude oil or palm 

kernel oil, both feedstocks being unsustainable in the long term (Shah et al. 2016). 

Microbial cell factories may serve as an alternative, producing fatty alcohols from 

sustainable and renewable substrates. 

Multiple microbial hosts have been engineered for fatty alcohol production. The 

two standard metabolic engineering workhorses, Escherichia coli and Saccharomyces 

cerevisiae were engineered to produce fatty alcohols, reaching titers of 6.3 g/L (Liu et al. 

2016) and 6.0 g/L (d’Espaux et al. 2017) total fatty alcohols, respectively (complex media 
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in bioreactors). Several oleaginous yeast species have also engineered for fatty alcohol 

production. Yarrowia lipolytica was engineered to produce 5.8 g/L (bioreactor, minimal 

media) (Cordova, Butler, and Alper 2020), and Lipomyces starkeyi was engineered to 

produce 1.7 g/L (17) (minimal media in shake flasks). As of writing, the highest reported 

titer in the scientific literature was achieved with the oleaginous yeast Rhodosporidium 

toruloides, which reached 8 g/L total fatty alcohols (18) (complex media in bioreactors).  

Fatty alcohol biosynthesis is carried out in two enzymatic steps from fatty acyl-

CoAs, key intermediates in membrane and storage lipid biosynthesis. The two 

enzymatic steps can also be carried out by a single enzyme, an alcohol-forming fatty 

acyl-CoA reductase (FAR), where FAR converts fatty acyl-CoA into fatty alcohol, with a 

fatty aldehyde as a transient intermediate, consuming two NADPH molecules in the 

process.  

This study functions as a follow-up to the previously published multi-omics 

analysis (Dahlin et al. 2019) on the effects of fatty alcohol production on the yeasts S. 

cerevisiae and Y. lipolytica, with the purpose of evaluating a data-driven strain 

engineering process. Additionally, we draw upon the insights from the 

phosphoproteomics dataset from a Y. lipolytica multi-omics study of lipid biosynthesis 

(Pomraning et al. 2016), to address an assumed shared bottleneck in fatty acid 

biosynthesis, the post-translational regulation of Acc1p. 

 

 

Materials and Methods 

Strains, Reagents, and Chemicals 

Escherichia coli DH5α was used for the manipulation of DNA during cloning. A 

Y. lipolytica w29 derivative, ST7576 (MATb, ku70Δ::Cas9_DsdA, eyk1Δ), was used as the 

base strain for engineering.  
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Cloning reagents were sourced according to EasyCloneYALI (Holkenbrink 2018). 

All chemicals were acquired from Sigma-Aldrich unless otherwise specified. 

Nourseothricin was acquired from Jena Bioscience GmbH (Germany). 

 

Strain Construction 

Strains were constructed according to the previously published EasyCloneYALI 

(Holkenbrink et al. 2018) protocols. The strain construction as well as plasmids, 

biobricks, and primers used in this work are summarized in supplementary 

tables S1-S4.  

The coding sequences of all vectors were verified using Sanger sequencing 

provided by Eurofins Genomics, and integration was verified by colony PCR. For a list 

of the genes used see supplementary material 2. 

 

Cultivation 

Unless otherwise specified, all cultures were grown in 24 well deep-well plates, 

incubated at 30 °C at 250 rotations per minute (RPM) in a MaxQ 8000 orbital shaker 

(ThermoFisher). Pre-cultures were grown on minimal media overnight. The media 

contained 60 g/L glucose, 12 g/L KH2PO4 (pH 6.0), 7.5 g/L (NH4)2SO4, 0.24 g/L MgSO4, 

trace metals (), and vitamins (). Pre-cultures were used to inoculate cultures with a 

starting OD600 of 0.03. Cultivations were performed in minimal media supplemented 

with 0.25% (w/v) erythritol, or nitrogen-limited media supplemented with 0.25% (w/v) 

erythritol. The composition of the nitrogen-limited media was the same as minimal 

media, except for (NH4)2SO4 which was lowered to 1.25 g/L. The cultivations were 

performed in biological triplicates for each strain.  
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HPLC Analysis 

150 µl samples were harvested, centrifuged in 96 well PCR plate at 3000 x g at 4°C for 5 

min, and supernatants were stored at -80 °C until analysis. Supernatants were analyzed 

for the presence of glucose, glycerol, citrate, α-ketoglutarate, pyruvate, malate, and 

succinate using HPLC UltiMate 3000 (Thermo Fisher) with Aminex HPX-87H ion 

exclusion column. Samples were run for 30 min at 0.600 ml/min at 60 °C using 5 mM 

H2SO4 as eluent. Compounds were detected using a Dionex RI-101 and DAD-3000 

detectors (Dionex) for RI and UV detection respectively. 

 

Fatty alcohol extraction 

Fatty alcohols were analyzed by collecting 1 ml of culture broth into a 4 ml glass vial 

and adding 10 µl internal standard (2 g/L of methyl cis-10-heptadecanoate dissolved in 

100% ethanol). Samples were vortexed for 3 seconds and frozen at -80 °C until further 

processing. To perform the extraction, samples were freeze-dried for 2-3 days at -30 °C 

under vacuum in a freeze-drying system (labconco). 1 ml 2:1 chloroform:methanol 

mixture and 100 µl glass beads were added to each freeze-dried sample to disrupt the 

cells, vortexed for 60 min in a DVX-2500 multi-tube vortexer (VWR) and left at room 

temperature for 4 hours. The solvents were subsequently evaporated in a SpeedVac. 1 

ml hexane was added to the sample vials, vortexed for 60 min in a DVX-2500 multi-tube 

vortexer (VWR), and incubated at room temperature for 4 hours. Samples were 

transferred to new vials and stored at -80 °C until analyzed.  

The analysis was carried out on a GC-MS using an INNOWax column (30m x 

0.25mm x 0.25μm) with helium as the carrier gas. The injector was set to 50% split mode 

at 220 °C, the oven temperature was set to 80 °C for 1 min, increased at a rate of 10 °C 

/min to 210 °C, followed by a hold at 210 °C for 15 min, increased at a rate of 10 °C/min 

to 230 °C followed by a hold at 230 °C for 20 min. The GC-MS was operated in electron 
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impact mode (70 eV), scanning at the range 30-400 m/z. Compounds were quantified 

relative to the internal standard (heptadecanol).  

  

 

Results 

Strain design 

Seven key findings from the previously conducted multi-omics analysis on fatty alcohol 

production in engineered yeasts S. cerevisiae and Y. lipolytica (Dahlin et al. 2019) were 

converted into a design strategy in order to evaluate the prospect of a data-driven 

design process.  

Firstly, Y. lipolytica was shown to produce higher titers than Saccharomyces 

cerevisiae and was selected as the host for this study. A Y. lipolytica W29 derivative, 

ST7576 (W29, ku70Δ::Cas9_DsdA, eyk1Δ), was selected as the basis for this study. 

Building upon the strains from the multi-omics study was decided against since the 

knock-out and FAR expression strategies were revised. The selected strain had been 

modified to replace KU70 with a Cas9 cassette (ku70Δ::Cas9_DsdA), which reduces 

non-homologous end joining and allows for marker-free integration(Holkenbrink 2018). 

EYK1 had also been deleted (eyk1Δ) from the reference strain, as this had been shown to 

stabilize erythritol induction by eliminating inducer degradation(Trassaert et al. 2017). 

Secondly, the FAR might be limiting, hence a new FAR from the barn owl, Tito 

alba, (TaFAR) was selected, as it was previously shown to be the best producer in 

Y. lipolytica (Wang et al. 2016). Furthermore, the TaFAR was integrated in multiple 

copies using the zeta integration vectors (Juretzek et al. 2001), targeting the zeta repeat 

of the Ylt1 retrotransposon. TaFAR was expressed under the control of the engineered 

erythritol inducible promoter EYK300A3B (Trassaert et al. 2017), allowing for high 

expression and reducing the risk of mutating the TaFAR during the strain construction.  
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Thirdly, the previous knock-out combination designed to reduce fatty alcohol 

degradation created a toxic effect, hence a new knock-out strategy was devised. The 

new strategy consisted of knocking out a fatty alcohol oxidase (FAO1, YALI1_B18572g), 

the main fatty alcohol degrading enzyme (Wang et al. 2016), as well as the two alcohol 

dehydrogenases ADH1 (YALI1_D33961g) and ADH3 (YALI1_A16292g), previously 

shown to be responsible for growth on fatty alcohols (Iwama et al. 2015).  

Fourthly, nitrogen-depletion was shown to drastically reduce the glucose uptake 

rate. Therefore, a hexokinase (HXK, YALI1_B29133g) and a hexose transporter (HXT, 

YALI1_D01234g) in order to boost the glucose uptake and utilization. The two genes 

were selected based on their high transcription level during the growth phase in 

glucose media.  

Fifthly, the flux analysis revealed that the strains secreted large amounts of 

organic acids, in particular pyruvate and citrate. Organic acids were secreted by both 

strains under both conditions, but was particularly prominent during nitrogen 

depletion when the non-producing reference strain secreted approximately 50% of the 

carbon taken up. Hence, a strategy was devised to redistribute the fluxes of pyruvate 

and citrate by expressing the E. coli pyruvate formate lyase (EcPFLA/EcPFLB) and the 

Mus musculus ATP-citrate lyase (MmACL), each converting the corresponding organic 

acid to acetyl-CoA, a precursor for the fatty acid synthase complex (FAS).  

Sixthly, flux analysis and metabolomic analysis indicated that NADPH supply, 

the key reducing agent in fatty acid synthesis, might become limiting during a high 

fatty alcohol yield. The metabolomics data revealed a decrease in NADPH during fatty 

alcohol production, although the NADP+/NADPH ratio remained the same. The 

fluxomics data revealed that the flux through the pentose phosphate pathway (PPP) 

would not generate enough NADPH to support high fatty alcohol yields. The PPP has 

previously been shown to be the main source of NADPH in Y. lipolytica (Wasylenko et al 

2015). Hence, an NADP-dependent glyceraldehyde-3-phosphate dehydrogenase from 
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Clostridium acetobutylicum (CaGAPC) was introduced. CaGAPC complements the native 

NAD-dependent glyceraldehyde-3-phosphate dehydrogenase (YlGPD) in glycolysis, 

providing additional NADPH supply. 

Seventhly, transcriptomics analysis revealed that acetyl-CoA carboxylase (ACC1) 

is upregulated in response to fatty alcohol production and a multi-omics analysis on 

lipid accumulation had shown that YlACC1 is regulated by phosphorylation 

(Pomraning et al. 2016).  Indicating that high expression is beneficial, and removal of 

the phosphorylation sites might result in a more active enzyme, a strategy that has 

previously been shown to be successful in S. cerevisiae (Shi et al. 2014). 

Phosphoproteomics data from the lipid accumulation study were used to identify three 

phosphorylation sites, and an ACC1 mutant carrying three point mutations S17A, T21A, 

S1178A (ACC1mut) was designed.  

To evaluate the data-driven design strategies, ten strains were constructed. 

ST7576 (W29, ku70Δ::Cas9_DsdA, eyk1Δ) was used as the reference strain. URA3 was 

knocked out and restored by integrating an expression cassette containing TaFAR under 

erythritol inducible control and the URA3d4 which promotes integration of multiple 

copies. The strain was selected based on fatty alcohol titer and the restoration of growth 

rate (supplementary table s5), resulting in ST9827. FAO1 gene was knocked out in 

ST9827 to create ST9828. A construct containing YlHXK and YlHXT was integrated into 

ST9828 to create ST9829. A construct containing EcPFLA and EcPFLB was integrated 

into ST9829 to create ST9831. Constructs containing either CaGAPC, or CaGAPC and 

MmACL, were integrated into ST9831 to create ST9833 and ST9835, respectively. ADH1 

and ADH3 were knocked out in ST9835 to create ST9837. Constructs containing either 

mutated YlACC1 (ACC1mut) or wild type YlACC1 (ACC1wt), were integrated into 

ST9837 to create ST9839 and ST10069, respectively (figure 1). 
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Evaluation of Fatty Alcohol Production 

The introduction of TaFAR (ST9827) resulted in 2.3 mg/L total fatty alcohol during 

growth in minimal media and no significant difference when compared to the reference 

strain (ST7576) (figure 1). Deletion of FAO1 (ST9828) resulted in a 61-fold increase, to 

138 mg/L in minimal media, reaffirming that there is a significant amount of fatty 

alcohol degradation. Simultaneously decreasing the biomass accumulation, reaching an 

OD600 of 19, less than half of the parent strain (ST9827) reaching an OD600 of 40, 

indicating either a toxicity relating to the FAO1 deletion, or to the accumulation of fatty 

alcohol. Introduction of the hexokinase and hexose transporter (ST9829) had no effect 

during growth on minimal media, but did increase the fatty alcohol titer two-fold from 

27 mg/L to 57 mg/L in nitrogen-limited media. Heterologous expression of EcPFL 

(ST9831) decreased fatty alcohol production by 20% and 55% in minimal and nitrogen-

limited media, respectively. EcPFL expression also increased biomass accumulation by 

30% reaching OD600 of 26 during growth on minimal media. This might indicate that 

this approach relied on a too simplistic view of acetyl-CoA metabolism or be due to the 

low levels of secreted pyruvate observed in all strains (supplementary figure s1). 

Furthermore, it is the inverse to the effect of EcPFL expression on lipid accumulation as 

shown by a previous study (Xu et al. 2016). The expression of CaGAPC (ST9833) had no 

effect on fatty alcohol titer, likely because this level of production was very far from 

causing an NADPH depletion. OD600 did however drop by 23% in minimal media. The 

expression of MmACL (ST9835) resulted in 90 mg/L total fatty alcohol, which was not 

significantly different from the CaGAPC strain (ST9833). Which again is the inverse to 

the effect of MmACL expression on lipid accumulation as shown by a previous study 

(Xu et al. 2016), and again might be due to a too simplistic view of acetyl-CoA 

metabolism or be due to the low levels of secreted citrate observed in all engineered 

strains (supplementary figure s1). Deletion of the two fatty alcohol degrading enzymes 

ADH1 and ADH3 (ST9837) resulted in 122 mg/L total fatty alcohol, a 34% increase. This 
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is the opposite effect of a recent study on fatty alcohol production in Y. lipolytica (Zhang 

et al. 2019), where individual knockouts of ADH1 and ADH3 were shown to decrease 

fatty alcohol accumulation. Expression of YlACC1mut (ST9839) and YlACC1wt (ST10069) 

resulted in 143 mg/L (10% increase) and 168 mg/L (36% increase), respectively, with a 

non-significant difference between them. Indicating that ACC1 overexpression indeed 

helped, but the removal of the phosphorylation sites didn’t provide further 

improvement under the conditions tested (figure 1).  
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Figure 1. Fatty Alcohol Production 

Strains evaluated for fatty alcohol titer (blue) and OD600 (orange) at 96 h, in 

minimal media and nitrogen limited media. Statistical significance determined 

by T-test, ns: not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: 

p < 0.0001. Data presented as mean of triplicates, error bars represent standard 

deviation. 
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Discussion 

In this study, TaFAR was integrated into the Y. lipolytica genome through the zeta multi-

copy integration. However, the strains displayed an unexpectedly low level of FAR 

activity, as compared to previous studies (Wang et al. 2016; Cordova, Butler, and Alper 

2020). This could be due to intrinsically low activity of TaFAR or issues with the 

erythritol induction. However, it also turns out that W29 completely lacks the Ylt1 

retrotransposon containing the zeta sequence (Magnan et al. 2016), a fact that was 

neglected during strain construction. Integration using the zeta plasmids is still possible 

although at a lower efficiency (Juretzek et al. 2001), presumably integrating randomly in 

the genome. Furthermore, the TaFAR expression cassette also contains the defect ura3d4 

selection marker, indicating that the expression cassettes were integrated into expressed 

regions of the genome. The selection of the best producing strain with a fully restored 

growth rate indicates that more than 10 copies had been integrated into the genome 

(Juretzek et al. 2001). 

The data-driven design strategy used in this study largely had the predicted 

effect, albeit modestly so. There are however some notable exceptions and 

contradictions to the published literature. The introduction of the pyruvate formate 

lyase (EcPFLA/B) resulted in a significant decrease of fatty alcohol titer, which is the 

opposite of both the expected effect based on the omics data and of the effect of PFL 

expression during lipid accumulation (Xu et al. 2016). This could either be related to the 

low levels of extracellular pyruvate observed in all strains, or due to a simplistic view of 

cellular metabolism. It is possible that the accumulation of acetyl-CoA, or the depletion 

of pyruvate, is triggering changes in intracellular signaling possibly boosting 

unintended pathways. It is also unclear is the low levels of extracellular pyruvate are 

due to a low secretion rate, or due to the reuptake of pyruvate. Similarly, the 

introduction of ATP citrate lyase (MmACL) might have resulted in a slight, 
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non-significant, decrease in fatty alcohol titer which is counter to both the expected 

effect based on the omics data and to the effect of ACL expression during lipid 

accumulation (Zhang et al. 2014). The reasons for this observation might be similar to 

that of PFL expression. Furthermore, YlADH1 and YlADH3 have been characterized as 

fatty alcohol dehydrogenases (Iwama et al. 2015), however, in a recent study (Zhang et 

al. 2019), it was shown that knockout of YlADH1 and YlADH3 results in a decreased 

fatty alcohol production. The findings in this study are in agreement with the original 

characterization study but counter to the fatty alcohol production study. This 

disagreement could be due to media differences, but the fatty alcohol production study 

also reported multiple other dubious results.  

This study sought out to investigate whether a data-driven design strategy is a 

valuable approach to adopt. Based on the current study such a proposition is somewhat 

dubious. Despite largely being accurate in its prediction, the lack of novelty and the cost 

and time associated with the multi-omics study makes it a fairly inefficient process. The 

upside, however, is that it can be fairly agnostic towards previously published data, and 

the utility of the process will greatly increase as methods are improved and data 

processing streamlined.  

As an alternative strategy, YlGUT1 and YlGUT2 were integrated in order to boost 

glycerol utilization, as a parallel to the hexokinase and hexose transport strategy. 

During the construction of this strain all the TaFAR and URA3d4 expression cassettes 

were lost, resulting in the strain losing the ability to grow in the absence of uracil. 

Hence, that strain, and all the subsequent strains constructed upon it, were excluded 

from the study. It does, however, serve as a reminder for the issue of strain instability 

and fatty alcohol toxicity.  
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5.1 Supplementary Material for Data-driven strain engineering of fatty alcohol 

production in Yarrowia lipolytica 
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Table s5. Selection of strain with taFAR integration 

Evaluation of growth rate, fatty alcohol production, and OD600, of strains transformed with 

taFAR using zeta multi-copy integration. N1, negative control. The selected strain is highlighted 

with a red border. Data displayed as average and standard deviation of biological triplicates, 

except for fatty alcohol titer, which is from a single replicate. 

                  

  Strain 
Growth 
Rate (/h)1 

Growth Rate 
std dev 

Fatty Alcohol 
(mg/L) 

OD 
(72h) 

OD 
std_dev FA/OD   

  N1 0.52 0.04 7.0 8.26 0.61 0.85   

  94-1 0.33 0.02 19.3 5.54 0.48 3.48   

  94-2 0.25 0.03 33.0 6.42 0.55 5.14   

  94-3 0.27 0.01 26.8 6.33 0.53 4.23   

  94-4 0.34 0.03 27.5 6.35 0.23 4.32   

  94-5 0.52 0.01 36.2 5.97 2.03 6.06   

  94-6 0.30 0.01 31.8 4.48 1.64 7.09   

  94-8 0.29 0.01 27.2 4.01 1.32 6.79   

  94-9 0.38 0.00 25.9 2.46 0.58 10.52   

  94-10 0.41 0.02 20.7 5.43 2.13 3.82   

  94-11 0.42 0.00 21.3 4.73 1.90 4.51   

  94-12 0.35 0.05 23.2 4.27 1.43 5.43   

  94-13 0.48 0.02 25.0 4.47 1.39 5.60   

  

  
1: Due to the method used, growth rates might be artificially high. Hence, relative, 
rather than absolute, growth rates were used for the comparison. 
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Supplementary material 2, List of genes 

 

>TaFAR_Codon optimized for Y.lipolytica 

ATGGTGTCTATCCCCGAGTACTACGAGGGCAAGAACATCCTGCTGACCGGCGCCACCGGCTTCA

TGGGCAAGGTGCTGCTCGAGAAGCTGCTGCGATCTTGCCCCAAGGTGAAGGCCGTGTACGTGCT

GGTGCGACACAAGGCCGGACAGACCCCTGAGGCTCGAATCGAGGAAATCACCAACTGCAAGCTG

TTCGACCGACTGCGAGATGAGCAGCCCGACTTCAAGGCCAAGATCATCGTGATCACCTCTGAGC

TGACCCAGCCTGAGCTGGACCTGTCTGAGCCCATCAAGGAAAAGCTGATCGAGCGAATCAACAT

CATCTTCCACTGCGCCGCCACCGTGCGATTCAACGAGACTCTCCGAGATGCCGTGCAGCTGAAC

GTGACCGCTACTCAGCAGCTCCTGTTCCTGGCTCAGCGAATGAAGAACCTGGAAGTGTTCATGC

ACGTGTCTACCGCCTACGCCTACTGCAACCGAAAGCAGATCGAAGAGATCGTGTACCCTCCTCC

AGTGGACCCCAAGAAGCTGATTGACTCTCTCGAGTGGATGGACGACGGCCTGGTGAACGACATC

ACCCCTAAGCTCATCGGCGACCGACCTAACACCTACACTTACACCAAGGCTCTGGCCGAGTACG

TGGTGCAGCAAGAGGGCGCCAAGCTGAACACCGCCATCATTCGACCCTCTATCGTGGGCGCCTC

TTGGAAGGAACCCTTTCCTGGCTGGATCGACAACTTCAACGGCCCCTCTGGCCTGTTCATTGCC

GCCGGAAAGGGCATCCTGCGAACCATGCGAGCCTCTAACTCTGCCGTGGCCGACCTGGTGCCTG

TGGACGTGGTGGTGAACACCACTCTGGCCGCTGCCTGGTACTCTGGCGTGAACCGACCTCGAAA

CGTGATGATCTACAACTGCACCACCGGCGGCACTAACCCCTTCCACTGGGGCGAAGTGGGCTAC

CACATCAACCTGAACTTCAAGATCAACCCTCTCGAGAACGCCGTGCGACACCCCAACTGTTCTC

TGCAGTCTAACCCTCTGCTCCATCAGTACTGGACCGCCGTGTCTCACACCATGCCTGCCTTTCT

GCTGGACCTCCTGCTGCGACTGACCGGACACAAGCCCTGGATGATGAAGACCATCACTCGACTG

CACAAGGCCATGATGCTCCTCGAGTACTTCACCTCCAACTCTTGGATCTGGAACACCGAGAACA

TGACCATGCTGATGAACCAGCTGAACCCCGAGGACAAGAAGACCTTCAACTTCGACGTGCGACA

GCTGCACTGGGCTGAGTACATGGAAAACTACTGCATGGGCACCAAGAAGTACGTCCTGAACGAG

GAAATGTCTGGACTGCCCGCTGCCAGAAAGCACCTGAACAAGCTGCGAAACATCCGATACGGCT

TCAACACCGTGCTGGTCATCCTGATCTGGCGAATCTTCATTGCCCGATCTCAGATGGCCCGAAA

CATCTGGTACTTCGTGGTGTCTCTGTGCTACAAGTTCCTGTCTTACTTCCGAGCCTCTTCTACC

ATGCGATACTGA 

 

>ylHXK_YALI1B29133g 

ATGGAAGGAAAGGTGACTGTCTACCGTTGCCACCGGTTTGGTTCTGTACACGTTCGGTGTCCAA

GTAATAGCCACCTTGTCACATGCTGTTGCCTGCAGGATGTTGTCTTCGCTCGCCAGAAAAGGCA



- 152 - 

 

ACTCGCAGCCATACTAACACAGGGCTCAATGGCAGACGTCCCGCGGGACCTGCTGGAGCAAATC

TCCCAGCTTGAAACCATCTTCACCGTTTCGCCCGAAAAGCTGCGTCAAATCACCGACCACTTTG

TGTCCGAGCTCGCTAAAGGCCTCACAAAGGAGGGTGGAGATATCCCCATGAACCCCACCTGGAT

TCTGGGATGGCCCACCGGAAAGGAGAGCGGCTGCTATCTGGCTCTCGACATGGGTGGCACCAAC

CTGCGAGTTGTCAAGGTGACTCTGGACGGCGACCGAGGCTTCGACGTCATGCAGTCCAAGTACC

ACATGCCCCCCAACATCAAGGTCGGCAAGCAAGAGGAGCTGTGGGAGTACATTGCCGAATGTCT

GGGCAAGTTCTTGGCCGACAATTATCCTGAGGCTCTTGATGCCCATGAGCGAGGACGAGATGTC

GACAGAACCGCTGCGCAGAGCTTCACTCGAGACAAGTCTCCTCCTCCCCACAACCAGCACATTT

CGTGTTCTCCTGGCTTCGACATCCACAAGATTCCTCTCGGTTTCACCTTTTCATATCCCTGCTC

TCAGCCCGCCGTCAACCGAGGTGTACTGCAGCGATGGACCAAGGGTTTCGACATTGAGGGAGTC

GAGGGCGAGGACGTGGTCCCCATGCTGGAAGCTGCCCTCGAAAGAAAGAACATTCCTATTTCCA

TCACCGCCCTGATCAACGACACCACCGGAACTATGGTGGCCTCCAACTACCACGACCCCCAGAT

CAAGCTGGGTAACATCTTTGGTACTGGTGTCAACGCCGCCTACTACGAGAAGGTCAAGGACATT

CCCAAGCTCAAGGGTCTCATCCCCGACAGCATTGATCCCGAGACCCCCATGGCCGTCAATTGCG

AGTATGGAGCCTTCGACAATGAGCACAAGGTTCTCCCTAGAACCAAGTGGGACATCATCATCGA

TGAGGAGTCTCCCCGACCCGGTCAGCAGACCTTCGAGAAGATGAGTGCTGGCTACTACCTGGGA

GAATTGCTTCGTCTGGTTCTTCTGGACCTGTACAAGGACGGGTTTGTGTTCGAGAACCAGGGCA

AGAACGGTCAGGAGCTTGGAAACGGCAACATCAACAAGTCGTATTTCTTCGACACCTCTTTCCT

GTCTCTGATTGAGGAGGATCCCTGGGAGAACTTGACTGATGTCGAGATTCTCTTCAAGGAGAAG

CTTGGTATTAACACCACTGAGCCCGAGCGAAAGCTCATTCGTCGACTGGCCGAGCTCATTGGTA

CTCGATCCGCTCGAATCTCTGCCTGTGGTGTCGCTGCCATCTGTAAGAAGGCTGGCTACAAGGA

GGCTCACGCTGGAGCTGACGGATCCGTGTTCAACAAGTACCCCGGATTCAAGGAGCGAGGCGCC

CAGGCTCTCAACGAGATTTTTGAGTGGAACCTGCCCAACCCTAAGGACCACCCCATCAAAATCG

TTCCCGCTGAGGATGGTAGCGGTGTTGGAGCTGCTCTGTGCGCTGCTCTCACCATCAAGCGAGT

CAAGCAGGGTCTTCCCGTTGGTGTCAAGCCCGGTGTCAAGTACGATATTTAG 

 

>YlHXT_YALI1D01234g 

ATGATGATGTCATGTTTGAACACAGACTATCACAATGCTCACGCGAATCATCCATTATATATAT

CCGGGGAGCCCTCCCCGTGTTTTCTCTTGTTCCATATAGCTATTCAGTACAACTTCAACATGGG

ACGAAACTGGCTAGCGTTTTCACAAGCCTCCACTGAGGTCAAGACCGAGTTTCTGGGTCTTCGA

GGCCAGAAGCTCCACCGAGCCGTGGCCTTCATTGCCGGTATGGGTTTCCTGCTGTTCGGATACG

ACCAGGGAGTCATGGGTGGTCTGCTGACCCTCCCCCGGTTCATCCACCAGTTCCCCAAGATGGA
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CACCTCCGACTACGTTCCTGAGGAGACCCGAAAGTTCAACACCACCATCCAGGGTGTGTCTGTC

GGTATTTACGAGATTGGATGTATGATCGGCGCTCTGTTCACCATGTGGGCCGGAGACAAACTCG

GTCGACGACGTATGATTTTCTGGGGCTCTATCATCATGACTATTGGTGCCATTCTGCAGTGTGC

TTCTTACTCTCTTGGTCAGTTCATTACCGGTCGAGTTGTTTCTGGTGTTGGTAACGGTTTTATC

ACCGCCACTGTTCCCATGTTCCAGTCCGAGTGTGCCAAGCCTGAGCGACGAGGAGCTCTCGTCA

TGATGGAGGGTGCCCTTATCACCGGTGGTATTGCCCTCTCTTACTGGATCGATTTTGGCTTCTA

CTGGGTCAACAACGATGCCGACTGGCGATTCCCTATTGCTTTCCAGATCATCTTCTCCATGTTC

CTCACCTTCACCGTCATGTCTCTTCCCGAATCTCCCCGATGGCTTGTCAAGAAGCAACGATTCG

ACGAGGCTGCTGGTGTCTTCTCTGCTCTCGAGGATGTGCCTATTGATGACCCTTACGTGATTGA

CCAGATCGCCGAGGTCAAGGAGTCCATCATGATGGAGCAGCTTGCCCAGCTTGGTGTTGACGGA

TCCGAGGCTCGAGAGAAGATTGCCTCTGGAGAGTTCCAGATGGGTGCTGAGCTGCCCTTCTTGG

AACAGATGAAGCTGCTCTTCACCTTTGGCAAGAAGAAGAACTTCCACCGAACCATGCTGGCCTA

CTGGAACCAGGTCATGCAGCAGATTACCGGTATCAACCTGATTACCTACTACGCCGCCTACATT

TACGAGACATCTGTTGGTATGAACGCCACCAACTCGCGAATTCTCGCTGCCTGTAACGGTACTG

AGTACTTCCTCGCCTCCTGGGTTGCCTTCTACACCATTGAGCGATTCGGAAGACGAAAGCTCAT

GTTGTTCGGAGCCATTGGTCAGGCTTGCACCATGGCTATTCTTACTGGAACTGTCTACGCCGCT

TCTCCTCCCGAGGACGGTGGACTTGACAACTCTGGCGCTGGTATTGCAGCTGCCGTCTTCCTCT

TCGTCTTTAACACCTTCTTCGCCATTGGCTGGCTCGGAATGACCTGGCTGTACCCTGCCGAGAT

CACCTCTCTGGAGATCCGAGCCCCCGCCAACGGTCTGTCCACCTCCGGTAACTGGGTCTTCAAC

TTCATGGTCGTCATGATCACCCCCGTTGCCTTCGATACAATCAAGTGGAAGACTTACATCATTT

TCGCCTGCATCAACGCCGCCATGGTCCCCGTGGTCTACTTCTTCTACCCCGAGACCGCTGGACG

ATCTCTCGAGGAGATTGACAAGATCTTCGCCGAGTCCAACCCCCGAACTCCCTGGGATGTTGTT

GGCATTGCCCGACGAATGCCCCGAGAGTCTGCTCTTACCCGACGAAAGCAGGGTGTCAACCAGA

CCTTCGACAACTCCAACGAGAAGGCTGTGGTCGAGGAGAACACCGAGTCCGCTGTTGGCTCCAC

CACCGGCTCTGCCTCTCCTTCTTTTGAGAACGTTTCTCAAGCTTAA 

 

>YlGUT1_YALI1F00654g 

ATGTCTTCCTACGTAGGAGCTCTCGACCAGGGTACCACCTCCACCCGTTTCATTCTCTTTTCGC

CTGACGGCAAGCCCGTGGCATCCCACCAGATCGAATTCACCCAGATCTACCCCCACCCCGGATG

GGTGGAGCACGACCCCGAGGAGCTCGTGAGCTCGTGTCTGGAGTGCATGTCGTCGGTGGCCAAG

GAAATGCGAACCCAGGGCATCAAGGTGGCCGACGTGAAGGCGATCGGAATCACCAACCAGCGAG

AAACCACCGTGCTTTGGGACATTGAGACCGGCCAGCCCCTGTACAACGCCATTGTGTGGTCCGA
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CGCCCGAACCGGCGACACCGTCAAGAAGCTCGAGGCCCAGCCCGGCGCTGACGAAATCCCCAAG

CTCTGTGGCCTGCCCCTGTCCACCTACTTTGCCGGAGTCAAGGTCCGATGGATCCTGGATAACG

TCAAGGAGGCCCGAGAGTGCTACGATCGAGGCAAGCTGGCCTTCTCCACCATCGACTCGTGGCT

GCTCTACAACCTCACGGGCGGCCTCAACGGCGGCGCCCACATCACCGACACCTCCAACGCCTCC

CGGTCCATGTTCATGAACATTGAGACCCTCAAGTACGACGAGAAGCTCATCAAGTTCTTTGGCG

TCGAGAAGCTCATTCTCCCCAAGATTGTCTCGTCCGCCGAGGTCTACGGCCGAATCGGAACCGG

CCCCTTCGCCAACATCCCCCTGGCCGGCTGTCTCGGTGACCAGTCCGCCGCCCTCGTCGGCCAG

AAGGCCTTTGAGCCCGGCCAGGCCAAGAACACATATGGAACCGGCTGCTTCCTGCTCTACAACG

CCGGCGAGAAGCCCATCATCTCCAACAACGGCCTGCTGACCACCGTCGGCTACCACTTCAAGGG

CCAGAAGCCCGTCTACGCTCTGGAGGGCTCCATCTCCGTCGCCGGCTCGTGCATCAAGTGGCTG

CGAGACAACATTGGTCTCATTGAGTCTTCCGAGCAGATTGGAGAGCTTGCCTCCCAGGTCGACG

ACTCTGCCGGCGTGGTGTTTGTCACCGCTCTGTCCGGCCTGTTTGCCCCCTACTGGCGAACCGA

CGCCCGAGGCACCATTCTGGGTCTCACTCAGTTCACCACCAAGGCCCACATTTGCCGAGCCGCC

CTGGAGGCTACTTGTTTCCAGACCCGGGCCATTCTCGACGCCATGGCCAAGGACTCTGGTAAGC

CCTTCACCAAGCTGCGAGTCGACGGAGGAATGACCAACTCGGACATTGCTATGCAGATCCAGGC

CGACATTCTTGGCATTGAGGTCGAGCGACCCGCCATGCGAGAGACCACCGCTCTGGGTGCCGCC

ATTGCTGCCGGCTTTGCCGTTGGCGTGTGGAAGTCCATTGAGGATCTTAAGGACATCAACACCG

AGGGCATGACCGAGTTTGCTTCCAAGACCAACGAGGAGGAGCGGGCCGCCATGATGAAGCAGTG

GAACCGGGGCATTGAGCGAGCTGTTGGCTGGCTTGAGTAA 

 

>YlGUT2_YALI1B04433g 

ATGAGCGCTCTACTTCGATCGTCCCTGCGTTTTAAACACATGTCCGCCGTCAACCGTCTCACAC

AACAGCTTCGACTGCTGACCGCCTCCGCGCCTCTCAGCGCAGCCAACACCGCCGGCAAGGCTCC

TTTCAAGGTCGCCGTTGTTGGTTCTGGTAACTGGGGAACCACCGTCGCCAAGATTGTCGCCGAG

AACTGCACTGCTCACCCCGAGCTCTTTGAGCCCGAGGTTCGAGTCTGGGTTCGAGAAGAGAAGG

TCAACGGCAAGAACCTGACCGACATTTTCAACGCTGAGCACGAGAACGTGCGATACCTCCCTAA

AATCAAACTTCCTCACAACCTGATCGCCGAGCCGGATCTGCTCAAGGCCGTCGAGGGTGCCAAC

ATCATCGTCTTCAACCTGCCCCATCAGTTCCTGGCTGGTGTCTGCAAGCAGCTCAAGGGCCACG

TCAACCCCAAGGCTAGAGCCATCTCCTGCCTCAAGGGTCTAGATGTCACCCCCCAGGGTGTTTA

CCTGCTCTCCGACGTTATCGAGAACGAGACCGGTCTCCACTGCGGTGTTCTGTCCGGGGCTAAC

CTCGCCACCGAGATCGCTCTGGAGAAGTACTCCGAGACTACCGTTGCTTACAACCGACCCAAGG

ACTTCTTTGGCGAGGGTGATGTGACCAACGATGTGCTCAAGGCTCTGTTCCACCGACCCTACTT
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CCATGTGCGATGCGTTCAGGACGTCGCCGGTGTCTCCATCGGAGGTGCCCTTAAGAACGTTGTT

GCCCTTTGCGCCGGTTTCGTCGAGGGCAAGAACTGGGGAGACAACGCCAAGGCCGCAATTATGC

GACGAGGCATGCTTGAGATGATCAACTTCTCCAAGCGATTCTTCCCCGAAACTGATATTAACAC

TCTTACAGTCGAGTCTGCCGGTGTGGCCGATCTCATCACCTCGTGCGCTGGAGGCCGAAACTTC

AAGGTCGGCCGAGCATTCGGAAAGGAGAGCGGCTCCGGCAAGACCATCCAGGACGTGGAGAAGG

AGCTTCTCAACGGCCAGTCCGCCCAGGGCGTCATCACATGCAACGAGGTCCACGAGCTGCTCAA

GAACAAGAACATGCAGAAGGACTTCCCTCTGTTCGAGTCCACCTGGGGCATTATCCACGGTGAG

CTCAAGATTGATGATCTCCCCGAGATTCTTTACCACGCCAACTAG 

 

>EcPFLA_Codon optimized for Y.lipolytica 

ATGTCTGTGATCGGCCGAATCCACTCTTTCGAGTCTTGCGGCACCGTGGACGGACCCGGAATCC

GATTCATCACCTTTTTCCAGGGCTGCCTGATGAGATGCCTGTACTGCCACAACCGAGACACCTG

GGACACCCACGGCGGCAAGGAAGTGACCGTCGAGGACCTGATGAAGGAAGTGGTGACCTACCGA

CACTTCATGAACGCCTCTGGCGGCGGAGTGACCGCCTCCGGCGGAGAGGCCATCCTGCAGGCCG

AGTTCGTGCGAGACTGGTTCCGAGCCTGCAAGAAGGAAGGCATCCACACCTGTCTGGACACCAA

CGGCTTCGTGCGACGATACGACCCCGTGATCGACGAGCTGCTCGAGGTGACCGACCTGGTGATG

CTGGACCTGAAGCAGATGAACGACGAGATCCACCAGAACCTGGTGGGCGTGTCTAACCATCGAA

CCCTCGAGTTCGCCAAGTACCTGGCCAACAAGAACGTGAAGGTCTGGATCCGATACGTGGTGGT

GCCCGGCTGGTCTGACGACGACGACTCTGCCCACCGACTGGGCGAGTTCACCCGAGACATGGGC

AACGTCGAGAAGATCGAGCTGCTGCCCTACCACGAGCTGGGCAAGCACAAGTGGGTCGCCATGG

GCGAAGAGTACAAGCTGGACGGCGTGAAGCCTCCTAAGAAGGAAACCATGGAACGAGTCAAGGG

CATTCTCGAGCAGTACGGCCACAAGGTGATGTTCTAA 

 

>EcPFLB_Codon optimized for Y.lipolytica 

ATGTCTGAGCTGAACGAGAAGCTGGCCACCGCCTGGGAGGGCTTCACCAAGGGCGACTGGCAGA

ACGAGGTGAACGTGCGAGACTTCATCCAGAAGAACTACACCCCTTACGAGGGCGACGAGTCTTT

CCTGGCTGGCGCCACCGAGGCCACCACCACTCTGTGGGACAAGGTGATGGAAGGCGTGAAGCTC

GAGAACCGAACTCACGCTCCCGTGGACTTCGACACCGCCGTGGCCTCTACCATCACCTCTCACG

ACGCCGGCTACATCAACAAGCAGCTGGAAAAGATCGTGGGCCTGCAGACCGAGGCTCCCCTGAA

GCGAGCCCTGATTCCTTTCGGCGGCATCAAGATGATCGAGGGCTCTTGCAAGGCCTACAACCGA

GAGCTGGACCCCATGATCAAGAAGATTTTCACCGAGTACCGAAAGACCCACAACCAGGGCGTGT

TCGACGTGTACACCCCTGACATCCTCCGATGCCGAAAGTCTGGCGTGCTGACCGGACTGCCCGA
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CGCCTACGGCCGAGGCCGAATCATCGGCGACTACCGACGAGTGGCCCTGTACGGCATCGACTAC

CTGATGAAGGACAAGCTGGCCCAGTTCACCTCTCTGCAGGCTGACCTCGAGAACGGCGTCAACC

TCGAGCAGACCATCCGACTGCGAGAGGAAATCGCCGAGCAGCATCGAGCCCTGGGCCAGATGAA

GGAAATGGCCGCCAAGTACGGCTACGACATCTCTGGACCCGCCACCAACGCTCAAGAGGCCATC

CAGTGGACCTACTTCGGCTACCTGGCCGCCGTGAAGTCTCAGAACGGCGCTGCCATGTCTTTCG

GACGAACCTCTACCTTCCTGGACGTCTACATCGAGCGAGATCTGAAGGCCGGCAAGATCACCGA

GCAAGAGGCCCAAGAGATGGTGGACCACCTGGTGATGAAGCTGCGAATGGTGCGATTCCTGCGA

ACCCCTGAGTACGACGAGCTGTTCTCTGGCGACCCCATTTGGGCCACCGAGTCTATCGGCGGAA

TGGGCCTCGACGGTCGAACCCTGGTGACCAAGAACTCTTTCCGATTCCTGAACACCCTGTACAC

CATGGGACCCTCGCCTGAGCCTAACATGACCATCCTGTGGTCTGAGAAGCTGCCCCTGAACTTC

AAGAAGTTCGCCGCCAAGGTTTCTATCGACACCTCTTCGCTGCAGTACGAGAACGACGACCTGA

TGCGACCCGACTTCAACAACGACGACTACGCCATTGCCTGCTGCGTGTCTCCCATGATCGTGGG

AAAGCAGATGCAGTTCTTCGGAGCCCGAGCCAACCTGGCCAAGACCATGCTGTACGCCATCAAC

GGCGGCGTGGACGAAAAGCTGAAGATGCAGGTCGGCCCCAAGTCTGAGCCCATTAAGGGCGACG

TGCTGAACTACGACGAGGTCATGGAACGAATGGACCACTTCATGGACTGGCTGGCCAAGCAGTA

CATCACCGCTCTGAACATCATCCACTACATGCACGACAAGTACTCTTACGAGGCCTCTCTGATG

GCCCTCCACGACCGAGATGTGATCCGAACCATGGCCTGCGGAATCGCCGGCCTGTCTGTGGCCG

CCGACTCTCTGTCTGCCATCAAGTACGCCAAGGTCAAGCCCATCCGAGATGAGGACGGCCTGGC

CATCGACTTCGAGATTGAGGGCGAGTACCCTCAGTTCGGAAACAACGACCCTCGAGTGGACGAC

CTGGCCGTGGACCTGGTCGAGCGATTCATGAAGAAGATCCAGAAGCTGCACACCTACCGAGATG

CTATCCCCACTCAGTCTGTGCTGACCATTACCTCTAACGTGGTGTACGGCAAGAAGACCGGCAA

CACTCCCGACGGTCGACGAGCCGGTGCTCCCTTCGGACCCGGCGCTAACCCCATGCACGGCCGA

GATCAGAAGGGCGCCGTCGCTTCTCTGACCTCTGTGGCCAAGCTGCCCTTCGCCTACGCTAAGG

ACGGCATCTCTTACACCTTCTCTATCGTGCCCAACGCTCTCGGCAAGGACGATGAGGTGCGAAA

GACCAACCTCGCCGGACTGATGGACGGCTACTTCCACCACGAGGCTTCTATCGAAGGCGGCCAG

CACCTGAACGTGAACGTGATGAACCGAGAGATGCTGCTGGACGCCATGGAAAACCCCGAGAAGT

ACCCACAGCTCACCATCCGAGTGTCTGGCTACGCCGTGCGATTCAACTCTCTGACCAAGGAACA

GCAGCAGGACGTGATCACCCGAACTTTCACCCAGTCTATGTAA 

 

>CaGAPC_Codon optimized for Y.lipolytica 

ATGGCCAAGATCGCCATCAACGGCTTCGGACGAATCGGCCGACTGGCCCTGCGACGAATCCTCG

AGGTGCCCGGACTCGAGGTGGTGGCCATTAACGACCTGACCGACGCCAAGATGCTGGCCCACCT
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GTTCAAGTACGACTCTTCTCAGGGCCGATTCAACGGCGAGATCGAGGTGAAGGAAGGCGCTTTC

GTCGTCAACGGCAAGGAAGTGAAGGTTTTCGCCGAGGCTGACCCCGAGAAGCTGCCCTGGGGCG

ACCTGGGCATCGACGTGGTGCTCGAGTGTACCGGCTTCTTCACCAAGAAGGAAAAGGCCGAGGC

TCACGTGCGAGCCGGCGCTAAGAAGGTGGTCATCTCTGCTCCCGCCGGAAACGACCTCAAGACC

ATCGTGTTCAACGTGAACAACGAGGACCTGGACGGCACCGAGACTGTGATCTCTGGCGCCTCTT

GCACCACCAACTGTCTGGCTCCCATGGCCAAGGTGCTGAACGACAAGTTCGGCATCGAGAAGGG

CTTCATGACCACCATCCACGCCTTCACCAACGACCAGAACACCCTGGACGGACCCCACCGAAAG

GGCGACCTCCGACGAGCCCGAGCCGCCGCTGTGTCTATCATCCCCAACTCTACCGGCGCTGCCA

AGGCCATCTCTCAGGTGATCCCCGACCTGGCCGGCAAGCTGGACGGAAACGCCCAGCGAGTGCC

CGTGCCTACCGGCTCTATCACCGAGCTGGTGTCTGTGCTGAAGAAGAAGGTCACCGTCGAAGAG

ATCAACGCCGCCATGAAGGAAGCCGCCGACGAGTCTTTCGGCTACACTGAGGACCCCATCGTGT

CTGCCGACGTGGTCGGCATCAACTACGGATCTCTGTTCGACGCTACCCTGACCAAGATCGTGGA

CGTGAACGGCTCTCAGCTGGTCAAGACCGCCGCCTGGTACGACAACGAGATGTCTTACACCTCG

CAGCTGGTGCGAACCCTGGCCTACTTCGCCAAGATTGCCAAGTAA 

 

>MmACL_Codon optimized for Y.lipolytica 

ATGTCTGCCAAGGCCATCTCTGAGCAGACCGGCAAGGAACTGCTGTACAAGTACATCTGCACCA

CCTCTGCCATCCAGAACCGATTCAAGTACGCCCGAGTGACCCCTGACACCGACTGGGCCCATCT

GCTGCAGGATCACCCCTGGCTGCTGTCTCAGTCTCTGGTGGTGAAGCCCGACCAGCTGATCAAG

CGACGAGGCAAGCTGGGCCTCGTGGGCGTGAACCTGTCTCTGGACGGCGTGAAGTCTTGGCTGA

AGCCCCGACTGGGACACGAGGCCACCGTCGGCAAGGCCAAGGGCTTCCTGAAGAACTTCCTGAT

CGAGCCCTTCGTGCCCCACTCTCAGGCCGAGGAATTCTACGTGTGCATCTACGCTACCCGAGAG

GGCGACTACGTGCTGTTCCACCACGAAGGCGGCGTGGACGTGGGCGACGTGGACGCCAAGGCTC

AAAAGCTGCTGGTGGGCGTCGACGAGAAGCTGAACACCGAGGACATTAAGCGACATCTGCTGGT

GCACGCTCCCGAGGACAAGAAGGAAGTCCTGGCCTCTTTCATCTCTGGCCTGTTCAACTTCTAC

GAGGACCTGTACTTCACCTACCTCGAGATCAACCCTCTGGTCGTGACCAAGGACGGCGTCTACA

TCCTGGACCTGGCCGCCAAGGTCGACGCCACCGCCGACTACATCTGTAAGGTGAAGTGGGGCGA

CATCGAGTTCCCTCCACCTTTCGGCCGAGAGGCTTACCCCGAGGAAGCCTACATTGCCGACCTG

GACGCTAAGTCTGGCGCCTCTCTGAAGCTGACCCTGCTGAACCCCAAGGGCCGAATCTGGACCA

TGGTGGCTGGCGGCGGAGCCTCTGTGGTGTACTCTGACACCATCTGCGACCTCGGCGGCGTGAA

CGAGCTGGCCAACTACGGCGAGTACTCTGGCGCCCCTTCTGAGCAGCAGACCTACGACTACGCC

AAGACCATTCTGTCTCTGATGACCCGAGAGAAGCACCCCGAGGGCAAGATCCTGATCATCGGCG
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GCTCTATCGCCAACTTCACCAACGTGGCCGCCACCTTCAAGGGCATCGTGCGAGCCATCCGAGA

CTACCAGGGACCTCTGAAGGAACACGAGGTGACCATCTTCGTCCGACGAGGCGGACCCAACTAC

CAAGAGGGCCTGCGAGTGATGGGCGAAGTGGGCAAGACCACCGGCATTCCCATCCACGTGTTCG

GCACCGAGACTCACATGACCGCCATTGTCGGCATGGCCCTGGGCCACCGACCTATTCCTAACCA

GCCTCCTACCGCCGCTCACACCGCCAACTTTCTGCTGAACGCCTCTGGCTCTACCTCTACTCCC

GCTCCTTCTCGAACCGCCTCGTTCTCTGAGTCTCGAGCCGACGAGGTGGCTCCCGCCAAGAAGG

CTAAGCCCGCTATGCCCCAGGGCAAGTCTGCTACCCTGTTCTCTCGACACACCAAGGCTATCGT

GTGGGGCATGCAGACCCGAGCCGTGCAGGGCATGCTGGACTTCGACTACGTGTGCTCTCGAGAT

GAGCCCTCTGTGGCCGCCATGGTGTACCCCTTCACCGGCGACCACAAGCAGAAGTTCTACTGGG

GCCACAAGGAAATTCTGATCCCCGTTTTCAAGAACATGGCCGACGCCATGAAGAAGCACCCCGA

GGTCGACGTGCTGATCAACTTCGCCTCTCTGCGATCTGCCTACGACTCTACCATGGAAACCATG

AACTACGCCCAGATCCGAACCATTGCCATCATTGCCGAGGGCATCCCCGAGGCTCTGACCCGAA

AGCTGATCAAGAAGGCCGACCAGAAGGGCGTCACCATCATCGGACCCGCCACCGTCGGCGGCAT

CAAGCCCGGCTGCTTCAAGATCGGCAACACCGGCGGAATGCTGGACAACATCCTGGCCTCTAAG

CTGTACCGACCTGGATCTGTGGCCTACGTGTCTCGATCTGGCGGCATGTCTAACGAGCTGAACA

ACATCATCTCTCGAACCACCGACGGCGTGTACGAGGGCGTCGCCATTGGCGGCGATCGATACCC

CGGCTCTACCTTCATGGACCACGTGCTGCGATACCAGGACACCCCTGGCGTGAAGATGATCGTG

GTGCTGGGCGAGATCGGCGGCACCGAAGAGTACAAGATCTGCCGAGGCATCAAGGAAGGACGAC

TGACCAAGCCTGTGGTGTGCTGGTGCATCGGCACCTGTGCCACCATGTTCTCTTCGGAGGTGCA

GTTCGGCCACGCTGGCGCCTGCGCCAACCAGGCCTCTGAGACTGCCGTGGCCAAGAACCAGGCT

CTCAAGGAAGCCGGCGTTTTCGTTCCCCGATCTTTCGACGAGCTGGGAGAGATCATCCAGTCTG

TCTACGAGGACCTGGTGGCCAAGGGCGCCATCGTGCCCGCTCAAGAGGTGCCTCCTCCTACCGT

GCCTATGGACTACTCTTGGGCCCGAGAGCTGGGCCTGATTCGAAAGCCCGCCTCTTTCATGACC

TCTATCTGCGACGAGCGAGGCCAAGAGCTGATCTACGCCGGCATGCCCATCACCGAGGTGTTCA

AGGAAGAGATGGGCATCGGAGGCGTGCTGGGACTGCTGTGGTTCCAGCGACGACTGCCTAAGTA

CTCTTGCCAGTTCATCGAGATGTGCCTGATGGTCACCGCTGACCACGGACCTGCCGTGTCTGGC

GCCCACAACACCATCATTTGCGCCCGAGCCGGCAAGGACCTCGTGTCCTCTCTGACCTCTGGCC

TGCTGACCATCGGCGACCGATTCGGCGGAGCCCTGGACGCCGCTGCCAAGATGTTCTCTAAGGC

CTTCGACTCTGGCATCATCCCCATGGAATTCGTGAACAAGATGAAGAAGGAAGGCAAGCTGATT

ATGGGAATCGGCCACCGAGTGAAGTCTATCAACAACCCCGACATGCGAGTGCAGATCCTGAAGG

ACTTCGTGAAGCAGCACTTCCCCGCCACTCCTCTGCTGGACTACGCCCTCGAGGTCGAGAAGAT

CACCACCTCTAAGAAGCCCAACCTGATCCTGAACGTGGACGGCTTCATCGGCGTGGCCTTCGTG
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GACATGCTGCGAAACTGCGGCTCTTTCACCCGAGAAGAGGCCGACGAGTACGTGGACATCGGCG

CCCTGAACGGCATCTTCGTGCTGGGCCGATCTATGGGATTCATCGGCCACTACCTGGACCAGAA

GCGACTGAAGCAGGGCCTGTACAGACACCCTTGGGACGACATCTCTTACGTGCTGCCCGAGCAC

ATGTCTATGTAA 

 

>YlACC1(introns removed)_YALI1C15991g 

ATGCGACTGCAATTGAGGACACTAACACGTCGGTTTTTCAGTATGGCTTCAGGATCTTCAACGC

CAGATGTGGCTCCCTTGGTGGACCCCAACATTCACAAAGGTCTCGCCTCTCATTTCTTTGGACT

CAATTCTGTCCACACAGCCAAGCCCTCAAAAGTCAAGGAGTTTGTGGCTTCTCACGGAGGTCAT

ACAGTTATCAACAAGGTCCTCATCGCTAACAACGGTATTGCCGCAGTAAAGGAGATCCGTTCAG

TACGAAAATGGGCCTACGAGACCTTTGGCGACGAGCGAGCAATCTCGTTCACCGTCATGGCCAC

CCCCGAAGATCTCGCTGCCAACGCCGACTACATTAGAATGGCCGATCAGTACGTCGAGGTGCCC

GGAGGAACCAACAACAACAACTACGCCAACGTCGAGCTGATTGTCGACGTGGCTGAGCGATTCG

GCGTCGATGCCGTGTGGGCCGGATGGGGCCATGCCAGTGAAAATCCCCTGCTCCCCGAGTCGCT

AGCGGCCTCTCCCCGCAAGATTGTCTTCATCGGCCCTCCCGGAGCTGCCATGAGATCTCTGGGA

GACAAAATTTCTTCTACCATTGTGGCCCAGCACGCAAAGGTCCCGTGTATCCCGTGGTCTGGAA

CCGGAGTGGACGAGGTTGTGGTTGACAAGAGCACCAACCTCGTGTCCGTGTCCGAGGAGGTGTA

CACCAAGGGCTGCACCACCGGTCCCAAGCAGGGTCTGGAGAAGGCTAAGCAGATTGGATTCCCC

GTGATGATCAAGGCTTCCGAGGGAGGAGGAGGAAAGGGTATTCGAAAGGTTGAGCGAGAGGAGG

ACTTCGAGGCTGCTTACCACCAGGTCGAGGGAGAGATCCCCGGCTCGCCCATCTTCATTATGCA

GCTTGCAGGCAATGCCCGGCATTTGGAGGTGCAGCTTCTGGCTGATCAGTACGGCAACAATATT

TCACTGTTTGGTCGAGATTGTTCGGTTCAGCGACGGCATCAAAAGATTATTGAGGAGGCTCCTG

TGACTGTGGCTGGCCAGCAGACCTTCACTGCCATGGAGAAGGCTGCCGTGCGACTCGGTAAGCT

TGTCGGATATGTCTCTGCAGGTACCGTTGAATATCTGTATTCCCATGAGGACGACAAGTTCTAC

TTCTTGGAGCTGAATCCTCGTCTTCAGGTCGAACATCCTACCACCGAGATGGTCACCGGTGTCA

ACCTGCCCGCTGCCCAGCTTCAGATCGCCATGGGTATCCCCCTCGATCGAATCAAGGACATTCG

TCTCTTTTACGGTGTTAACCCTCACACCACCACTCCAATTGATTTCGACTTCTCGGGCGAGGAT

GCTGATAAGACACAGCGACGTCCCGTCCCCCGAGGTCACACCACTGCTTGCCGAATCACATCCG

AGGACCCTGGAGAGGGTTTCAAGCCCTCCGGAGGTACTATGCACGAGCTCAACTTCCGATCCTC

GTCCAACGTGTGGGGTTACTTCTCCGTTGGTAACCAGGGAGGTATCCATTCGTTCTCGGATTCG

CAGTTTGGTCACATCTTCGCCTTCGGTGAGAACCGAAGTGCGTCTCGAAAGCACATGGTTGTTG

CTTTGAAGGAACTATCTATTCGAGGTGACTTCCGAACCACCGTCGAGTACCTCATCAAGCTGCT
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GGAGACACCGGACTTCGAGGACAACACCATCACCACCGGCTGGCTGGATGAGCTTATCTCCAAC

AAGCTGACTGCCGAGCGACCCGACTCGTTCCTCGCTGTTGTTTGTGGTGCTGCTACCAAGGCCC

ATCGAGCTTCCGAGGACTCTATTGCCACCTACATGGCTTCGCTAGAGAAGGGCCAGGTCCCTGC

TCGAGACATTCTCAAGACCCTTTTCCCCGTTGACTTCATCTACGAGGGCCAGCGGTACAAGTTC

ACCGCCACCCGGTCGTCTGAGGACTCTTACACGCTGTTCATCAACGGTTCTCGATGCGACATTG

GAGTTAGACCTCTTTCTGACGGTGGTATTCTGTGTCTTGTAGGTGGGAGATCCCACAATGTCTA

CTGGAAGGAGGAGGTTGGAGCCACGCGACTGTCTGTTGACTCCAAGACCTGCCTTCTCGAGGTG

GAGAACGACCCCACTCAGCTTCGATCTCCCTCTCCCGGTAAGCTGGTTAAGTTCCTGGTCGAGA

ACGGCGACCACGTGCGAGCCAACCAGCCCTATGCCGAGATTGAGGTCATGAAGATGTACATGAC

TCTCACTGCTCAGGAGGACGGTATTGTCCAGCTGATGAAGCAGCCCGGTTCCACCATCGAGGCT

GGCGACATCCTCGGTATCTTGGCCCTTGATGATCCTTCCAAGGTCAAGCATGCCAAGCCCTTTG

AGGGCCAGCTTCCCGAGCTTGGACCCCCCACTCTCAGCGGTAACAAGCCTCATCAGCGATACGA

GCACTGCCAGAACGTGCTCCATAACATTCTGCTTGGTTTCGATAACCAGGTGGTGATGAAGTCC

ACTCTTCAGGAGATGGTTGGTCTGCTCCGAAACCCTGAGCTTCCTTATCTCCAGTGGGCTCATC

AGGTGTCTTCTCTGCACACCCGAATGAGCGCCAAGCTGGATGCTACTCTTGCTGGTCTCATTGA

CAAGGCCAAGCAGCGAGGTGGCGAGTTTCCTGCCAAGCAGCTTCTGCGAGCCCTTGAGAAGGAG

GCGAGCTCTGGCGAGGTCGATGCGCTCTTCCAGCAAACTCTTGCTCCTCTGTTTGACCTTGCTC

GAGAGTACCAGGACGGTCTTGCTATCCACGAGCTTCAGGTTGCTGCAGGCCTTCTGCAGGCCTA

CTACGACTCTGAGGCCCGGTTCTGCGGACCCAACGTACGTGACGAGGATGTCATTCTCAAGCTT

CGAGAGGAGAACCGAGATTCTCTTCGAAAGGTTGTGATGGCCCAGCTGTCTCATTCTCGAGTCG

GAGCCAAGAACAACCTTGTGCTGGCCCTTCTCGATGAATACAAGGTGGCCGACCAGGCTGGCAC

CGACTCTCCTGCCTCCAACGTGCACGTTGCAAAGTACTTGCGACCTGTGCTGCGAAAGATTGTG

GAGCTGGAATCTCGAGCTTCTGCCAAGGTATCTCTGAAAGCCCGAGAGATTCTCATCCAGTGCG

CTCTGCCCTCTCTAAAGGAGCGAACTGACCAGCTTGAGCACATTCTGCGATCTTCTGTCGTCGA

GTCTCGATACGGAGAGGTTGGTCTGGAGCACCGAACTCCCCGAGCCGATATTCTCAAGGAGGTT

GTCGACTCCAAGTACATTGTCTTTGATGTGCTTGCCCAGTTCTTTGCCCACGATGATCCCTGGA

TCGTCCTTGCTGCCCTGGAGCTGTACATCCGACGAGCTTGCAAGGCCTACTCCATCCTGGACAT

CAACTACCACCAGGACTCGGACCTGCCTCCCGTCATCTCGTGGCGATTTAGACTGCCTACCATG

TCGTCTGCTTTGTACAACTCAGTAGTGTCTTCTGGCTCCAAAACCCCCACTTCCCCCTCGGTGT

CTCGAGCTGATTCCGTCTCCGACTTTTCGTACACCGTTGAGCGAGACTCTGCTCCCGCTCGAAC

CGGAGCGATTGTTGCCGTGCCTCATCTGGATGATCTGGAGGATGCTCTGACTCGTGTTCTGGAG

AACCTGCCCAAACGGGGCGCTGGTCTTGCCATCTCTGTTGGTGCTAGCAACAAGAGTGCCGCTG
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CTTCTGCTCGTGACGCTGCTGCTGCTGCCGCTTCATCCGTTGACACTGGCCTGTCCAACATTTG

CAACGTTATGATTGGTCGGGTTGATGAGTCTGATGACGACGACACTCTGATTGCCCGAATCTCC

CAGGTCATTGAGGACTTTAAGGAGGACTTTGAGGCCTGTTCTCTGCGACGAATCACCTTCTCCT

TCGGCAACTCCCGAGGTACTTATCCCAAGTATTTCACGTTCCGAGGCCCCGCATACGAGGAGGA

CCCCACTATCCGACACATTGAGCCTGCTCTGGCCTTCCAGCTGGAGCTCGCCCGTCTGTCCAAC

TTCGACATCAAGCCTGTCCACACCGACAACCGAAACATCCACGTGTACGAGGCTACTGGCAAGA

ACGCTGCTTCCGACAAGCGGTTCTTCACCCGAGGTATCGTACGACCTGGTCGTCTTCGAGAGAA

CATCCCCACCTCGGAGTATCTCATTTCCGAGGCTGACCGGCTCATGAGCGATATTTTGGACGCT

CTAGAGGTGATTGGAACCACCAACTCGGATCTCAACCACATTTTCATCAACTTCTCAGCCGTCT

TTGCTCTGAAGCCCGAGGAGGTTGAAGCTGCCTTTGGCGGTTTCCTGGAGCGATTTGGCCGACG

TCTGTGGCGACTTCGAGTCACCGGTGCCGAGATCCGAATGATGGTATCCGACCCCGAAACTGGC

TCTGCTTTCCCTCTGCGAGCAATGATCAACAACGTCTCTGGTTACGTTGTGCAGTCTGAGCTGT

ACGCTGAGGCCAAGAACGACAAGGGCCAGTGGATTTTCAAGTCTCTGGGCAAGCCCGGCTCCAT

GCACATGCGGTCTATCAACACTCCCTACCCCACCAAGGAGTGGCTGCAGCCCAAGCGGTACAAG

GCCCATCTGATGGGTACCACCTACTGCTATGACTTCCCCGAGCTGTTCCGACAGTCCATTGAGT

CGGACTGGAAGAAGTATGACGGCAAGGCTCCCGACGATCTCATGACTTGCAACGAGCTGATTCT

CGATGAGGACTCTGGCGAGCTGCAGGAGGTGAACCGAGAGCCCGGCGCCAACAACGTCGGTATG

GTTGCGTGGAAGTTTGAGGCCAAGACCCCCGAGTACCCTCGAGGCCGATCTTTCATCGTGGTGG

CCAACGATATCACCTTCCAGATTGGTTCGTTTGGCCCTGCTGAGGACCAGTTCTTCTTCAAGGT

GACGGAGCTGGCTCGAAAGCTCGGTATTCCTCGAATCTATCTGTCTGCCAACTCTGGTGCTCGA

ATCGGCATTGCTGACGAGCTCGTTGGCAAGTACAAGGTTGCGTGGAACGACGAGACTGACCCCT

CCAAGGGCTTCAAGTACCTTTACTTCACCCCTGAGTCTCTTGCCACCCTCAAGCCCGACACTGT

TGTCACCACTGAGATTGAGGAGGAGGGTCCCAACGGCGTGGAGAAGCGTCATGTGATCGACTAC

ATTGTCGGAGAGAAGGACGGTCTCGGAGTCGAGTGTCTGCGGGGCTCTGGTCTCATTGCAGGCG

CCACTTCTCGAGCCTACAAGGATATCTTCACTCTCACTCTTGTCACCTGTCGATCCGTTGGTAT

CGGTGCTTACCTTGTTCGTCTTGGTCAACGAGCCATCCAGATTGAGGGCCAGCCCATCATTCTC

ACTGGTGCCCCCGCCATCAACAAGCTGCTTGGTCGAGAGGTCTACTCTTCCAACTTGCAGCTTG

GTGGTACTCAGATCATGTACAACAACGGTGTGTCTCATCTGACTGCCCGAGATGATCTCAACGG

TGTCCACAAGATCATGCAGTGGCTGTCATACATCCCTGCTTCTCGAGGTCTTCCAGTGCCTGTT

CTCCCTCACAAGACCGATGTGTGGGATCGAGACGTGACGTTCCAGCCTGTCCGAGGCGAGCAGT

ACGATGTTAGATGGCTTATTTCTGGCCGAACTCTCGAGGATGGTGCTTTCGAGTCTGGTCTCTT

TGACAAGGACTCTTTCCAGGAGACTCTGTCTGGCTGGGCCAAGGGTGTTGTTGTTGGTCGAGCT
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CGTCTTGGCGGCATTCCCTTCGGTGTCATTGGTGTCGAGACTGCGACCGTCGACAATACTACCC

CTGCCGATCCCGCCAACCCGGACTCTATTGAGATGAGCACCTCTGAAGCCGGCCAGGTTTGGTA

CCCCAACTCGGCCTTCAAGACCTCTCAGGCCATCAACGACTTCAACCATGGTGAGGCGCTTCCT

CTCATGATTCTTGCTAACTGGCGAGGCTTTTCTGGTGGTCAGCGAGACATGTACAATGAGGTTC

TCAAGTACGGATCTTTCATTGTTGATGCTCTGGTTGACTACAAGCAGCCCATCATGGTGTACAT

CCCTCCCACCGGTGAGCTGCGAGGTGGTTCTTGGGTTGTGGTTGACCCCACCATCAACTCGGAC

ATGATGGAGATGTACGCTGACGTCGAGTCTCGAGGTGGTGTGCTGGAGCCCGAGGGAATGGTCG

GTATCAAGTACCGACGAGACAAGCTACTGGACACCATGGCTCGTCTGGATCCCGAGTACTCCTC

TCTCAAGAAGCAGCTTGAGGAGTCTCCCGATTCTGAGGAGCTCAAGGTCAAGCTCAGCGTGCGA

GAGAAGTCTCTCATGCCCATCTACCAGCAGATCTCCGTGCAGTTTGCCGACTTGCATGACCGAG

CTGGCCGAATGGAGGCCAAGGGTGTCATTCGTGAGGCTCTTGTGTGGAAGGATGCTCGTCGATT

CTTCTTCTGGCGAATCCGACGACGATTAGTCGAGGAGTACCTCATTACCAAGATCAATAGCATT

CTGCCCTCTTGCACTCGGCTTGAGTGTCTGGCTCGAATCAAGTCGTGGAAGCCTGCCACTCTTG

ATCAGGGCTCTGACCGGGGTGTTGCCGAGTGGTTTGACGAGAACTCTGATGCCGTCTCTGCTCG

ACTCAGCGAGCTCAAGAAGGACGCTTCTGCCCAGTCGTTTGCTTCTCAACTGAGAAAGGACCGA

CAGGGTACTCTCCAGGGCATGAAGCAGGCTCTCGCTTCTCTTTCTGAGGCTGAGCGGGCTGAGC

TGCTCAAGGGGTTGTGA 

 

>YlAcc1(S16A+T20A+S1177A) 

ATGCGACTGCAATTGAGGACACTAACACGTCGGTTTTTCAGTATGGCTGCCGGATCTTCAGCCC

CAGATGTGGCTCCCTTGGTGGACCCCAACATTCACAAAGGTCTCGCCTCTCATTTCTTTGGACT

CAATTCTGTCCACACAGCCAAGCCCTCAAAAGTCAAGGAGTTTGTGGCTTCTCACGGAGGTCAT

ACAGTTATCAACAAGGTCCTCATCGCTAACAACGGTATTGCCGCAGTAAAGGAGATCCGTTCAG

TACGAAAATGGGCCTACGAGACCTTTGGCGACGAGCGAGCAATCTCGTTCACCGTCATGGCCAC

CCCCGAAGATCTCGCTGCCAACGCCGACTACATTAGAATGGCCGATCAGTACGTCGAGGTGCCC

GGAGGAACCAACAACAACAACTACGCCAACGTCGAGCTGATTGTCGACGTGGCTGAGCGATTCG

GCGTCGATGCCGTGTGGGCCGGATGGGGCCATGCCAGTGAAAATCCCCTGCTCCCCGAGTCGCT

AGCGGCCTCTCCCCGCAAGATTGTCTTCATCGGCCCTCCCGGAGCTGCCATGAGATCTCTGGGA

GACAAAATTTCTTCTACCATTGTGGCCCAGCACGCAAAGGTCCCGTGTATCCCGTGGTCTGGAA

CCGGAGTGGACGAGGTTGTGGTTGACAAGAGCACCAACCTCGTGTCCGTGTCCGAGGAGGTGTA

CACCAAGGGCTGCACCACCGGTCCCAAGCAGGGTCTGGAGAAGGCTAAGCAGATTGGATTCCCC

GTGATGATCAAGGCTTCCGAGGGAGGAGGAGGAAAGGGTATTCGAAAGGTTGAGCGAGAGGAGG
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ACTTCGAGGCTGCTTACCACCAGGTCGAGGGAGAGATCCCCGGCTCGCCCATCTTCATTATGCA

GCTTGCAGGCAATGCCCGGCATTTGGAGGTGCAGCTTCTGGCTGATCAGTACGGCAACAATATT

TCACTGTTTGGTCGAGATTGTTCGGTTCAGCGACGGCATCAAAAGATTATTGAGGAGGCTCCTG

TGACTGTGGCTGGCCAGCAGACCTTCACTGCCATGGAGAAGGCTGCCGTGCGACTCGGTAAGCT

TGTCGGATATGTCTCTGCAGGTACCGTTGAATATCTGTATTCCCATGAGGACGACAAGTTCTAC

TTCTTGGAGCTGAATCCTCGTCTTCAGGTCGAACATCCTACCACCGAGATGGTCACCGGTGTCA

ACCTGCCCGCTGCCCAGCTTCAGATCGCCATGGGTATCCCCCTCGATCGAATCAAGGACATTCG

TCTCTTTTACGGTGTTAACCCTCACACCACCACTCCAATTGATTTCGACTTCTCGGGCGAGGAT

GCTGATAAGACACAGCGACGTCCCGTCCCCCGAGGTCACACCACTGCTTGCCGAATCACATCCG

AGGACCCTGGAGAGGGTTTCAAGCCCTCCGGAGGTACTATGCACGAGCTCAACTTCCGATCCTC

GTCCAACGTGTGGGGTTACTTCTCCGTTGGTAACCAGGGAGGTATCCATTCGTTCTCGGATTCG

CAGTTTGGTCACATCTTCGCCTTCGGTGAGAACCGAAGTGCGTCTCGAAAGCACATGGTTGTTG

CTTTGAAGGAACTATCTATTCGAGGTGACTTCCGAACCACCGTCGAGTACCTCATCAAGCTGCT

GGAGACACCGGACTTCGAGGACAACACCATCACCACCGGCTGGCTGGATGAGCTTATCTCCAAC

AAGCTGACTGCCGAGCGACCCGACTCGTTCCTCGCTGTTGTTTGTGGTGCTGCTACCAAGGCCC

ATCGAGCTTCCGAGGACTCTATTGCCACCTACATGGCTTCGCTAGAGAAGGGCCAGGTCCCTGC

TCGAGACATTCTCAAGACCCTTTTCCCCGTTGACTTCATCTACGAGGGCCAGCGGTACAAGTTC

ACCGCCACCCGGTCGTCTGAGGACTCTTACACGCTGTTCATCAACGGTTCTCGATGCGACATTG

GAGTTAGACCTCTTTCTGACGGTGGTATTCTGTGTCTTGTAGGTGGGAGATCCCACAATGTCTA

CTGGAAGGAGGAGGTTGGAGCCACGCGACTGTCTGTTGACTCCAAGACCTGCCTTCTCGAGGTG

GAGAACGACCCCACTCAGCTTCGATCTCCCTCTCCCGGTAAGCTGGTTAAGTTCCTGGTCGAGA

ACGGCGACCACGTGCGAGCCAACCAGCCCTATGCCGAGATTGAGGTCATGAAGATGTACATGAC

TCTCACTGCTCAGGAGGACGGTATTGTCCAGCTGATGAAGCAGCCCGGTTCCACCATCGAGGCT

GGCGACATCCTCGGTATCTTGGCCCTTGATGATCCTTCCAAGGTCAAGCATGCCAAGCCCTTTG

AGGGCCAGCTTCCCGAGCTTGGACCCCCCACTCTCAGCGGTAACAAGCCTCATCAGCGATACGA

GCACTGCCAGAACGTGCTCCATAACATTCTGCTTGGTTTCGATAACCAGGTGGTGATGAAGTCC

ACTCTTCAGGAGATGGTTGGTCTGCTCCGAAACCCTGAGCTTCCTTATCTCCAGTGGGCTCATC

AGGTGTCTTCTCTGCACACCCGAATGAGCGCCAAGCTGGATGCTACTCTTGCTGGTCTCATTGA

CAAGGCCAAGCAGCGAGGTGGCGAGTTTCCTGCCAAGCAGCTTCTGCGAGCCCTTGAGAAGGAG

GCGAGCTCTGGCGAGGTCGATGCGCTCTTCCAGCAAACTCTTGCTCCTCTGTTTGACCTTGCTC

GAGAGTACCAGGACGGTCTTGCTATCCACGAGCTTCAGGTTGCTGCAGGCCTTCTGCAGGCCTA

CTACGACTCTGAGGCCCGGTTCTGCGGACCCAACGTACGTGACGAGGATGTCATTCTCAAGCTT
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CGAGAGGAGAACCGAGATTCTCTTCGAAAGGTTGTGATGGCCCAGCTGTCTCATTCTCGAGTCG

GAGCCAAGAACAACCTTGTGCTGGCCCTTCTCGATGAATACAAGGTGGCCGACCAGGCTGGCAC

CGACTCTCCTGCCTCCAACGTGCACGTTGCAAAGTACTTGCGACCTGTGCTGCGAAAGATTGTG

GAGCTGGAATCTCGAGCTTCTGCCAAGGTATCTCTGAAAGCCCGAGAGATTCTCATCCAGTGCG

CTCTGCCCTCTCTAAAGGAGCGAACTGACCAGCTTGAGCACATTCTGCGATCTTCTGTCGTCGA

GTCTCGATACGGAGAGGTTGGTCTGGAGCACCGAACTCCCCGAGCCGATATTCTCAAGGAGGTT

GTCGACTCCAAGTACATTGTCTTTGATGTGCTTGCCCAGTTCTTTGCCCACGATGATCCCTGGA

TCGTCCTTGCTGCCCTGGAGCTGTACATCCGACGAGCTTGCAAGGCCTACTCCATCCTGGACAT

CAACTACCACCAGGACTCGGACCTGCCTCCCGTCATCTCGTGGCGATTTAGACTGCCTACCATG

TCGTCTGCTTTGTACAACTCAGTAGTGTCTTCTGGCTCCAAAACCCCCACTTCCCCCTCGGTGT

CTCGAGCTGATTCCGTCTCCGACTTTTCGTACACCGTTGAGCGAGACTCTGCTCCCGCTCGAAC

CGGAGCGATTGTTGCCGTGCCTCATCTGGATGATCTGGAGGATGCTCTGACTCGTGTTCTGGAG

AACCTGCCCAAACGGGGCGCTGGTCTTGCCATCTCTGTTGGTGCTAGCAACAAGAGTGCCGCTG

CTTCTGCTCGTGACGCTGCTGCTGCTGCCGCTTCATCCGTTGACACTGGCCTGTCCAACATTTG

CAACGTTATGATTGGTCGGGTTGATGAGTCTGATGACGACGACACTCTGATTGCCCGAATCTCC

CAGGTCATTGAGGACTTTAAGGAGGACTTTGAGGCCTGTTCTCTGCGACGAATCACCTTCTCCT

TCGGCAACTCCCGAGGTACTTATCCCAAGTATTTCACGTTCCGAGGCCCCGCATACGAGGAGGA

CCCCACTATCCGACACATTGAGCCTGCTCTGGCCTTCCAGCTGGAGCTCGCCCGTCTGTCCAAC

TTCGACATCAAGCCTGTCCACACCGACAACCGAAACATCCACGTGTACGAGGCTACTGGCAAGA

ACGCTGCTTCCGACAAGCGGTTCTTCACCCGAGGTATCGTACGACCTGGTCGTCTTCGAGAGAA

CATCCCCACCTCGGAGTATCTCATTTCCGAGGCTGACCGGCTCATGAGCGATATTTTGGACGCT

CTAGAGGTGATTGGAACCACCAACTCGGATCTCAACCACATTTTCATCAACTTCTCAGCCGTCT

TTGCTCTGAAGCCCGAGGAGGTTGAAGCTGCCTTTGGCGGTTTCCTGGAGCGATTTGGCCGACG

TCTGTGGCGACTTCGAGTCACCGGTGCCGAGATCCGAATGATGGTATCCGACCCCGAAACTGGC

TCTGCTTTCCCTCTGCGAGCAATGATCAACAACGTCTCTGGTTACGTTGTGCAGTCTGAGCTGT

ACGCTGAGGCCAAGAACGACAAGGGCCAGTGGATTTTCAAGTCTCTGGGCAAGCCCGGCTCCAT

GCACATGCGGTCTATCAACACTCCCTACCCCACCAAGGAGTGGCTGCAGCCCAAGCGGTACAAG

GCCCATCTGATGGGTACCACCTACTGCTATGACTTCCCCGAGCTGTTCCGACAGTCCATTGAGT

CGGACTGGAAGAAGTATGACGGCAAGGCTCCCGACGATCTCATGACTTGCAACGAGCTGATTCT

CGATGAGGACTCTGGCGAGCTGCAGGAGGTGAACCGAGAGCCCGGCGCCAACAACGTCGGTATG

GTTGCGTGGAAGTTTGAGGCCAAGACCCCCGAGTACCCTCGAGGCCGATCTTTCATCGTGGTGG

CCAACGATATCACCTTCCAGATTGGTTCGTTTGGCCCTGCTGAGGACCAGTTCTTCTTCAAGGT
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GACGGAGCTGGCTCGAAAGCTCGGTATTCCTCGAATCTATCTGTCTGCCAACTCTGGTGCTCGA

ATCGGCATTGCTGACGAGCTCGTTGGCAAGTACAAGGTTGCGTGGAACGACGAGACTGACCCCT

CCAAGGGCTTCAAGTACCTTTACTTCACCCCTGAGTCTCTTGCCACCCTCAAGCCCGACACTGT

TGTCACCACTGAGATTGAGGAGGAGGGTCCCAACGGCGTGGAGAAGCGTCATGTGATCGACTAC

ATTGTCGGAGAGAAGGACGGTCTCGGAGTCGAGTGTCTGCGGGGCTCTGGTCTCATTGCAGGCG

CCACTTCTCGAGCCTACAAGGATATCTTCACTCTCACTCTTGTCACCTGTCGATCCGTTGGTAT

CGGTGCTTACCTTGTTCGTCTTGGTCAACGAGCCATCCAGATTGAGGGCCAGCCCATCATTCTC

ACTGGTGCCCCCGCCATCAACAAGCTGCTTGGTCGAGAGGTCTACTCTTCCAACTTGCAGCTTG

GTGGTACTCAGATCATGTACAACAACGGTGTGTCTCATCTGACTGCCCGAGATGATCTCAACGG

TGTCCACAAGATCATGCAGTGGCTGTCATACATCCCTGCTTCTCGAGGTCTTCCAGTGCCTGTT

CTCCCTCACAAGACCGATGTGTGGGATCGAGACGTGACGTTCCAGCCTGTCCGAGGCGAGCAGT

ACGATGTTAGATGGCTTATTTCTGGCCGAACTCTCGAGGATGGTGCTTTCGAGTCTGGTCTCTT

TGACAAGGACTCTTTCCAGGAGACTCTGTCTGGCTGGGCCAAGGGTGTTGTTGTTGGTCGAGCT

CGTCTTGGCGGCATTCCCTTCGGTGTCATTGGTGTCGAGACTGCGACCGTCGACAATACTACCC

CTGCCGATCCCGCCAACCCGGACTCTATTGAGATGAGCACCTCTGAAGCCGGCCAGGTTTGGTA

CCCCAACTCGGCCTTCAAGACCTCTCAGGCCATCAACGACTTCAACCATGGTGAGGCGCTTCCT

CTCATGATTCTTGCTAACTGGCGAGGCTTTTCTGGTGGTCAGCGAGACATGTACAATGAGGTTC

TCAAGTACGGATCTTTCATTGTTGATGCTCTGGTTGACTACAAGCAGCCCATCATGGTGTACAT

CCCTCCCACCGGTGAGCTGCGAGGTGGTTCTTGGGTTGTGGTTGACCCCACCATCAACTCGGAC

ATGATGGAGATGTACGCTGACGTCGAGTCTCGAGGTGGTGTGCTGGAGCCCGAGGGAATGGTCG

GTATCAAGTACCGACGAGACAAGCTACTGGACACCATGGCTCGTCTGGATCCCGAGTACTCCTC

TCTCAAGAAGCAGCTTGAGGAGTCTCCCGATTCTGAGGAGCTCAAGGTCAAGCTCAGCGTGCGA

GAGAAGTCTCTCATGCCCATCTACCAGCAGATCTCCGTGCAGTTTGCCGACTTGCATGACCGAG

CTGGCCGAATGGAGGCCAAGGGTGTCATTCGTGAGGCTCTTGTGTGGAAGGATGCTCGTCGATT

CTTCTTCTGGCGAATCCGACGACGATTAGTCGAGGAGTACCTCATTACCAAGATCAATAGCATT

CTGCCCTCTTGCACTCGGCTTGAGTGTCTGGCTCGAATCAAGTCGTGGAAGCCTGCCACTCTTG

ATCAGGGCTCTGACCGGGGTGTTGCCGAGTGGTTTGACGAGAACTCTGATGCCGTCTCTGCTCG

ACTCAGCGAGCTCAAGAAGGACGCTTCTGCCCAGTCGTTTGCTTCTCAACTGAGAAAGGACCGA

CAGGGTACTCTCCAGGGCATGAAGCAGGCTCTCGCTTCTCTTTCTGAGGCTGAGCGGGCTGAGC

TGCTCAAGGGGTTGTGA 
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Figure S1. Extracellular pyruvate and citrate levels. 

Strains evaluated for extracellular levels of pyruvate (green) and citrate (red) at 96 h, in 

minimal media and nitrogen limited media. Data presented as mean of triplicates, error 

bars represent standard deviation. 
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6.1 Tools 

The development of the EasyCloneYALI(1) genetic engineering toolbox resulted in a 

flexible and easy to use system that allows for straightforward integrations or deletions 

in the Y. lipolytica genome. Despite arguably being the most versatile toolbox for 

Y. lipolytica it has seen a fairly modest adoption rate. Despite a fairly broad readership, 

it has currently only received 37 references according to CrossRef, out of which only a 

few reference it as the engineering method used. In fact, only four labs have requested 

the EasyCloneYALI kits from AddGene. The reasons for the slow adoption is uncertain 

but could be due to a switching cost for labs to adopt a new technique, a 

skepticism/dissatisfaction towards certain aspects such as the USER cloning, and the 

relatively low number of labs working on Y. lipolytica metabolic engineering.  

Future toolbox development, either in Y. lipolytica or other microbes, might 

benefit from an initial community survey aimed at understanding the needs and wants 

placed upon a toolbox, to ensure broad usability and high adoption. Furthermore, 

future toolboxes could stand to learn a thing or two from software development. Rather 

than relying on the sparsely published articles from a single group, protocols could be 

maintained online and release version updates or patches in order to continually 

improve the protocol, similar to concepts such as protocols.io(2, 3). These updates 

would allow for faster dissemination of minor improvements, that on their own might 

not warrant a full publication, such as new integration sites, new promoters, improved 

ways of performing individual steps, etc. It would also simplify the integration of 

protocol improvements from disparate labs, creating a community maintained protocol. 

The online platform might also allow for ways of breaking free from the rigid structure 

of the scientific articles, such as video or GIF elements, or asides providing 

experimental support for individual steps/parameters.  

https://www.protocols.io/
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A third consideration for future toolboxes would be the tie-in with 

accompanying software, bridging the gap between the design and build phases in the 

DBTL-cycle. In the case of EasyCloneYALI, it would be greatly beneficial to have an 

associated design-software. Even a rudimentary software could based on user-selected 

genes, promoters and integration sites, design primers, recommend PCR settings, create 

a cloning workflow, and assemble a digital vector file. Minor improvements could 

generate a genomic file to be used for downstream omics, suggest sequencing primers, 

output the designed primers, parts, and plasmids to the suitable LIMS, or send the 

designed primers to a primer synthesis company. Such accompanying software would 

simplify the adoption of new tools, save a significant amount of time, avoid human 

errors, and pave the way for integration with automation.  

 

6.2 Usability of data-driven design 

During the studies presented within this thesis, a multi-omics-based data-driven design 

was successfully implemented, demonstrating how omics data can be used to inform 

strain engineering. Unfortunately, the resulting strains only had modest improvements 

and are far from the top fatty-alcohol-producing strain. However, it is possible that the 

modifications introduced would have a greater impact if the fatty alcohol pull or fatty 

alcohol secretion was increased, as this has been shown to have a crucial impact on fatty 

alcohol titers(4, 5). Furthermore, the strategies predicted from the omics-data were of 

limited novelty. This is partly due to technical limitations and gaps in the omics-

datasets, and partly due to lipid accumulation in Y. lipolytica being fairly well studied. 

Although most strategies had been tried in various other contexts, the data-driven 

design is agnostic towards previously published data, which may be especially useful 

when published results aren’t replicated as seen in chapter 5, or when studies are of 

questionable quality as elaborated upon in chapter 1. Additionally, with slightly better 
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coverage in the omics-data, completely novel, previously untested, hypotheses could 

likely have been proposed.  

Multi-omics integration with computational modeling is emerging as a 

promising tool, and greatly expands the utility of omics-data beyond the semi-rational 

approach used in this thesis. 13C-fluxomics and metabolomics data have successfully 

been integrated into thermodynamics-based models, to introduce constraints and 

greatly reduce the solution space(6, 7). For datasets containing proteomics data, enzyme 

constrained models can be constructed (8), which greatly enhance the ability to identify 

bottlenecks and targets for upregulation.  

The experimental work of omics-studies is fairly tedious, but the processing and 

analysis of data is the far more time-consuming step. Traditionally, significant expertise 

in bioinformatics and data science was required to analyze omics data. In recent years, 

however, there have been trends towards developing more non-programmer friendly 

graphical user interfaces (GUI), such as Kbase(9) and Galaxy(10) for genomics and 

transcriptomics, and INCA(11) for 13C-fluxomics. These tools were largely relied upon 

during the multi-omics study in chapter 4. These tools have certainly been greatly 

beneficial to a large number of researchers. Though, in the context of data-driven strain 

engineering, it is not the ideal solution, as they in practice often turn out to be clunky 

and limiting. The general principle of these user-friendly tools is that any scientist 

should be able to perform what is normally limited to bioinformaticians. However,  the 

key contribution of a bioinformatician is unlikely to be their ability to type code, but 

rather their expertise in the field and detailed comprehension of each individual 

parameter. A better solution might be to create completely automated, hands-off, 

analysis workflows, inputting raw data and outputting a standardized analysis report, 

and better reflecting how bioinformaticians actually work. Context-specific parameter 

decisions could be codified by combining expert knowledge, statistical robustness, and 

biological relevance. The analysis output could be very broad, covering all the aspects 
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that might be relevant for metabolic engineering, allowing the researcher to filter out 

the parts of the report that are of relevance, rather than having to adapt the analysis 

workflow. Having access to such automated workflows together with well developed 

experimental methods would turn a multi-omics study into a 1-2 month project, making 

it a far more useful tool.  

 

6.3 Genome annotations in Yarrowia lipolytica 

One of the main limitations when doing omics research on Y. lipolytica is the lack of 

genome annotation, which in turn reflects the lack of biological understanding. This 

limitation is particularly prominent when performing transcriptomic analysis, as seen in 

the multi-omics study(12) in chapter 4, unknown genes compose a significant portion of 

the differentially expressed genes. The result of this is that a lot of potentially useful 

information is lost, and in fact, very little insight could be drawn from the Y. lipolytica 

transcriptomics dataset. From a metabolic engineering perspective, considering that 

core cellular functions and metabolism appears to be well mapped out, one could 

question the utility of characterizing the currently unknown, possibly more fringe, 

genes. However, on one hand, it’s a matter of “not knowing what we don’t know”, and 

that a more comprehensive understanding could open up currently unknown 

possibilities. On the other hand, it doesn’t take much imagination to find concrete 

restrictions imposed by our lacking knowledge. For example, as mentioned in chapter 1, 

the secretion of citrate (a common byproduct in Y. lipolytica cell factories) is facilitated 

by unknown transporters, which, had they been known, would be an obvious metabolic 

engineering target for reducing byproduct formation and possibly increasing flux 

towards the desired product. Similarly, deeper characterization could also help to 

unravel some of the regulatory network, which subsequently could serve as metabolic 

engineering targets as well. 
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Solving the lack of annotations/understanding is a complex issue, and the gold 

standard would be biological characterization. However, biological characterization, 

although accurate and important, does take a lot of work to perform. Alternatively, 

higher throughput methods such as measuring protein association with different cell 

fractions (e.g. cell wall, membrane, mitochondria, DNA/RNA binding), or protein-

protein interactions with affinity-tagged proteins, might provide some broad general 

information. 

As for computational solutions, the Blast2GO(13) is an annotation tool assigning 

gene ontology (GO) terms to unknown genes based on similarity to known genes. 

Blast2GO was applied during the research for the multi-omics study in chapter 4, but 

was excluded due to being largely unsuccessful to annotate the unknown genes. 

However, it might be possible to expand on this concept, and utilize the biological 

principle that function is conserved to a greater degree than sequence, by performing an 

iterative serial BLAST to track genes from one species to another through their 

evolutionary history. This would have a higher likelihood of working on genes with 

critical functions. For example, a BLAST between S. cerevisiae and Y. lipolytica might 

only return a low likelihood hit. A set of evolutionary intermediate species (X, Y, Z)  

could be identified, and BLAST searches could be performed in a serial fashion, 

BLASTing from S. cerevisiae to species X, then BLAST the identified gene from species X 

against species Y, and so on until reaching Y. lipolytica. Thereby assigning the 

Y. lipolytica gene a possible function. If the modern intermediate species have diverged 

too far, it would be possible to condense clades into their approximate ancestral 

sequence. 

The iterative BLAST method might also help in paving the way for cross-species 

omics, something that with the current level of annotation isn’t possible to any greater 

degree.  
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6.4 Strain stability 

There is an inherent conflict in almost all microbial cell factories between the imposed 

production of a compound, and the cell’s natural predisposition for growth. Any high 

producing cell factory reallocates cellular resources towards product formation, which 

could have gone towards growth, resulting in lower growth rates. The exceptions to this 

rule would be growth coupled cell factories or decoupled cell factories. In growth 

coupled cell factories the cells produce a compound as a byproduct from growth(14–16), 

similar to S. cerevisiae’s natural production of ethanol due to the Crabtree effect(17). In 

decoupled cell factories, growth and production are separated in time, having distinct 

growth and production phases(18, 19). The lowered growth rate of ordinary cell 

factories creates a selection pressure for disrupting the production pathway, and 

thereby restoring the growth rate. It has been shown that such escaping mutants can 

overtake the cultivation within the time frame of seed train for a 200 m3 bioreactor, 

greatly affecting or completely abolishing the product titer, depending on the escape 

rate and production load assumed(20, 21). It is typically not an issue for standard lab-

scale experiments but is presumably a major issue for industrial-scale production. 

During the course of this Ph.D. project, such strain instability was observed on four 

different occasions. 

Strategies counteracting strain instability can be divided into two groups, 

strategies reducing diversity generation and strategies reducing the selection pressure. 

Given the variety of ways in which mutations and diversity can arise, reducing the 

selection pressure might be a more stable long term solution. It is also a more difficult 

thing to do, and most studies addressing the topic has so far focused on reducing the 

diversity generation, such as removing IS elements(22) or transposons(23), or 

eliminating error-prone polymerases(24). 
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D’ambrosio et al recently published a promising solution for reducing selection 

pressure, in which they put essential genes under the control of biosensors sensing 

product formation(25), greatly extending the duration of strain stability. This approach 

does however assume that a biosensor, with an appropriate induction range, can be 

acquired or engineered.  

An alternative approach might be to create a growth constricted strain. The 

maximum amount of flux that can be carried through an enzymatic step is dependent 

upon the abundance of that enzyme, and the flux towards biomass precursors affect the 

growth rate.  Therefore it should be possible to constrain the enzyme concentrations of 

essential steps in biomass pathways, capping the maximum flux allowed, which in turn 

caps the maximum growth rate possible. If this is done in such a way as to cap the 

growth rate to a level just below the growth rate imposed by the production load, the 

selection pressure would be transferred from the production pathway to the artificially 

constrained pathway. A mutation in the production pathway would not provide a 

growth advantage, and thereby not overtake the cultivation. Furthermore, if the two 

growth rates are closely matched, mutations to the constrained pathway would also 

have a minimal growth benefit. Further stability could be provided by a redundant 

system, constraining multiple essential pathways, possibly even allowing for very long 

term continuous cultivations.  

Prior to imposing any kind of growth constrain, it would of course be advisable 

to, as far as possible, alleviate any growth defects. Eventually, any high-producing cell 

factory will reach a point where the production pathway competes with growth over 

energy and carbon. There are, however, many other things that also can reduce the 

growth rate, for example, product, intermediate, and byproduct toxicity (26–29), or 

depletion of cofactors and intermediates such as the depletion of heme during 

expression of P450 monooxygenases(30), or depletion of the glutamate pool during 

succinate production(31). In the case of fatty alcohol, the reductions in growth rates are 
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likely due to the toxicity of fatty alcohols, as exemplified by the cell wall stress triggered 

in S. cerevisiae. Hence, the priority should be on alleviating the toxicity. In fact, Wang et 

al. (unpublished data) concluded, through directed evolution and reverse engineering, 

that mutations to the regulatory protein ScSit4p (L19Q or C130F), completely restored 

the growth rate without affecting fatty alcohol production. Fatty alcohol toxicity could 

likely also be alleviated by secreting the product, for example by dodecane overlay or 

expression a transporter, as mentioned in chapter 1. 

 

6.5 Conclusion 

Data-driven strain engineering will likely become more widely adopted in the future, 

despite currently being slow, tedious, and costly. Future developments in method 

refinements, analytical streamlining, and integration with computational modeling will 

make it an incredibly powerful tool, allowing for deeper insights and understanding of 

microbial cell factories. Ultimately reducing the number of iterations through the 

DBTL-cycle that are needed to reach industrially relevant titers, rates, and yields, 

helping to unlock the potential of bio-based production. 
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