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Abstract 

With the global population surpassing 8 billion individuals, there has been a parallel increase 

in demand for indispensable commodities like fuels, food, and consumer goods. Aromatic 

compounds play an integral role in these essential commodities, as they are widely utilized in 

pharmaceuticals, food ingredients, flavorings, cosmetics, and plastic precursors. However, 

aromatic compounds are typically sourced from non-sustainable sources, causing 

environmental destruction and contributing to climate change. 

Biotechnological production utilizing microbial cell factories has emerged as a promising 

alternative for manufacturing aromatic compounds, enabling the conversion of renewable 

substrates into a diverse array of high-value aromatics. However, this approach faces certain 

limitations that hinder its widespread implementation for larger-scale production of 

compounds. This thesis focuses on investigating and addressing some of these challenges, 

aiming to provide solutions for improved utilization of biotechnological systems in aromatic 

compound production. 

We first explore the use of the oleaginous yeast Yarrowia lipolytica for the production of 

aromatic compounds, as an alternative to Escherichia coli and the baker’s yeast 

Saccharomyces cerevisiae, the conventional hosts typically engineered for the production of 

aromatics in literature. We demonstrate high-level production of the plant antioxidant 

resveratrol with limited genetic engineering, showing the potential of Y. lipolytica for the 

production of these compounds. 

Next, we investigate in vivo halogenation of the aromatic amino acid L-tryptophan by the 

expression of tryptophan halogenases. We show how L-tryptophan can be halogenated at 

different positions of the molecule with either chlorine or bromine, and how these can be 

decarboxylated into halogenated tryptamine, precursor for a wide range of compounds with 

pharmaceutical applications. 

Another topic researched is the toxicity of aromatic compounds against common production 

hosts, as many of these products are naturally produced by plants as a defense mechanism 

against microbes. We perform a systematic analysis of the toxicity of over 50 aromatics in 

multiple production hosts and use a transporter deletion library to investigate transporters 

that affect product tolerance and might be involved in transport mechanisms. 

These findings present avenues for further exploration and innovation in developing 

sustainable and efficient microbial cell factories to produce valuable aromatic compounds.  



III 
 

Dansk resumé 

Med en global befolkning på over 8 milliarder mennesker er der sket en parallel stigning i 

efterspørgslen af uundværlige råvarer som brændstof, fødevarer og forbrugsgoder. 

Aromatiske forbindelser spiller en integreret rolle i disse vigtige råvarer, da de i vid 

udstrækning anvendes i lægemidler, fødevareingredienser, smagsstoffer, kosmetik og som 

forløbere til plastik. Aromatiske forbindelser stammer imidlertid typisk fra ikke-bæredygtige 

kilder, hvilket forårsager miljøødelæggelse og bidrager til klimaændringer. 

Bioteknologisk produktion ved hjælp af mikrobielle cellefabrikker har vist sig at være et 

lovende alternativ til fremstilling af aromatiske forbindelser, der gør det muligt at omdanne 

vedvarende substrater til en bred vifte af aromatiske stoffer af høj værdi. Denne 

fremgangsmåde er imidlertid underlagt visse begrænsninger, som hindrer dens udbredte 

anvendelse til produktion af forbindelserne i større skala. Denne afhandling fokuserer på at 

undersøge og løse nogle af disse udfordringer med henblik på at finde løsninger til bedre 

udnyttelse af bioteknologiske systemer til fremstilling af aromatiske forbindelser. 

Vi undersøger først brugen af den olieholdige gær Yarrowia lipolytica til produktion af 

aromatiske forbindelser som et alternativ til Escherichia coli og bagegær Saccharomyces 

cerevisiae, begge konventionelle værter, der typisk er benyttet til produktion af aromatiske 

forbindelser i litteraturen. Vi demonstrerer produktion på højt niveau af plante antioxidanten 

resveratrol med minimal genmodificering, hvilket viser Y. lipolyticas potentiale til produktion 

af disse forbindelser. 

Dernæst undersøger vi in vivo halogenering af den aromatiske aminosyre L-tryptophan ved 

ekspression af tryptophanhalogenaser. Vi viser, hvordan L-tryptofan kan halogeneres ved 

forskellige positioner i molekylet med enten klor eller brom, og hvordan disse kan 

decarboxyleres til halogeneret tryptamin, som er forløber for en lang række forbindelser med 

farmaceutiske anvendelser. 

Et andet emne, der undersøges, er de aromatiske forbindelsers toksicitet over for almindelige 

produktionsværter, da mange af disse forbindelser produceres naturligt af planter som en 

forsvarsmekanisme mod mikrober. Vi udfører en systematisk analyse af toksiciteten af over 

50 aromatiske stoffer i flere produktionsværter og anvender et transportordeletionsbibliotek 

for at undersøge transporterer, der påvirker tolerance for produktet og som kan være 

involveret i transportmekanismer. 

Disse resultater viser muligheder for yderligere forskning og innovation i forbindelse med 

udvikling af bæredygtige og effektive mikrobielle cellefabrikker til produktion af værdifulde 

aromatiske forbindelser. 
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The current state of production of chemicals 

The world population has increased fourfold over the past century, surpassing 8 billion 

inhabitants in early 2023. The global need of energy, fuels, and consumer goods has 

grown concomitantly, largely reliant on non-renewable resources for their production 

and manufacturing (Ahmad and Zhang, 2020). Coal, oil, and gas are still the main 

sources of energy, accounting for almost 80% of the global energy mix (International 

Energy Agency, 2021). Likewise, the manufacturing of fuels and consumer goods is 

inextricably tied to the production of a vast assortment of chemicals, which in turn are 

largely obtained from unsustainable resources (Meyers, 2005; Osbourn and Lanzotti, 

2009). 

The shift towards renewable energy sources, including solar, wind, water, and 

geothermal power, is gaining momentum as a sustainable alternative to non-

renewable sources. Many countries have already begun transitioning to an energy mix 

where sustainable energies dominate (Bhattarai et al., 2022). However, while 

renewable energy sources provide energy, they do not supply the carbon or mass 

necessary to produce the chemicals used in fuels and consumer goods. The base 

chemicals that serve as the foundation for many everyday products are primarily 

derived from petrochemicals, which are produced through the refining of crude oil 

(Speight, 2016). 

At every stage of the process, from crude oil extraction to petrochemical processing, 

significant environmental impacts occur. The extraction of crude oil directly disrupts 

the earth's natural carbon cycle equilibrium by transferring carbon sinks from the 

geosphere to the biosphere (Reichle, 2023). Furthermore, oil exploration, drilling, and 

extraction are harmful to wildlife and can reduce the quality of soil, air, and water in 

nearby areas (Cordes et al., 2016; Johnston et al., 2019). The drilling and extraction of 

oil also result in gas venting and flaring, which releases greenhouse gases and 

contributes to climate change (Soltanieh et al., 2016). Occasional oil spills during these 

steps and during transportation can have devastating effects on ecosystems (Asif et al., 

2022). 

Refining crude oil generates additional greenhouse and hazardous gases, consumes 

significant amounts of energy, and produces substantial quantities of wastewaters and 

hazardous solid wastes that are challenging to dispose of (Bleckmann et al., 1995; 
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Wake, 2005). The chemical industry, which converts petrochemicals into a variety of 

compounds, poses similar environmental risks (Pleissner and Kümmerer, 2018).  

Despite the prevalence of chemicals derived from crude oil, plant-based alternatives 

such as resins, waxes, oils, dyes, flavors, fragrances, and drugs are frequently utilized 

for various industrial and commercial purposes (Osbourn and Lanzotti, 2009). Plant-

based chemicals are often viewed as inherently sustainable, but this is not always the 

case. In reality, several practices used in the cultivation of crops for chemical 

production may result in unsustainable practices that are on par with petrochemical 

production. Cultivating crops for chemical production may require deforestation or 

land-use changes, which reduce carbon absorption and biodiversity (Cazzolla Gatti 

and Velichevskaya, 2020; Lawrence et al., 2022; Tanaka et al., 2021). Additionally, 

heavy use of fertilizers can cause eutrophication, toxic algae blooms, and habitat 

destruction (Chakraborty et al., 2017; Huang et al., 2017). Inadequate disposal of plant 

waste can lead to the release of uncontrolled amounts of methane, a potent greenhouse 

gas (Bakkaloglu et al., 2022). 

Recent advances in biotechnology have enabled the production of a wide range of 

chemicals through microbial fermentation. This process involves the use of genetically 

modified microorganisms to convert renewable feedstocks, such as plant-based sugars 

and waste biomass, into high-value chemicals, including biofuels, biopolymers, and 

specialty chemicals (Hatti-Kaul et al., 2007; Nielsen et al., 2022). Unlike 

petrochemicals, which are derived from finite fossil resources, and some plant-based 

chemicals, which can have negative environmental impacts due to their production 

methods, biobased chemicals offer a sustainable and eco-friendly alternative that can 

help reduce our reliance on non-renewable resources and mitigate climate change 

(Figure 1) (Lammens et al., 2011; Broeren et al., 2017; Grasa et al., 2021). 

One of the key advantages of biobased chemicals is their ability to be produced through 

fermentation in microbial cell factories. This process offers several benefits over 

traditional chemical synthesis, including high specificity and efficiency, and the ability 

to produce complex molecules that are difficult to produce through chemical synthesis 

(Du et al., 2011; Zhang et al., 2022). Additionally, microbial cell factories can be scaled 

up to commercial production levels, allowing for the efficient and cost-effective 

production of biobased chemicals at large volumes (Delvigne and Noorman, 2017; Du 

et al., 2022). Furthermore, the use of renewable feedstocks in fermentation reduces 
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the carbon footprint of biobased chemical production, making it a sustainable 

alternative to petrochemicals and some plant-based chemicals (Francois et al., 2020). 

 

 

Figure 1. Current production methods for chemicals: an overview. 
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From ancient times to modern applications: a brief history of microbial 

biomanufacturing 

Microbial biotechnology has a rich history that dates back to prehistoric times (Figure 

2). Before the emergence of microbiology as a scientific discipline, humans had already 

been using microbes for the production of fermented foods and beverages for several 

millennia. Evidence from archaeobotanical studies shows that bread-like products 

were already being consumed over 14,000 years ago in northeastern Jordan (Arranz-

Otaegui et al., 2018). The production of mixed fermented beverages of rice, honey, and 

fruit in China or wine in Georgia can be traced back to around 6000-7000 BC 

according to chemical analyses in pottery fragments (McGovern et al., 2004, 2017). 

In recorded history, the documentation of brewing techniques by the Sumerians in 

3200-3000 BC coincided with the rise of beer as a common product and a crucial 

component of the economy (Damerow, 2012). Similarly, in ancient China, the process 

of soya fermentation was documented and played a significant economic role, as 

evidenced in historical records (Han et al., 2001). 

Microorganisms had been utilized for thousands of years, but their existence was not 

officially discovered until 1674, when Antonie van Leeuwenhoek used his self-built 

microscope to observe and document what he called animalcules (Toledo-Pereyra, 

2009). However, initially microbes were not credited with playing a role in 

fermentation processes. Over the following centuries, a number of discoveries 

contributed to the initial understanding of the relationship between fermentation and 

microorganisms.  

By the beginning of the 19th century, Gay-Lussac established numerical associations 

for alcoholic fermentation, yet he did not provide any explanations for the underlying 

mechanism responsible for the process (Gay-Lussac, 1815). In the mid-1830s, a 

growing body of evidence suggested that yeast fermentation was a biological process. 

In 1837, Schwann and in 1838, Cagniard-Latour, independently demonstrated by 

microscopic studies that yeast is a microorganism and that alcoholic fermentation is 

associated with living yeast (Schwann, 1837; Cagniard-Latour, 1838). Louis Pasteur's 

experiments validated these findings, demonstrating the role of microorganisms in 

fermentation and establishing it as a biological process caused by living organisms. He 

developed techniques for controlling the growth of microorganisms and preventing 
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spoilage, which were crucial for the development of the food and beverage industry 

(Buchholz and Collins, 2010). 

Around that time, Moritz Traube's 1858 study challenged the belief that living 

organisms were solely responsible for fermentation, with preliminary evidence of 

enzymes' role (Traube, 1858). Eduard Buchner, awarded the 1907 Nobel Prize in 

Chemistry, later showed that fermentation could occur in cell-free yeast extracts, 

thanks to enzymes, revolutionizing biochemistry and proving their significance in 

biological processes (Buchner, 1897). 

By the end of the 19th century, industrial fermentation had emerged as a vital 

contributor to the economies of Europe, Asia, and North America, due to its 

established processes for the production of diverse food and beverage products, such 

as beer, wine, sake, soy sauce, and cheese (Buchholz and Collins, 2013). 

Simultaneously, the production of enzymes as ferments for the food industry had 

commenced (Fernandes, 2010). The significance of industrial fermentation was 

further expanded at the beginning of the 20th century with the initial development of 

processes for bulk chemicals production, including citric acid, gluconic acid, lactic 

acid, glycerol, acetone, and butanol (Garrett, 1930; May and Herrick, 1930; Sauer, 

2016). The urgency of chemicals for various applications during the First World War 

led to improvements in fermentation processes. 

 

 

Figure 2. Milestones in the history of industrial microbiology. 
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related pathways. However, the discovery of penicillin in 1928 marked a major 

milestone in the history of industrial microbiology, as it was the first complex structure 

to be produced using microbial fermentation (Fleming, 1929). Despite the discovery, 

it took until the late 1930s for the industrial production of penicillin to begin (Barreiro 

and García-Estrada, 2019). The outbreak of the Second World War created a global 

need for antibiotics, leading to the discovery and production of other antibiotics such 

as actinomycin, streptothricin, and streptomycin (Boruff and Lanen, 1947; Bud, 2011; 

Buchholz and Collins, 2013). 

By the 1950s, industrial production of multiple chemicals, including antibiotics, 

enzymes, and food products, had become well established (Buchholz and Collins, 

2013). However, from the perspective of strain engineering, there were limited 

methods to improve production since the knowledge of metabolic pathways was 

deficient, and the structure and functions of DNA had not yet been elucidated. The 

potential for improvement was therefore limited to the native capabilities of 

microorganisms, and only rudimentary mutagenesis techniques, such as those 

involving UV, X-rays, or chemicals, could be employed to enhance their performance 

(Bonner, 1946; Muñiz et al., 2007). 

During the first half of the 20th century, a number of central metabolic pathways like 

glycolysis or the tricarboxylic acid (TCA) cycle were characterized, providing a better 

understanding of cellular metabolism (Krebs and Johnson, 1937a, 1937b; Krebs, 1940; 

Barnett, 2003). Another milestone was the elucidation of the DNA structure in 1953 

by Watson and Crick, which paved the way for significant advances in our 

understanding of genetic information (Watson and Crick, 1953). Early work in the 

1950s and 1960s then revealed the central dogma of molecular biology, describing the 

flow of genetic information from DNA to RNA to protein (Crick, 1970). The discovery 

of restriction enzymes in the late 1960s and early 1970s enabled the progress on 

procedures for DNA manipulation, while the development of DNA sequencing 

techniques in the early 1970s allowed researchers to read the nucleotide sequence of 

DNA directly (Kelly and Smith, 1970; Sanger et al., 1977; Loenen et al., 2014). These 

advancements culminated in the development of recombinant DNA technology, which 

revolutionized the field of genetic engineering. With this new technology, it became 

possible to create genetically modified microbes that could produce compounds 

heterologous to the host. The production of insulin in 1978 was the first successful 
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application of recombinant DNA technology, followed by many other biologically 

active substances like interferon or the human growth hormone (Goeddel et al., 1979a, 

1979b; Nagata et al., 1980). 

At the end of the 1990s, the first whole genome sequences became available, including 

the genomes of Haemophilus influenzae, baker's yeast Saccharomyces cerevisiae, and 

Escherichia coli (Fleischmann et al., 1995; Goffeau et al., 1996; Blattner et al., 1997). 

Since then, there has been an explosion in genome sequencing technologies, resulting 

in the availability of whole-genome sequences for a vast range of organisms (Giani et 

al., 2020). The detailed knowledge of metabolic pathways and genomes, together with 

genetic modification techniques, led to the development of metabolic engineering as a 

research area in the late 1990s (Bailey, 1991). 

Metabolic engineering is a discipline that involves the optimization of cellular 

processes and the development of new biological systems. It applies genetic 

engineering techniques to modify metabolic pathways, regulatory networks, and 

transport systems to produce desired compounds by improving the efficiency of 

metabolic pathways (Woolston et al., 2013; García-Granados et al., 2019). The 

complexity of genomes and metabolic networks has also spurred the development of 

genomics, systems biology, and synthetic biology, which integrate experimental 

biology with mathematical modeling (Ko et al., 2020). Furthermore, the advent of 

targeted strain engineering has revolutionized metabolic engineering. With the 

identification of the Cas9 endonuclease and its versatile use as a precise, fast, and 

multi-target genome editing tool, researchers are now able to make targeted and 

accurate modifications to the genome of an organism (Jinek et al., 2012; Wright et al., 

2016). These modifications have been crucial in optimizing metabolic pathways and 

producing a vast number of compounds with potential applications in several 

industries, including agriculture, energy, and pharmaceuticals (Lee et al., 2019). 

 

Strain engineering in the modern age: insights from the DBTL cycle 

In recent years, the use of microorganisms in biomanufacturing has gained significant 

ground, resulting in a surge of biobased products in the chemical market (Philp et al., 

2013; European Commission - Joint Research Centre and BTG Biomass Technology 

Group B.V., 2019). However, there are challenges that hinder the widespread adoption 
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of microbial biomanufacturing for a broader number of products. Developing 

microbial cell factories is a complex and time-consuming process. In 2016, it was 

estimated that the cost of bringing a product to the market from a proof-of-principle 

strain was over 50 million USD, and could take 6-8 years to complete (Nielsen and 

Keasling, 2016). Biological systems have complex metabolic pathways and regulatory 

mechanisms that have evolved over millions of years. Our understanding of these 

mechanisms is still limited, and redirecting carbon flux towards the desired pathways 

can be challenging due to the intricate interplay between cellular, metabolic, and 

regulatory processes. 

Strain engineering programs employ a diverse range of tools, technologies, and 

methodologies to overcome the hurdles in developing microbial cell factories. The 

Design-Build-Test-Learn (DBTL) cycle has been adopted as a typical framework in 

metabolic engineering to accommodate these strategies. The DBTL cycle is a four step 

workflow that is run in an iterative fashion until a strain design that satisfies a set of 

desired specifications, typically in terms of titer, rate and yield is achieved (Volk et al., 

2023) (Figure 3). Beyond its utility in systematizing metabolic engineering, the DBTL 

cycle is also valuable in enhancing efficacy and generalizability (Check Hayden, 2015). 

 

Figure 3. The Design-Build-Test-Learn (DBTL) cycle in metabolic engineering. 
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Design: engineering the blueprint 

In the design phase of the DBTL cycle, the goal is to identify and optimize the 

metabolic pathway required for the production of a desired target product. The initial 

step in bioproduction of a desired compound is the selection of a host organism, 

capable of expressing the necessary metabolic pathway. Currently, the prevalent trend 

in metabolic engineering is to choose a host organism from a limited pool of well-

established options, such as Escherichia coli, Corynebacterium glutamicum, 

Saccharomyces cerevisiae or Yarrowia lipolytica. These organisms have been 

thoroughly studied, and their genetic, metabolic and physiological characteristics are 

well-known. In addition, the availability of efficient genetic engineering and 

expression systems make them more favorable candidates than newer or exotic 

organisms (Lian et al., 2018; Löbs et al., 2017; Pontrelli et al., 2018; Wolf et al., 2021). 

The selection of a host organism is influenced by various factors such as the substrate 

for the bioprocess, product tolerance, or endogenous metabolic traits, including 

precursor availability and ease in functional expression of specific enzymes in the 

metabolic pathway (Pujari et al., 2021). 

Conventionally, the selection of pathways and other engineering targets has been a 

manual process that relies on prior knowledge and data acquired from the host 

organism or the production of similar products derived from related or analogous 

pathways (Davy et al., 2017). 

In the recent years, a number of computational tools have facilitated a significant part 

of the design process. Retrosynthesis tools enable the linking of native metabolic 

precursors to the target product, and generate enzymatic steps for performing all 

reactions in the pathway. Several tools such as RetroPath 2.0, ReactPred, Selenzyme, 

or recently ARBRE, specifically purposed for aromatic compounds, assist with this 

process (Delépine et al., 2018; Sivakumar et al., 2016; Carbonell et al., 2018; 

Sveshnikova et al., 2022). In cases where a putative biosynthetic pathway is missing 

any steps, enzyme discovery is required, which could dramatically hinder the workflow 

(Srinivasan and Smolke, 2020). 

In addition, genome-scale metabolic models have enabled the representation of 

cellular metabolism in a mathematical format (Thiele and Palsson, 2010). While the 

initial models were purely stoichiometric and simplistic, they proved useful in 
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estimating maximum theoretical yields and ranking potential designs (Borodina et al., 

2015; Gu et al., 2019). Subsequent algorithms have successfully predicted engineering 

outcomes and growth-coupled strain designs (Banerjee et al., 2020; Choi et al., 2010; 

Jensen et al., 2019). The latest models incorporate a range of additional constraints, 

including enzyme kinetics parameters, transcriptional regulations, and multi-omics 

data to improve the accuracy of predictions (Domenzain et al., 2022; Khodayari and 

Maranas, 2016; Lu et al., 2018; Niu et al., 2021).  

Membrane transporters are often neglected in the design phase of engineering, mainly 

due to the limited knowledge of how metabolites are transported across cell 

membranes. However, transporter engineering has emerged as a valuable strategy for 

improving the performance of microbial cell factories, as demonstrated by various 

studies (Kell et al., 2015; van der Hoek and Borodina, 2020; Zhu et al., 2020). By 

manipulating transporter activity, alternative substrates can be utilized more 

effectively, leading to improved substrate uptake rates and volumetric productivity 

(Thomik et al., 2017). Moreover, transporter engineering can prevent biosynthetic 

intermediates from leaking out of the cell and enable the export of potentially toxic or 

inhibitory products, thereby improving the process economics and simplifying 

downstream processing (Hu et al., 2018; Korosh et al., 2017; Li et al., 2019; Wu et al., 

2019). 

The design phase outputs a set of in silico strain designs that include the expression of 

heterologous genes and the modulation of native gene expression through 

upregulation, downregulation, or complete deletion. For well-characterized and 

annotated production hosts, in silico design of DNA parts can be standardized and 

automated using bioinformatics tools. 

 

Build: constructing the foundation 

During the build phase, the in silico strain designs generated in the previous phase are 

translated into actual strains that can be experimentally evaluated. This process 

involves selecting the appropriate genetic tools and techniques for introducing the 

desired genetic modifications into the target organism. 

For popular production hosts, like the yeasts S. cerevisiae and Y. lipolytica employed 

in this thesis, transformation methods as well as genetic engineering toolboxes –
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especially for S. cerevisiae– have been well-established for a number of years (Besada-

Lombana et al., 2018; Larroude et al., 2018). Genomic modifications are usually 

preferred over plasmid-based expression methods due to the potential for 

heterogeneity in expression levels within a population or loss of expression over 

generations (Zhang et al., 1996; Karim et al., 2013).  

Traditionally, selection markers such as auxotrophic or antibiotic resistance genes 

were required within the genetic construct for the selection of genetically modified 

cells (Siewers, 2014; Larroude et al., 2018). However, the limited availability of 

different markers restricted the number of potential genetic modifications. An 

alternative strategy is to introduce loxP sites flanking the marker gene, allowing for its 

excision through the Cre-lox system (Gueldener, 2002). However, this approach may 

result in occasional genome rearrangements over multiple rounds of engineering, 

possibly leading to unintended effects on cell fitness. In recent years, the 

CRISPR/Cas9 technology has revolutionized the field by enabling marker-free genetic 

edits, thus allowing for a greater number of genomic modifications and the 

incorporation of long biosynthetic pathways (Wright et al., 2016; Zhang et al., 2022).  

Genome editing toolboxes not only facilitate genetic engineering but also provide a 

repertoire of well-characterized genetic components, such as promoters and 

terminators, to precisely modulate the expression of target genes. Although complete 

gene deletion or strong constitutive expression are often the ultimate goals, certain 

applications demand a range of expression levels. In this regard, numerous yeast 

promoters have been thoroughly investigated to achieve precise control over gene 

expression or to restrict the expression to specific conditions (Madzak et al., 2000; 

Blazeck et al., 2012; Trassaert et al., 2017). Alternative strategies for regulating gene 

expression include the use of RNA-guided regulatory proteins like RNA interference 

(RNAi) and dead Cas9 (dCas9). RNAi exerts its action at the RNA level by cleaving 

targeted mRNA and has been demonstrated to modulate gene expression effectively 

in S. cerevisiae (Y. Chen et al., 2020). In contrast, dCas9 is an inactive version of the 

Cas9 endonuclease that operates at the DNA level by binding to specific target genes 

and obstructing their accessibility. However, the current level of transcriptional 

control achieved through this approach is limited (Deaner et al., 2017; Jensen et al., 

2017). 
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Besides targeted genome editing, a number of approaches aim at generating genetic 

diversity within a population and subsequently selecting for desired phenotypes. 

These strategies include random mutagenesis, site-directed mutagenesis, 

combinatorial assembly, and adaptive laboratory evolution (ALE). Random 

mutagenesis involves inducing random mutations in the genome of an organism to 

generate new phenotypic traits (Wang et al., 2020). Site-directed mutagenesis, on the 

other hand, is a more precise approach that involves the targeted introduction of 

specific mutations into the genome (Biot-Pelletier and Martin, 2016). Combinatorial 

assembly is yet another strategy that allows the creation of diverse genetic sequences 

by combining smaller DNA fragments in various ways (Zhang et al., 2021). 

ALE involves subjecting a population of microorganisms to a specific selective 

pressure over multiple generations to drive the evolution of a desired phenotype. By 

subjecting an organism to a specific selection pressure, such as a nutrient limitation 

or exposure to a toxic compound, the population will naturally undergo mutations that 

confer an advantage in that environment. Over time, these beneficial mutations 

become fixed in the population, leading to the evolution of a desired phenotype. 

Reverse engineering of non-evolved strains then enables the identification of causal 

mutations responsible for the evolved phenotype (Dragosits and Mattanovich, 2013; 

Sandberg et al., 2019). In the field of metabolic engineering, tolerance adaptive 

evolution (TALE) is particularly useful when the target product is toxic for the host 

organism (Lennen et al., 2023). A number of studies have shown how beneficial 

mutations for product tolerance have improved the production capabilities of a 

biosynthetic system. For instance, engineering tolerance to isobutyl acetate or L-

phenylalanine in E. coli has been shown to improve production metrics in producing 

strains (Matson et al., 2022; Radi et al., 2022). 

Among the four phases of the DBTL cycle, the build phase is particularly time-

consuming. However, advancements in robotic lab automation have demonstrated 

significant potential in streamlining and accelerating the build phase, offering a 

promising avenue for more efficient strain construction (Gurdo et al., 2022). 
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Test: evaluating performance 

The test phase of the DBTL cycle involves evaluating the constructed strains 

experimentally to analyze their performance. Typically, the primary parameter 

evaluated is product formation, which can be assessed in terms of titer (product 

concentration), rate (product per unit of time), and yield (product per substrate). In 

addition, quantification of any intermediate metabolites or by-products enables the 

identification of potential carbon loss or bottlenecks that could hinder optimal 

production efficiency. Moreover, monitoring the biomass yield and growth rate 

provides insights into the impact of genetic modifications and product formation on 

cellular physiology (Nielsen and Keasling, 2016). 

Commonly used quantification methods include analytical chemistry techniques such 

as HPLC coupled with DAD, RI, or MS detectors and GC-MS. NMR is mainly utilized 

to confirm the product structure (Petzold et al., 2015; Khanijou et al., 2022). These 

methods might be sufficient for the number of strain designs generated in academic 

settings, but could become a bottleneck in industrial applications with higher 

throughput requirements. 

High-throughput quantification of products containing chromophores or 

fluorophores can be achieved through absorbance or fluorescence measurements in 

plate readers, or by applying fluorescence-activated cell sorting (FACS) in the latter 

case (Rienzo et al., 2021). High-throughput chromogenic assays have been applied for 

the quantification of colored compounds such as violacein or carotenoids, while some 

non-chromogenic products have been quantified through chemical reactions with 

other compounds that yield a colored compound (Hui et al., 2022a, 2022b; Kozaeva 

et al., 2022). Likewise, FACS quantification has been applied to the efficient 

quantification of fluorescent molecules like riboflavin or astaxanthin in acetone (Ukibe 

et al., 2008; Wagner et al., 2018a). 

In the case of fluorescence, moreover, biosensor-aided metabolic engineering has 

emerged as a promising tool for high-throughput screenings. Biosensors couple the 

intracellular concentration of a metabolite, typically the target product, with the 

expression of a fluorescent protein (Teng et al., 2022). Genetic diversity resulting from 

random mutagenesis, directed evolution, or combinatorial library approaches can lead 

to different levels of production, which can be quantified by measuring the 



Chapter 1 | Introduction 
___________________________________________________________________________________________________________ 

16 
 

corresponding fluorescence signals. FACS can then be used to sort single cells with 

specific fluorescence features (D’Ambrosio and Jensen, 2017). Biosensors have been 

developed for a variety of products, with promising results when applied to strain 

engineering. For example, random mutagenesis and directed-evolution in 

combination with biosensor-guided engineering has been successfully employed to 

improve the production of cis,cis-muconic acid in S. cerevisiae (Wang et al., 2020; 

Jensen et al., 2021). 

In addition to measuring product formation, there are instances where a 

comprehensive understanding of the cell factory is necessary. Multi-omics analyses, 

encompassing transcriptomics, proteomics, metabolomics, and fluxomics, have 

proven to be valuable in identifying metabolic bottlenecks or pathway sinks underlying 

low production efficiency. Furthermore, it assists in the comprehension of how 

engineered biological systems operate (Hansen et al., 2017; Kim et al., 2021). 

Transcriptomics has been recognized as the most widely used omic technology in 

metabolic engineering due to the advancement of quantitative RNA-sequencing 

technologies (Hansen et al., 2017). It provides established experimental protocols, 

enables easy acquisition of genome-wide data, and allows for straightforward 

interpretation. Through comparing gene expression levels between contrasting 

experimental conditions or strains exhibiting different degrees of engineering, 

differentially expressed genes (DEGs) can be revealed and used to pinpoint the 

observed phenotypic differences (Kim et al., 2018). Typically, a subset of these DEGs 

is selected for experimental testing based on their expression levels or existing 

knowledge of their function. For instance, this approach has proven successful in 

identifying candidate genes to improve the production of polyketides or the tolerance 

to n-butanol in E. coli (Meng et al., 2016; Si et al., 2016). Recently, there has been an 

increasing interest in the integration of transcriptomics with computational tools to 

gain a more comprehensive understanding of cellular regulatory networks. iModulons 

are defined as sets of genes that are co-regulated by a common set of transcription 

factors, providing insight into the global regulatory architecture of cells (Sastry et al., 

2019). iModulon analysis can be applied to identify regulatory modules that are 

relevant to a specific phenotype or condition, and can be used to predict how changes 

in gene expression or perturbations to the regulatory network will affect cellular 

behavior (Rychel et al., 2021; Lim et al., 2022). 
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Transcriptomics serves as an indicator of gene expression levels, but the primary 

effectors in cellular processes are the proteins. Several studies have highlighted the 

lack of strong correlation between transcripts and the corresponding protein levels for 

many genes (Redding-Johanson et al., 2011; Bai et al., 2015). Consequently, 

proteomics is increasingly preferred over transcriptomics, whenever feasible, due to 

its ability to provide direct measurements of proteins (Yunus and Lee, 2022). Multiple 

studies have applied proteomics for a number of applications, including 

debottlenecking pathways (Redding-Johanson et al., 2011), pathway discovery 

(Gregson et al., 2020) or constraining genome-scale metabolic models (Sánchez et al., 

2017). Moreover, phosphoproteomics has proven to be a valuable tool for investigating 

the role of protein phosphorylation as a regulatory mechanism. This is exemplified by 

its application in the study of the effects of nitrogen limitation on the dynamics of 

phosphorylation of regulatory proteins in Y. lipolytica (Pomraning et al., 2016). 

Proteomics research presents several challenges, including the absolute quantification 

of proteins in a label-free manner, addressing the large variations in protein 

abundance within samples, accurately quantifying membrane-bound proteins, and 

analyzing post-translational modifications (Schubert et al., 2017; Chang et al., 2019; 

Yang et al., 2023). 

Metabolomics involves the comprehensive identification and quantification of small-

molecule metabolites, both intracellular and extracellular, in a biological system. This 

approach is valuable for gaining a broad overview of the metabolic activity within a 

biological sample (Iman et al., 2022). However, intracellular quantification of 

metabolites can be challenging in certain cultivation settings due to the need for a sub-

second arrest of metabolism, faster than the turnover rates of the metabolites being 

investigated, which in some cases is on the order of 2-3 seconds or less (Canelas et al., 

2008; Vasilakou et al., 2020). To this end, a quenching solution is typically used to 

rapidly halt metabolic processes, inactivate enzymes, and maintain membrane 

integrity, thereby avoiding leakage of intracellular metabolites (Canelas et al., 2008; 

Pinu et al., 2017; Kapoore and Vaidyanathan, 2018). Intracellular quantification can 

be a tricky methodology, requiring careful optimization to ensure accurate and reliable 

measurements. Despite these challenges, metabolomics remains a valuable tool for 

understanding the metabolic activity within biological systems and identifying 

potential targets for metabolic engineering (Iman et al., 2022). Metabolomics-guided 

approaches have successfully identified suboptimal enzymatic steps as targets for 
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engineering, resulting in improved production of desired compounds (Teoh et al., 

2015; Ohtake et al., 2017). 

Fluxomics is a powerful approach that aims to quantitatively assess the flow of carbon 

through metabolic pathways. This method involves the use of stable isotope tracing 

techniques, such as 13C-based metabolic flux analysis (MFA), to track the flow of 

carbon derived from isotopically labeled substrates through the metabolism of cells 

(Buescher et al., 2015). Metabolites that have been labelled can be directly measured 

using LC-MS or NMR techniques to gain insights into the distribution of 13C in the 

metabolic pathways (Sauer, 2006; Zamboni et al., 2009). Another commonly used 

strategy in fluxomics involves using GC-MS to analyze the incorporation of labelled 

carbon into proteinogenic amino acids (Long and Antoniewicz, 2019). This is 

particularly useful as the carbon building blocks for proteins are derived from central 

carbon metabolism. By combining these approaches with mathematical modeling of 

metabolism, fluxomics provides a powerful tool for determining the rate and direction 

of metabolic fluxes, allowing for a detailed understanding of the metabolic network 

and its regulation (Buescher et al., 2015). While fluxomics has been applied in a 

number of studies to improve production, such as acetol in E. coli (Yao et al., 2019) or 

to compare the metabolism of multiple yeast species (Christen and Sauer, 2011), it is 

currently the least used omic technology in metabolic engineering (Hansen et al., 

2017). The high costs associated with labelled substrates and the advanced expertise 

required for data acquisition and analysis limits its broader use. 

In general, omics technologies for characterizing engineered strains are not routinely 

used during the test phase. Instead, it is typically reserved for a limited number of 

strains that show promise and require a systems-level understanding for engineering 

or troubleshooting. The associated costs of omics techniques and the insufficient 

automation in data processing and analysis often hinder their widespread adoption, 

particularly in academic settings where resources are limited. 

 

Learn: iterative improvement 

In the final stage of the DBTL cycle, the objective is to analyze the data obtained in the 

previous step, summarize it, and extract insights that can be translated into a set of 

ideas or engineering targets for the next iteration of the DBTL cycle. However, in 
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practice, this stage often lacks a systematic method and instead relies on the intuition 

of researchers, their previous experience, and ad hoc observations. Moreover, negative 

outcomes are commonly disregarded or remain inaccessible to data mining. This can 

lead to researchers pursuing strategies that have a low probability of success, thereby 

wasting valuable time and resources (Nielsen and Keasling, 2016). 

The incorporation of a standardized computational and statistical methodology could 

significantly improve the learn phase (Yáñez Feliú et al., 2021). With datasets 

continuously growing in terms of variety and intricacy, it is becoming progressively 

difficult for researchers to consider all the relevant aspects of the data generated. 

Several studies have demonstrated how computational tools can be utilized to 

integrate data and derive meaningful insights from it (Ramon et al., 2018; Lakrisenko 

and Weindl, 2021).  As an example, genome-scale metabolic models have incorporated 

layers of information from omics datasets, including  proteomics, metabolomics and 

transcriptomics (Lahtvee et al., 2017; Sánchez et al., 2017; Tian and Reed, 2018). 

Machine learning holds great potential in the learn phase of the DBTL cycle (Lawson 

et al., 2021). Despite being a relatively new field, early studies have demonstrated its 

capacity to accelerate bioengineering in various domains, such as bioretrosynthesis 

(Koch et al., 2020), the prediction of enzyme commission (EC) numbers from 

proteomics data (Ryu et al., 2019), promoter strength (Meng et al., 2013) or 

production titers (Zhang et al., 2020). 

 

Yeast as production host in biomanufacturing  

As detailed in previous sections the tendency in metabolic engineering is to select a 

host from a reduced pool of well-characterized microorganisms and engineer them for 

the specific needs of the bioprocess. Among these candidates, the baker's yeast 

Saccharomyces cerevisiae is the most frequently employed eukaryotic host in 

metabolic engineering projects (Cho et al., 2022). 

Saccharomyces cerevisiae, or budding yeast, is a versatile microorganism widely used 

in fermentation processes. Initially used for producing fermented foods and beverages 

such as bread, beer, and wine, S. cerevisiae is now a popular host for the production 

of diverse chemicals and proteins (Lian et al., 2018; Parapouli et al., 2020). It has 

many desirable features, including fast growth rate, ease of cultivation and 
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engineering, and the ability to utilize a wide range of substrates (Kavšček et al., 2015b). 

Many strains of S. cerevisiae have been recognized as generally regarded as safe 

(GRAS) by regulatory agencies, facilitating the approval of new processes by 

governmental organizations (FDA, 2023).  Moreover, S. cerevisiae is the most 

extensively studied eukaryote, with research covering its cell biology, metabolism, 

physiology in industrial settings, and use as a model organism to study human diseases 

(Karathia et al., 2011; Rodrigues et al., 2021). 

From a metabolic perspective, S. cerevisiae can grow rapidly on a diverse range of 

carbon sources. These include glucose, galactose, fructose, maltose, ethanol, and 

glycerol. Cultivation on glucose supports a relatively short doubling time of 1.25 to 2 

hours at 30°C. Furthermore, S. cerevisiae possesses a remarkable tolerance to a range 

of environmental conditions, including low pH levels, which makes it well-suited for 

the production and downstream processing of acidic compounds. Baker’s yeast can 

also withstand a variety of stresses commonly encountered in industrial settings, 

further adding to its appeal as an industrial production host. However, a metabolic 

limitation of S. cerevisiae is the Crabtree effect, which describes the tendency of the 

yeast to, in the excess of glucose, preferentially ferment glucose to ethanol, even under 

aerobic conditions, instead of completely oxidizing glucose to carbon dioxide and 

water via the TCA cycle (Piskur et al., 2006; Pfeiffer and Morley, 2014). Therefore, 

precise control of fermentation feeding profiles is necessary to prevent the carbon flux 

from being directed towards ethanol formation. 

The genome of S. cerevisiae is approximately 12 Mb in size and is arranged into 16 

linear chromosomes, named I to XVI. The genome sequence was completed in 1996 

and found to contain 5,570 protein-encoding genes (Goffeau et al., 1996; Mackiewicz 

et al., 2002; Wood et al., 2001). The mitochondria of S. cerevisiae contain their own 

circular genome of approximately 85 kb in size, which encodes a number of essential 

genes involved in oxidative phosphorylation and energy metabolism (Osman et al., 

2015; Malina et al., 2018). S. cerevisiae also harbors a distinct extra-chromosomal 

DNA genetic element called 2µ plasmid. This plasmid has a length of approximately 

6.3 kb and a copy number of approximately 60 per cell (Chan et al., 2013). Although it 

has little phenotypic consequence for its host, it has been instrumental in the 

development of genetic manipulation techniques in S. cerevisiae. 
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Since the genetic modification barrier was overcome for S. cerevisiae in 1978, making 

it the first eukaryotic organism to be modified, a wide range of genetic engineering 

tools have been developed (Hinnen et al., 1978). The ease with which S. cerevisiae 

natively performs homologous recombination facilitated the integration of exogenous 

DNA containing homology arms to the target region. More recently, the development 

of advanced genome editing tools, with CRISPR-Cas9 being the most commonly 

adopted system, has enabled rapid, simple, low-cost, marker-free, and multiplexed 

genome editing of yeast. The Cas9 endonuclease, guided by a sequence-specific guide 

RNA (gRNA), induces a double-strand break (DSB) at the target DNA sequence, which 

is lethal unless repaired. The lethality is used as a negative selection marker so that 

transformants are obtained only when the DNA DSB is repaired. This repair is 

facilitated by providing a DNA construct containing sequences homologous to the 

target region. Besides genomic integrations and deletions using the CRISPR-Cas9 

system, targeted repression or activation of gene transcription using gRNA and dCas9 

has also been applied in S. cerevisiae, achieving different degrees of expression 

(Deaner et al., 2017). 

Moreover, a number of genetic engineering toolboxes have facilitated the 

identification of integration sites with optimal expression levels and the 

characterization of a range promoters and terminators with varying expression levels 

(Jessop-Fabre et al., 2016; Lee et al., 2015). Among the commonly used promoters are 

TDH3, TEF1, PGK1, and, TEF2 which are known for their strong and constitutive 

activity (Lee et al., 2013, 2015). Alternatively, inducible promoters such as GAL1, 

CUP1, and MET3 have been used to control the expression of downstream genes in 

response to the presence or absence of galactose, Cu2+, and methionine, respectively 

(Rönicke et al., 1997; Labbé and Thiele, 1999). 

The popularity of S. cerevisiae as a producing host led to the reconstruction of multiple 

genome-scale metabolic models to guide metabolic engineering efforts. The most 

updated model, Yeast8, harbors data from enzymatic constraints and protein 3D 

structures to improve accuracy and predictability (Lu et al., 2019). 

The production of chemicals and biofuels in S. cerevisiae through metabolic 

engineering has been extensively documented in the literature, with several of these 

products successfully reaching industrial-scale production and commercialization. 

(Nielsen et al., 2013; Becker et al., 2015; Zhang et al., 2017; Liu et al., 2020). Initially, 
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the commercialized chemicals were mostly metabolically simple bulk chemicala, such 

as isobutanol and lactic acid produced by GEVO and Natureworks LLC, respectively 

(GEVO, 2022; Rajgarhia et al., 2004). However, with the emergence of novel genetic 

engineering methods, more complex natural products like farnesene or plant-based 

compounds such as resveratrol are now being produced (Evolva, 2019; Amyris, 2023). 

The eukaryotic cell structure of S. cerevisiae is advantageous in this regard, as it 

enables the expression of membrane-bound proteins like cytochromes P450s that are 

commonly found in biosynthetic pathways for natural products (R. Chen et al., 2020; 

Naseri, 2023). These proteins are difficult to functionally express in bacteria, making 

S. cerevisiae an attractive host for the production of complex natural products 

(Zelasko et al., 2013). 

 

Non-conventional yeasts in metabolic engineering: Yarrowia lipolytica 

In addition to S. cerevisiae, several other yeasts have gained attention in the field of 

metabolic engineering due to their interesting metabolic traits. Among them, the 

oleaginous yeast Yarrowia lipolytica is a popular choice for the production of lipids, 

polyunsaturated fatty acids, and organic acids (Abdel-Mawgoud et al., 2018). 

Yarrowia lipoytica is a heterothallic ascomycetous yeast commonly found in lipid 

and/or protein-rich substrates, such as processed meat, dairy products, or oil-polluted 

environments (Roostita and Fleet, 1996; Hassanshahian et al., 2012; Groenewald et 

al., 2014). Unlike other yeasts, Y. lipolytica possesses a unique set of characteristics 

that make it more similar to higher eukaryotes, like filamentous fungi. Consequently, 

it has been categorized as a non-conventional yeast. One of its most notable features 

is its remarkable dimorphism, as it can exist in both yeast and pseudo-hyphae forms, 

which depend on environmental and nutrient conditions (Barth and Gaillardin, 1997). 

Transition from the yeast to pseudo-hyphae form is usually triggered as a stress 

response to these factors (Kawasse et al., 2003). Under microscopic examination, Y. 

lipolytica cells display a spherical, ellipsoidal, or elongated structure (Kurtzman, 

1998), with lipid bodies being a striking feature that can be visualized using 

fluorescence microscopy (Athenstaedt, 2010). These structures consist primarily of 

triacylglycerides (TAG) in the inner core and steryl esters (SE) in the outer core, 

encased by a protein-embedded phospholipid monolayer (Athenstaedt et al., 2006). 
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The formation of lipid bodies is induced under nitrogen or oxygen limitation, whereas 

demands for biomass and energy production trigger TAG and SE degradation (Abghari 

and Chen, 2014). 

Y. lipolytica is a non-fermentative, obligate aerobe exhibiting optimal growth under 

well-oxygenated conditions and a cultivation temperature ranging between 25-30 °C. 

Most Y. lipolytica strains are unable to grow above 34 °C, which is one of the reasons 

why this organism is considered safe for use in various applications (Kurtzman, 1998; 

Groenewald et al., 2014). Y. lipolytica exhibits broad pH tolerance and can survive in 

pH values as low as 2.5; however, the metabolic profile of this yeast is highly dependent 

on the pH conditions (Egermeier et al., 2017). 

Y. lipolytica displays a remarkable ability to utilize diverse carbon sources, including 

both hydrophilic and hydrophobic compounds. The hydrophilic compounds 

assimilated by Y. lipolytica include glucose, fructose, glycerol, ethanol, lactate, acetate, 

succinate, or citrate, as well as uncommon polyols like erythritol, mannitol, or glucitol 

(Barth and Gaillardin, 1996). The hydrophobic substrates that can be utilized by Y. 

lipolytica are triglycerides, fatty acids, fatty acid methyl esters, and C12-C16 alkanes 

(Michely et al., 2013). 

The genetic information of Y. lipolytica is distributed across six nuclear chromosomes 

named A to F and one mitochondrial chromosome (Pomraning and Baker, 2015; 

Kerscher et al., 2001). The genomes of the most extensively studied strains, CLIB122, 

W29 (CLIB89), and PO1f, have been sequenced and are publicly available (Liu and 

Alper, 2014; Pomraning and Baker, 2015; Dujon et al., 2004). Y. lipolytica W29 has a 

total genome size of 20.3 Mb, with a G-C content of around 49.0%. These values are 

1.7 and 1.3 times larger than those of the model yeast, S. cerevisiae, respectively (Dujon 

et al., 2004). However, despite its larger genome size, Y. lipolytica W29 has only 7,949 

protein-coding genes, with a lower gene density of 0.33 genes/kb, compared to 0.5 

genes/kb in S. cerevisiae (Dujon et al., 2004). 

Yarrowia lipolytica is known for its unique ability to store large amounts of 

triacylglycerols (TAGs) in lipid bodies, often comprising up to 50% of the cell's dry 

weight (Ratledge, 2010). This impressive lipid accumulation is due to the redirection 

of 75-80% of the metabolic flux from glycolysis towards pyruvate dehydrogenase 

(PDH), which produces acetyl-CoA, a crucial precursor not only for fatty acids but also 
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for terpenoids and organic acids from the TCA cycle (Morgunov et al., 2004) (Figure 

4). 

Acetyl-CoA is primarily synthesized in the mitochondria, whereas lipid biosynthesis 

takes place in the cytosol. To address this spatial separation of acetyl-CoA synthesis 

and lipid biosynthesis, Y. lipolytica uses a citrate-malate antiport system dependent 

on nitrogen availability to mediate the bidirectional flow of acetyl-CoA between 

mitochondrial and cytosolic pools (Evans et al., 2005; Wasylenko et al., 2015). 

 

 

Figure 4. Main metabolic network of Yarrowia lipolytica. Glycolysis (red); pentose 

phosphate pathway (green); tricarboxylic acid cycle (orange); lipids biosynthesis (yellow); 

anaplerotic reactions for acetyl-CoA biosynthesis; shikimate pathway (purple). 
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When nitrogen is present, energy demands from protein and DNA biosynthesis 

stimulate high activity in the TCA cycle for ATP biosynthesis, consuming 

mitochondrial acetyl-CoA. Conversely, when nitrogen is depleted, AMP levels decrease 

and the TCA cycle is halted upon the inactivation of isocitrate dehydrogenase, an AMP-

dependent enzyme. This results in an accumulation of citrate (Botham and Ratledge, 

1979), which is subsequently shuttled out to the cytosol via the citrate-malate antiport. 

In the cytosol, ATP:citrate-lyase converts citrate back to acetyl-CoA, which serves as 

the two-carbon building block for the production of fatty acids (Zhang et al., 2014). 

In the biosynthesis of fatty acids, acetyl-CoA is first carboxylated by acetyl-CoA 

carboxylase (ACC1) to yield malonyl-CoA, which serves as the extender unit in the 

iterative process of fatty acid elongation. In each extension round, malonyl-CoA is 

coupled to the growing fatty acid chain, increasing its length by two carbons. These 

steps are catalyzed by the enzymatic complex fatty acid synthase (FAS) and require 

one molecule of NADPH in each iteration round (Tai and Stephanopoulos, 2013; 

Tehlivets et al., 2007). In Y. lipolytica, the synthesis of triacylglycerols (TAGs) from 

fatty acids requires the coupling of three fatty acid units with glycerol-3-phosphate. 

Typically, these fatty acid units consist of 16 or 18 carbons in length. (Qiao et al., 2015). 

NADPH, which is an essential redox cofactor required for lipid biosynthesis, is 

primarily synthesized through the oxidative phase of the pentose phosphate pathway 

(PPP) in Y. lipolytica. This differs from other yeasts, where the malic enzyme serves 

as the primary source of NADPH (Wasylenko et al., 2015; Zhang et al., 2007). 

Acetyl-CoA serves not only as a fundamental constituent for the biosynthesis of fatty 

acids, but also as a vital precursor for TCA cycle intermediates and terpenoids. The 

significant metabolic flux towards acetyl-CoA in Y. lipolytica renders it a prospective 

host for the production of various compounds using it as a precursor (Abdel-Mawgoud 

et al., 2018; Madzak, 2021). 

Y. lipolytica, as an emerging cell factory, has seen the development of several synthetic 

biology tools over the past few decades. Plasmids, the basic element in the engineering 

of any organism, were the first tools investigated. Although Y. lipolytica can support 

episomal plasmid expression, stability is a significant limitation since native plasmids 

have not been documented (Heslot, 1990). Episomal plasmids require both CEN and 

ARS elements, which cannot be separated, resulting in low-copy plasmids as the sole 
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type of replicative element for the oleaginous yeast (Fournier et al., 1993). 

Transformation of foreign DNA into Y. lipolytica cells can be achieved using a heat 

shock lithium acetate-based method that shares similarities with the transformation 

protocol utilized for S. cerevisiae (Chen et al., 1997). A broad range of markers are 

available to select for transformed cells, including both auxotrophic and antibiotics-

based markers. Commonly employed auxotrophic markers include leu2 and ura3 

(Madzak et al., 2000), while nourseothricin, hygromycin, and phleomycin are among 

the frequently used antibiotic-based selection markers (Wagner et al., 2018b). These 

have also been applied in transposon mutagenesis systems (Patterson et al., 2018; 

Wagner et al., 2018b). 

In recent years, the focus has shifted towards the development of advanced tools that 

allow for the modulation of gene expression, rapid genetic engineering (such as the 

CRISPR/Cas9-based system), and the use of computational tools for rational strain 

design. The tuning of gene expression was initially accomplished by the identification 

of various native promoters that exhibit varying levels of expression (Damude et al., 

2011). Subsequently, the fusion of core upstream regions from various genes resulted 

in the development of hybrid promoters with improved activity (Blazeck et al., 2013). 

Inducible promoters have also been investigated for temporal control of gene 

expression, with alkanes or erythritol serving as inducers (Sumita et al., 2002; 

Trassaert et al., 2017). The CRISPR/Cas9-based system has enabled efficient genome 

editing, allowing for manipulation of up to three genes simultaneously (Gao et al., 

2016). Furthermore, several toolboxes based on this system have been developed, 

facilitatin the integration of genetic material at specific loci, deletions of genomic 

regions, and providing different genetic components for engineering (Holkenbrink et 

al., 2018; Larroude et al., 2020; Wong et al., 2017). 

Lastly, in terms of computational modeling, seven genome-scale metabolic models 

have been reconstructed, differing in complexity and thereby producing varying levels 

of accuracy in their predictions (Loira et al., 2012; Pan and Hua, 2012; Kavšček et al., 

2015a; Kerkhoven et al., 2016; Wei et al., 2017; Mishra et al., 2018; Guo et al., 2022; 

Xu et al., 2020). 

Y. lipolytica has found industrial applications for over 70 years, initially using 

proprietary wild-type isolates or traditionally improved strains. In the 1950s, British 

Petroleum (BP) used Y. lipolytica to produce single-cell protein for livestock feed using 
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crude oil, resulting in the first GRAS (generally recognized as safe) notification for a 

process using the oleaginous yeast (Bamberg, 2000; Groenewald et al., 2014; Madzak, 

2021). In the 1970s, Pfizer, Inc (USA) developed a process for the production of citric 

acid, later purchased to Archer Daniels Midland Company (ADM, USA) (Fried, 1972; 

Nubel et al., 1979; Barth et al., 2003). Nowadays, companies like Baolingbao Biology 

Co. (China) use proprietary wild-type strains or traditionally improved strains to 

produce erythritol. Similarly, Skotan SA (Poland) sells fodder yeast for farm and pet 

animals (Groenewald et al., 2014; Rywińska et al., 2013). 

Genetic engineering allowed the production of more complex products, like the 

technology for carotenoids, commercialized by Microbia, Inc (USA) and later acquired 

by Royal DSM N.V. (the Netherlands) (Sibirny et al., 2015). DuPont created a 

genetically modified strain of Y. lipolytica to produce single-cell oils (SCOs) that are 

rich in eicosapentaenoic acid (EPA) (Xue et al., 2009, 2013). This technology was 

utilized to manufacture two products: EPA-rich SCO for human consumption and 

EPA-rich Y. lipolytica biomass for animal feed. The EPA-rich SCO was briefly 

marketed from 2010-2013 as New HarvestTM, a vegetarian alternative to fish-based 

omega-3 oils. EPA-rich Y. lipolytica biomass produced by DuPont has been used since 

2010 as an omega-3 supplement for VerlassoTM, a high-quality salmon farmed by the 

Chilean company AquaChile (Madzak, 2021). Recently, DuPont has modified Y. 

lipolytica to produce 2'-fucosyllactose (2′FL), a major human milk oligosaccharide 

(HMO) and possibly other HMOs for use in infant formulas (Hollands et al., 2019). 

In addition to the aforementioned examples of industrial production and 

commercialized products, over the past decade there has been a significant increase in 

the number of proof-of-principle strains, as documented in the literature (Abdel-

Mawgoud et al., 2018; Madzak, 2021). Metabolic engineering of Y. lipolytica has 

focused primarily on acetyl-CoA derived products, such as terpenoids, fatty acids, and 

organic acids from the TCA cycle (Arnesen and Borodina, 2022; Liu et al., 2021; 

Ledesma-Amaro et al., 2016). 

 

Aromatic compounds: an interesting family for biobased production 

Aromatic compounds have long been of interest in both chemistry and industry due to 

their unique chemical properties and applications (Franck and Stadelhofer, 1988). The 
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term aromatic was first coined by August Wilhelm Hofmann in 1855 to describe 

organic compounds with strong, pleasant aromas (Rocke, 2015). However, it was later 

discovered that not all aromatic compounds have a distinct smell. Instead, they are 

characterized by a specific ring of atoms with delocalized electrons, known as an 

aromatic ring. These compounds follow the Hückel’s rule, which states that a 

compound is aromatic if it is cyclic, planar, and has (4n+2) π electrons (Schleyer, 

2001). 

Crude oil is the most common source of bulk aromatic compounds, with benzene, 

toluene, and xylene (collectively referred to as BTX) being among the most 

commercially important. These chemicals can be extracted from petroleum by 

fractional distillation and further processed to create a wide range of materials, 

including plastics, synthetic fibers, solvents, and resins (Meyers, 2005). In fact, BTX 

serve as the building blocks for a plethora of other aromatics, such as phenol and 

styrene, which are used in the manufacture of numerous consumer goods (Sweeney 

and Bryan, 2000). 

Plants are also a major source of aromatic compounds. These natural compounds can 

be found in a variety of plant parts such as leaves, stems, flowers, roots, and fruits 

(Talapatra and Talapatra, 2015). Aromatic compounds in plants serve a range of 

functions such as attracting pollinators, protecting against herbivores and pathogens, 

and helping with plant communication (Makkar et al., 2007). Aromatic compounds 

from plants have a wide range of applications in various industries, including the food, 

cosmetic, pharmaceutical, and fragrance industries (Barrales-Cureño et al., 2021). For 

example, they are used as flavors and fragrances in food, skincare products and 

perfumes, as well as for their medicinal properties that make them useful in drugs 

(Kliszcz et al., 2021; Nasim et al., 2022). 

While plants are a good source of valuable aromatic compounds, economically feasible 

production of these chemicals from plant biomass is hindered by several factors. 

Firstly, due to the low concentration of bioactive compounds in plants, a significant 

amount of biomass must be harvested, which is further compounded by their slow 

growth rate (Hostetler et al., 2017; Rodriguez et al., 2017b). Secondly, the levels of 

relevant compounds in plants are influenced by several factors such as environmental, 

seasonal and geographical variation, as well as plant species and tissue (Dong and Lin, 
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2021). Furthermore, plants often produce a range of structurally related compounds, 

which complicates the purification of individual products (Jiang et al., 2005). 

Although chemical synthesis provides an alternative for the extraction of compounds 

with simple structures, it becomes challenging for more complex compounds such as 

phenylpropanoids, which contain multiple active functional groups and modifications 

at specific positions (Zha et al., 2019). Additionally, chemical synthesis often requires 

the use of toxic chemical solvents and extreme reaction conditions, which adversely 

affect the yield and scalability of production processes (Chemler and Koffas, 2008). 

Furthermore, the use of chemically produced food additives is restricted by European 

and US legislation, and consumers are increasingly demanding natural sources for 

applications such as food coloring (European Parliament, 2008; Cortez et al., 2017). 

These challenges highlight the need for biobased production using engineered 

microbial cell factories as an alternative (Averesch and Krömer, 2018; Huccetogullari 

et al., 2019; Liu et al., 2020). 

 

The shikimate pathway as source of aromatic precursors 

Most aromatic compounds produced by microbial cell factories are biosynthesized via 

the shikimate pathway, which is exclusive to plants, algae, fungi, bacteria, and archaea. 

This pathway yields the three aromatic amino acids L-tryptophan, L-phenylalanine, 

and L-tyrosine, serving as a key source of aromatic precursors for the implementation 

of heterologous pathways to produce high-value aromatics (Mir et al., 2015) (Figure 

5). 

The shikimate pathway commences with the condensation of two intermediates from 

the Embden-Meyerhof-Parnas glycolysis (EMP) and the Pentose Phosphate Pathway 

(PPP): phosphoenolpyruvate (PEP) and erythrose 4-phosphate (E4P), respectively, 

resulting in the production of 3-deoxy-D-arabino-heptulosonic acid 7-phosphate 

(DAHP) (Jossek et al., 2001). DAHP is subjected to a redox reaction that leads to the 

formation of 3-dehydroquinate synthase (DHQ), which is then followed by a 

dehydration process, producing 3-dehydroshikimate (DHS) (Tzin and Galili, 2010a). 

Next, shikimate (SHK) is synthesized from DHS through a reducing reaction utilizing 

NADPH as a cofactor. The pathway then involves two consecutive phosphorylation 

reactions: firstly, ATP is incorporated to produce shikimate 3-phosphate (SHK-3P), 
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followed by the coupling of a second molecule of PEP, leading to the formation of 5-

enolpyruvylshikimate-3-phosphate (EPSP) (Tzin and Galili, 2010b). Lastly, the 

removal of a phosphate group in EPSP leads to the synthesis of chorismate 

(Herrmann, 1995). From chorismate, the shikimate pathway bifurcates to produce the 

aromatic amino acid precursors anthranilate and prephenate, which ultimately lead to 

the biosynthesis of L-tryptophan (TRP) and the aromatic amino acids L-phenylalanine 

(PHE) and L-tyrosine (TYR), respectively (Pittard and Yang, 2008). 

 

Figure 5. Shikimate and aromatic amino acids biosynthetic pathways. Enzymes 

and cofactors are only detailed for the shikimate pathway. Multiple arrows denote multiple 

enzymatic steps. S. cerevisiae and E. coli genes are described within brackets. 
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The shikimate pathway, its enzymes, and its regulation have been extensively studied 

in model organisms. The initial condensation of PEP and E4P is catalyzed by DAHP 

synthase, which is feedback inhibited by aromatic amino acids in both E. coli and S. 

cerevisiae. In E. coli, three isozymes (encoded by aroF, aroG, and aroH) perform this 

reaction, with each isozyme being inhibited by one of the aromatic amino acids (TYR, 

PHE, and TRP, respectively). Similarly, two isozymes (encoded by ARO3 and ARO4) 

carry out the reaction in S. cerevisiae, with each being feedback inhibited by a different 

aromatic amino acid (PHE and TYR, respectively) (Brown, 1968; Helmstaedt et al., 

2005). In contrast, no feedback regulation for DAHP synthases has been reported in 

plants (Herrmann, 1995). In S. cerevisiae, the next five steps of the pathway are 

catalyzed by the pentafunctional protein Aro1p (encoded by ARO1), which contains 

monofunctional domains responsible for each of the five reactions. However, in plants 

and bacteria, each step is catalyzed by a monofunctional protein encoded by a single 

gene. For example, in E. coli, AroB, AroD, AroE, AroL/K, and AroA are the enzymes 

responsible for these reactions, each sharing a high degree of homology with a 

monofunctional domain of Aro1p (Duncan et al., 1987; Rodriguez et al., 2015). The last 

step of the shikimate pathway, along with the reactions leading to the synthesis of TRP, 

TYR, and PHE, are conserved in all model organisms (Mir et al., 2015). In S. cerevisiae, 

chorismate synthase (Aro2p) catalyzes this final last step, converting EPSP into 

chorismate. 

TRP biosynthesis comprises five enzymatic steps (Trp1-5p), commencing with the 

conversion of chorismate into anthranilate. Subsequently, a series of reactions 

generate 5-phosphoribosyl-anthranilate (PRA), 1-(2-carboxyphenylamino)-1-deoxy-

D-ribulose 5-phosphate (CPD5P), indole-3-glycerol-P (I3GP) and ultimately TRP. 

On the other hand, PHE and TYR are biosynthesized from prephenate, produced by 

chorismate mutase (Aro7p). TYR has been shown to feedback-inhibit the action of 

Aro7p (Luttik et al., 2008). From prephenate, the pathway bifurcates, leading to the 

biosynthesis of phenylpyruvate (PP) and 4-hydroxyphenylpyruvate (4-HPP), 

catalyzed by prephenate dehydratase (Pha2p) and prephenate dehydrogenase (Tyr1p), 

respectively. Lastly, PHE and TYR are produced by coupling an amine group to PP and 

4-HPP using two different aromatic amino transferases (Aro8p and Aro9p) (Braus, 

1991). 
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In Y. lipolytica, most of the enzymatic steps from the shikimate pathway and the 

biosynthesis of aromatic amino acids appear to be conserved compared to S. 

cerevisiae, with one notable exception being the presence of a third DAHP synthase, 

named ARO5 (Gu et al., 2020).  

 

Products derived from the shikimate pathway: examples of biobased 

production 

The inherent structure of the metabolites found in the shikimate pathway and its 

derived aromatic amino acids have been extensively leveraged as entry points for the 

heterologous biosynthesis of a vast array of aromatic compounds in yeast and bacteria. 

These compounds can be broadly categorized into three groups: (i) phenylpropanoids, 

(ii) alkaloids, and (iii) benzyl derivatives (Figure 6). In the following sections, 

examples of these families of aromatic compounds produced in S. cerevisiae and Y. 

lipolytica, the main hosts engineered in this PhD thesis, will be reviewed, along with 

the most remarkable metabolic engineering strategies pursued. 

 

Figure 6. Major aromatic compound families produced in microbial hosts. The 

compounds in parentheses represent the precursor compounds for each respective family. 
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(i) Phenylpropanoids 

The phenylpropanoid pathway in plants serves as a source of various bioactive 

aromatic compounds. It originates with the transamination of either PHE or TYR, 

leading to the production of cinnamic or p-coumaric acid, respectively. p-Coumaric 

acid can further be utilized to synthesize a variety of phenylpropanoids, including 

stilbenoids, flavonoids, condensed tannins, coumarins or hydroxyl-cinnamic acids 

(Vogt, 2010). 

p-Coumaric acid, as a precursor for such an important array of compounds, is one of 

the most studied heterologous aromatics in yeast. The highest reported titer, 12.5 g/L 

was achieved in S. cerevisiae in an extensively engineered strain (Liu et al., 2019). To 

optimize production of p-coumaric acid, a series of engineering strategies were 

implemented to increase and balance the flux through the glycolysis, the pentose 

phosphate pathway, the shikimate pathway, and the aromatic amino acid (AAA) 

biosynthesis. Specifically, within the shikimate and AAA biosynthesis pathways, the 

expression of feedback-insensitive variants of Aro4p and Aro7p (ARO4K221L, 

ARO7G141S), the (over)expression of multiple key genes (ARO1/2/3/8, EcaroL, PHA2, 

MtPHD1), and the deletion of competing pathways (ARO10, PDC5) yielded positive 

outcomes. Additionally, the PHE and TYR routes for p-coumaric acid production were 

integrated to achieve a synergistic effect. To increase the supply of the limiting 

precursor E4P, a phosphoketalose-based approach was utilized, balancing the flux 

between the glycolysis and PPP. The flux between these two pathways was further fine-

tuned through promoter engineering and inducible promoters. 

Other studies have engineered yeast to product p-coumaric acid from xylose or used 

omic technologies, including metabolomics, transcriptomics and proteomics, to 

characterize or guide metabolic engineering efforts (Borja et al., 2019; Chen et al., 

2021; Ciamponi et al., 2022; Rodriguez et al., 2017a). Since p-coumaric acid may cause 

toxicity to yeast cells, particularly in low pH environments, adaptive laboratory 

evolution (TALE) has also been implemented to identify potential engineering targets 

that could improve the production and secretion of the aromatic compound, with the 

exporter Esbp6p being one such target (Pereira et al., 2020). 

Amongst the stilbenoids, resveratrol has been the most popular compound for 

heterologous biosynthesis in yeast (Feng et al., 2022). Resveratrol has a number of 
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different health-promoting properties, including antioxidant, anti-inflammatory, and 

anti-cancer activities, as well as cardioprotective effects (Gambini et al., 2015). In S. 

cerevisiae, production from both TYR and PHE has been investigated, with the highest 

titers achieved in a fed-batch fermentation using the PHE pathway (0.8 g/L) (Li et al., 

2015, 2016). To improve p-coumaric acid production, feedback insensitive versions of 

ARO4 and ARO7 (ARO4K221L, ARO7G141S) were expressed, while ARO10 was deleted to 

prevent the channeling of PHE into competing pathways. Since phenylpropanoid 

biosynthesis requires three molecules of malonyl-CoA per molecule of p-coumaric 

acid, the malonyl-CoA supply was also improved by expressing a feedback-resistant 

allele of ACC1 (acetyl-CoA carboxylase) and a post-translational modification-

insensitive allele of ACS (acetyl-CoA synthase) from Salmonella enterica, which had a 

positive effect on production levels. Lastly, to address the poor catalytic activity often 

observed when plant-derived biosynthetic pathways are expressed in yeast, multiple 

copies of the biosynthetic genes were integrated to improve production. 

The use of Y. lipolytica as a host for the production of resveratrol is the subject of 

Chapter 2 in this thesis (Sáez-Sáez et al., 2020). The metabolic engineering employed 

were similar to those used in S. cerevisiae, but the titers and yields obtained were 

significantly higher (12.4 g/L and 54.4 mg/g). Subsequent studies have also 

investigated the use of Y. lipolytica for resveratrol production, with optimization in 

the fermentation process resulting in even higher metrics (22.5 g/L and 65.5 mg/g) 

(Palmer et al., 2020; He et al., 2020; M. Liu et al., 2022). Recently, resveratrol-

derivatives like polydatin, a glycosylated form, has also been successfully produced in 

Y. lipolytica with high titers (Shang et al., 2023). 

Lastly, naringenin represents the most remarkable molecule within the flavonoids 

family. A recent study reported the highest titer of 1.18 g/L of naringenin in S. 

cerevisiae, utilizing metabolic engineering strategies similar to those employed for 

resveratrol production (Li et al., 2021). In addition, a glycosylation engineering 

approach was employed to enhance the solubility and secretion of the product out of 

the cell (Li et al., 2021, 2022). Y. lipolytica has also been engineered for naringenin 

production, achieving titers close to the gram-per-liter range with minimal 

engineering efforts. (Lv et al., 2019; Palmer et al., 2020; Wei et al., 2020). 

Other flavonoids of interest produced in engineered S. cerevisiae are anthocyanins, 

water-soluble pigments responsible for the red, purple, and blue colors of many fruits, 
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vegetables, and flowers, including grapes, blueberries, and red cabbage (Alappat and 

Alappat, 2020). The complex biosynthetic pathway, which requires up to 21 

heterologous genes, was successfully assembled in neochromosomes, demonstrating 

the feasibility of this system for long biosynthetic pathways (Postma et al., 2022). 

 

(ii) Alkaloids 

Alkaloids are naturally occurring bioactive compounds that contain at least one 

heterocyclic nitrogen atom, and are produced by plants, fungi, and some animals. 

These compounds have been used in traditional medicine for a long time, and are of 

interest due to their potential pharmaceutical properties (Schläger and Dräger, 2016; 

Heinrich et al., 2021). The primary precursors for alkaloid biosynthesis are the 

aromatic amino acids PHE, TYR, and TRP, as well as other amino acids. The three 

primary superfamilies of alkaloids produced in engineered yeast are the monoterpene 

indole alkaloids (MIAs), the benzylisoquinoline alkaloids (BIAs), and the tropane 

alkaloids (TAs). 

The biosynthesis of MIAs involves the utilization of geranyl pyrophosphate and 

tryptophan as precursors, natively produced in yeast via the isoprenoid and shikimate 

pathways, respectively. However, the heterologous pathways required for the 

biosynthesis of MIAs involve numerous enzymatic steps, often extending into the 

order of tens of steps (R. Chen et al., 2020). Consequently, the process necessitates the 

expression of a large number of genes, along with the optimization of host endogenous 

pathways. Moreover, several of the heterologous enzymes require 

compartmentalization, further complicating the process. As a result, the DBTL cycle 

requires extensive troubleshooting to identify and debottleneck rate-limiting steps, 

making the production of MIAs a challenging endeavor in yeast. Despite the significant 

challenges posed by the complex biosynthesis of MIAs in yeast, recent advances have 

led to the successful production of several compounds, including vindoline and 

catharanthine (Brown et al., 2015; Qu et al., 2015; Kulagina et al., 2021; T. Liu et al., 

2022; Zhang et al., 2022). Notably, this represents the longest pathway ever refactored 

in yeast, and offers a promising alternative to traditional plant extraction and 

purification processes (Ishikawa et al., 2009). 
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The biosynthetic pathways for benzylisoquinoline alkaloids (BIAs) and tropane 

alkaloids (TAs) are similarly complex, requiring extensive engineering efforts in yeast. 

This includes the use of functional genomics, protein engineering, and transport 

engineering to identify and optimize each step of the pathway, as well as achieve 

proper spatial organization between enzymes and substrates. Despite these 

challenges, recent successes have been achieved in producing various alkaloids, 

including noscapine, berberine, thebaine, hyoscyamine and scopolamine (Galanie et 

al., 2015; Li et al., 2018; Srinivasan and Smolke, 2020; Payne et al., 2021; Srinivasan 

and Smolke, 2021; Han and Li, 2023). 

Shorter pathways, such as those of tryptamine alkaloids like psilocybin or melatonin, 

can be produced in yeast with fewer engineering efforts compared to more complex 

molecules such as MIAs, BIAs, and TAs (Germann et al., 2016; Milne et al., 2020). 

Halogenation is a highly desirable feature in plant natural products and other 

chemicals with pharmaceutical properties, including alkaloids. The stereospecific 

halogenation of a molecule can have a significant impact on its properties, such as 

increased membrane permeability and enhanced blood-brain barrier transport 

(Gentry et al., 1999; Gerebtzoff et al., 2004). Halogenation can also lead to stronger 

binding interactions between the ligand and its target, resulting in increased ligand 

potency and altered pharmacokinetics (Prieto-Díaz et al., 2023; Xu et al., 2014). As a 

result, halogenation is a common strategy employed in the development of new 

pharmaceuticals, with approximately 25% of licensed drugs and 40% of new drugs in 

development containing halogenated moieties (Xu et al., 2014; Fejzagić et al., 2019). 

Despite its utility, halogenation of specific atoms within complex organic molecules 

like alkaloids presents a significant challenge in synthetic chemistry. The structural 

complexity of these molecules often makes site-specific substitution difficult to 

achieve, requiring directing groups, heavy metals as catalysts, and generates 

hazardous waste streams (Chung and Vanderwal, 2016; Maddox et al., 2015; Petrone 

et al., 2016; Taskesenligil et al., 2023). As an alternative, biotransformation of 

halogenated pathway precursors that can be taken up by the downstream enzymes in 

the pathway has been shown to work for multiple products. For instance, 3-

iodo/chloro-L-tyrosine is successfully processed into a range of halogenated BIAs 

when implementing the heterologous pathway in yeast (Li et al., 2018). The high cost 

of halogenated precursors can impede their use in biotransformation processes, 
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emphasizing the necessity for alternative methodologies. In vivo halogenation of 

precursors via flavin-dependent tryptophan halogenases is one such approach. These 

enzymes can selectively introduce halogen atoms onto the indole ring of tryptophan, 

presenting a promising avenue for de novo biosynthesis of halogenated molecules in 

microbial cell factories (Bradley et al., 2020). 

 

(iii) Benzyl derivatives 

Benzyl derivatives are a class of relatively simple aromatic compounds that are 

commonly derived from the shikimate or the aromatic amino acid biosynthesis 

pathways. Examples of these products, which will be discussed below, include 2-

phenylethanol, cis,cis-muconic acid, vanillin, tyrosol, and mandelic acid. 

cis,cis-Muconic acid has various applications in the production of bioplastics and 

synthetic fibers (Rorrer et al., 2016; Vardon et al., 2016). The heterologous pathway 

branches off from DHS in three enzymatic steps that result in the cleavage of catechol, 

resulting in the formation of the dicarboxylic acid cis,cis-muconic acid (Xie et al., 2014; 

Choi et al., 2020). Since the first report on S. cerevisiae engineering for cis,cis-

muconic acid production, various studies have been conducted until the most recent 

publications resulting in the production of 22.5 g/L (Wang et al., 2022). Early research 

revealed limitations in the heterologous pathway and metabolic imbalances, which 

prompted exploration of strategies such as biosensor-aided metabolic engineering, 

random mutagenesis, directed evolution, protein engineering, and promoter 

engineering (Curran et al., 2013; Johnson et al., 2016; Leavitt et al., 2017; Skjoedt et 

al., 2016; Snoek et al., 2018; Suástegui et al., 2017; Brückner et al., 2018; Wang et al., 

2022; Jensen et al., 2021; Wang et al., 2020). 

S. cerevisiae natively produces 2-phenylethanol via the Ehrlich pathway using 

phenylalanine as a precursor. This compound has a floral/rose scent and is utilized in 

the food and fragrance industries. Additionally, it can alter the sensory properties of 

wine and other alcoholic beverages (Hua and Xu, 2011; Cordente et al., 2021). Despite 

its natural production, native titers are typically low, requiring the supplementation of 

costly PHE to achieve high titers (Mitri et al., 2022). Consequently, metabolic 

engineering of S. cerevisiae has been explored to develop an alternative approach to 

bioconversion. Similar engineering targets to those utilized for p-coumaric acid 
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production have been pursued, resulting in over 1.5 g/L of 2-phenylethanol (Hassing 

et al., 2019). 

Other benzyl/phenyl derivatives include vanillin, tyrosol, and mandelic acid. Vanillin 

is s commonly used as a flavoring agent in foods, beverages, and cosmetics (Olatunde 

et al., 2022). The toxicity of vanillin in yeast cells has led to its glycosylation to mitigate 

cytotoxicity and implementing biosensors to couple production to essential cellular 

functions (Brochado et al., 2010; D’Ambrosio et al., 2020). Tyrosol has been reported 

to possess various biological activities such as antioxidant, anti-inflammatory, and 

neuroprotective effects (Karković Marković et al., 2019). Despite being a native 

metabolite produced through the bioconversion of tyrosine, some metabolic 

engineering strategies have aimed to enhance its de novo production (Guo et al., 

2020). Lastly, mandelic acid, a common constituent of skincare products, has been 

synthesized by modifying the shikimate pathway and blocking the Ehrlich apthway 

(Reifenrath and Boles, 2018). 

 

The scope of this thesis 

This PhD thesis is framed within the production of aromatics in microbial hosts, 

primarily the yeasts S. cerevisiae and Y. lipolytica. The current Chapter 1 has 

provided an overview of several aspects of microbial production of aromatic 

compounds that are addressed in the experimental chapters described below. 

In Chapter 2, we explore the use of Y. lipolytica for the production of various 

aromatic compounds, including resveratrol, which we demonstrate can be produced 

with high performance metrics. While research on the use of Y. lipolytica for aromatics 

production was limited when this PhD thesis was first defined, numerous studies over 

the past 3-4 years have confirmed its potential for producing a wide range of aromatic 

compounds. 

Chapter 3 is a proof-of-principle study demonstrating the potential of S. cerevisiae 

for the production of new-to-nature halogenated aromatics. Throughout the 

functional expression of tryptophan halogenases, we demonstrate in vivo 

halogenation of the indole ring of tryptophan at different positions with both chlorine 

and bromine. Halogenated tryptophan can be further converted into halogenated 
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tryptamine, building block for a myriad of molecules with pharmaceutical potential 

within the monoterpene indole alkaloids family. 

Chapter 4 addresses the issue of cytotoxicity often observed when engineering 

microbial hosts for the production of plant natural products, including aromatics. We 

perform a systematic analysis of the toxicity of tens of aromatic compounds in E. coli, 

S. cerevisiae and Y. lipolytica. Next, we screen a transporter deletion library against a 

subset of toxic aromatics, identifying a number of transporter-encoding genes whose 

deletion increases or reduces product tolerance. Finally, we demonstrate how some of 

the identified transporters can be used as engineering targets to improve 2-

phenylethanol bioconversion in S. cerevisiae. 

Chapter 5 reports the initial results of an ongoing study aimed at conducting a 

comprehensive multi-omics analysis of several S. cerevisiae strains that produce 

varying levels of p-coumaric acid, a fundamental precursor for phenylpropanoids. 

Finally, Chapter 6 covers the perspectives and future directions for research in this 

area. This chapter summarizes the main findings and contributions of the thesis, 

discusses their significance in the context of current knowledge, and identifies the 

limitations and potential avenues for future research. 
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Abstract 

Resveratrol is a plant secondary metabolite with multiple health-beneficial properties. 

Microbial production of resveratrol in model microorganisms requires extensive 

engineering to reach commercially viable levels. Here, we explored the potential of the 

non-conventional yeast Yarrowia lipolytica to produce resveratrol and several other 

shikimate pathway-derived metabolites (p-coumaric acid, cis,cis-muconic acid, and 

salicylic acid). The Y. lipolytica strain expressing a heterologous pathway produced 

52.1 ± 1.2 mg/L resveratrol in a small-scale cultivation. The titer increased to 409.0 ± 

1.2 mg/L when the strain was further engineered with feedback-insensitive alleles of 

the key genes in the shikimate pathway and with five additional copies of the 

heterologous biosynthetic genes. In controlled fed-batch bioreactor, the strain 

produced 12.4 ± 0.3 g/L resveratrol, the highest reported titer to date for de novo 

resveratrol production, with a yield on glucose of 54.4 ± 1.6 mg/g and a productivity 

of 0.14 ± 0.01 g/L/h. The study showed that Y. lipolytica is an attractive host organism 

for the production of resveratrol and possibly other shikimate-pathway derived 

metabolites. 

 

Introduction 

Resveratrol (3,5,4′-trihydroxy-trans-stilbene) is a stilbenoid naturally present in 

grapes, berries, Japanese knotweed, and peanuts (Burns et al., 2002). In plants, it 

serves as phytoalexin, produced in defense against injuries and microbial infections 

(Langcake and Pryce, 1976; Vestergaard and Ingmer, 2019). In the past two decades, 

over 1,500 studies have been published on the health effects of resveratrol (PubMed, 

2020). Clinical trials have proven that resveratrol beneficially influences disease 

biomarkers of diabetes, cardiovascular diseases, and neurological disorders (Bhatt et 

al., 2012; Brasnyó et al., 2011; Tomé-Carneiro et al., 2012; Turner et al., 2015). 

Resveratrol is commercialized as food and cosmetics ingredient and is sold as food 

supplement. The current market is around $97.7 million and is expected to grow at a 

compound annual growth rate (CAGR) of 8.1% from 2018 to 2028 (Future Market 

Insights, 2019). Extraction from Japanese knotweed remains the main source of 

resveratrol, but chemical synthesis by DSM and microbial fermentation by Evolva are 

gaining ground in the market (DSM, 2014; Evolva, 2019; Future Market Insights, 
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2019). Microbial fermentation process of resveratrol production has a number of 

advantages, such as low cost, high purity of the product, and independence on season. 

Resveratrol is biosynthesized in plants via the phenylpropanoids pathway, using as 

precursors the aromatic amino acids L-phenylananine (L-Phe) or L-tyrosine (L-Tyr) 

(Sparvoli et al., 1994; Rosler et al., 1997). The first biosynthetic step involves the 

deamination of L-Phe/L-Tyr by phenylalanine/tyrosine ammonia lyase (PAL/TAL). In 

the L-Phe branch, PAL activity yields trans-cinnamic acid, which is hydroxylated into 

p-coumaric acid by cinnamic acid hydroxylase (C4H), a cytochrome P450 enzyme 

(Winkel-Shirley, 2001). Alternatively, TAL activity in the L-Tyr branch results in p-

coumaric acid in a single enzymatic step (Jendresen et al., 2015). Further, coenzyme 

A is attached to p-coumaric acid by 4-coumaroyl-CoA ligase (4CL), resulting in 4-

coumaroyl-CoA. In a final step, resveratrol synthase, a type III polyketide synthase 

(PKS), incorporates three units of malonyl-CoA to synthesize resveratrol (Winkel-

Shirley, 2001). Microbial production of resveratrol by heterologous expression of the 

plant pathway has been successfully carried out in several hosts (Table 1, Table S1) 

(Thapa et al., 2019). Extensive metabolic engineering strategies have also been 

implemented to improve resveratrol titers, mainly aiming at rewiring carbon 

metabolism towards shikimate pathway, increasing L-Tyr/L-Phe and malonyl-CoA 

precursor supply, alleviating feedback regulations, or tuning gene copy number in the 

heterologous pathway (Liu et al., 2019; Li et al., 2015, 2016; Lim et al., 2011). Despite 

the efforts, the de novo production levels reported in scientific publications are still 

low, with the highest titer of 0.8 g/L achieved in S. cerevisiae (Li et al., 2016). Gram 

per liter titers have only been reached in E. coli by co-feeding p-coumaric acid (Lim et 

al., 2011), however addition of p-coumaric acid is not an option for a large-scale 

fermentation. 

Yarrowia lipolytica is an emerging industrial host for the production of lipids, 

polyunsaturated fatty acids, and organic acids. As an oleaginous yeast, Y. lipolytica is 

naturally endowed with high fluxes towards malonyl-CoA and the pentose phosphate 

pathway (PPP) (Wasylenko et al., 2015; Blank et al., 2005). These metabolic traits 

could be particularly relevant for the production of shikimate pathway-derived 

compounds and plant natural products requiring aromatic amino acids and malonyl-

CoA-derived building blocks, such as phenylpropanoids. Indeed, this yeast was 

recently shown as an attractive host for the biosynthesis of several plant flavonoids, 
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including naringenin, eriodictyol, taxifolin, and other aromatic compounds (Lv et al., 

2019; Palmer et al., 2020; Lv et al., 2020; Gu et al., 2020a, 2020b; Shang et al., 2020; 

Wei et al., 2020). Resveratrol in particular has also been produced in Y. lipolytica, first 

described by DuPont and more recently in studies exploring the ability of the non-

conventional yeast as production chassis for different polyketides and aromatics 

(Table S1) (Huang et al., 2006; Palmer et al., 2020; Gu et al., 2020a). 

In this work, we have investigated the potential of Y. lipolytica for the production of 

several shikimate pathway-derived metabolites: p-coumaric acid, resveratrol, cis,cis-

muconic acid, and salicylic acid. 

 

Table 1. Resveratrol production in microbial hosts. The table includes the top 

producing strains per microorganism, considering also cultivations in which pathway 

precursors were fed. *Cerulenin was supplemented to the cultivation. **Refer to publication 

for detailed list of genetic modifications. n/a: metric not available as cultivation time was not 

reported. 4CL: 4-coumaroyl-CoA, STS: stilbene synthase, PAL: phenylalanine ammonia-lyase, 

C4H: cinnamate-4-hydroxylase, VST: resveratrol synthase, ACS: acetyl-CoA synthase, ATR2: 

cytochrome P450 reductase, ARO4: 3-deoxy-D-arabinoheptulosonate-7-phosphate (DAHP) 

synthase, ARO7: chorismate mutase, CYB5: cytochrome b5, ACC1: acetyl-CoA carboxylase 1, 

ARO10: transaminated amino acid decarboxylase, PEX10: peroxisomal biogenesis factor 10, 

TAL: tyrosine ammonia-lyase, pks: polyketide synthase, fbr: feedback-resistant. 

 

Microbial 

host 

Genetic 

modifications 
Metrics 

Substrate/ 

Precursor fed 
Reference 

E. coli 
4CL (A. thaliana) 

STS (V. vinifera) 

Titer: 2.3 g/L 

Yield: 1.01 g/g p-coumaric acid 

Productivity: 95.83 mg/L/h 

Glycerol/p-

coumaric acid* 
(Lim et al., 2011) 

S. cerevisiae 

PAL (A. thaliana) 

C4H (A. thaliana) 

4CL (A. thaliana) 

VST (V. vinifera) 

ACS (S. enterica) 

ATR2 (A. thaliana) 

Overexpression of 

ARO4fbr, ARO7fbr, 

CYB5, and ACC1 

ΔARO10 

Titer: 812 mg/L 

Yield: 8.87 mg/g glucose 

Productivity: 7.38 mg/L/h 

Glucose/none (Li et al., 2016) 

Y. lipolytica 
4CL (N. tabacum) 

STS (A. hypogaea) 

Titer: 48.7 mg/L 

Yield: 0.15 g/g p-coumaric acid 

Glucose/p-

coumaric acid 

(Palmer et al., 

2020) 
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Overexpression of 

PEX10 and ACC1 

Productivity: 0.29 mg/L/h 

C. glutamicum 

STS (A. hypogaea) 

4CL (P. crispum) 

** 

Titer: 158 mg/L 

Yield: 0.19 g/g p-coumaric 

acid 

Productivity: 2.19 mg/L/h 

Glucose/p-

coumaric acid* 

(Kallscheuer et 

al., 2016) 

L. lactis 

TAL, 4CL, STS, ACC 

(different sources) 

Titer: 1.27 mg/L 

Yield: 0.13 mg/g glucose 

Productivity: n/a 

Glucose/none 
(Gaspar et al., 

2016) 

S. venezuelae 

STS (A. hypogaea) 

4CL (S. coelicolor) 

Pikromycin pks 

deletion 

Titer: 0.4 mg/L 

Yield: 0.002 g/g p-coumaric 

acid 

Productivity: 0.006 mg/L/h 

Sucrose/p-

coumaric acid 

(Park et al., 

2009) 

 

Materials and methods 

Strain construction and cultivation 

All Y. lipolytica strains constructed in this study are derived from ST6512, a W29 

(NRRL Y-63746) derived strain harboring Cas9 in KU70 locus (Marella et al., 2019). 

The complete list of strains, plasmids, biobricks, and primers used in this work are 

available in the supplementary information 2 (Tables S2-S5). The strains are available 

upon request. The strain ST9671 has been deposited with Euroscarf collection 

(accession number Y41418). Unless otherwise stated, for pre-culture, strain 

construction, propagation, and cryostocking, yeast strains were grown at 30°C and 

250 rpm (Thermo Fisher Scientific MaxQ8000) in YPD medium (10 g/L yeast extract, 

20 g/L peptone, 20 g/L D-glucose). Media for plates contained 20 g/L agar. 

Plasmids required for genome engineering were constructed using the set of vectors 

from EasyCloneYALI as backbones (Holkenbrink et al., 2018). Integrative vector 

backbones were PCR-amplified with compatible USER overhangs, while guide-RNA 

(gRNA) vector backbones for gene deletion were linearized by digestion. Synthetic 

genes required for p-coumaric acid, resveratrol, cis,cis-muconic acid and salicylic acid 

production were codon-optimized for Y. lipolytica using Thermo Fisher Scientific 

webtool and ordered as GeneArt Strings DNA Fragments. The DNA sequence of the 

synthetic genes is available in the supplementary information 2 (Table S6). Plasmid 

assembly and cloning was performed according to EasyCloneYALI instructions 

(Holkenbrink et al., 2018). For gene deletions, DNA fragments consisting of 400-600 

bp up- and downstream of the target gene were used as repair template (800-1200 bp 
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total). All constructed plasmids were verified by Sanger sequencing (Eurofins 

Scientific SE). Yeast transformations were performed using a lithium acetate-based 

protocol as previously described (Holkenbrink et al., 2018). Transformants were 

selected using natMX or hphMX resistance markers. YPD plates for natMX or hphMX 

selection contained 250 mg/L of nourseothricin (Jena Bioscience, AB-101) or 400 

mg/L hygromycin B (Invitrogen, 10687010), respectively. 

 

Small-scale production and degradation assays 

Standard production and degradation assays were performed in mineral medium 

containing 20 g/L D-glucose as carbon source (pH 6.0, adjusted with KOH), as 

described in (Jensen et al., 2014).  

Strains from cryostocks were streaked onto YPD plates and incubated for 48 h at 30°C. 

Three single colonies from the YPD plate were inoculated for pre-culture in 24 deep-

well plates (Enzyscreen B.V., CR1424) containing 3 mL of mineral medium, and 

incubated at 30°C for 48 h and 300 rpm agitation at 5 cm orbit cast, reaching the 

stationary phase. An adequate volume of pre-culture to start with an initial optical 

density (OD600) of 0.1 was transferred to a fresh 24 deep-well plate containing 3 mL of 

medium, which was incubated for 72 h under the same conditions, reaching the 

stationary phase. After 72 h of cultivation, OD600 measurements and samples for HPLC 

analysis were prepared according to the procedure described in Analytical methods. 

In the initial screening of p-coumaric acid and resveratrol production, the medium 

was supplemented with 2 mM L-tyrosine. The degradation assays were performed 

following the same conditions, but supplementing the mineral medium in the 72 h 

cultivation with the target compound at different concentrations. 

Medium optimization for resveratrol production was carried out using mineral 

medium, YNB and YP with either 20/80 g/L glucose or 20/80 g/L glycerol as carbon 

source. YP contained 10 g/L yeast extract, 20 g/L peptone; YNB contained 6.7 g/L 

Yeast Nitrogen Base Without Amino Acids (Sigma-Aldrich, Y0626) and was adjusted 

to pH 6.0 with KOH. Pre-culture was carried out in standard YPD for 48 h in 24 deep-

well plates. Pre-cultivation samples were centrifuged for 5 min at 3,000 x g, washed 

twice with sterile Milli-Q® water. An adequate volume to start at an initial OD600 of 

0.1 was used to inoculate each of the cultivations in a new 24 deep-well plate, which 
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was incubated for 96 h and sampled every 24 h. In the assay to assess the effect of 

antifoam on resveratrol production, antifoam 204 (Sigma-Aldrich, A6426) was added 

to the standard mineral medium with 20 g/L glucose at concentrations of 1%, 3% and 

5% v/v. 

 

Fed-batch fermentation in bioreactor 

For seed culture preparation, strain from cryostock was streaked onto a YPD plate and 

grown at 30ᵒC for 48 h. Biomass from the plate was transferred to 1 mL YPD in a 14 

mL pre-culture tube and incubated at 30ᵒC for 18 h.  A pre-culture volume of 250 μL 

was used to inoculate 50 mL of YPD in a 250 mL baffled shake flask and incubated at 

30ᵒC for 24 h and 250 rpm. The content of the shake flask was centrifuged for 5 min at 

5,000 x g, washed twice with mineral medium and concentrated in 5 mL volume. This 

cell suspension was used to inoculate the reactors to an initial OD600 of 1.0. 

The fermentation was carried out in duplicate in 1 L bioreactors (BIOSTAT® Q plus, 

Sartorius, Goettingen, Germany) equipped with measurement probes for pH, 

dissolved oxygen (DO) and temperature. Aeration was achieved with a horseshoe 

sparger. Off-gas O2 and CO2 levels were logged with a Prima BT MS (Thermo Fisher 

Scientific). Fermentation was carried out at 30ᵒC and pH was maintained at 6.0 by 

automatic addition of 5 M KOH. The reactors initially contained 400 mL of mineral 

medium. One liter of medium contained 5 g (NH4)2SO4, 3 g KH2PO4, 0.5 g 

MgSO4·7H2O, 40 g D-glucose, 2 mL trace metal solution, 1 mL vitamin solution, and 

0.4 mL antifoam 204. The trace metal and vitamin solutions were prepared as in 

(Jensen et al., 2014). Stirring and aeration rate were initiated at 540 rpm and 0.5 

standard liter per minute (SLPM), respectively. The feed addition started when DO 

decreased from the initial 100% to 35%. During the fed-batch phase, DO was 

maintained at 20% by a two-level cascade of stirring (between 540 and 1,200 rpm) and 

airflow (between 0.5 and 1.5 SLPM). The initial feed rate was 1.0 g/h, with an 

exponential increase of 0.05 h-1. When stirring and airflow reached maximum 

setpoints, feeding was changed to a constant feed rate until the end of the 

fermentation. The feed medium contained 460 g/L of D-glucose and 0.6 mL/L of 

antifoam, while the rest of the medium components were the same as in batch mineral 

medium, but at 10-fold higher concentration. Additional sterile antifoam 204 was 
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manually added to the reactors when foaming was observed. Sampling was carried out 

three times per day to measure OD600, cell dry weight, and resveratrol. 

 

Analytical methods 

OD600 measurements were performed in a NanoPhotometer® P-Class (Implen 

GmbH) with 1.5 mL volume and 1 cm path cuvettes (Brand GmbH). The cell dry weight 

measurements were performed using Whatman™ cellulose nitrate membrane filters 

disc with 0.45 μm pore size (VWR, 7184–004). 500 μL of reactor sample was 

centrifuged at 17,000 x g for 5 min. Cell pellet was resuspended in 1 mL deionized 

water and the suspension was loaded onto the filter placed on a filtration unit. Filters 

were washed with 5 mL deionized water through vacuum. Before and after loading the 

sample, filters were dried using a microwave and weighed, as previously described 

(Marella et al., 2019).  Cell dry weight was calculated as the difference in filter weights 

before and after loading the cell suspension. Measurements were performed in 

duplicate for each of the reactors. 

For salicylic acid and cis,cis-muconic acid quantification, cultivation samples were 

centrifuged at 17,000 x g for 5 min and the supernatant used for analysis. In the case 

of p-coumaric acid and resveratrol, cultivation samples were mixed with an equal 

volume of absolute ethanol, vortexed thoroughly for 10 sec, and centrifuged at 17,000 

x g for 5 min. Supernatants were used for analysis. In the case of intracellular analysis 

of resveratrol, 1 mL of broth was centrifuged at 17,000 x g for 5 min and the cell pellet 

was washed twice with 1 mL 50% v/v ethanol. Cells were resuspended in 500 μL of 

water and transferred to 2 mL screwcap tubes filled with 300 μL of glass beads (212-

300 μm particle size, Sigma-Aldrich, G1277). Cell suspensions were disrupted with 

Precellys® 24 (Bertin Instruments) for five cycles of 20 s shaking at 5,000 rpm with 

5-min pauses between cycles, when the samples were placed on ice. 500 μL of absolute 

ethanol was added to the disrupted cells and vortexed thoroughly. Samples were 

centrifuged at 17,000 x g for 5 min and the supernatant was used for the analysis. The 

samples from small-scale cultivations were analyzed on HPLC the same day. 

Bioreactor samples were prepared for HPLC and stored at -20°C until analysis. 

Quantification of all compounds was performed with Dionex UltiMate 3000 HPLC 

(Thermo Fisher Scientific), equipped with a DAD-3000 UV/Vis detector (Dionex) and 
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a RI-101 Refractive Index Detector (Dionex). HPLC-grade solvents were used for the 

mobile phase. Peaks corresponding to the target compounds were identified by 

comparison to prepared standards (Sigma-Aldrich). Peak areas were used for 

compound quantification using external standard calibration method. Analysis of 

HPLC results was performed using the software Chromeleon 7 (ThermoFisher 

Scientific). 

For resveratrol and p-coumaric acid, the HPLC system was equipped with a Discovery 

HS F5 150 mm × 2.1 mm column, particle size 3 μm (Supelco, 567503-U). The column 

oven temperature was set at 30°C and the flow rate to 0.7 mL/min. 5 μL of sample was 

injected for the quantification. Solvent A was 10 mM ammonium formate (pH 3.0, 

adjusted by formic acid). Solvent B was acetonitrile. Solvent composition was initially 

A = 95.0%, and B = 5.0%, which was kept until 0.5 min. Then, solvent composition 

was changed following a linear gradient until A = 40.0%, and B = 60.0% at 7.0 min. 

These conditions were kept constant for 2.5 min (7.0-9.5 min). The solvent 

composition was returned linearly to the initial conditions (A = 95.0%, B = 5.0 %) at 

9.6 min, and remained unchanged until the end of the run (9.6-12 min). p-Coumaric 

acid was detected at a retention time of 4.7 min, using the absorbance at 277 nm for 

the quantification. Resveratrol was detected at a retention time of 5.7 min, using the 

absorbance at 333 nm for the quantification. 

For salicylic acid, the HPLC system was equipped with a Cortecs UPLC T3 2.1 x 150 

mm column, particle size 1.6 μm, pore size 120 Å (Waters, 186008500). The column 

oven temperature was set at 30°C and the flow rate to 0.3 mL/min. Solvent A was 0.1% 

formic acid in Milli-Q® water; solvent B was acetonitrile. 5 μL of sample was injected 

for the quantification. The initial solvent composition was A = 90.0%, and B = 10.0%, 

which was kept until 0.5 min. Solvent composition was then changed following a linear 

gradient until % A = 5.0 and % B = 95.0 at 7 min. This solvent composition was 

returned linearly to the initial conditions (A = 90.0%, B = 10.0 %) at 7.1 min, and 

remained unchanged until the end of the run (7.1-10 min). Salicylic acid was detected 

at a retention time of 6.6 min, using the absorbance at 250 nm for the quantification. 

Quantification of cis,cis-muconic acid and pathway intermediates was performed 

using previously described methods (Wang et al., 2020). 
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Quantification of glucose, glycerol and organic acids was carried out on Aminex HPX-

87H column (Bio-Rad Laboratories, USA) as described before (Borja et al., 2019), but 

with a column temperature of 60°C. 

 

Results 

Yarrowia lipolytica was readily able to produce aromatics 

Insufficient intracellular levels of malonyl-CoA are a known limitation for the 

production of phenylpropanoids (Johnson et al., 2017). As the native metabolic traits 

of Y. lipolytica overcome this limitation, we tested its potential to synthesize the 

stilbenoid resveratrol. Additionally, we also evaluated its ability to produce cis,cis-

muconic acid and salicylic acid, compounds that do not require malonyl-CoA building 

blocks and branch off from different precursors upstream in the shikimate pathway 

(Figure 1). 

For the biosynthesis of resveratrol, we first tested two different TAL enzymes from 

Herpetosiphon aurantiacus (HaTAL) and Flavobacterium johnsoniae (FjTAL) 

producing the intermediate p-coumaric acid that have been shown to perform best in 

S. cerevisiae (Jendresen et al., 2015). The pathway was further extended up to 

resveratrol with At4CL1 from Arabidopsis thaliana and VvVST1 from Vitis vinifera, 

genes that were also successfully expressed in S. cerevisiae (Li et al., 2015). In a similar 

fashion to Li et al. work, we used different combinations of promoters with strong and 

constitutive expression like GPD and TEFintron to assess the best performing strain, 

using mineral medium with 2 mM L-tyrosine for the cultivation (Li et al., 2015; 

Holkenbrink et al., 2018). We evaluated the performance of the genes and 

combinations of promoters both in terms of titer and specific yield (Figure 2a, Figure 

S1a). 

The best production of p-coumaric acid was achieved in strain ST8951 harboring 

FjTAL, but the titer remained low (1.11 ± 0.01 mg/L). ST8952 containing HaTAL 

produced 0.21 ± 0.01 mg/L p-coumaric acid (Figure 2a, Figure S1a). Based on these 

results and due to the native ability of Y. lipolytica to utilize a wide range of substrates 

(Abdel-Mawgoud et al., 2018), we hypothesized that p-coumaric acid could be 

consumed. In order to evaluate this, we performed a degradation assay with the 

parental strain ST6512 by supplementing p-coumaric acid to mineral medium. After 
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72 h, no p-coumaric acid was detected in the medium, suggesting its complete 

consumption by Y. lipolytica (Fig 2b). This was not observed in the degradation assays 

for resveratrol (Figure 2b) or other aromatics (Figure S2), where only a minor decrease 

in the extracellular concentrations compared to control medium was seen. 

 

Figure 1. Biosynthetic pathways towards different aromatic compounds in 

engineered Y. lipolytica. The different aromatic metabolites are synthesized using either 

intermediates from the shikimate pathway or the aromatic amino acid L-tyrosine. Different 

colors show the different heterologous pathways. Multiple arrows represent multiple 

enzymatic steps, dashed arrows indicate feedback-regulated steps. PEP: phosphoenolpyruvate 

E4P: erythrose 4-phosphate, DAHP: 3-deoxy-D-arabinoheptulosonate 7-phosphate, DHS: 3-

dehydroshikimate. PCA: protocatechuic acid, FMN: flavin mononucleotide. ARO4: DAHP 

synthase, ARO7: chorismate mutase, fbr: feedback-resistant. 

 

Into the strains harboring TAL, the pathway towards resveratrol was integrated. 

Strains with FjTAL resulted in better titers than those expressing HaTAL (Figure 2a, 

Figure S1a). Among the strains harboring FjTAL, ST8953 reached the highest 

resveratrol titer (52.1 ± 1.2 mg/L), when VvVST1 was expressed from the strong 
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constitutive promoter TEFintron (Figure 2a, Figure S1a) (Tai and Stephanopoulos, 

2013; Holkenbrink et al., 2018). 

Next, we constructed strains capable of producing cis,cis-muconic acid and salicylic 

acid. For cis,cis-muconic acid, we used biosynthetic genes that have been described to 

work in S. cerevisiae (Curran et al., 2013). The engineered strain ST8959 harbored 

PaAroZ from Podospora anserina encoding for DHS dehydratase, three genes from 

K. pneumoniae (KpAroY.B, encoding FMN prenyltransferase; KpAroY.Ciso, enconding 

PCA decarboxylase; KpAroY.D encoding a protein that may improve PCA 

decarboxylase activity), and CaCatA from Candida albicans encoding catechol 1,2-

dioxygenase (Figure 1). Strain ST8959 produced 48.0 ± 6.4 mg/L cis,cis-muconic acid 

and 135.2 ± 0.1 mg/L of the intermediate protocatechuic acid (Figure 2c, Figure S1b), 

suggesting that enhanced PCA decarboxylase activity could improve production, as it 

does in S. cerevisiae (Curran et al., 2013; Skjoedt et al., 2016). 

 

Figure 2. Titers of p-coumaric acid, resveratrol, cis,cis-muconic acid and salicylic 

in engineered Y. lipolytica strains. Cultivations were carried out for 72 h in 24 deep-well 

plates containing mineral medium with 20 g/L glucose. Extracellular content was subjected 

to HPLC analysis. Error bars represent standard deviation from at least three biological 

replicates. “-“ and “+“ symbols indicate absence or presence of the corresponding genetic 

modification, respectively. a) Production of p-coumaric acid and resveratrol with 

supplementation of 2 mM L-tyrosine. b) Degradation assays for p-coumaric acid and 

resveratrol in strain ST6512, at different supplementation concentrations. “-“ represents a 
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medium control, non-inoculated. c) Production of cis,cis-muconic acid and the pathway 

intermediate protocatechuic acid (PCA). d) Production of salicylic acid. Statistical analysis was 

performed using Student's t-test (two-tailed; *P ≤ 0.05 two-sample unequal variance). 

 

The salicylic acid producing strain was constructed by the expression of isochorismate 

synthase (EcEntC) from E. coli in combination with isochorismate pyruvate-lyase 

(PpPchB) from Pseudomonas protegens Pf-5 (Figure 1), as described in E. coli (Lin et 

al., 2013). This strain resulted in 376.4 ± 12.1 mg/L salicylic acid in the broth, while no 

additional peaks were detected on the HPLC chromatogram with respect to the control 

strain, suggesting no accumulation of isochorismate (Figure 2d, Figure S1c).  

Among the strains described above, we observed that the titers for cis,cis-muconic acid 

and salicylic acid, shikimate pathway-derived products that do not require malonyl-

CoA moieties, were comparable to titers in S. cerevisiae or E. coli (Curran et al., 2013; 

Wang et al., 2020; Lin et al., 2013). Conversely, resveratrol titers in ST8953 were 4.5 

times higher than in a S. cerevisiae strain, when using similar biosynthetic genes and 

the same cultivation conditions (Li et al., 2015). These results suggest that Y. lipolytica 

has an advantage when producing compounds that require malonyl-CoA as one of the 

precursors, such as resveratrol. We then sought to further engineer resveratrol 

production in Y. lipolytica. 

 

Feedback resistant ARO4 and ARO7 improved resveratrol production 

Several metabolic engineering targets which have been proven to work in S. cerevisiae 

were selected (Li et al., 2015). First, we introduced feedback-insensitive versions of 

DAHP synthase (Aro4p) and chorismate mutase (Aro7p), enzymes that are otherwise 

allosterically regulated by L-tyrosine (Künzler et al., 1992; Brown and Dawes, 1990). 

In S. cerevisiae, the mutant alleles ScARO4K229L and ScARO7G141S are common 

engineering targets for shikimate pathway-derived products (Luttik et al., 2008; Gold 

et al., 2015; Mao et al., 2017; Rodriguez et al., 2015; Li et al., 2015). More recently, it 

has also been demonstrated that homologous Y. lipolytica YlARO4K221L allele 

significantly increased naringenin titer (Palmer et al., 2020). Here, we simultaneously 

expressed feedback insensitive alleles from Y. lipolytica (YlARO4K221L and YlARO7G139S 

in strain ST9153) (Figure S3) or S. cerevisiae (ScARO4K229L and ScARO7G141S in strain 
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ST9178). The simultaneous introduction of mutated alleles for both genes from either 

of the two yeasts resulted in a similar effect, increasing resveratrol titer 2.2-fold to ca. 

85 mg/L (Figure 3, Figure S4). Each gene individually contributed to the increase of 

titer, with ARO4 showing a larger effect (Figure S5). 

Next, we sought to increase L-Tyr precursor supply by deleting the genes involved in 

the conversion of aromatic amino acids into aromatic alcohols. ARO10 and PDC5 

deletions have been demonstrated to increase p-coumaric acid titers by 2-fold in S. 

cerevisiae (Rodriguez et al., 2015). We identified the Y. lipolytica homologous genes 

YALI1_D08884g (ARO10) and YALI1_D12832g (PDC5) and carried out individual 

and double deletions. However, none of the deletions had a positive effect on 

resveratrol titer (Figure 3, Figure S4). 

 

Figure 3. Resveratrol titer in engineered Y. lipolytica strains. Cultivations were 

carried out for 72 h in 24 deep-well plates containing mineral medium with 20 g/L glucose. 

Extracellular content was subjected to HPLC analysis. “-“ and “+“ symbols indicate absence or 

presence of the corresponding genetic modification, respectively. Error bars represent 

standard deviation from at least three biological replicates. p-Coumaric acid was not detected 

in any of the strains. 
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Lastly, we tried to increase malonyl-CoA supply by overexpressing ACC1. The last step 

of the pathway involves a type III PKS, which requires three malonyl-CoA units per 

resveratrol molecule. Thus, we hypothesized that intracellular malonyl-CoA levels 

could be limiting resveratrol biosynthesis. Acetyl-CoA carboxylase is the enzyme 

responsible for the conversion of acetyl-CoA to malonyl-CoA. In S. cerevisiae, acetyl-

CoA carboxylase (ScAcc1p) can be phosphorylated by the kinase Snf1p in amino acids 

Ser659 and Ser1157, thus targeting it for degradation (Shirra et al., 2001). Two point 

mutations in those amino acids prevent its phosphorylation and hence results in 

higher malonyl-CoA supply (Shi et al., 2014). Based on homology with the S. cerevisiae 

protein, we decided to introduce the mutated YlACC1S667A, S1178A (Seip et al., 2013; 

Kerkhoven et al., 2016). Nonetheless, expression of this mutated version of YlACC1 did 

not increase resveratrol titers (Figure 3, Figure S4). 

 

Integration of multiple copies of resveratrol pathway led to increased 

resveratrol titers  

Our results suggested that precursor supply was not a significant limitation for 

resveratrol production at the current stage. Thus, we hypothesized that resveratrol 

biosynthesis could be hampered by a low activity of the heterologous pathway, with 

impaired capacity to convert precursors to resveratrol, which could be overcome by 

the integration of multiple copies of the biosynthetic genes. We first examined the 

effect of expressing an extra copy on a strain harboring solely the initial integration of 

the pathway. Strain ST9663 carrying two copies of the biosynthetic genes in the 

pathway resulted in a 2.4-fold increase in resveratrol titers compared to strain ST8953 

(Figure 4, Figure S6). We then integrated one to five additional copies of FjTAL, 

At4CL1 and VvVST1 into strains ST9153 and ST9178, already harboring a single copy 

of the pathway and feedback-resistant versions of ARO4 and ARO7 from Y. lipolytica 

or S. cerevisiae, respectively (Figure 4, Figure S6, Table S2). 

In strains with YlARO4K221L/YlARO7G139S feedback-insensitive background, the 

integration of one to three extra copies led to a sharp increase in resveratrol levels: 

195.2 ± 1.2 (ST9537), 265.8 ± 7.4 (ST9585), and 375.1 ± 11.2 mg/L (ST9616), 

respectively. Addition of a fourth and fifth additional copy showed a plateauing in the 

titers, with only a small improvement but still reaching 409.0 ± 1.2 mg/L in ST9671, 
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the top producing strain harboring a total of six copies. In strains expressing S. 

cerevisiae versions of the genes, improvement upon additional integrations was 

smaller, and saturation of the titers was observed earlier, only after two extra copies 

integrated. Indeed, the strain with three additional copies (ST9617, 176.8 ± 9.6 mg/L) 

performed worse than ST9537, with only one copy but with the mutant ARO4/ARO7 

sourced from Y. lipolytica. Taken together, these results demonstrate the higher 

activity of the feedback-insensitive YlARO4/YlARO7 pair over its S. cerevisiae 

counterpart under this push-and-pull strategy.  

 

Figure 4. Effect on resveratrol titers of the integration of additional copies of the 

heterologous pathway. Cultivations were carried out for 72 h in 24 deep-well plates 

containing mineral medium with 20 g/L glucose. Extracellular content was subjected to HPLC 

analysis. “-“ and “+“ symbols indicate absence or presence of the corresponding genetic 

modification, respectively. Digits show the number of additional copies of resveratrol 

biosynthetic genes integrated. Error bars represent standard deviation from at least three 

biological replicates. p-Coumaric acid was not detected in any of the strains. 
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Resveratrol production was affected by carbon source and nutrient 

content 

In Y. lipolytica, medium and particularly C/N ratio have been proven to be important 

factors for the production of several metabolites (Jacobsen et al., 2020; Ledesma-

Amaro et al., 2016). Nitrogen limitation can halt the TCA and trigger lipogenesis 

through ATP citrate lyase, significantly altering the flux distribution in the cells 

(Ratledge and Wynn, 2002). Thus, we sought to increase the resveratrol titers of our 

best strain ST9671 by testing different media with different C/N ratios. We evaluated 

defined media (mineral medium and YNB), and the rich medium YP, each of them 

containing either glucose or glycerol at 20 or 80 g/L and evaluated titers and yields 

after 96 h (Figure 5, Figure S7). In addition, we assessed the cultivation profiles by 

sampling every 24 h (Figures S8-S10). 

Overall, we observed that when carbon sources were supplemented at 80 g/L, only ca. 

15-25 g/L were consumed after 96 h cultivation and that glucose performed better than 

glycerol for all types of media and concentrations (Figure 5, Figures S8-S10). 

Cultivation in mineral medium resulted in 33-181% higher titers than in YNB medium, 

when comparing the experiments with the same carbon sources. The mineral medium 

contained 14.4 g/L of potassium phosphate monobasic, which serves as a pH buffer 

during the cultivation. In contrast, YNB medium contained only 1 g/L of this buffering 

agent and resulted in a bigger and a faster pH drop, which could have negatively 

influenced the growth, carbon source utilization, and resveratrol production (Figures 

S8-S9). The highest production levels were reached with rich YP with 80 g/L glucose 

(524.9 ± 75.1 mg/L), followed by mineral medium with 20 g/L glucose (402.2 ± 16.7 

mg/L), standard medium we used for strain assessment above (Figure 5a). However, 

in terms of yield on glucose, all media with 20 g/L of this substrate and YP with 80 g/L 

presented similar results, ca. 20 mg resveratrol/g glucose (Figure 5b). 

Interestingly, the intermediate p-coumaric acid was detected in significant amounts in 

all YP-based media, even at higher concentrations than resveratrol in most of the 

conditions. This was unexpected, as p-coumaric acid was never detected in our 

engineered strains in mineral medium, and was proven to be degraded in this medium 

by the parental strain ST6512 (Figure 2a). 
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Figure 5. Resveratrol production in different media. Cultivations of strain ST9671 

were carried out for 96 h in 24 deep-well plates using the media indicated for each condition. 

Extracellular content was subjected to HPLC analysis. Error bars represent standard deviation 

from at least three biological replicates. a) Titer after 96 h. b) Yield on carbon source after 96 

h. MM: mineral medium, YNB: Yeast Nitrogen Base without amino acids. YP: Yeast extract 

Peptone. C/N stands for the molar carbon/nitrogen ratio in defined media. 
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producing strain (ST9671). Although with YP medium resveratrol titers seemed to be 

better in small-scale cultivations (Figure 5), we were concerned about p-coumaric acid 

accumulation over time (Figure S10), which could complicate the purification in an 

industrial production process. Moreover, complex medium is more expensive than 
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bioreactor experiment with mineral medium. With the aim of assessing whether 

quantification of intracellular resveratrol in fermentation samples would be relevant, 

we compared the extracellular and intracellular concentration of resveratrol in a 

small-scale cultivation using mineral medium. Most of the resveratrol was found in 

the extracellular fraction (391.17 ± 4.92 mg/L), compared to 34.12 ± 3.40 mg/L 

intracellularly (Figure S11). Thus, we only measured the extracellular fraction in our 

fermentation samples. 

In bioreactors, cells showed a long lag phase of 22 h, probably due to the adaptation 

to mineral medium from YPD medium in the pre-culture. The fermentation was 

carried out with an exponential feeding profile, which was changed to a constant feed 

rate of 14 g/h for the last 14.3 h. This resulted in the addition of a total of 191.6 ± 0.8 g 

glucose over a span of 90 h. Controlled fermentation led to a resveratrol titer of 12.4 ± 

0.3 g/L, with a yield on glucose of 54.4 ± 1.6 mg/g (15.3% of maximum theoretical 

yield) and a productivity of 0.14 ± 0.01 g/L/h (Figure 6, Figure S12, Figure S13) (Vos 

et al., 2015). Overall, these metrics represent an improvement over the previously 

reported values for resveratrol production in other microbial hosts (Table 1), especially 

for de novo production. Throughout the fermentation, only small amounts of by-

products like citrate and α-ketoglutarate (<80 mg/L) were detected in the batch phase, 

while no p-coumaric acid was detected at any time point (Figure S13). The foaming 

was controlled by manual addition of antifoam and in total 32.7 ± 0.1  mL of antifoam 

was added per L reactor volume over the course of cultivation. As this amount of 

antifoam is relatively high, we questioned whether the antifoaming agent could have 

influenced the production of resveratrol. To assess the effect of antifoam, we carried 

out small-scale cultivations with addition of 1, 3, and 5% v/v antifoam. The antifoam 

addition had a negative effect on resveratrol production at all concentrations, with 

decreases on titer of 41-62%. (Figure S14). 
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Figure 6. Fed-batch fermentation in bioreactor. Bioreactor cultivations with strain 

ST9671 were performed in duplicates. Data is presented as averages from both reactors, error 

bars represent standard deviation. Operational parameters for each of the reactors are shown 

in Figure S12. CDW: cell dry weight. 

 

Discussion 

In this study, high-level production of resveratrol was achieved in the emerging 

workhorse Y. lipolytica, attesting the potential of this oleaginous yeast for the 

production of plant secondary metabolites with a malonyl-CoA-derived structure. The 

strain was rationally engineered by the expression of feedback-alleviated versions of 

key genes in the shikimate pathway and multiple-copy integration of the genes in the 

heterologous pathway leading to resveratrol. 

Our preliminary evaluation of the potential entailed the production of four aromatics 

(p-coumaric acid, resveratrol, salicylic acid, cis,cis-muconic acid) in the oleaginous 

yeast. When comparing the performance of Y. lipolytica with S. cerevisiae expressing 

the same pathways, a large difference was observed only for resveratrol (Figure 2, 

Figure S1) (Curran et al., 2013; Wang et al., 2020; Lin et al., 2013). This implied that 

the high PPP flux in Y. lipolytica did not enable a high concentration of shikimate 

pathway intermediates, which would favor a high production of derived products like 
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cis,cis-muconic acid or salicylic acid (Blank et al., 2005; Rodriguez et al., 2013). 

Therefore, a sufficient malonyl-CoA supply in the oleaginous yeast could explain the 

observed results with regards to resveratrol (Wasylenko et al., 2015). This initial result 

was in-line with recent studies that used Y. lipolytica to produce plant-derived 

flavonoids like naringenin (Lv et al., 2019; Palmer et al., 2020), achieving promising 

initial results and the highest reported titers to date upon strain engineering. All these 

secondary metabolites are phenylpropanoid polyketides requiring the action of type 

III PKS, enzymes involved in the incorporation of malonyl-CoA to the growing 

molecules (Lussier et al., 2013), which could be facilitated by the native oleaginous 

phenotype of Y. lipolytica. 

An important finding in our initial strain engineering steps was the degradation of p-

coumaric acid by Y. lipolytica (Figure 2b). (Palmer et al., 2020) demonstrated that 

concentrations up to 2 mM of p-coumaric acid do not affect the growth rate of Y. 

lipolytica, but they did not measure its degradation. In S. cerevisiae, it has been 

suggested that p-coumaric acid can be slowly converted into a range of less toxic 

compounds (Adeboye et al., 2015), while in other microorganisms it is transformed 

into p-hydroxybenzoic acid (Delneri et al., 1995). Since p-coumaric acid serves as 

precursor for resveratrol and many other plant phenylpropanoids, identification of the 

enzymes responsible for its degradation could improve the production of these 

metabolites. Understanding the effect of the rich medium on p-coumaric acid 

accumulation (Figure 5) would also be informative for further strain engineering. 

Given that the pH in YP media never reached values as low as in mineral medium or 

YNB (Figures S8-S10), it could be hypothesized that pH could affect the export of p-

coumaric acid out of the cells. Moreover, the presence of complex nutrients in the rich 

YP medium could have attenuated p-coumaric acid degradation. In agreement with 

our findings, significant production of p-coumaric acid has been recently achieved in 

Y. lipolytica using YP-derived medium (Gu et al., 2020a). 

The rational metabolic engineering strategies that we employed to further improve 

resveratrol production entailed the use of feedback insensitive versions of 

ARO4/ARO7, and multiple integration of resveratrol biosynthetic genes (Figure 3 and 

4). Here, we showed that YlARO4K221L/YlARO7G139S performed better than the S. 

cerevisiae versions of these genes (Figure 4), which could be explained by a higher 

activity or a lower sensitivity to feedback regulation of the enzymes from Y. lipolytica. 
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In either case, this finding underlines the importance of testing several variants of key 

enzymes in the pathway. Our strain was further engineered by tuning the gene copy 

number of the heterologous pathway. Indeed, for many plant secondary metabolites, 

increased titers were obtained in Y. lipolytica by integrating multiple copies of 

heterologous pathway genes (Lv et al., 2019; Marella et al., 2019; Wang et al., 2016). 

This is most likely due to an overall low catalytic activity of the enzymes involved in 

secondary metabolites formation, as these compounds are typically synthesized in 

small amounts by the native host. With this motivation, we decided to add extra copies 

of the three heterologous genes, instead of examining the effect of individual genes. 

We also tried to increase resveratrol production by expressing a mutant version of 

YlACC1 (Figure 3), but this did not improve the titer, contrary to improvement of 

naringenin production in Y. lipolytica in a study by (Lv et al., 2019). As we later 

confirmed by expressing additional copies of the heterologous pathway, a plausible 

explanation could be that malonyl-CoA was not a limiting precursor at that 

engineering stage or that malonyl-CoA was used for lipids production rather than for 

the biosynthesis of resveratrol. Another reason could be that the phosphorylation sites 

are not completely conserved in Y. lipolytica and the enzyme became inactive upon 

mutations (Pomraning et al., 2016). ARO10 and PDC5 deletions were also performed, 

with no positive effect on resveratrol levels (Figure 3), which could be caused by the 

low specificity of these enzymes (Vuralhan et al., 2005; Romagnoli et al., 2012) or the 

existence of isoenzymes. 

Our top producing strain (ST9671) synthesized 409.0 ± 1.22 mg/L resveratrol de novo 

from glucose in small-scale cultivation, a 10-fold increase compared to our initial 

strain harboring only the biosynthetic pathway (Figure 4). (Palmer et al., 2020) have 

also recently demonstrated production of resveratrol in Y. lipolytica. In an 

ACC1/PEX10 overexpression background, 48.7 mg/L were produced by feeding with 

2 mM p-coumaric acid, in a strain lacking the TAL gene. When TAL was introduced, 

8.8 mg/L of resveratrol were produced de novo from glucose. More recently, in a work 

aiming at developing a Y. lipolytica platform strain for the production of shikimate-

pathway derived products, a titer of 12.67 mg/L resveratrol was achieved (Gu et al., 

2020a). In this case, the strain was initially engineered for the production of 2-

phenylethanol and subsequently tested for resveratrol production. Similar to our 

results, the use of feedback-insensitive versions of DAHP synthases was shown to be 

crucial to relieve allosteric regulation of the shikimate pathway. 
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The fed-batch fermentation of ST9671 resulted in 12.4 ± 0.3 g/L resveratrol and a yield 

of 54.4 ± 1.6 mg/g, representing 15.3% of the maximum theoretical yield on glucose 

(354.7 mg/g) (Vos et al., 2015) (Figure 6). This represents, to the best of our 

knowledge, the highest production of resveratrol and any p-coumaric acid-derived 

product in any microbial host (Thapa et al., 2019). Moreover, the fermentation was 

carried out in a cheap mineral medium without supplementation of any expensive 

aromatic intermediate or cerulenin, frequently used to inhibit lipids biosynthesis and 

increase malonyl-CoA pool (Lv et al., 2019; Marsafari and Xu, 2020). Further strain 

engineering aiming at enhancing precursors supply and a better control of foaming in 

the fermentation could improve the production (Figure 4, Figure S14). Collectively, 

these results illustrate the potential of Y. lipolytica for a high-level production of this 

family of compounds. 

 

Conclusions 

In this work, we engineered the oleaginous yeast Y. lipolytica for the production of the 

plant stilbenoid resveratrol. By the integration of feedback-resistant alleles for better 

precursor supply and multiple copies of the biosynthetic pathway, we reached the 

highest resveratrol production reported to date. This contrasts with other hosts, where 

extensive strain engineering is needed, and illustrates the suitability of the oleaginous 

yeast for the production of plant secondary metabolites with a polyketide structure. 
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Supplementary information 1 

Review of literature on microbial production of resveratrol 

 

Supplementary Table S1. Microbial production of resveratrol in different hosts. 

Table shows different microorganisms engineered for the production of resveratrol, including 

metabolic engineering strategies used, titers obtained, and substrate or precursor fed. 

Abbreviations: 4CL: 4-coumaroyl-CoA ligase, STS: stilbene synthase, PAL: phenylalanine 

ammonia-lyase, ACC: acetyl-CoA carboxylase, TAL: tyrosine ammonia-lyase; matB: malonyl-

CoA synthetase, matC: malonate carrier protein, fumC: fumarate hydratase class II, gapA: 

glyceraldehyde-3-phosphate dehydrogenase A, pgk: phosphoglycerate kinase, PDH: pyruvate 

dehydrogenase, fabD: malonyl CoA-acyl carrier protein transacylase, tktA/TKT: transketolase 

1/transketolase, aroG: 3-deoxy-7-phosphoheptulonate synthase, pheA: bifunctional 

chorismate mutase/prephenate dehydratase, tyrR: transcriptional regulatory protein, 

trpE/D: anthranilate synthase component 1/anthranilate phosphoribosyl transferase, 

aroG/ARO3/4/5: 3-deoxy-D-arabinoheptulosonate-7-phosphate (DAHP) synthase, tyrA: T-

protein, fabH: 3-oxoacyl-[acyl-carrier-protein] synthase 3, fabB: 3-oxoacyl-[acyl-carrier-

protein] synthase 1, fabF: 3-oxoacyl-[acyl-carrier-protein] synthase 2, fabI: enoyl-[acyl-

carrier-protein] reductase [NADH] FabI, pks: polyketide synthase, CPR: cytochrome P450 

reductase, RS/VST: resveratrol synthase, ARO7: chorismate mutase, C4H: cinnamate-4-

hydroxylase, ACS: acetyl-CoA synthase ATR2: NADPH-cytochrome P450 reductase 2, CYB5: 

cytochrome b5, ARO10: transaminated amino acid decarboxylase, PEX10: peroxisomal 

biogenesis factor 10, xfpK/xpkA: phosphoketolase, ARO1: multifunctional AROM complex, 

ARO2: bifunctional chorismate synthase and flavin reductase, ARO8: aromatic 

aminotransferase I, ARO9: aromatic aminotransferase II, TRP2: anthranilate synthase, TRP3: 

indole-3-glycerol-phosphate synthase, PYK: pyruvate kinase, PHA2: prephenate dehydratase, 

fbr: feed-back resistant, *:multiple modifications, refer to publication. 

 

Microbial 
host 

Genetic modifications 
Titer 
(mg/L) 

Substrate/precursor Reference 

E. coli 
4CL (N. tabacum) 
STS (V. vinifera) 

16 p-coumaric acid 
(Beekwilder et al., 
2006) 

E. coli 
4CL (A. thaliana) 
STS (A. hypogaea) 

100 p-coumaric acid (Watts et al., 2006) 

E. coli 

PAL (R. rubra) 
4CL (L. erythrorhizon) 
STS (A. hypogaea) 
ACC (C. glutamicum) 

37 L-tyrosine 
(Katsuyama et al., 
2007a) 

E. coli 
4CL (L. erythrorhizon) 
STS (A. hypogaea) 
ACC (C. glutamicum) 

171 p-coumaric acid 
(Katsuyama et al., 
2007b) 

E. coli TAL (S. espanaensis) 1.4 p-coumaric acid (Choi et al., 2011) 
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4CL (S. coelicolor) 
STS (A. hypogaea) 

E. coli 
4CL (A. thaliana) 
STS (V. vinifera) 

2300 p-coumaric acid (Lim et al., 2011) 

E. coli 

TAL (R. glutinis) 
4CL (P. crispum) 
STS (V. vinifera) 
matB and matC (R. trifolii) 

35.02 L-tyrosine (Wu et al., 2013) 

E. coli 

4CL (A. thaliana) 
STS (V. vinifera) 
ΔfumC 
Overexpression of gapA, pgk, 
PDH complex 

1600 p-coumaric acid (Bhan et al., 2013) 

E. coli 
TAL (S. espanaensis) 
4CL (S. coelicolor) 
STS (A. hypogaea) 

5.2 Glucose (Kang et al., 2014) 

E. coli 
4CL (P. crispum) 
STS (V. vinifera) 
fabD downregulation 

268.2 p-coumaric acid (Yang et al., 2015) 

E. coli 
4CL (A. thaliana) 
STS (A. hypogaea) 
(Fusion enzyme) 

80.5 p-coumaric acid (Zhang et al., 2015) 

E. coli 
TAL (S. espanaensis) 
4CL (A. thaliana) 
STS (A. hypogaea) 

114.4 L-tyrosine (Wang et al., 2015) 

E. coli 
4CL (A. thaliana) 
STS (A. hypogaea) 

160 p-coumaric acid 
(Afonso et al., 
2015) 

E. coli 

TAL (R. glutinis) 
4CL (S. coelicolor) 
STS (V. vinifera) 
Overexpression of tktAfbr and 
aroGfbr 
ΔpheA 

22.6 Glycerol 
(Camacho-
Zaragoza et al., 
2016) 

E. coli 

TAL (R. glutinis) 
4CL (P. crispum) 
STS (V. vinifera) 
ΔtyrR and ΔtrpED 

4.612 Glucose (Liu et al., 2016) 

E. coli 

TAL (T. cutaneum) 
4CL (P. crispum) 
STS (V. vinifera) 
matB and matC (R. trifolii) 
tyrAfbr and aroGfbr (E. coli) 
Down-regulation of 
fabD, fabH, fabB, fabF, fabI 
Optimized expression of TAL 
mRNA secondary structure 

304.5 Glucose (Wu et al., 2017) 

C. 
glutamicum 

STS (A. hypogaea) 
4CL (P. crispum) 
* 

158 p-coumaric acid 
(Kallscheuer et al., 
2016) 

C. 
glutamicum 

TAL (F. johnsoniae) 
4CL (P. crispum) 
STS (A. hypogaea) 
aroH (E. coli) 
* 

12 Glucose (Braga et al., 2018) 

L. lactis 
TAL, 4CL, STS, ACC 
(different sources) 

1.27 Glucose 
(Gaspar et al., 
2016) 

S. venezuelae 
STS (A. hypogaea) 
4CL (S. coelicolor) 
Pikromycin pks deletion 

0.4 p-coumaric acid (Park et al., 2009) 

S. cerevisiae 
4CL (Populus trichocarpa × 
Populus deltoids) 
STS (Vitis vinifera) 

1.45 
(µg/L) 

p-coumaric acid 
(Becker et al., 
2003) 

S. cerevisiae 
4CL (N. tabacum) 
STS (V. vinifera) 

6 p-coumaric acid 
(Beekwilder et al., 
2006) 

S. cerevisiae 
4CL (A. thaliana) 
STS (V. vinifera) 
(fusion enzyme) 

5.25 p-coumaric acid 
(Zhang et al., 
2006) 
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S. cerevisiae 

PAL, CPR (Populus 
trichocarpa × P. deltoides) 
C4H, 4CL (Glycine max) 
RS (Vitis vinifera) 

0.31 p-coumaric acid 
(Trantas et al., 
2009) 

S. cerevisiae 
4CL (A. thaliana) 
STS (V. vinifera) 

391 p-coumaric acid (Sydor et al., 2010) 

S. cerevisiae 

TAL (R. sphaeroides) 
4CL::STS (A. thaliana, V. 
vinífera; fusion enzyme) 
araE (E. coli) 

3.1 p-coumaric acid (Wang et al., 2011) 

S. cerevisiae 
4CL1 (A. thaliana) 
STS (A. hypogaea) 

3.1 p-coumaric acid (Shin et al., 2011) 

S. cerevisiae 

PAL (R. toruloides) 
4CL (A. thaliana) 
STS (A. hypogaea) 
ACC1 overexpression 

5.8 L-tyrosine (Shin et al., 2012) 

S. cerevisiae 

TAL (H. aurantiacus) 
4CL (A. thaliana) 
VST (V. vinifera) 
ARO4fbr, ARO7fbr, ACC1 

531.41 Ethanol (Li et al., 2015) 

S. cerevisiae 

PAL (A. thaliana) 
C4H (A. thaliana) 
4CL (A. thaliana) 
VST (V. vinifera) 
ACS (S. enterica) 
ATR2 (A. thaliana) 
Overexpression of ARO4fbr, 
ARO7fbr, CYB5, and ACC1 
ΔARO10 

812 Glucose (Li et al., 2016) 

Y. lipolytica 
PAL (R. glutinis) 
4CL (S. coelicolor) 
STS (V. vinifera) 

1.4 L-tyrosine 
(Huang et al., 
2006) 

Y. lipolytica 

4CL (N. tabacum) 
STS (A. hypogaea) 
Overexpression of PEX10 
and ACC1 

48.7 p-coumaric acid 
(Palmer et al., 
2020) 

Y. lipolytica 

TAL (R. toruloides) 
4CL (P. crispum) 
VST (V. vinifera) 
ARO4fbr (S. cerevisiae) 
aroGfbr (E. coli) 
xfpK (B. breve) 
xpkA (A. capsulatum) 
Overexpression of ARO1, 
ARO2, ARO3, ARO4, ARO5, 
TKT 
Deletion of TRP2, TRP3, 
ARO8, ARO9, PYK, PHA2 

12.67 Glucose (Gu et al., 2020) 

Y. lipolytica 

TAL (F. johnsoniae) 
4CL (A. thaliana) 
VST (V. vinifera) 
Overexpression ARO4fbr, 
ARO7fbr 

12355 Glucose This study 
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Supplementary information 2 

Strains, plasmids, biobricks, primers and DNA fragments used in this study. 

 

Supplementary Table S2. Strains used in this study. 

Strain 
name 

Genotype 
Parent 
strain 

Repair 
vector 

gRNA vector Source 

ST6512 
MATa ku70∆::PrTEF1-cas9-TTef12::PrGPD-dsdAMX-TLip2 
(MATa ku70∆::SpCas9-EcDsdAMX4) 

W29 (Y-

63746) 
  

(Marella et al., 

2019) 

ST8950 
MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::TPex20-PpPchB-PrGPD-PrTEFintron-EcEntC-TLip2 

ST6512 pCfB8811 pCfB6627 This study 

ST8951 
MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 

ST6512 pCfB8812 pCfB6627 This study 

ST8952 
MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-HaTAL-TLip2 

ST6512 pCfB8815 pCfB6627 This study 

ST8953 
MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 

ST8951 pCfB8816 pCfB6630 This study 

ST8954 
MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL 
IntC3::TPex20-VvVST1-PrGPD-PrTEFintron-At4CL1-TLip2 

ST8951 pCfB8817 pCfB6630 This study 

ST8955 
MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-HaTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 

ST8952 pCfB8816 pCfB6630 This study 

ST8956 
MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-HaTAL 
IntC3::TPex20-VvVST1-PrGPD-PrTEFintron-At4CL1-TLip2 

ST8952 pCfB8817 pCfB6630 This study 

ST8957 
MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-PaAroZ-TLip2 

ST6512 pCfB8813 pCfB6631 This study 

ST8958 
MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-PaAroZ-TLip2 
IntC3::TPex20-KpAroY.D-PrGPD-PrTEFintron-KpAroY.Ciso-TLip2 

ST8957 pCfB8842 pCfB6631 This study 

ST8959 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-PaAroZ-TLip2 
IntC3::TPex20-KpAroY.D-PrGPD-PrTEFintron-KpAroY.Ciso-TLip2 
IntD1::TPex20-CaCatA-PrGPD-PrTEFintron-KpAroY.B-TLip2 

ST8958 pCfB8814 pCfB6631 This study 

ST9153 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-YlARO7G139S-PrGPD-PrTEFintron-YlARO4K221L-TLip2 

ST8953 pCfB8977 pCfB6677 This study 

ST9178 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-ScARO7G141S-PrGPD-PrTEFintron-ScARO4K229L-TLip2 

ST8953 pCfB9009 pCfB8858 This study 

ST9185 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-YlARO7G139S-PrGPD-PrTEFintron-YlARO4K221L-TLip2 
aro10∆ 

ST9153 BB4039 pCfB9010 This study 

ST9186 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-YlARO7G139S-PrGPD-PrTEFintron-YlARO4K221L-TLip2 
pdc5∆ 

ST9153 BB4042 pCfB9011 This study 

ST9187 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-YlARO7G139S-PrGPD-PrTEFintron-YlARO4K221L-TLip2 
aro10∆ pdc5∆ 

ST9186 BB4039 pCfB9015 This study 

ST9188 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-YlARO7G139S-PrGPD-PrTEFintron-YlARO4K221L-TLip2 
aro10∆ pdc5∆ 
IntD1::PrTEFintron-YlACC1S667A,S1178A-TLip2 

ST9187 pCfB9035 pCfB6631 This study 

ST9189 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-YlARO7G139S-PrGPD-PrTEFintron-YlARO4K221L-TLip2 
IntD1::PrTEFintron-YlACC1S667A,S1178A-TLip2 

ST9153 pCfB9035 pCfB6631 This study 

ST9190 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-ScARO7G141S-PrGPD-PrTEFintron-ScARO4K229L-TLip2 
aro10∆ 

ST9178 BB4039 pCfB9010 This study 

ST9191 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-ScARO7G141S-PrGPD-PrTEFintron-ScARO4K229L-TLip2 
pdc5∆ 

ST9178 BB4042 pCfB9011 This study 
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ST9192 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-ScARO7G141S-PrGPD-PrTEFintron-ScARO4K229L-TLip2 
aro10∆ pdc5∆ 

ST9190 BB4042 pCfB9016 This study 

ST9193 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-ScARO7G141S-PrGPD-PrTEFintron-ScARO4K229L-TLip2 
aro10∆ pdc5∆ 
IntD1::PrTEFintron-YlACC1S667A,S1178A-TLip2 

ST9192 pCfB9035 pCfB6631 This study 

ST9194 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-ScARO7G141S-PrGPD-PrTEFintron-ScARO4K229L-TLip2 
IntD1::PrTEFintron-YlACC1S667A,S1178A-TLip2 

ST9178 pCfB9035 pCfB6631 This study 

ST9537 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-YlARO7G139S-PrGPD-PrTEFintron-YlARO4K221L-TLip2 
IntE4::TPex20-FjTAL-PrTEFintron-TPex20-At4CL1-PrGPD- 
PrTEFintron-VvVST1-TLip2 

ST9153 pCfB9178 pCfB6638 This study 

ST9538 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-ScARO7G141S-PrGPD-PrTEFintron-ScARO4K229L-TLip2 
IntE4::TPex20-FjTAL-PrTEFintron-TPex20-At4CL1-PrGPD- 
PrTEFintron-VvVST1-TLip2 

ST9178 pCfB9178 pCfB6638 This study 

ST9585 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-YlARO7G139S-PrGPD-PrTEFintron-YlARO4K221L-TLip2 
IntE4,D1::TPex20-FjTAL-PrTEFintron-TPex20-At4CL1-PrGPD- 
PrTEFintron-VvVST1-TLip2 

ST9537 pCfB9180 pCfB6631 This study 

ST9586 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-ScARO7G141S-PrGPD-PrTEFintron-ScARO4K229L-TLip2 
IntE4,D1::TPex20-FjTAL-PrTEFintron-TPex20-At4CL1-PrGPD- 
PrTEFintron-VvVST1-TLip2 

ST9538 pCfB9180 pCfB6631 This study 

ST9616 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-YlARO7G139S-PrGPD-PrTEFintron-YlARO4K221L-TLip2 
IntE4,D1,E3::TPex20-FjTAL-PrTEFintron-TPex20-At4CL1-PrGPD- 
PrTEFintron-VvVST1-TLip2 

ST9585 pCfB9179 pCfB6637 This study 

ST9617 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-ScARO7G141S-PrGPD-PrTEFintron-ScARO4K229L-TLip2 
IntE4,D1::TPex20-FjTAL-PrTEFintron-TPex20-At4CL1-PrGPD- 
PrTEFintron-VvVST1-TLip2 

ST9586 pCfB9179 pCfB6637 This study 

ST9663 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE4::TPex20-FjTAL-PrTEFintron-TPex20-At4CL1-PrGPD- 
PrTEFintron-VvVST1-TLip2 

ST8953 pCfB9178 pCfB6638 This study 

ST9664 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-YlARO7G139S-PrGPD-PrTEFintron-YlARO4K221L-TLip2 
IntE4,D1,E3,F3::TPex20-FjTAL-PrTEFintron-TPex20-At4CL1-
PrGPD- 
PrTEFintron-VvVST1-TLip2 

ST9616 pCfB9316 pBP8003 This study 

ST9671 

MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 
IntE1::TPex20-YlARO7G139S-PrGPD-PrTEFintron-YlARO4K221L-TLip2 
IntE4,D1,E3,F3,A1::TPex20-FjTAL-PrTEFintron-TPex20-At4CL1-
PrGPD-PrTEFintron-VvVST1-TLip2 

ST9664 pCfB9315 pBP7995 This study 

ST10246 
MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 

ST8953 pCfB8976 pCfB6633 This study 

ST10247 
MATa ku70∆::SpCas9-EcDsdAMX4 
IntC2::PrTEFintron-FjTAL-TLip2 
IntC3::TPex20-At4CL1-PrGPD-PrTEFintron-VvVST1-TLip2 

ST8953 pCfB9008 pCfB6633 This study 

 

 

Supplementary Table S3: Plasmids used in this study. 

Plasmid Description 
Parental 
vector 

BioBricks Source 

pCfB826 
X-4-LoxP-HphMXsyn-ScARO7pm<-pTEF1-pPGK1-
>ScARO4pm 

See ref. See ref. 
(Rodriguez et al., 
2015) 

pCfB3405 pORI1001-Nat-CEN1-USER See ref. See ref. 
(Holkenbrink et al., 
2018) 
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pCfB6371 pIntC_3-TPex20-TLip2 See ref. See ref. 
(Holkenbrink et al., 
2018) 

pCfB6627 pNat-YLgRNA2_IntC_2 See ref. See ref. 
(Holkenbrink et al., 
2018) 

pCfB6630 pNat-YLgRNA3_IntC_3 See ref. See ref. 
(Holkenbrink et al., 
2018) 

pCfB6631 pNat-YLgRNA2_IntD_1 See ref. See ref. 
(Holkenbrink et al., 
2018) 

pCfB6633 pNat-YLgRNA2_IntE_1 See ref. See ref. 
(Holkenbrink et al., 
2018) 

pCfB6637 pNat-YLgRNA2_IntE_3 See ref. See ref. 
(Holkenbrink et al., 
2018) 

pCfB6638 pNat-YLgRNA2_IntE_4 See ref. See ref. 
(Holkenbrink et al., 
2018) 

pCfB6677 pIntE_1-TPex20-TLip2 See ref. See ref. 
(Holkenbrink et al., 
2018) 

pCfB6682 pIntC_2-TPex20-TLip2 See ref. See ref. 
(Holkenbrink et al., 
2018) 

pCfB6684 pIntD_1-TPex20-TLip2 See ref. See ref. 
(Holkenbrink et al., 
2018) 

pCfB6679 pIntE_4-TPex20-TLip2 See ref. See ref. 
(Holkenbrink et al., 
2018) 

pCfB6681 pIntE_3-TPex20-TLip2 See ref. See ref. 
(Holkenbrink et al., 
2018) 

pCfB8681 pIntE_3-TPex20-PrTEFin->YlACC1->TLip2 N/A N/A 
In-house 
(unpublished) 

pCfB8811 
pIntC_2-TPex20<-PpPchB<-PrGPD::PrTEFin-
>EcEntC->TLip2 

pCfB6682 
BB3855, BB3907, BB3909. 
BB3910 

This study 

pCfB8812 pIntC_2-TPex20-PrTEFin->FjTAL->TLip2 pCfB6682 BB3855, BB3908, BB3911 This study 

pCfB8813 pIntC_2-TPex20-PrTEFin->PaAroZ->TLip2 pCfB6682 BB3855, BB3908, BB3917 This study 

pCfB8814 
pIntD_1-TPex20<-CaCatA<-PrGPD::PrTEFin-
>KpAroY.B->TLip2 

pCfB6684 
BB3857, BB3907, BB3918, 
BB3921 

This study 

pCfB8815 pIntC_2-TPex20-PrTEFin->HaTAL->TLip2 pCfB6682 BB3855, BB3908, BB3912 This study 

pCfB8816 
pIntC_3-TPex20<-At4CL1<-PrGPD::PrTEFin-
>VvVST1->TLip2 

pCfB6371 
BB3856, BB3907, BB3913, 
BB3914 

This study 

pCfB8817 
pIntC_3-TPex20<-VvVST1<-PrGPD::PrTEFin-
>At4CL1->TLip2 

pCfB6371 
BB3856, BB3907, BB3915, 
BB3916 

This study 

pCfB8842 
pIntC_3-TPex20<-KpAroY.D<-PrGPD::PrTEFin-
>KpAroY.Ciso->TLip2 

pCfB6371 
BB3856, BB3907, BB3919, 
BB3920 

This study 

pCfB8843 pORI1001-Hyg-CEN1-USER N/A N/A 
In-house 
(unpublished) 

pCfB8858 pHphM-YLgRNA2_IntE_1 N/A N/A 
In-house  
(unpublished) 

pCfB8976 pInt E_1-TPex20-PrTEFin->YlARO4_K221L->tLip2 pCfB6677 BB4028, BB3908, BB4031 This study 

pCfB8977 
pIntE_1-TPex20<-YlARO7G139S<-PrGPD::PrTEFin-
>YlARO4K221L->TLip2 

pCfB6677 
BB4028, BB3907, BB4031, 
BB4034 

This study 

pCfB9008 pIntE_1-TPex20-PrTEFin->ScARO4_K229L->TLip2 pCfB6677 BB4028, BB3908, BB4035 This study 

pCfB9009 
pIntE_1-TPex20<-ScARO7G141S<-PrGPD::PrTEFin-
>ScARO4K229L->TLip2 

pCfB6677 
BB4028, BB3907, BB4035, 
BB4036 

This study 

pCfB9010 pNat-gRNA-YALI1_D08884g pCfB3405 BB4050 This study 

pCfB9011 pNat-gRNA-YALI1_D12832g pCfB3405 BB4051 This study 

pCfB9015 pHphM-gRNA-YALI1_D08884g pCfB8843 BB4050 This study 

pCfB9016 pHphM-gRNA-YALI1_D12832g pCfB8843 BB4051 This study 

pCfB9035 
pIntD_1-TPex20-PrTEFin->YlACC1_S667A+S1178A-
>TLip2 

pCfB6684 BB3857, BB4045, BB4049 This study 

pCfB9178 
pIntE_4-TPex20<-FjTAL<-PrTEFin, 
<-TPex20<-At4CL1-PrGPD,PrTEFin->VvVST1-
>TLip2-> 

pCfB6679 BB4154, BB4156, BB4157 This study 

pCfB9179 
pIntE_3-TPex20<-FjTAL<-PrTEFin 
<-TPex20<-At4CL1-PrGPD,PrTEFin->VvVST1-
>TLip2-> 

pCfB6681 BB4153, BB4156, BB4157 This study 

pCfB9180 
pIntD_1-TPex20<-FjTAL<-PrTEFin, 
<-TPex20<-At4CL1-PrGPD,PrTEFin->VvVST1-
>TLip2-> 

pCfB6684 BB3857, BB4156, BB4157 This study 

pCfB9315 
pIntA_1-TPex20<-FjTAL<-PrTEFin, 
<-TPex20<-At4CL1-PrGPD,PrTEFin->VvVST1-
>TLip2-> 

pBP8006 BB4322, BB4156, BB4157 This study 

pCfB9316 
pIntF_3-TPex20<-FjTAL<-PrTEFin, 
<-TPex20<-At4CL1-PrGPD,PrTEFin->VvVST1-
>TLip2-> 

pBP8009 BB4323, BB4156, BB4157 This study 

pBP7995 pNat-YLgRNA5-IntA_1 N/A N/A BioPhero ApS 

pBP8003 pNat-YLgRNA4-IntF_3 N/A N/A BioPhero ApS 

pBP8006 pIntA_1-TPex20-TLip2 N/A N/A BioPhero ApS 

pBP8009 pIntF_3-TPex20-TLip2 N/A N/A BioPhero ApS 
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Supplementary Table S4: Biobricks used in this study. 

BioBrick Description PCR template 
Forward 
primer 

Reverse 
primer 

BB3855 pIntC_2 backbone pCfB6682 PR-23963 PR-23968 

BB3856 pIntC_3 backbone pCfB6371 PR-23963 PR-23968 

BB3857 pIntD_1 backbone pCfB6684 PR-23963 PR-23968 

BB3905 PrTEFin-> gDNA ST6512 PR-23966 PR-23967 

BB3906 <-PrGPD gDNA ST6512 PR-23964 PR-23965 

BB3907 <-PrGPD::PrTEFin-> BB3905+BB3906 PR-23965 PR-23967 

BB3908 PrTEFin-> gDNA ST6512 PR-23995 PR-23967 

BB3909 <-PpPchB PpPchB GeneArt DNA String PR-23973 PR-23974 

BB3910 EcEntC-> (PrTEFin) EcEntC GeneArt DNA String PR-24286 PR-23976 

BB3911 FjTAL-> (PrTEFin) FjTAL GeneArt DNA String PR-24287 PR-23997 

BB3912 HaTAL-> (PrTEFin) HaTAL GeneArt DNA String PR-24290 PR-23999 

BB3913 <-At4CL1 At4CL1 GeneArt DNA String PR-23977 PR-23978 

BB3914 VvVST1-> (PrTEFin) VvVST1 GeneArt DNA String PR-24291 PR-23980 

BB3915 <-VVVST1 VvVST1 GeneArt DNA String PR-23983 PR-23984 

BB3916 At4CL1-> (PrTEFin) At4CL1 GeneArt DNA String PR-24292 PR-23982 

BB3917 PaAroZ-> (PrTEFin) PaAroZ GeneArt DNA String PR-24288 PR-24002 

BB3918 KpAroY.B-> (PrTEFin) KpAroY.B GeneArt DNA String PR-24289 PR-23994 

BB3919 KpAroY.Ciso-> (PrTEFin) KpAroY.Ciso GeneArt DNA String PR-24293 PR-23989 

BB3920 <-KpAroY.D KpAroY.D GeneArt DNA String PR-23986 PR-23987 

BB3921 <-CaCatA CaCatA GeneArt DNA String PR-23991 PR-23992 

BB4028 pIntE_1 backbone pCfB6677 PR-23963 PR-23968 

BB4029 YlARO4K229L, part 1 gDNA ST6512 PR-24549 PR-24550 

BB4030 YlARO4K229L, part 2 gDNA ST6512 PR-24551 PR-24552 

BB4031 YlARO4K229L-> (PrTEFin) BB4029+BB4030 PR-24549 PR-24552 

BB4032 YlARO7G139S, part 1 gDNA ST6512 PR-24553 PR-24554 

BB4033 YlARO7G139S, part 2 gDNA ST6512 PR-24555 PR-24556 

BB4034 <-YlARO7G139S BB4032+BB4033 PR-24553 PR-24556 

BB4035 ScARO4K229L-> (PrTEFin) pCfB826 PR-24589 PR-24590 

BB4036 <-ScARO7G141S pCfB826 PR-24591 PR-24592 

BB4037 ARO10_Up gDNA ST6512 PR-24567 PR-24568 

BB4038 ARO10_Down gDNA ST6512 PR-24569 PR-24570 

BB4039 ARO10_FullRepair BB4037+BB4038 PR-24567 PR-24570 

BB4040 PDC5_Up gDNA ST6512 PR-24575 PR-24576 

BB4041 PDC5_Down gDNA ST6512 PR-24577 PR-24578 

BB4042 PDC5_FullRepair BB4040+BB4041 PR-24575 PR-24578 

BB4043 PrTEFin+YlACC1-Ex1 pCfB8681 PR-23995 PR-24667 

BB4044 YlACC1-Ex2 gDNA ST6512 PR-24668 PR-24669 

BB4045 PrTEFin+YlACC1-Ex1-Ex2 BB4043+4044 PR-23995 PR-24669 

BB4046 YlACC1-Ex3-Part1 gDNA ST6512 PR-24670 PR-18559 

BB4047 YlACC1-Ex3-Part2 gDNA ST6512 PR-18558 PR-18561 

BB4048 YlACC1-Ex3-Part3 gDNA ST6512 PR-18560 PR-24671 

BB4049 YlACC1-Ex3-S667A,S1178A BB4046+BB4047+BB4048 PR-24670 PR-24671 

BB4050 gRNA-ARO10-single 
BB1635+BB1636+PR-24565+PR-
24566 

PR-10607 PR-10604 
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BB4051 gRNA-PDC5-single 
BB1635+BB1636+PR-24567+PR-
24568 

PR-10607 PR-10604 

BB4153 pIntE_3 backbone pCfB6681 PR-23963 PR-23968 

BB4154 pIntE_4 backbone pCfB6679 PR-23963 PR-23968 

BB4155 pIntF_3 backbone pBP8009 PR-23963 PR-23968 

BB4156 <-FjTAL-PrTEFin pCfB8812 PR-25054 PR-25055 

BB4157 
<At4CL1-PrGPD::PrTEFin-
>VvVST1->) 

pCfB8816 PR-25056 PR-23980 

BB4322 pIntA_1 backbone pBP8006 PR-23963 PR-23968 

 

Table S5: Primers used in this study. 

Primer Sequence Description 

PR-10604 
CACGCGAUACCGTACCCACACAAAAAAAGCACC
ACCGACTC 

Reverse primer for the amplification of crRNA-TRPR 

PR-10607 CGTGCGAUAGTGAATCATTGCTAACAGATC Forward primer for the amplification of PrtRNAGly 

PR-15788 TAACCAACCUGCGCCGACCCGGAATCGAAC Reverse primer for the amplification of PrtRNAGly 

PR-15789 GTTTTAGAGCUAGAAATAGCAAGTTAAAATAAG Forward primer for the amplification of crRNA-TRPR 

PR-15790 AGTGCAGGUAGTGAATCATTGCTAACAGATC 
Forward primer for the amplification of gRNA cassette in 
position 2 

PR-15791 ACCTGCACUACCGTACCCACACAAAAAAAGCAC 
Reverse primer for the amplification of gRNA cassette in 
position 2 

PR-18558 ACCTCTTGCUGACGGTGGTATTCTGTGTCT Forward primer for YlACC1 point mutation 1 in exon 3 

PR-18559 AGCAAGAGGUCTAACTCCAATGTCGCATCG Reverse primer for YlACC1 point mutation 1 in exon 3 

PR-18560 ATGCCGTCUCCGACTTTTCGTACACCGTT Forward primer for YlACC1 point mutation 2 in exon 3 

PR-18561 AGACGGCAUCAGCTCGAGACACCGAGG Reverse primer for YlACC1 point mutation 2 in exon 3 

PR-23963 ATCGCACGUAAGTGTGGATGGGGAAGTGAGT 
Forward primer for amplification of EasyCloneYALI integrative 
vectors 

PR-23964 ATCAGTAGCUGACGCAGTAGGATGTCCTGCA 
Forward primer for amplification of PrGPD, position 1. Double 
promoter 

PR-23965 
ACCTGCACUTGTTGATGTGTGTTTAATTCAAGA
ATGAAT 

Reverse primer for amplification of PrGPD, position 1. Double 
promoter 

PR-23966 AGCTACTGAUAGAGACCGGGTTGGCGGC 
Forward primer for amplification of PrTEFin, position 2. Double 
promoter 

PR-23967 AGTACTGCAAAAAGUGCTGGTCGGA 
Reverse primer for amplification of PrTEFin, position 2. Double 
promoter 

PR-23968 
ATCGCGTGUCTTCTGTTCGGAATCAACCTCAAG
G 

Reverse primer for amplification of EasyCloneYALI integrative 
vectors 

PR-23973 ACGTGCGAUTTACTCGTCCTGGGCGCCC Reverse primer for amplification of PpPchB in position 1 

PR-23974 
AGTGCAGGUGCCACAATGAACTTCCCTCTGGTG
GACC 

Forward primer for amplification of PpPchB in position 1 

PR-23976 ACACGCGAUTTAGTGCAGGCCGAACACGT Reverse primer for amplification of EcEntC in position 2 

PR-23977 
AGTGCAGGUGCCACAATGGCTCCCCAAGAGCAG
G 

Forward primer for amplification of At4CL1 in position 1 

PR-23978 ACGTGCGAUTTACAGGCCGTTAGCCAGCT Reverse primer for amplification of At4CL1 in position 1 

PR-23980 ACACGCGAUTTAGTTGGTCACGGTGGGCAC Reverse primer for amplification of VvVST1 in position 2 

PR-23982  ACACGCGAUTTACAGGCCGTTAGCCAGCTT Reverse primer for amplification of At4CL1 in position 2 

PR-23983 
AGTGCAGGUGCCACAATGGCCTCTGTGGAAGA
GTTCC 

Forward primer for amplification of VvVST1 in position 1 

PR-23984 ACGTGCGAUTTAGTTGGTCACGGTGGGCA Reverse primer for amplification of VvVST1 in position 1 

PR-23986 
AGTGCAGGUGCCACAATGATCTGTCCCCGATGC
G 

Forward primer for amplification of KpAroY.D in position 1 

PR-23987 ACGTGCGAUTTATCGCTTGTCCTCGGGCAG Reverse primer for amplification of KpAroY.D in position 1 

PR-23989 ACACGCGAUTTACTTGGCAGAGCCCTGGT Reverse primer for amplification of KpAroY.Ciso in position 2 

PR-23991 
AGTGCAGGUGCCACAATGTCTCAGGCCTTCACC
GA 

Forward primer for amplification CaCatA in position 1 

PR-23992 ACGTGCGAUTTACAGCTTGATCTCGGCGTCC Reverse primer for amplification of CaCatA in position 1 

PR-23994 ACACGCGAUTTACTCGATCTCTTGGGCGAACTG Reverse primer for amplification of KpAroY.B in position 2 

PR-23995 ACGTGCGAUAGAGACCGGGTTGGCGGC 
Forward primer for amplificatio of PrTEFin in position 2, single 
promoter 
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PR-23997 
ACACGCGAUCTAGTTGTTAATCAGATGGTCCTT
GACCTTC 

Reverse primer for amplification of FjTAL in position 2 

PR-23999 
ACACGCGAUTTATCGGAACAGGATGATGGATCG
C 

Reverse primer for amplification of HaTAL in position 2 

PR-24002 ACACGCGAUTTACAGGGCAGCAGACAGAGAC Reverse primer for amplification of PaAroZ in position 2 

PR-24286 
ACTTTTTGCAGTACUAACCGCAGGACACCTCTC
TGGCCGAAGAG 

Forward primer for amplification of EcEntC in position 2, under 
control of PrTEFin 

PR-24287 
ACTTTTTGCAGTACUAACCGCAGAACACCATCA
ACGAGTACCTGTCT 

Forward primer for amplification of FjTAL in position 2, under 
control of PrTEFin 

PR-24288 
ACTTTTTGCAGTACUAACCGCAGCCCTCTAAGC
TGGCCATCAC 

Forward primer for amplification of PaAroZ in position 2, under 
control of PrTEFin 

PR-24289 
ACTTTTTGCAGTACUAACCGCAGAAGCTGATCA
TCGGTATGACTGGT 

Forward primer for amplification of KpAroY.B in position 2, 
under control of PrTEFin 

PR-24290 
ACTTTTTGCAGTACUAACCGCAGTCTACCACTCT
GATCCTGACCGG 

Forward primer for amplification of HaTAL in position 2, under 
control of PrTEFin 

PR-24291 
ACTTTTTGCAGTACUAACCGCAGGCCTCTGTGG
AAGAGTTCCGA 

Forward primer for amplification of VvVST1 in position 2, under 
control of PrTEFin 

PR-24292 
ACTTTTTGCAGTACUAACCGCAGGCTCCCCAAG
AGCAGGCC 

Forward primer for amplification of At4CL1 in position 2, under 
control of PrTEFin 

PR-24293 
ACTTTTTGCAGTACUAACCGCAGACCGCTCCTA
TCCAGGACC 

Forward primer for amplification of KpAroY.Ciso in position 2, 
under control of PrTEFin 

PR-24549 
ACTTTTTGCAGTACUAACCGCAGTCCCGTTCCTC
CTCTCCCAAC 

Forward primer for amplification of YlARO4 part 1 with point 
mutation 

PR-24550 ACACCCAUGAAGTGGTGAGGGT 
Reverse primer for amplification of YlARO4 part 1 with point 
mutation 

PR-24551 ATGGGTGUCACCCTGCAGGGTGTTGCCGCCATC 
Forward primer for amplification of YlARO4 part 2 with point 
mutation 

PR-24552 ACACGCGAUTTAGTTCTTGTTTCGTCGCTCCT 
Reverse primer for amplification of YlARO4 part 2 with point 
mutation 

PR-24553 
AGTGCAGGUGCCACAATGGACTTCACTAAAGCC
GACACC 

Forward primer for amplification of YlARO7 part 1 with point 
mutation 

PR-24554 ACCGAGGAAUAGTTCTCGGGCTGATCTCCA 
Reverse primer for amplification of YlARO7 part 1 with point 
mutation 

PR-24555 ATTCCTCGGUCATGGTGTGCGACATC 
Forward primer for amplification of YlARO7 part 2 with point 
mutation 

PR-24556 ACGTGCGAUCTACTCCAACCGCCGGAGCA 
Reverse primer for amplification of YlARO7 part 2 with point 
mutation 

PR-24565 GAAGTGGACTAAGTTGCTGGGTTTTAGAGCT gRNA forward primer for ARO10 

PR-24566 CCAGCAACTTAGTCCACTTCTAACCAACCT gRNA reverse primer for ARO10 

PR-24567 TGCATCTGGCTCTAAATGTCTCC 
Forward primer for amplification of ARO10 upstream homology 
arm 

PR-24568 ATGTTGAUAGTCAAGTCACTGGAGAGATG 
Reverse primer for amplification of ARO10 upstream homology 
arm 

PR-24569 ATCAACAUGATGAGATTGAGCGGAGCG 
Forward primer for amplification of ARO10 downstream 
homology arm 

PR-24570 TCGGCTACCGGTTTGACTCAC 
Reverse primer for amplification of ARO10 downstream 
homology arm 

PR-24573 TGTACAATGTCGACATGCGGGTTTTAGAGCT gRNA forward primer for PDC5 

PR-24574 CCGCATGTCGACATTGTACATAACCAACCT gRNA reverse primer for PDC5 

PR-24575 TCAGGCGTTGCTTTTGCTCC 
Forward primer for amplification of PDC5 upstream homology 
arm 

PR-24576 ATGCTGGTUAGCAAGTCAAGTTAGGTTTTGGG 
Reverse primer for amplification of PDC5 upstream homology 
arm 

PR-24577 
AACCAGCAUTATAGATGAATCATTTAAAAAGAG
ATGACTTGTAG 

Forward primer for amplification of PDC5 downstream 
homology arm 

PR-24578 TTCGCCATTCCCGCTCATTC 
Reverse primer for amplification of PDC5 downstream homology 
arm 

PR-24589 
ACTTTTTGCAGTACUAACCGCAGAGTGAATCTC
CAATGTTCGCTGC 

Forward primer for amplification of ScARO4K229L in position 2 
with PrTEFin 

PR-24590 
ACACGCGAUTCATTTCTTGTTAACTTCTCTTCTT
TGTCTGACAG 

Reverse primer for amplification of ScARO4K229L in position 2 
with PrTEFin 

PR-24591 
AGTGCAGGUGCCACAATGGATTTCACAAAACCA
GAAACTGTTTTAAATC 

Forward primer for amplification of ScARO7G141S in position 1 

PR-24592 
ACGTGCGAUTTACTCTTCCAACCTTCTTAGCAA
GTATTCC 

Reverse primer for amplification of ScARO7G141S in position 1 

PR-24667 AGCCATACUGAAAAACCGACGTGTTAGTGTCC Reverse primer for amplification of exon 1 in YlACC1 

PR-24668 AGTATGGCUTCAGGATCTTCAACGC Forward primer for amplification of exon 2 in YlACC1 

PR-24669 
ATGAGGACCUTGTTGATAACTGTATGACCTCCG
TG 

Reverse primer for amplification of exon 2 in YlACC1 

PR-24670 AGGTCCTCAUCGCTAACAACGGTATTG Forward primer for amplification of exon 3 in YlACC1 

PR-24671 ACACGCGAUTCACAACCCCTTGAGCAGCTC Reverse primer for amplification of exon 3 in YlACC1 
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PR-25054 
ACGTGCGAUCTAGTTGTTAATCAGATGGTCCTT
GACCTTC 

Forward primer to amplify fused PrTEFin-FjTAL 

PR-25055 AGCATAAGUAGAGACCGGGTTGGCGGC Rerverse primer to amplify fused PrTEFin-FjTAL 

PR-25056 
ACTTATGCUACGCAACTAACATGAATGAATACG
ATATACATC 

Forward primer to amplify whole expression cassette from 
pCfB8816 

 

Supplementary Table S6: Codon-optimized genes for Y. lipolytica used in this 

study. 

HaTAL ATGTCTACCACTCTGATCCTGACCGGCGAAGGCCTGGGCATCGACGACGTGGTGCGAGTGGCCCGACACCAGGACCGAGTC
GAGCTGACCACCGATCCTGCCATTCTGGCCCAGATCGAGGCCTCTTGCGCCTACATCAACCAGGCCGTGAAGGAACACCAGC
CTGTGTACGGCGTGACCACCGGCTTCGGCGGCATGGCCAACGTGATCATCTCTCCCGAGGAAGCCGCCGAGCTGCAGAACA
ACGCCATCTGGTATCACAAGACCGGCGCTGGCAAGCTGCTGCCCTTCACCGACGTGCGAGCCGCCATGCTGCTGCGAGCCAA
CTCTCACATGCGAGGTGCCTCTGGCATCCGACTCGAGATCATCCAGCGAATGGTGACCTTCCTGAACGCCAACGTCACCCCT
CACGTGCGAGAGTTCGGCTCTATCGGCGCCTCTGGCGATCTGGTGCCCCTGATCTCTATCACCGGCGCTCTGCTGGGCACCG
ACCAGGCTTTCATGGTGGACTTCAACGGCGAGACTCTGGACTGCATCTCTGCCCTCGAGCGACTGGGACTGCCCCGACTGCG
ACTGCAGCCCAAGGAAGGACTGGCCATGATGAACGGCACCTCTGTGATGACCGGAATCGCCGCCAACTGCGTGCACGACGC
CCGAATCCTGCTGGCCCTGGCTCTCGAGGCCCACGCTCTGATGATCCAGGGACTGCAGGGCACTAACCAGTCTTTTCACCCC
TTCATCCACCGACACAAGCCCCACACCGGACAGGTGTGGGCCGCTGACCACATGCTCGAGCTGCTGCAGGGCTCTCAGCTGT
CTCGAAACGAGCTGGACGGCTCTCACGACTACCGAGATGGCGACCTGATTCAGGACCGATACTCTCTCCGATGTCTGCCCCA
GTTCCTGGGACCTATCATCGACGGAATGGCCTTCATCTCTCACCATCTGCGAGTCGAGATCAACTCTGCCAACGACAACCCTC
TGATCGACACCGCCTCTGCCGCCTCTTACCACGGCGGCAACTTTCTGGGACAGTACATCGGCGTCGGCATGGACCAGCTGCG
GTACTACATGGGCCTGATGGCCAAGCACCTGGACGTGCAGATCGCCCTGCTGGTGTCTCCTCAGTTCAACAACGGACTGCCC
GCCTCTCTGGTGGGCAACATTCAGCGAAAGGTGAACATGGGACTGAAGGGCCTGCAGCTGACCGCCAACTCTATTATGCCTA
TCCTGACCTTTCTGGGCAACTCTCTGGCCGATCGATTCCCCACTCACGCCGAGCAGTTCAACCAGAACATCAACTCTCAAGGC
TTCGGATCTGCCAACCTGGCTCGACAGACCATTCAGACCCTCCAGCAGTACATTGCTATCACCCTGATGTTCGGCGTGCAGG
CCGTGGACCTGCGAACCCACAAGCTGGCCGGACACTACAACGCCGCTGAGCTGCTGTCTCCCCTGACCGCTAAGATCTACCA
CGCCGTGCGATCTATCGTGAAGCACCCTCCTAGTCCTGAGCGACCCTACATCTGGAACGACGACGAGCAGGTCCTCGAGGCT
CACATCTCTGCTCTGGCCCACGATATCGCCAACGACGGATCTCTGGTGTCTGCCGTCGAGCAGACCCTGTCTGGCCTGCGAT
CCATCATCCTGTTCCGATAA 

FjTAL ATGAACACCATCAACGAGTACCTGTCTCTGGAAGAGTTCGAGGCCATCATCTTCGGCAACCAGAAGGTGACCATCTCTGACG
TGGTGGTGAACCGAGTGAACGAGTCTTTCAACTTCCTGAAGGAATTCTCTGGCAACAAGGTGATCTACGGCGTGAACACCGG
CTTCGGCCCCATGGCTCAGTACCGAATCAAGGAATCTGACCAGATCCAGCTGCAGTACAACCTGATCCGATCTCACTCTTCTG
GCACCGGCAAGCCTCTGTCTCCCGTGTGCGCCAAGGCCGCCATTCTGGCCCGACTGAACACCCTGTCGCTGGGCAACTCTGG
CGTGCACCCCTCTGTGATCAACCTGATGTCTGAGCTGATCAACAAGGACATTACCCCTCTGATCTTCGAGCACGGCGGCGTG
GGCGCCTCTGGCGACCTGGTGCAGCTGTCTCACCTGGCTCTGGTGCTGATCGGCGAGGGCGAAGTGTTCTACAAGGGCGAG
CGACGACCCACTCCTGAGGTGTTCGAGATCGAGGGACTGAAGCCCATCCAGGTCGAGATCCGAGAGGGACTCGCCCTGATC
AACGGCACCTCCGTGATGACCGGCATCGGCGTGGTGAACGTGTACCACGCCAAGAAGCTGCTGGACTGGTCCCTGAAGTCC
TCTTGCGCCATTAACGAGCTGGTGCAGGCCTACGACGACCACTTCTCTGCCGAGCTGAACCAGACCAAGCGACACAAGGGCC
AGCAAGAGATCGCCCTGAAGATGCGACAGAACCTGTCTGACTCTACCCTGATTCGAAAGCGAGAGGACCACCTGTACTCTGG
CGAGAACACCGAGGAAATCTTCAAGGAAAAGGTGCAAGAGTACTACTCTCTCCGATGCGTGCCCCAGATTCTGGGCCCCGTG
CTGGAAACCATCAACAACGTGGCCTCTATTCTCGAGGACGAGTTCAACTCTGCCAACGACAACCCCATCATCGACGTGAAGA
ACCAGCACGTCTACCACGGCGGCAACTTCCACGGCGACTACATCTCCCTCGAGATGGACAAGCTGAAGATCGTGATCACCAA
GCTGACCATGCTGGCCGAGCGACAGCTGAACTACCTGCTGAACTCTAAGATCAACGAGCTGCTGCCTCCTTTCGTGAACCTG
GGCACCCTGGGCTTCAACTTCGGCATGCAGGGCGTGCAGTTCACCGCCACCTCTACCACCGCCGAGTCTCAGATGCTGTCTA
ACCCCATGTACGTGCACTCTATCCCCAACAACAACGATAACCAGGACATCGTGTCTATGGGCACCAACTCCGCCGTGATTACC
TCTAAGGTGATCGAGAACGCCTTCGAGGTGCTGGCCATCGAGATGATCACCATCGTGCAGGCCATTGACTACCTGGGCCAGA
AGGACAAGATCTCTTCTGTGTCTAAGAAGTGGTACGACGAGATTCGAAACATCATCCCCACCTTTAAGGAAGATCAGGTGAT
GTACCCCTTCGTGCAGAAGGTCAAGGACCATCTGATTAACAACTAG 

At4CL1 ATGGCTCCCCAAGAGCAGGCCGTGTCTCAGGTGATGGAAAAGCAGTCTAACAACAACAACTCTGACGTGATCTTCCGATCTA
AGCTGCCCGACATCTACATCCCCAACCACCTGTCTCTGCACGACTACATCTTCCAGAACATCTCTGAGTTCGCCACCAAGCCT
TGCCTGATCAACGGCCCCACCGGCCACGTGTACACCTACTCCGACGTCCACGTGATCTCTCGACAGATCGCCGCCAACTTCCA
CAAGCTGGGCGTGAACCAGAACGACGTGGTGATGCTGCTGCTGCCCAACTGTCCCGAGTTCGTGCTGTCTTTCCTGGCCGCC
TCGTTCCGAGGCGCCACCGCTACCGCTGCTAACCCATTCTTCACCCCTGCCGAGATCGCCAAGCAGGCCAAGGCCTCTAACA
CCAAGCTGATCATCACCGAGGCTCGATACGTGGACAAGATCAAGCCCCTGCAGAACGATGACGGCGTGGTGATCGTGTGCA
TCGACGACAACGAGTCTGTGCCCATTCCTGAGGGCTGCCTGCGATTCACCGAGCTGACCCAGTCTACCACCGAGGCCTCTGA
GGTGATCGACTCCGTCGAGATCTCTCCCGACGACGTTGTGGCTCTGCCCTACTCTTCTGGCACCACCGGACTGCCCAAGGGC
GTGATGCTGACCCACAAGGGCCTCGTGACCTCTGTGGCCCAGCAGGTCGACGGCGAGAACCCCAACCTGTACTTCCACTCTG
ACGACGTGATCCTGTGCGTGCTGCCCATGTTCCACATCTACGCCCTGAACTCTATCATGCTGTGCGGCCTGCGAGTGGGAGC
CGCCATCCTGATCATGCCCAAGTTCGAGATCAACCTGCTGCTCGAGCTGATCCAGAGATGCAAGGTGACCGTGGCTCCTATG
GTGCCTCCTATCGTGCTGGCCATTGCCAAGTCCTCTGAGACTGAGAAGTACGACCTGTCCTCTATCCGAGTGGTGAAGTCTG
GCGCTGCTCCCCTCGGCAAGGAACTCGAGGACGCCGTGAACGCTAAGTTCCCCAACGCCAAGCTCGGACAAGGCTACGGCA
TGACCGAGGCTGGCCCCGTCCTGGCCATGTCTCTGGGCTTCGCCAAGGAACCCTTTCCAGTCAAGTCCGGCGCCTGCGGCAC
CGTGGTGCGAAACGCCGAGATGAAGATCGTGGACCCCGACACCGGCGACTCCCTGTCTCGAAACCAGCCTGGCGAGATCTG
CATCCGAGGCCACCAGATCATGAAGGGCTACCTGAACAACCCCGCTGCCACCGCCGAGACTATCGACAAGGACGGCTGGCT
GCACACCGGTGACATCGGCCTGATTGACGACGACGATGAGCTGTTCATTGTGGACCGACTGAAGGAACTGATCAAGTACAA
GGGCTTCCAGGTGGCTCCCGCCGAGCTTGAGGCCCTGCTGATCGGACACCCCGACATCACCGACGTGGCCGTGGTCGCCAT
GAAGGAAGAGGCCGCTGGCGAGGTGCCCGTGGCCTTCGTGGTCAAGTCTAAGGACTCTGAGCTGTCTGAGGACGACGTCAA
GCAGTTCGTGTCTAAGCAGGTCGTGTTCTACAAGCGAATCAACAAGGTGTTCTTCACCGAGTCTATCCCCAAGGCTCCCTCT
GGCAAGATCCTGCGAAAGGACCTGCGAGCCAAGCTGGCTAACGGCCTGTAA 

VvVST1 ATGGCCTCTGTGGAAGAGTTCCGAAACGCCCAGCGAGCCAAGGGACCCGCCACCATCCTGGCCATCGGCACCGCTACTCCCG
ACCACTGCGTGTACCAGTCTGACTACGCCGACTACTACTTCCGAGTGACCAAGTCTGAGCACATGACCGAGCTGAAGAAGAA
GTTCAACCGAATCTGCGACAAGTCTATGATCAAGAAGCGGTACATCCACCTGACCGAGGAAATGCTCGAGGAACACCCCAAC
ATCGGCGCCTACATGGCCCCTTCTCTGAACATCCGACAAGAGATCATCACCGCCGAGGTGCCCCGACTGGGCCGAGATGCCG
CTCTGAAGGCCCTGAAGGAATGGGGACAGCCCAAGTCCAAGATCACCCACCTGGTGTTCTGCACCACCTCTGGCGTCGAGAT
GCCCGGTGCCGACTACAAGCTGGCCAACCTGCTGGGCCTCGAGACTTCTGTGCGACGAGTGATGCTGTACCACCAGGGCTG
CTACGCTGGCGGCACCGTGCTGCGAACCGCCAAGGACCTGGCCGAGAACAACGCTGGCGCCCGAGTGCTGGTGGTGTGCTC
TGAGATCACCGTGGTGACCTTCCGAGGTCCTTCTGAGGACGCCCTGGACTCTCTGGTCGGACAGGCCCTGTTCGGCGACGGA
TCTTCTGCCGTGATCGTGGGCTCTGACCCCGACGTGTCTATCGAGCGACCCCTGTTCCAGCTGGTGTCTGCTGCCCAGACCT
TCATTCCCAACTCTGCCGGCGCTATCGCCGGAAACCTGCGAGAGGTGGGCCTGACCTTCCACCTGTGGCCTAACGTGCCCAC
TCTGATCTCTGAGAACATCGAGAAGTGTCTGACCCAGGCTTTCGACCCTCTGGGAATCTCTGACTGGAACTCTCTGTTCTGG
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ATCGCTCACCCCGGTGGACCCGCTATCCTGGACGCCGTCGAGGCCAAGCTGAACCTGGAAAAGAAGAAGCTGGAAGCTACC
CGACACGTGCTGTCTGAGTACGGCAACATGTCCTCTGCCTGCGTGCTGTTCATTCTGGACGAGATGCGAAAGAAGTCTCTGA
AGGGCGAGAAGGCCACCACCGGCGAGGGACTCGACTGGGGAGTGCTGTTCGGCTTCGGACCCGGCCTGACCATCGAGACTG
TGGTGCTGCACTCTGTGCCCACCGTGACCAACTAA 

EcEntC ATGGACACCTCTCTGGCCGAAGAGGTGCAGCAGACCATGGCCACTCTGGCTCCCAACCGATTCTTCTTCATGTCTCCCTACCG
ATCTTTCACCACCTCTGGCTGCTTCGCCCGATTCGACGAGCCCGCCGTGAACGGCGACTCTCCCGACTCGCCCTTCCAGCAGA
AGCTGGCCGCTCTGTTCGCCGACGCCAAGGCTCAGGGCATCAAGAACCCCGTGATGGTGGGCGCTATCCCTTTCGACCCTCG
ACAGCCCTCTTCTCTGTACATCCCCGAGTCTTGGCAGTCTTTCTCGCGACAAGAGAAGCAGGCCTCTGCTCGACGATTCACCC
GATCTCAGTCTCTGAACGTGGTCGAGCGACAGGCTATCCCCGAGCAGACCACCTTCGAGCAGATGGTGGCCCGAGCCGCCG
CTCTGACCGCTACTCCCCAGGTGGACAAGGTGGTGCTGTCTCGACTGATCGACATCACCACCGACGCCGCCATCGACTCTGG
CGTGCTGCTCGAGCGACTGATTGCTCAGAACCCTGTGTCTTACAACTTCCACGTGCCTCTCGCCGACGGCGGAGTGCTGCTG
GGCGCTTCTCCCGAGCTGCTGCTGCGAAAGGACGGCGAGCGATTCTCTTCTATTCCCCTGGCCGGCTCTGCCCGACGACAGC
CCGACGAGGTGCTGGACCGAGAGGCCGGCAACCGACTGCTGGCCTCTGAGAAGGACCGACACGAGCACGAGCTGGTGACCC
AGGCCATGAAGGAAGTGCTGCGAGAGCGATCTTCTGAGCTGCACGTGCCCTCTTCGCCCCAGCTGATCACCACTCCTACTCT
GTGGCACCTGGCTACCCCTTTTGAAGGCAAGGCCAACTCTCAAGAGAACGCCCTGACTCTCGCCTGCCTGCTGCATCCCACG
CCTGCTCTGTCTGGCTTCCCTCACCAGGCCGCCACTCAGGTGATCGCCGAGCTGGAACCCTTCGACCGAGAGCTGTTCGGCG
GCATCGTCGGCTGGTGCGACTCTGAAGGCAACGGCGAGTGGGTCGTGACCATCCGATGCGCCAAGCTCCGAGAGAACCAGG
TGCGACTGTTCGCTGGCGCCGGAATCGTGCCCGCCTCGTCGCCCCTCGGAGAGTGGCGAGAGACTGGCGTGAAGCTGTCTA
CCATGCTGAACGTGTTCGGCCTGCACTAA 

PpPchB ATGAACTTCCCTCTGGTGGACCCCGACATGAAGACCCCTGAGCAGTGCTCTGGCCTGGACGACGTCCGATGCGGCATCGACG
CCATGGACCAGCAGATCATTCAGGCCCTGGGCCGACGACTGGCCTACGTGAAGGCCGCTGCTCAGTTCAAGCCCACCGAGG
ACTCTATCGCTGCTCCCGAGCGAGTGGCCGCCATGCTGCCCCAGCGACGACAGTGGGCCGAGCAGGCCTCTCTGGACCCCAT
GTTCGTGGTGCCCCTGTTCGCCCAGATCATCCACTGGAACATTGCCCAGCAGGTCCGACACTGGCGACGGCAGCACGGCCTG
GACCAGGGCGCCCAGGACGAGTAA 

PaAroZ ATGCCCTCTAAGCTGGCCATCACCTCTATGTCTCTGGGCCGATGCTACGCCGGCCACTCTTTCACCACCAAGCTGGACATGGC
CCGAAAGTACGGCTACCAGGGCCTCGAGCTGTTCCACGAGGACCTGGCCGACGTGGCCTACCGACTGTCTGGCGAGACTCC
CTCTCCTTGCGGCCCCTCGCCTGCCGCTCAGCTGTCTGCCGCTCGACAGATCCTGCGAATGTGCCAGGTGCGAAACATCGAG
ATCGTGTGCCTGCAGCCTTTCTCGCAGTACGACGGCCTGCTGGACCGAGAGGAACACGAGCGACGACTCGAGCAGCTGGAA
TTCTGGATCGAGCTGGCCCACGAGCTGGACACCGACATCATTCAGATCCCCGCCAACTTCCTGCCTGCCGAGGAAGTGACCG
AGGACATCTCTCTGATCGTGTCTGACCTGCAAGAGGTGGCCGACATGGGACTGCAGGCTAACCCTCCTATCCGATTCGTGTA
CGAGGCTCTGTGCTGGTCTACCCGAGTGGACACCTGGGAGCGATCTTGGGAAGTCGTGCAGCGAGTGAACCGACCTAACTT
CGGCGTGTGTCTGGACACCTTCAACATTGCCGGCCGAGTGTACGCTGACCCCACCGTGGCCTCTGGACGAACCCCTAACGCC
GAAGAGGCCATCCGAAAGTCTATCGCCCGACTGGTCGAGCGAGTGGACGTGTCTAAGGTGTTCTACGTGCAGGTCGTGGAC
GCCGAGAAGCTGAAGAAGCCTCTGGTCCCCGGCCACCGATTCTACGACCCCGAGCAGCCCGCTCGAATGTCTTGGTCCCGAA
ACTGCCGACTGTTCTACGGCGAGAAGGACCGAGGCGCCTACCTGCCTGTGAAGGAAATCGCCTGGGCCTTCTTCAACGGCCT
GGGCTTCGAAGGCTGGGTGTCTCTGGAACTGTTCAACCGACGAATGTCTGACACCGGCTTCGGAGTGCCCGAGGAACTCGC
CCGACGAGGCGCCGTGTCTTGGGCCAAGCTGGTGCGAGACATGAAGATCACCGTGGACTCTCCCACTCAGCAGCAGGCTAC
CCAGCAGCCTATCCGAATGCTGTCTCTGTCTGCTGCCCTGTAA 

KpAroY.B ATGAAGCTGATCATCGGTATGACTGGTGCTACAGGTGCTCCATTGGGTGTTGCTTTGTTGCAAGCTTTGCGAGACATGCCCG
AGGTCGAGACTCACCTGGTGATGTCTAAGTGGGCCAAGACCACCATCGAGCTGGAAACCCCTTGGACCGCTCGAGAGGTGG
CCGCTCTGGCCGACTTCTCTCACTCTCCCGCCGACCAGGCCGCTACCATCTCTTCTGGATCTTTCCGAACCGACGGAATGATC
GTGATCCCCTGCTCTATGAAGACCCTGGCTGGTATTAGAGCTGGTTATGCTGAAGGTTTGGTTGGTAGAGCTGCTGATGTTG
TGCTGAAGGAAGGCCGAAAGCTGGTTCTGGTGCCCCGAGAGATGCCCCTGTCTACCATCCACCTCGAGAACATGCTGGCCCT
GTCTCGAATGGGAGTCGCTATGGTGCCTCCTATGCCTGCCTACTACAACCATCCTGAGACTGTGGACGACATTACCAACCAC
ATCGTGACCCGAGTGCTGGACCAGTTCGGCCTGGACTACCACAAGGCCCGACGATGGAACGGCCTGCGAACCGCCGAGCAG
TTCGCCCAAGAGATCGAGTAA 

KpAroY.Ciso ATGACCGCTCCTATCCAGGACCTGCGAGATGCTATCGCCCTGCTCCAGCAGCACGACAACCAGTACCTCGAGACTGACCATC
CTGTGGACCCCAACGCCGAGCTGGCCGGCGTGTACCGACACATCGGAGCCGGCGGAACCGTGAAGCGACCCACTCGAATCG
GACCCGCCATGATGTTCAACAACATCAAGGGCTACCCTCACTCTCGAATCCTGGTGGGCATGCACGCCTCTCGACAGCGAGC
CGCTCTGCTGCTGGGCTGCGAGGCTTCTCAGCTGGCCCTCGAGGTCGGCAAGGCCGTGAAGAAGCCCGTCGCTCCCGTCGT
GGTGCCCGCCTCTTCTGCTCCCTGCCAAGAGCAGATCTTCCTGGCTGACGACCCCGACTTCGACCTGCGAACCCTGCTGCCT
GCTCACACCAACACTCCTATCGACGCTGGCCCCTTCTTCTGCCTGGGACTCGCCCTGGCTTCTGACCCCGTGGACGCCTCTCT
GACCGACGTGACCATCCACCGACTGTGCGTGCAGGGCCGAGATGAGCTGTCTATGTTCCTGGCCGCTGGCCGACACATTGA
GGTGTTCCGACAGAAGGCCGAGGCTGCCGGCAAGCCCCTGCCTATCACCATCAACATGGGACTCGACCCCGCCATCTACATC
GGCGCCTGCTTCGAGGCTCCCACCACTCCTTTCGGCTACAACGAGCTGGGCGTCGCTGGCGCCCTGCGACAGCGACCCGTCG
AGCTGGTCCAGGGCGTGTCTGTGCCCGAGAAGGCCATTGCTCGAGCCGAGATCGTGATTGAGGGCGAGCTGCTGCCCGGCG
TGCGAGTGCGAGAGGACCAGCACACCAACTCTGGCCACGCCATGCCTGAGTTCCCCGGCTACTGTGGCGGCGCTAACCCCTC
TCTGCCCGTGATCAAGGTGAAGGCCGTCACCATGCGAAACAACGCCATCCTGCAGACCCTGGTCGGACCCGGCGAGGAACA
CACTACCCTGGCCGGACTGCCCACCGAGGCCTCTATCTGGAACGCCGTCGAGGCCGCTATTCCCGGCTTCCTGCAGAACGTG
TACGCCCACACCGCTGGCGGCGGAAAGTTCCTGGGAATCCTGCAGGTCAAGAAGCGACAGCCCGCCGACGAGGGCCGACAG
GGCCAAGCTGCCCTGCTGGCCCTGGCCACCTACTCTGAGCTGAAGAACATCATTCTGGTGGACGAGGACGTGGACATCTTCG
ACTCTGACGACATTCTGTGGGCCATGACTACCCGAATGCAGGGCGACGTGTCTATTACCACCATTCCTGGCATCCGAGGCCA
CCAGCTGGACCCCTCTCAGACCCCTGAGTACTCGCCCTCTATCCGAGGCAACGGCATCTCTTGTAAGACCATTTTCGACTGCA
CCGTGCCTTGGGCTCTGAAGTCTCACTTCGAGCGAGCCCCTTTCGCCGACGTGGACCCTCGACCTTTCGCTCCCGAGTACTTC
GCCCGACTCGAGAAGAACCAGGGCTCTGCCAAGTAA 

KpAroY.D ATGATCTGTCCCCGATGCGCCGACGAGAAGATCGAGGTGATGGCCACCTCTCCTGTGAAGGGCGTGTGGACCGTGTACCAG
TGCCAGCACTGCCTGTACACCTGGCGAGACACCGAGCCTCTGCGACGAACCTCGCGAGAGCACTACCCCGAGGCCTTCCGAA
TGACCCAGAAGGACATCGACGAGGCTCCCCAGGTGCCTCACGTGCCTCCACTGCTGCCCGAGGACAAGCGATAA 

CaCatA ATGTCTCAGGCCTTCACCGAGTCTGTCAAGACCTCTCTGGGCCCCAACGCTACCCCTCGAGCCAAGAAGCTGATCGCCTCTCT
GGTGCAGCACGTGCACGACTTCGCCCGAGAGAACCACCTGACCACCGAGGACTGGCTGTGGGGCGTCGACTTCATCAACCG
AATCGGCCAGATGTCTGACTCTCGACGAAACGAGGGCATCCTGGTGTGCGACATCATCGGCCTCGAGACTCTGGTGGACGC
CCTGACCAACGAGTCTGAGCAGTCTAACCACACCTCTTCCGCCATTCTGGGACCCTTCTACCTGCCTGACTCTCCTGTGTACC
CCAACGGCGGCTCTATCGTGCAGAAGGCTATCCCCACCGACGTGAAGTGCTTCGTGCGAGGCAAGGTGACCGACACCGAGG
GCAAGCCCCTCGGCGGAGCCCAGCTCGAGGTGTGGCAGTGCAACTCTGCCGGCTTCTACTCTCAGCAGGCCGACCACGACG
GCCCCGAGTTCAACCTGCGAGGCACCTTCATCACCGACGACGAGGGAAACTACTCTTTCGAGTGTCTGCGACCTACTTCTTA
CCCCATTCCTTACGACGGACCCGCTGGCGACCTGCTGAAGATCATGGATCGACACCCCAACCGACCTTCTCACATCCACTGGC
GAGTGTCTCACCCCGGCTACCACACTCTGATCACCCAGATCTACGACGCCGAGTGTCCCTACACCAACAACGACTCTGTGTAC
GCCGTGAAGGACGACATCATTGTGCACTTCGAGAAGGTGGACAACAAGGACAAGGACCTGGTCGGCAAGGTCGAGTACAAG
CTGGACTACGACATCTCTCTGGCCACCGAGTCCTCTATCCAAGAGGCCCGAGCCGCCGCTAAGGCCCGACAGGACGCCGAGA
TCAAGCTGTAA 
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Supplementary information 3 

Specific yields for production assays (mg/L/OD600), degradation assays for cis,cis-

muconic acid and salicylic acid, medium optimization experiments, effect on 

resveratrol titers of feedback-resistant ARO4 and ARO7, and additional information 

on selection of point mutations in Aro7p. 

 

 

Supplementary Figure S1. Specific yields of p-coumaric acid, resveratrol, cis,cis-

muconic acid and salicylic in engineered Y. lipolytica strains. Cultivations were 

carried out for 72 h in 24 deep-well plates containing mineral medium with 20 g/L glucose. 

Extracellular content was subjected to HPLC analysis. Error bars represent standard deviation 

from at least three biological replicates. “-“ and “+“ symbols indicate absence or presence of 

the corresponding genetic modification, respectively. A) Production of p-coumaric acid and 

resveratrol with supplementation of 2 mM L-tyrosine. B) Production of cis,cis-muconic acid 

and the pathway intermediate protocatechuic acid (PCA). C) Production of salicylic acid. 
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Supplementary Figure S2. Degradation assays for cis,cis-muconic acid and 

salicylic acid in strain ST6512, at different supplementation concentrations. “-“ 

represents a medium control, non-inoculated. Error bars represent standard deviation from 

at least three biological replicates. Statistical analysis was performed using Student's t-test 

(two-tailed; *P ≤ 0.05 two-sample unequal variance). 
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Supplementary Figure S3. Pairwise alignment between S. cerevisiae and Y. 

lipolytica Aro7p. Protein sequences were obtained from strains S. cerevisiae S288C 

(YPR060C) and Y. lipolytica CLIB89/W29 (YALI1_E20751p). In red, amino acid 141 that in 

S. cerevisiae confers feedback insensitivity when mutated from G to S (Luttik et al., 2008). 

Amino acid 139 in Y. lipolytica was subjected to the same replacement. 
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Supplementary Figure S4. Specific resveratrol yield in engineered Y. lipolytica 

strains. Cultivations were carried out for 72 h in 24 deep-well plates containing mineral 

medium with 20 g/L glucose. Extracellular content was subjected to HPLC analysis. “-“ and 

“+“ symbols indicate absence or presence of the corresponding genetic modification, 

respectively. Error bars represent standard deviation from at least three biological replicates. 

p-Coumaric acid was not detected in any of the strains. 
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Supplementary Figure S5. Resveratrol titer in engineered Y. lipolytica strains 

expressing feedback insensitive alleles of ARO4 and ARO7. Cultivations were carried 

out for 72 h in 24 deep-well plates containing mineral medium with 20 g/L glucose. 

Extracellular content was subjected to HPLC analysis. “-“ and “+“ symbols indicate absence or 

presence of the corresponding genetic modification, respectively. Error bars represent 

standard deviation from at least three biological replicates. p-Coumaric acid was not detected 

in any of the strains. Statistical analysis was performed using Student's t-test (two-tailed; 

*P ≤ 0.001 two-sample unequal variance). 
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Supplementary Figure S6. Effect on specific resveratrol yield upon integration of 

multiple copies of resveratrol biosynthetic genes. Cultivations were carried out for 72 

h in 24 deep-well plates containing mineral medium with 20 g/L glucose. Extracellular content 

was subjected to HPLC analysis. “-“ and “+“ symbols indicate absence or presence of the 

corresponding genetic modification, respectively. Digits show the number of additional copies 

of resveratrol biosynthetic genes integrated. Error bars represent standard deviation from at 

least three biological replicates. p-Coumaric acid was not detected in any of the strains. 
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Supplementary Figure S7. Specific resveratrol yield of ST9671 in different media. 

Cultivations of strain ST9671 were carried out for 96 h in 24 deep-well plates using the media 

indicated for each condition. Extracellular content was subjected to HPLC analysis. Error bars 

represent standard deviation from at least three biological replicates. MM: mineral medium, 

YNB: Yeast Nitrogen Base without amino acids. YP: Yeast extract Peptone. C/N stands for the 

molar carbon/nitrogen ratio in defined media. 
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Supplementary Figure S8. Cultivation profile of ST9671 in mineral medium 

(MM). a) 20 g/L Glucose, b) 80 g/L glucose, c) 20 g/L glycerol, d) 80 g/L glycerol. 

Cultivations of strain ST9671 were carried out for 96 h in 24 deep-well plates and samples 

were taken every 24 h. Extracellular content was subjected to HPLC analysis. Error bars 

represent standard deviation from at least three biological replicates. No p-coumaric acid was 

detected. 
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Supplementary Figure S9. Cultivation profile of ST9671 in Yeast Nitrogen Base 

without amino acids (YNB) medium. a) 20 g/L Glucose, b) 80 g/L glucose, c) 20 g/L 

glycerol, d) 80 g/L glycerol. Cultivations of strain ST9671 were carried out for 96 h in 24 deep-

well plates and samples were taken every 24 h. Extracellular content was subjected to HPLC 

analysis. Error bars represent standard deviation from at least three biological replicates. No 

p-coumaric acid was detected. 
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Supplementary Figure S10. Cultivation profile of ST9671 in Yeast Peptone (YP) 

medium. a) 20 g/L Glucose, b) 80 g/L glucose, c) 20 g/L glycerol, d) 80 g/L glycerol. 

Cultivations of strain ST9671 were carried out for 96 h in 24 deep-well plates and samples 

were taken every 24 h. Extracellular content was subjected to HPLC analysis. Error bars 

represent standard deviation from at least three biological replicates. 
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Supplementary information 4 

Information related to the fed-batch experiment carried out in 

bioreactors and analysis of intracellular and extracellular resveratrol 

content of strain ST9671 in small-scale cultivation. 

Selection of initial feed rate and exponential increase was selected as follows: 

Exponential-feeding rate at time t follows the equation:  

 

F(t) = F0 . exp(kt) 

 

with k being the exponential constant (h-1) and F0 the initial feeding rate (g-feed/h).  

 

To create a carbon-limited condition, k should be well below the maximum growth 

rate (k 

<< µmax), and glucose should be fed below the rate of its consumption at any time:  

 

F(t) . Cglc,feed  < rglc(t), which also applies at the time of feeding start: 

F0 . Cglc,feed < rglc,0  F0 < rglc,0 / Cglc,feed 

 

Initial glucose consumption rate (rglc,0) can be determined by multiplying cell growth 

rate when feeding starts (µ0), the biomass yield on glucose (1/YSX), and the amount of 

cells at the start of the feeding (X0 . V0): 

rglc,0 = µ0 . (1/YSX) . X0 . V0 

 

The following assumptions were made based on measurements and available data for 

Y. lipolytica: 
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 µ0 = 0.22 h-1 (growth rate at late exponential phase, measured) 

 YSX = 0.43 g-cell/g-glucose (Kerkhoven et al., 2016) 

 X0 = 10 g-cell/L (Marella et al., 2019) 

 V0 = 0.4 L (the volume of batch culture) 

 

These values give rglc = 2.04 g-glucose/h.  With glucose concentration in the feed, 

Cglc,feed = 0.38 g-glucose/g-feed (calculated): 

 

F0 < rglc,0 / Cglc,feed = 5.42 g-feed/h 

 

 An F0 of 1.0 g-feed/h was then selected to satisfy the above criteria.  

 A k value of 0.05 h-1 was chosen to satisfy k << µmax criteria. 

 

Eventually, the fed-batch feeding rate followed the following equation: 

F(t) = 1.0 exp (0.05t) 

 

F(t) was fixed when aeration & stirring rate reached maximum capacity. 

 

For metrics calculations, the following parameters were considered: 

Initial reactor volume: 400 mL 

Feed medium added: 467.7 g = 383.3 mL 

Volume extracted per sample: 3 mL 

Base added: 68.7 ± 2.1 mL 

Antifoam added: 27.6 mL 
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Supplementary Figure S11. Analysis of extracellular and intracellular resveratrol 

concentrations in the top-producing strain ST9671. Cultivations were carried out for 

72 h in 24 deep-well plates containing mineral medium with 20 g/L glucose. Error bars 

represent standard deviation from at least three biological replicates. p-Coumaric acid was not 

detected in any of the strains. 
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Supplementary Figure S12. Fed-batch fermentation in bioreactor of the highest 

producing strain ST9671. Individual graphs for each of the reactors. a) Fermentation 

profile for reactor 1, b) Operational parameters for reactor 1, c) Fermentation profile for 

reactor 2, d) Operational parameters for reactor 2. Error bars for CDW (cell dry weight) 

represent standard deviation from two measurements of the same bioreactor. p-Coumaric acid 

was not detected. Black arrow represents the start of the feeding (22.35 h). Green arrows 

indicate antifoam 204 addition. Severe foaming was a constant issue throughout the 

cultivation. Manual addition of defoamer was carried out at the following times, as indicated 

by the green arrows: 22.42 h (0.1 mL), 37.02 h (2 mL), 38.40 h (3 mL), 48.11 h (0.5 mL), 62.73 

h (1 mL), 64.10 h (3 mL), 71.21 h (4 mL), 72.70 h (1 mL), 75.62 h (2 mL), 76.50 h (5 mL), 79.37 

h (2 mL), 82.11 (2 mL), 87.80 h (2 mL). 
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Supplementary Figure S13. HPLC analysis of fermentation samples for 

resveratrol quantification. Chromatograms (absorbance at 333 nm) and resveratrol UV-

Vis spectra of a) Resveratrol standard (90 mg/L), b) Resveratrol and p-coumaric acid standard 

(150 mg/L each), c) Reactor 1 sample (0 h, 1/50 dilution), d) Reactor 1 sample (33.20 h, 1/50 

dilution), e) Reactor 1 sample (89.96 h, 1/50 dilution). f) External calibration curve used for 

resveratrol quantification in reactor samples. The UV-Vis spectra show the characteristic 

maximum absorbance at 306 nm of trans-resveratrol (Nour et al., 2012). 
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Supplementary Figure S14. Antifoam effect on resveratrol titers in the top-

producing strain ST9671. Cultivations were carried out for 72 h in 24 deep-well plates 

containing mineral medium with 20 g/L glucose and the indicated v/v % of antifoam. 

Extracellular content was subjected to HPLC analysis. Error bars represent standard deviation 

from at least three biological replicates. a) Resveratrol titer. b) Optical density at 600 nm 

(OD600). c) Specific resveratrol yield. 
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Abstract 

The indole scaffold is a recurring structure in multiple bioactive heterocycles and 

natural products. Substituted indoles like the amino acid tryptophan serve as a 

precursor for a wide range of natural products with pharmaceutical or agrochemical 

applications. Inspired by the versatility of these compounds, medicinal chemists have 

for decades exploited indole as a core structure in the drug discovery process. With the 

aim of tuning the properties of lead drug candidates, regioselective halogenation of the 

indole scaffold is a common strategy. However, chemical halogenation is generally 

expensive, has a poor atom economy, lacks regioselectivity, and generates hazardous 

waste streams. As an alternative, in this work we engineer the industrial workhorse 

Saccharomyces cerevisiae for the de novo production of halogenated tryptophan and 

tryptamine derivatives. Functional expression of bacterial tryptophan halogenases 

together with a partner flavin reductase and a tryptophan decarboxylase resulted in 

the production of halogenated tryptophan and tryptamine with chlorine or bromine. 

Furthermore, by combining tryptophan halogenases, production of di-halogenated 

molecules was also achieved. Overall, this works paves the road for the production of 

new-to-nature halogenated natural products in yeast. 

 

Introduction 

Heterocycles are fundamental structural moieties present in more than half of the 

biologically active compounds found in nature (Pozharskii et al., 2011; Jampilek, 

2019). Indole scaffolds in particular are a prominent example of a prevalent natural 

heterocycle with multi-disciplinary applications as pharmaceutical drugs or 

agrochemicals (Sravanthi and Manju, 2016). Indole is chemically constituted by a six-

membered benzene ring fused to a five-membered pyrrole ring, and is produced by 

plants, fungi, and bacteria, which makes it ubiquitously present in nature (Chadha and 

Silakari, 2017; Lee and Lee, 2010). The prevalence of the indole scaffold in nature can 

be owed to the essential amino acid tryptophan, which is biosynthesized by the 

condensation of indole and serine (Dunn et al., 2008). Tryptophan in turn serves as a 

precursor for multiple natural bioactive compounds, like animal hormones 

(substituted tryptamines including serotonin and melatonin), plant hormones 
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(indole-3-acetic acid, indole-3-propionic acid), plant-derived marketed 

pharmaceuticals (vincristine, vinblastine), and psychedelics (psilocybin, ibogaine) 

(Richard et al., 2009; Mashiguchi et al., 2011; Almagro et al., 2015; Tylš et al., 2014; 

Mačiulaitis et al., 2008) (Figure 1). The versatility of the indole core makes it stand out 

as a so-called “privileged structure”, a molecular scaffold that by the modification of 

functional groups can be converted into a variety of ligands with selective binding 

capacities against multiple biological targets (Wan et al., 2019). Indeed, medicinal 

chemists have for decades exploited indole as a core structure for drug discovery, 

resulting in multiple synthetic drugs used for the treatment of various disorders, 

including cancer, migraine, depression and hypertension (Chadha and Silakari, 2017; 

Watkins‐Dulaney et al., 2020) (Figure 1). 

In such drug discovery processes, halogenation is commonly used as a means to 

improve the properties of a lead drug candidate (Mendez et al., 2017), and 

consequently, the presence of halogens is frequent in drugs, with approximately 25% 

of all commercialized pharmaceuticals containing a halogen atom in their structure 

(Xu et al., 2014). Halogenation of drug candidates can increase membrane 

permeability (Gerebtzoff et al., 2004), enhance blood-brain barrier transport (Gentry 

et al., 1999), and  strengthen the binding interactions between a ligand and its target, 

thereby increasing the ligand potency (Xu et al., 2014; Prieto-Díaz et al., 2023). The 

halogenation of the indole ring in particular has been proven to tune some properties 

of multiple cancer drug leads isolated from marine environments (Gul and Hamann, 

2005). Furthermore, halogenated indoles serve as versatile precursors for the 

synthesis of more complex structures, as they facilitate cross-coupling reactions and 

other synthetic transformations (Sharma et al., 2017; J. Corr et al., 2017; Dachwitz et 

al., 2020).  

Although multiple methods for the halogenation of indole heterocycles exist, these 

often involve the use of toxic reagents like transition metals (Petrone et al., 2016), 

generate significant amounts of by-products (Chung and Vanderwal, 2016), and the 

regioselectivity is mostly achieved only at the 2- and 3-positions on the indole ring 

(Taskesenligil et al., 2023). The addition of directing groups to the indole ring can also 

facilitate halogenation at the benzene ring, however, this strategy is associated with 

additional synthetic steps and reduced atom economy (Maddox et al., 2015; Rodriguez 

et al., 2014; Taskesenligil et al., 2023). Therefore, catalyst-controlled methods 
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employing enzymes that perform site-selective halogenations is emerging as a 

promising approach in synthetic chemistry, as they provide a means to overcome the 

electronic preference for substitution at the 2- and 3-positions (Latham et al., 2018). 

Among multiple classes of halogenating enzymes found in nature, flavin-dependent 

halogenases (FDHs) stand out for their marked substrate specificity and 

regioselectivity (van Pée and Patallo, 2006; Andorfer and Lewis, 2018). In addition to 

oxygen and halide ions, FDHs require input of FADH2 provided by a partner flavin-

reductase that performs NADH-driven reduction of FAD to FADH2 (van Pée and 

Patallo, 2006). Tryptophan halogenases in particular are well-studied FDHs able to 

halogenate benzo positions of the indole ring in tryptophan, with multiple studies 

showing the use of these enzymes to halogenate tryptophan with chlorine or bromine 

in the 5-, 6- and 7-positions in vitro (Yeh et al., 2005; Zehner et al., 2005; Zeng and 

Zhan, 2011). However, an in vitro large-scale process is hindered by the low activity 

and stability of tryptophan halogenases as well as a need to add the expensive cofactors 

FAD, NADH, a partner reductase, and a cofactor-regenerating method based on 

additional enzymes (Frese and Sewald, 2015). The high cost of adding any of these 

cofactors would likely make the process economically infeasible. 

Alternatively, in vivo production strategies using recombinant microorganisms 

circumvent some of these limitations and could be a preferred system. The bacterium 

Corynebacterium glutamicum has been engineered for the expression of tryptophan 

halogenases, tryptophan decarboxylase, and trytophanase, resulting in production of 

significant levels of 7-Br/Cl-tryptophan, 7-Br/Cl-tryptamine, and 7-Br/Cl-indole 

(Kerbs et al., 2022; Veldmann et al., 2019a, 2019b). More recently, Escherichia coli 

has been used as chassis for the production of the fabric dye Tyrian purple and other 

pigments, composed of a halogenated indole skeleton (Lee et al., 2020; Lai et al., 

2021). While these studies show the potential of prokaryotic cell factories for the 

production of halogenated indoles, complex derivatives thereof with interesting 

properties could be challenging to produce, as these often entail the functional 

expression of cytochrome P450 enzymes, which remains a challenge in bacteria 

(Kandel et al., 2014; Hausjell et al., 2018). Conversely, the baker’s yeast 

Saccharomyces cerevisiae is a preferred production chassis in the context of natural 

products, not only due to its eukaryotic cell nature that facilitates the expression of 

eukaryotic enzymes, but also supported by its scalability, its long industrial use as 
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production host and its minimal production of secondary metabolites (Ro et al., 2006; 

Brown et al., 2015; Li et al., 2018; Luo et al., 2019). 

The current work represents a proof-of-concept for the de novo production of 

halogenated indole derivatives in S. cerevisiae, specifically halogenated tryptophan 

and tryptamine. 

 

 

Figure 1. Schematic representation of tryptophan and tryptamine biosynthesis 

and the prevalence of the indole scaffold in naturally occurring and synthetic 

chemical compounds. The indole scaffold in different chemical structures is shown in pink. 

The therapeutic use of each of the compounds is described in brackets. 
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Materials and methods 

Strains and media 

Haploid Saccharomyces cerevisiae strain CEN.PK113-7D (MATa URA3 HIS3 LEU2 

TRP1 MAL2-8c SUC2) was used as parental strain in this study (Entian and Kötter, 

2007). S. cerevisiae cultures were grown in liquid Yeast Peptone Dextrose (YPD). The 

media were supplemented with 200 mg/L G418 for selection of the Cas9-plasmid and 

with 100 mg/L nourseothricin for selection of gRNA plasmids when required. 

Synthetic mineral medium for cultivation was prepared with 7.5 g/L (NH4)2SO4, 14.4 

g/L KH2PO4, 0.5 g/L MgSO4·7H2O, 1 mL/L vitamins, 2mL/L trace elements and with 

20 g/L glucose (Jensen et al., 2014). The pH was adjusted to 6.0 with NaOH. In the 

halogenation experiments, the media were supplemented with 25 mM KCl, 25 mM KBr 

or 1 mM tryptamine as required. 

Escherichia coli DH5α was used for all plasmid cloning and propagation. E. coli strains 

were grown in Lysogeny Broth (LB) media supplemented with 100 mg/L ampicillin. 

Agar plates for both S. cerevisiae and E. coli cultivations were prepared as described 

above with addition of 20 g/L agar. Frozen stocks of S. cerevisiae and E. coli were 

prepared by adding glycerol to a final concentration of 25% (v/v) to overnight cultures 

and storing aliquots at −80 °C. 

 

Construction of plasmids and strains 

Relevant heterologous genes were codon-optimized for S. cerevisiae using the JCat 

online tool (Grote et al., 2005) and ordered as synthetic DNA strings from GeneArt 

(Thermo Fisher Scientific) (Table S3). The EasyClone-MarkerFree cloning system 

(Jessop-Fabre et al., 2016) was used to construct integration plasmids. Integration 

fragments and gRNA plasmids for CRISPR/Cas9-mediated integration were 

constructed as described by Jessop Fabre et al. BioBricks were amplified using USER-

compatible primers and Phusion U Hot Start DNA Polymerase (Thermo Fisher 

Scientific). USER reactions were carried out according to New England Biolabs 

standard protocol. The USER reactions were then transformed into competent E. coli 

DH5α cells by heat shock for plasmid assembly and propagation. Plasmids were 

purified from E. coli cultures using NucleoSpin plasmid miniprep kit (Macherey 

Nagel) and correct plasmid assembly was verified by Sanger sequencing (Eurofins 
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Scientific). Integration fragments were linearized with FastDigest NotI restriction 

enzyme (Thermo Fisher Scientific). Integration fragments and gRNA plasmids when 

relevant were transformed into S. cerevisiae strains expressing Cas9 using the LiAc/SS 

carrier DNA/PEG method (Gietz and Schiestl, 2007). When involving nourseothricin 

selection, transformations were recovered in YPD + G418 media at 30 °C with 250 rpm 

shaking before plating. Transformations were plated on YPD supplemented with G418 

and nourseothricin. Integrations of the vectors into the correct sites on the genome 

were verified by colony PCR using Red Taq (VWR Life Science) DNA polymerase. To 

prepare transformed strains for subsequent CRISPR/Cas9 mediated integrations, 

gRNAs were removed by re-streaking on YPD plates supplemented with G418 to 

maintain the selection for Cas9-vector and removal of the gRNAs was verified by 

replica plating. A list of all strains, plasmids, BioBricks and primers used and 

constructed in this study is available in the Supplementary information (Tables S4-

S7). 

 

Cultivation and extraction 

Cultivations of S. cerevisiae strains were performed in synthetic mineral medium. 

Single colonies were inoculated into 400 μL media in 96-deep well plates with air-

penetrable lids (Enzyscreen) and incubated for 48 hours at 30 °C and 300 rpm. From 

these pre-cultures, 10 μL were transferred to 490 μL media supplemented with 

relevant substrates when required and incubated for 72 hours in 96-deep well plates 

with air-penetrable lids at 30 °C and 300 rpm. Cultivations were performed in 

biological duplicates when metabolites were to be quantified. 

For extraction of intracellular products, the cultivation broths were subjected to cell 

lysis, which was carried out by adding a small aliquot of acid-washed glass beads (212 

- 300 μm, Sigma-Aldrich) and running the samples for two cycles of 20 sec at 5,500 

rpm on a Precellys 24 Tissue Homogenizer (Bertin Instruments). The lysed cell broths 

were centrifuged at 17,000 g for 5 min and the supernatants were analyzed by LC-

MS/MS. For the quantification of tryptamine and halogenated derivatives, the 

cultivation broths were centrifuged at 17,000 g for 5 min and the supernatants were 

analyzed by LC-MS/MS. 
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For the proteomics analysis, single colonies were inoculated in 2 mL of synthetic 

mineral medium and grown overnight in 13-mL pre-culture tubes. The next day, 24-

deep well plates with air-penetrable lids (Enzyscreen) containing 2 mL of synthetic 

mineral medium were inoculated to an OD of ∼0.1. Cultures were grown for 20 hours 

at 30 °C and 300 rpm. 400 µL of broth, corresponding to approximately 2 x 107 cells, 

was centrifuged at 3,000 g for 10 min, the supernatant was discarded and cell pellets 

were frozen at −80 °C until analysis. 

 

Analytical methods 

The LC-MS/MS analysis of the samples was performed on a Vanquish Duo UHPLC 

binary system (Thermo Fisher Scientific) coupled to IDX-Orbitrap Mass Spectrometer 

(Thermo Fisher Scientific, USA). The chromatographic separation was achieved using 

a Waters ACQUITY BEH C18 (10 cm × 2.1 mm, 1.7 μm) equipped with an ACQUITY 

BEH C18 guard column kept at 40 °C and using a flow rate of 0.35 mL/min as 

previously described (Kildegaard et al., 2021). A binary mobile phase system 

composed of 0.1% formic acid in MilliQ water (solvent A) and 0.1% formic acid in 

acetonitrile (solvent B) was employed. The gradient program began with 2% B for 0.8 

minutes, followed by a linear increase to 5% B at 3.3 minutes. Subsequently, solvent B 

was increased until reaching 100% at 10 minutes, held for 1 minute, and then returned 

to the initial conditions. The column was allowed to re-equilibrate for 2.7 minutes 

before the next injection. The injection volume was 1 µL. The MS measurement was 

carried out in positive-heated electrospray ionization (HESI) mode with a voltage of 

3500 V, the vaporizer temperature was set at 350 °C, the ion transfer tube temperature 

at 325 °C, and the sheath gas at 50 (a.u.). Acquisition was performed in full MS/MS 

spectra (Data dependent Acquisition-driven MS/MS) in the mass range of 70–1000 

Da. The DDA acquisition settings were the following: automatic gain control (AGC) 

target value set at 4e5 for the full MS and 5e4 for the MS/MS spectral acquisition, the 

mass resolution was set to 120,000 for full scan MS and 60,000 for MS/MS events. 

Precursor ions were fragmented by stepped High-energy collision dissociation (HCD) 

using collision energies of 20, 40, and 60 eV. A lock mass of an internal calibrant was 

acquired throughout each injection to provide real-time adjustment of the 

instrument's m/z calibration. Peaks were integrated using QuanBrowser Thermo 

Xcalibur 4.2 (Thermo Fisher Scientific). 



Chapter 3 | Engineering Saccharomyces cerevisiae for the de novo production of halogenated 
tryptophan and tryptamine derivatives 

___________________________________________________________________________________________________________ 

136 
 

Analytical standards were purchased from Sigma-Aldrich (L-tryptophan, tryptamine), 

Carbosynth (5-chlorotryptophan, 6-chlorotryptophan, 5-bromotryptophan, 7-

bromotryptophan, 5-chlorotryptamine hydrochloride, 6-chlorotryptamine, 7-

chlorotryptamine hydrochloride, 6-bromotryptamine hydrochloride, 7-

bromotryptamine hydrochloride), Toronto Research Chemicals (7-chlorotryptophan), 

BLDpharm (6-bromotryptophan), and VWR (5-bromotryptamine hydrochloride). 

The calibration curves were generated using five concentration points per compound, 

over a concentration range of 0.04 to 6.25 mg/L, with the exception of tryptamine, 

which ranged from 1.72 to 160 mg/L. Each calibration point was determined through 

a single injection, which were randomly interspersed throughout the analytical run. 

The calibration curve data was modeled using ordinary least squares regression using 

the statsmodels 0.13.5 package in Python (Supplementary File 1). 

The statistical significance of differences between measurements from biological 

replicate samples were calculated by using a two-tailed t-test assuming unequal 

variances.  

 

Proteomic analysis 

The frozen cell pellets derived from the cultivations were thawed on ice. Oxide beads 

(Glen Mills, NJ, USA) and 100 μL of 95 °C Guanidinium HCl (6 M Guanidinium 

hydrochloride (GuHCl), 5 mM tris(2-carboxyethyl)phosphine (TCEP), 10 mM 

chloroacetamide (CAA), 100 mM Tris–HCl pH 8.5) was added to all samples. Full 

disruption of the cells was achieved in a Mixer Mill (MM 400 Retsch, Haan, Germany) 

set at 25 Hz for 5 min at room temperature, followed by 10 min in a thermo mixer at 

95 °C at 600 rpm. Cell debris was removed by centrifugation at 5,000 g for 10 min. A 

total of 100 µg protein were used for overnight tryptic digestion (constant shaking, 

400 rpm, for 8 h), after which 10 μL of 10% TFA was added. Samples were then ready 

for de-salting using uSOLA C18 plate (Thermo Fisher Scientific). 

Desalted samples were injected into Orbitrap Exploris 480 mass spectrometer 

(Thermo Fisher Scientific) using a CapLC system (Thermo Fisher Scientific). First, 

samples were captured at a flow of 10 µL/min on a precolumn (µ-precolumn C18 

PepMap 100, 5 µm, 100 Å) and then at a flow of 1.2 µL/min the peptides were 

separated on a 15 cm C18 EASY-Spray column (PepMap RSLC C18 2 µm, 100Å, 150 
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µm x 15 cm). The applied gradient went from 4% acetonitrile in water (buffered with 

0.1% formic acid) to 76% over a total of 60 minutes. While spraying the samples into 

the mass spectrometer the instrument operated in data dependent mode using the 

following settings: MS-level scans were performed with Orbitrap resolution set to 

60,000; AGC Target 3.0e6; maximum injection time 50 ms; intensity threshold 5.0e3; 

dynamic exclusion 25 sec. Data dependent MS2 selection was performed in Top 20 

Speed mode with HCD collision energy set to 28% (AGC target 1.0e4, maximum 

injection time 22 ms, Isolation window 1.2 m/z).  

For analysis of the Thermo rawfiles, Proteome Discoverer 2.4 was used with the 

following settings: Fixed modifications: Carbamidomethyl (C) and Variable 

modifications: oxidation of methionine residues. First search mass tolerance 20 ppm 

and a MS/MS tolerance of 20 ppm. Trypsin as enzyme and allowing one missed 

cleavage. FDR was set at 0.1%. The Match between runs window was set to 0.7 min. 

Quantification was only based on unique peptides and normalization between samples 

was based on total peptide amount. For the searches, a protein database consisting of 

the Saccharomyces cerevisiae reference proteome (UP000002311) and the 

heterologous proteins was used. 

 

Docking simulations 

L-tryptophan, 5-Cl-L-tryptophan, 5-Br-L-tryptophan, 6-Cl-L-tryptophan, 6-Br-L-

tryptophan, 7-Cl-L-tryptophan and 7-Br-L-tryptophan were docked to crystal 

structures of SrPyrH (PDBID 2WET:B), SttH (PDB ID 5HY5:A) and LaRebH (PDB ID 

2E4G:B). L-tryptophan, tryptamine, 5-Cl-L-tryptophan, 5-Cl-tryptamine, 5-Br-L-

tryptophan, 5-Br-tryptamine,  6-Cl-L-tryptophan, 6-Cl-tryptamine, 6-Br-L-

tryptophan, 6-Br-tryptamine, 7-Cl-L-tryptophan, 7-Cl-tryptamine,  7-Br-L-

tryptophan, and 7-Br-L-tryptamine were docked to CrTDC (PDB ID 6EEW:AB). 

The ligands were based on structures of L-tryptophan (CHEBI_16828) and 

tryptamine (CHEBI_16765) by using MarvinSketch 19.19 (ChemAxon, 

https://www.chemaxon.com) to add Cl and Br at the 5-, 6-, and 7- positions, 

respectively, and calculate protonation state. The Optimize PyMOL plugin (The 

PyMOL Molecular Graphics System, Version 1.8 Schrödinger, LLC) was used to energy 

minimize the ligands, which finally were prepared for docking using AutoDockTools 
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version 1.5.6 to merge non-polar hydrogens, and add Gasteiger charges. The molecules 

were saved as rigid pdbqt files to retain their L-configuration (O’Boyle et al., 2011).  

Co-crystallized ligands and water molecules were removed for the crystal structures of 

SrPyrH (PDBID 2WET:B), SttH (PDB ID 5HY5:A), LaRebH (PDB ID 2E4G:B) and 

CrTDC (PDB ID 6EEW:AB) and hydrogens were added with PyMOL. To mimic both 

chlorination and bromination, crystal structure Cl atoms were exchanged with Br. The 

positions of the active sites for SrPyrH, LaRebH and CrTDC were identified by 

calculating the center of mass of the bound L-tryptophan ligand. No ligand was bound 

in the SttH crystal structure, so the active site position was identified as the center of 

mass of the active site residues Lys79, Glu363, His96 and Phe98. The LaRebH crystal 

structure does contain FAD and Cl/Br, so co-factor and ions were added to the 

structure by superimposition with 2AR8. The structures were prepared for docking 

using AutoDockTools version 1.5.6 by merging non-polar hydrogens and adding 

Gasteiger charges. The structures were saved as rigid pdbqt files to retain the position 

of the active site Lys75 and Glu354 (SrPyrH numbering) amino acids.  

The molecules were docked to the structures using AutoDock Vina 1.1.2 using a box 

size of 10x10x10 centered in the active site (Trott and Olson, 2010). The protein-ligand 

interactions were analyzed using binana 2.1 (Young et al., 2022).  

 

Results 

Expression of tryptophan halogenases in S. cerevisiae leads to the 

production of halogenated tryptophan 

In nature, numerous bioactive compounds with halogenated indoles in their chemical 

structures have been discovered, leading to the characterization of several tryptophan 

FDHs able to act on the 5-, 6-, and 7-positions of the indole moiety of tryptophan.[21] 

Among several described tryptophan halogenases, SrPyrH (5-halogenase) from 

Streptomyces rugosporus, SttH (6-halogenase) from Streptomyces toxytricini, and 

LaRebH (7-halogenase) from Lechevalieria aerocolonigenes have been demonstrated 

to be functional in bacteria and plants when co-transformed with a partner flavin 

reductase, like LaRebF from Lechevalieria aerocolonigenes (Veldmann et al., 2019a; 

Fräbel et al., 2016; Runguphan et al., 2010). Additionally, in plants, the tryptophan 

decarboxylase CrTDC from Catharanthus roseus accepts halogenated tryptophan as a 
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substrate, leading to the production of halogenated tryptamine (Fräbel et al., 2016; 

Runguphan et al., 2010; Fräbel et al., 2018). Inspired by these works, we hypothesized 

that SttH, SrPyrH and LaRebH might also catalyze halogenation of tryptophan when 

co-expressed with LaRebF in S. cerevisiae and that introduction of the genes into a 

strain expressing CrTDC would lead to production of halogenated tryptamine (Figure 

2a). 

To attempt production of halogenated tryptophan, integrations of SrPyrH, SttH and 

LaRebH into S. cerevisiae strain ST7574 (CEN.PK113-7D + Cas9) were carried out 

with and without co-integration of the partner flavin reductase LaRebF. The same 

integrations were additionally performed in strain ST9336 expressing CrTDC in order 

to attempt production of halogenated tryptamine (Brown et al., 2015; Milne et al., 

2020). A proteomic analysis confirmed high expression levels of the heterologous 

genes in multiple engineered strains (Figure S1, Supplementary File 1). Transformants 

were cultivated in synthetic mineral media supplemented with 25 mM KCl or 25 mM 

KBr (Figure 2b-c). We also performed computer-aided docking simulations to 

investigate the binding interactions between tryptophan, the different positional 

isomers of halotryptophan, and the tryptophan halogenases. Likewise, we evaluated 

the binding of halotryptophan and halotryptamine to CrTDC (Figures S2-S3 and 

Tables S1-S2). 

Chlorotryptophan or bromotryptophan were present in all strains expressing a 

tryptophan halogenase and cultivated in a medium supplemented with the 

corresponding halide (Figures S4-S9), even in the absence of LaRebF. However, the 

levels of halogenated tryptophan were up to 100-fold higher when LaRebF was 

expressed, clearly demonstrating that FADH2 supply was the limiting factor for the 

halogenation. Additionally, the intracellular tryptophan titers in the strains expressing 

halogenases did not demonstrate significant variations compared to the control strain, 

except for strain ST10290 harboring the 7-halogenase LaRebH and LaRebF. This 

indicates that, in general, only a limited proportion of tryptophan was halogenated, 

with a notable exception being the activity of LaRebH. Docking simulations suggested 

that indeed substrate is more favorably bound to LaRebH, potentially resulting in a 

higher activity (Figure S2, Table S1). Halogenation of tryptophan by SrPyrH resulted 

in the lowest titers, which is consistent with previously reported in vitro data on low 

activity and particularly low affinity for bromine. Specifically, previous studies have 
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shown that SrPyrH activity towards bromination is 75% lower than its activity towards 

chlorination (Runguphan et al., 2010). More interestingly, halogenated products from 

the kynurenine pathway, such as halogenated L-kynurenine, kynurenic acid, and 

xanthurenic acid were identified when expressing either of the halogenases, indicating 

that the native enzymes in yeast can incorporate halogenated tryptophan into the 

kynurenine pathway (Figures S10-S17). 

 

Figure 2. Production of halogenated tryptophan and tryptamine in recombinant 

yeast strains. a) Overview of heterologous biosynthesis of halogenated tryptophan and 

tryptamine in S. cerevisiae from the native precursor L-tryptophan. Rn groups in 

halotryptophan and halotryptamine represent a Cl or Br atom in the positions indicated by n. 

Production of halogenated compounds in synthetic mineral medium supplemented with b) 25 

mM KCl or c) 25 mM KBr after 72 hours cultivation. “+” and “−” symbols indicate the presence 

or absence of the corresponding genetic modification, respectively. Cultivation broths of 
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strains lacking CrTDC were subjected to the intracellular extraction protocol. Cultivation 

broths of strains expressing CrTDC were centrifuged and the supernatants were used for the 

analysis. Titers of halogenated products are reported as normalized peak areas, meaning that 

areas matching the retention time, expected m/z, and fragmentation pattern of the metabolite 

of interest have been normalized with respect to the highest-producing strain of that 

metabolite. Titers of halogenated products not reported in mg/L were below the lowest 

calibration point (< 0.04 mg/L). Error bars/values represent the standard deviation from two 

biological replicates. Asterisk (*) indicates a p-value < 0.05 (two-tailed, unequal variance) 

between the strain and the control (ST7574 for strains lacking CrTDC, ST9336 for strains 

expressing CrTDC). Data available in the Supplementary File 1. 

 

Strains expressing a tryptophan halogenase together with CrTDC and cultivated with 

the corresponding halide resulted in the production of chloro- or bromotryptamine 

(Figures S18-S23). The analytical standards allowed the determination of the 

regioselectivity and the quantification of products demonstrating an overall low 

catalytic activity of the enzymes. The highest titers obtained for halogenated 

tryptophan and tryptamine were 3.56 ± 0.24 mg/L 7-bromotryptophan and 2.42 ± 

0.31 mg/L 7-chlorotryptamine. In addition, the strains producing brominated 

compounds were also able to perform chlorination, even though chloride was only 

present in trace amounts in the medium (0.15 mM) (Figure S24), indicating that 

chlorination could be favored, which is in line with the general consensus regarding 

flavin-dependent tryptophan halogenases (Schnepel and Sewald, 2017).  

 

Tryptophan halogenases accept tryptamine as substrate 

While in plants the sequence of reactions leading to halogenated tryptamine is 

assumed to begin with the halogenation of tryptophan, which is subsequently 

decarboxylated by CrTDC yielding halotryptamine (Fräbel et al., 2016; Runguphan et 

al., 2010), some tryptophan halogenases like LaRebH have been shown to present 

some substrate promiscuity, being able to act directly on tryptamine (Glenn et al., 

2011; Payne et al., 2013). In order to assess whether the different halogenases we tested 

could accept tryptamine as substrate in S. cerevisaie, strains expressing individual 

tryptophan halogenases together with LaRebF were cultivated in synthetic mineral 
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medium supplemented with the corresponding halide and fed with 1 mM tryptamine 

(Figure 3). 

 

Figure 3. Direct halogenation of tryptamine in engineered S. cerevisiae strains 

expressing tryptophan halogenases. Cultivations were performed in synthetic mineral 

medium for 72 hours. “+” and “−” symbols indicate the presence or absence of the 

corresponding genetic modification, respectively. The “halide” column shows the halide 

compound added in the medium at a concentration of 25 mM, while the “tryptamine” column 

indicates the supplementation (“+”) or absence (“−”) of 1 mM tryptamine. Cultivation broths 

were centrifuged and the supernatants were used for the analysis. Titers of halogenated 

products are reported as normalized peak areas, meaning that areas matching the retention 

time, expected m/z, and fragmentation pattern of the metabolite of interest have been 

normalized with respect to the highest-producing strain of that metabolite. Titers of all 

halogenated products were below the lowest calibration point (< 0.04 mg/L). Error bars 

represent the standard deviation from two biological replicates. Data available in the 

Supplementary File 1. 

 

Interestingly, SttH was able to halogenate tryptamine with both chlorine and bromine 

(Figures S25-S26), while LaRebH could only perform tryptamine bromination (Figure 

S27). The regioselectivity of the halogenation seemed to be maintained in all reactions 

(Figures S25-S27). This data suggests that the tryptamine halogenations in strains 

harboring CrTDC and SttH or LaRebH reported in Figure 2 were likely consequence 

of both the decarboxylation of halogenated tryptophan and the direct halogenation of 

tryptamine. In either case, both enzymatic reactions involve a non-native substrate, 

which has been shown to result in a poor catalytic activity. For example, the catalytic 
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Strain ID SrPyrH SttH LaRebH LaRebF Halide Tryptamine
ST7574 ‒ ‒ ‒ ‒ KCl ‒

ST9759 + ‒ ‒ + KCl ‒

ST9761 ‒ + ‒ + KCl ‒

ST10290 ‒ ‒ + + KCl ‒

ST7574 ‒ ‒ ‒ ‒ KCl +

ST9759 + ‒ ‒ + KCl +

ST9761 ‒ + ‒ + KCl +

ST10290 ‒ ‒ + + KCl +

ST7574 ‒ ‒ ‒ ‒ KBr ‒

ST9759 + ‒ ‒ + KBr ‒

ST9761 ‒ + ‒ + KBr ‒

ST10290 ‒ ‒ + + KBr ‒

ST7574 ‒ ‒ ‒ ‒ KBr +

ST9759 + ‒ ‒ + KBr +

ST9761 ‒ + ‒ + KBr +

ST10290 ‒ ‒ + + KBr +
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efficiency of LaRebH is significantly lower when using tryptamine as a substrate, with 

a 59-fold reduction compared to tryptophan (Runguphan et al., 2010; Payne et al., 

2013). This is reflected in the low titers of halotryptamine obtained by direct 

halogenation, which were found to be below 0.04 mg/L. Finally, halogenated 

tryptamine was not observed for strains expressing SrPyrH indicating that this enzyme 

is specific for tryptophan. 

 

Co-expression of tryptophan halogenases results in the production of di-

halogenated tryptophan 

The expression of individual tryptophan halogenases and tryptophan decarboxylase 

resulted in the production of halotryptophan and halotryptamine. In order to 

investigate whether production of multi-halogenated tryptophan or tryptamine would 

be possible in S. cerevisiae, co-integrations of SrPyrH, SttH, LaRebH and LaRebF 

were carried out in strains ST7574 and ST9336, resulting in strains expressing several 

tryptophan halogenases with or without CrTDC. 

In medium containing the corresponding halide, strains expressing two or three 

tryptophan halogenases and LaRebF produced a metabolite with mass and 

fragmentation pattern matching dichloro- or dibromotryptophan, suggesting that two 

tryptophan halogenases worked in conjunction to perform di-halogenation of 

tryptophan (Figures 4, S28-S31). However, no metabolite matching trihalotryptophan 

was detected in strains harboring three halogenases. Furthermore, when CrTDC was 

co-expressed, dihalotryptamine was not produced, indicating both that CrTDC cannot 

accept dihalotryptophan as substrate and that halotryptamine cannot be halogenated 

a second time by the remaining halogenases. Interestingly, strain ST9763 expressing 

two halogenases produced dichlorotryptophan, while ST9678 expressing the same 

halogenases in addition to CrTDC produced chlorotryptamine but not 

dichlorotryptophan, indicating a higher catalytic activity of CrTDC towards the shared 

substrate, namely chlorotryptophan. When these two strains were cultivated in KBr 

containing medium, dibromotryptophan was produced by strain ST9768, but 

surprisingly not by strain ST9763. 
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Figure 4. Production of dihalogenated tryptophan in engineered S. cerevisiae 

strains. Cultivations were performed in synthetic mineral medium for 72 hours. “+” and “−” 

symbols indicate the presence or absence of the corresponding genetic modification, 

respectively. The “halide” column shows the halide compound added in the medium at a 

concentration of 25 mM. Cultivation broths of strains lacking CrTDC were subjected to the 

intracellular extraction protocol. Cultivation broths of strains expressing CrTDC were 

centrifuged and the supernatants were used for the analysis. Titers of halogenated products 

are reported as normalized peak areas, meaning that areas matching the retention time 

(except for dihalotryptophan), expected m/z, and fragmentation pattern of the metabolite of 

interest have been normalized with respect to the highest-producing strain of that metabolite. 

Trp: tryptophan; Tryp: tryptamine. Data available in the Supplementary File 1. 

 

Discussion 

In this study, conceptual de novo production of a diverse range of halogenated 

tryptophan and tryptamine derivatives was achieved in the baker’s yeast S. cerevisiae 

by the functional expression of bacterial tryptophan halogenases and a partner flavin 

reductase providing FADH2. While the expression of the flavin reductase LaRebF was 

demonstrated to be fundamental for the production of halogenated metabolites, trace 

amounts were also detected even in the absence of LaRebF (Figure 2). The cofactor 

FADH2 provided by LaRebF is natively produced in the citric acid cycle in S. cerevisiae, 

but as this takes place in the mitochondria and the halogenases are expressed in the 

cytosol, it is unlikely that the FADH2 generated this way could be responsible for the 

observed halogenations (Kim and Winge, 2013). Other studies have similarly reported 

results indicating the presence of FADH2 in the cytosol of S. cerevisiae without 

identifying the source (Enomoto et al., 2002; Bergdahl et al., 2014).  
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While the co-expression of tryptophan halogenases along with LaRebF and CrTDC 

resulted in the production of halogenated compounds, the low titers obtained and the 

concomitant accumulation of tryptophan and tryptamine suggested limited 

performance in S. cerevisiae (Figure 2). Indeed, as previously described in literature, 

the decarboxylation of halogenated tryptophan by CrTDC has been reported to be up 

to 30-fold lower in terms of catalytic efficiency compared to the native substrate 

tryptophan in vitro (Runguphan et al., 2010). Likewise, the direct halogenation of 

tryptamine has a turnover number 48-fold lower than tryptophan halogenation for 

LaRebH (Payne et al., 2013). Therefore, the use of enzyme variants with increased 

activity or shifted substrate specificity could help relieving sub-optimal enzymatic 

steps (Payne et al., 2015; Poor et al., 2014; Shepherd et al., 2015). In this regard, the 

noncanonical aromatic amino acid decarboxylase PcncAAAD from the hallucinogenic 

psilocybin mushroom Psilocybe cubensis has been demonstrated to display higher 

chlorotryptamine production than CrTDC (Torrens-Spence et al., 2018).  

Similarly, the flavin reductase LaRebF has been systematically used in most of the 

works involving tryptophan halogenases, but many other flavin reductases have been 

characterized and could show better results in the reduction of FAD in yeast (Kendrew 

et al., 1995; Parry and Li, 1997; Galán et al., 2000; Lee and Zhao, 2007). The 

endogenous cytosolic supply of FAD in S. cerevisiae has also been demonstrated to be 

limiting the production of compounds whose biosynthesis requires this cofactor, 

which can be alleviated by overexpressing native genes involved in its biosynthesis 

(Nielsen et al., 2014). Another factor that could be affecting the halogenation reaction 

is the intracellular availability of Cl− and Br−, dependent on the transport kinetics for 

these anions (Jennings and Cui, 2008). The uptake kinetics of these anions into the 

cells has been shown to be affected by pH and temperature (Coury et al., 1999; Volkov, 

2015). Thus, adjustments to these factors, as well as the overexpression of uptake 

transporters or the increase of halide concentrations in the medium, could improve 

their intracellular availability. In addition, engineering in the shikimate pathway has 

been proven to increase the titers of tryptophan-derived products (Milne et al., 2020; 

Zhang et al., 2020), which combined with the expression of engineered halogenase 

variants and a better cofactor supply could improve the production of halogenated 

compounds. 
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Although low titers were obtained, this study demonstrates the feasibility of S. 

cerevisiae as a production chassis for halogenated indoles. Some of the products 

obtained like 6-bromotryptamine could have direct applications in the pharmaceutical 

industry. The derivative 6-bromotryptamine A has been demonstrated to inhibit the 

activity of acetylcholinesterase in vitro and prevent scopolamine‑induced short‑term 

cognitive impairments in mice, thereby alleviating two main pathological events in the 

progress of Alzheimer's disease (Jin et al., 2020). Therefore, the biosynthesis of 6-

bromotryptamine in S. cerevisiae would offer an alternative to the current chemical 

synthesis methods (Jin et al., 2020). Similarly, 5-bromotryptamine could be converted 

to 5-bromo-DMT, a metabolite found in marine sponges that has sedative properties 

(Kochanowska et al., 2008).  

The identification of halogenated molecules within the kynurenine pathway presents 

opportunities for the manipulation of yeast to produce these compounds. This is of 

particular interest as imbalances in the kynurenine pathway have been associated with 

various psychiatric disorders, including depression and schizophrenia (Cervenka et 

al., 2017). 4-chloro-kynurenine, for example, has been found to have potential as a 

therapeutic prodrug for major depressive disorder (Vécsei et al., 2013). Additionally, 

other halogenated kynurenine derivatives such as bromo-kynurenine play a role in the 

striking green biofluorescence observed in certain species of shark (Park et al., 2019).  

More importantly, tryptamine serves as a precursor for more than 3,000 secondary 

metabolites including monoterpenoid indole alkaloids (MIAs) like vinblastine or 

vincristine, important chemotherapy agents (O’Connor and Maresh, 2006). By feeding 

with halogenated indoles or expressing tryptophan halogenases in the medicinal plant 

C. roseus, production of multiple halogenated MIAs has been previously demonstrated 

in vivo, as most of the biosynthetic enzymes accept halogenated intermediates, while 

in some steps an engineered variant is required (Runguphan et al., 2010; Bernhardt et 

al., 2007; McCoy and O’Connor, 2006). In addition, functional expression of the 

enzymes leading to the MIA common intermediate strictosidine has been successfully 

achieved in yeast (Brown et al., 2015), which in combination with the results of the 

present work proves that S. cerevisiae could be a promising host for the production of 

new-to-nature halogenated natural products useful in drug discovery processes. 
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Conclusions 

In this work, the successful production of various halogenated tryptophan and 

tryptamine derivatives was achieved in the industrial workhorse Saccharomyces 

cerevisiae. Functional expression of bacterial tryptophan halogenases together with a 

partner flavin reductase and a tryptophan decarboxylase resulted in the production of 

halogenated tryptophan and tryptamine with chlorine or bromine. Additionally, we 

showed that some tryptophan halogenases present some substrate promiscuity and 

can halogenate tryptamine directly and that the co-expression of two tryptophan 

halogenases results in the production of dihalotryptophan. Overall, this work 

demonstrates the suitability of S. cerevisiae for the production of halogenated natural 

products. 
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Table S1. Binana2 calculated interactions for docking of L-tryptophan and 5-

halo-tryptophan in SrPyrH, L-Tryptophan and 6-halo-tryptophan in SttH, and L-

tryptophan and 7-halo-tryptophan in LaRebH. Docking is carried out with either 

Br or Cl in each of the structures. 

Protein Interactions Molecule Molecule Protein Molecule Molecule 
SrPyrH-Br  L-

Tryptophan 
5-Br-
Tryptophan 

SrPyrH-
Cl 

L-
Tryptophan 

5-Cl-
Tryptophan 

 Hydrophobic Phe49, Ile78, 
His92, Phe94, 
Phe451, 
Tyr454 

Phe49, Thr51, 
His92, Phe94, 
Phe451, Tyr454 

 Phe49, Ile78, 
His92, Phe94, 
Phe451, 
Tyr454 

Phe49, Thr51, 
His92, Phe94, 
Phe451, Tyr454 

 Salt bridge - -  - - 
 Hydrogen 

bond 
 

Amine N-
Ser50 NH 3.4 
Å 
Amine NH-
Ser50 OG 3.4 
Å 

Amine NH-Ser50 
OG 3.2 Å 

 Amine N-
Ser50 NH 3.5 
Å 
Amine NH-
Ser50 OG 3.4 
Å 

Amine N-Ser50 
NH 3.3 Å 
Amine NH-
Ser50 OG 3.3 Å  

 Halogen bond 
 

- Br-Ser355 OG 4.7 
Å 

 - Cl-Ser355 O 5.5 
Å 
Cl-Ser355 OG 
4.5 Å 

 Cation-π-
interaction 

- -  - - 

 π-π-stacking 
 

Pyrrole-His92 
4.3 Å 
Benzene-
His92 4.7 Å 

Benzene-His92 4.4 
Å 

 Pyrrole-His92 
4.3 Å 
Benzene-
His92 4.7 Å 

Benzene-His92 
4.4 Å 

 T-stacking 
 

Pyrrole-Phe49 
5.5 Å 

Pyrrole-Phe49 5.4 
Å  

 Pyrrole-Phe49 
5.8 Å 

Pyrrole-Phe49 
5.4 Å 

SttH-Br  L-
Tryptophan 

6-Br-tryptophan SttH-Cl L-
Tryptophan 

6-Cl-
tryptophan 

 Hydrophobic Phe53, Ser54, 
Lys79, Val82, 
His96, Pro97, 
Phe98, 
Glu363, 
Pro461 

Phe53, Ser54, 
Lys79, Val82, 
His96, Pro97, 
Phe98, Glu363, 
Pro461 

 Phe53, Ser54, 
Ala81, Val82, 
His96, Phe98, 
Glu363,  
Leu460, 
Tyr463 

Phe53, 
Ser54,Lys79, 
Val82, His96, 
Pro97, Phe98, 
Glu363, Pro461 

 Salt bridge - -    - 

 Hydrogen 
bond 
 

Carboxylate O-
Tyr463 OH 2.5 
Å 

Carboxylate O-
Tyr463 OH 2.5 Å 

 Carboxylate O- 
Tyr463 OH 3.1 
Å 

Carboxylate O- 
Tyr463 OH 2.5 Å 

 Halogen bond 
 

- -  - - 

 Cation-π-
interaction 

Amine-Phe53 
3.0 Å 
Pyrrole-His96 
3.0 Å  

Amine-Phe53 3.1 Å 
Pyrrole-His96 3.0 
Å 

 Pyrrole-His96 
3.0 Å 
Benzene-
His96 3.2 Å 
  

Amine-Phe93 
3.1 Å  
Pyrrole-His96 
3.0 Å 
 

 π-π-stacking: 
 

Pyrrole-His96 
3.1 Å 
Benzene-
His96 3.9 Å 

Pyrrole-His96 3.1 
Å 
Benzene-His96 3.9 
Å 

 - Pyrrole-His96 
3.0 Å 
Benzene-His96 
3.9 Å 

 T-stacking:  Pyrrole-Phe98 
5.0 Å 
 

Pyrrole-Phe98 5.0 
Å 

 - Pyrrole-Phe98 
5.0 Å 

LaRebH-Br  L-
Tryptophan 

7-Br-tryptophan LaRebH-
Cl 

L-
Tryptophan 

7-Cl-
tryptophan 

 Hydrophobic Ile52, Lys79, 
Ile82, His109, 
Ser110, Phe111, 
Glu357, 
Ser358, 
Tyr454, 
Asn470 

Ile52, Lys79, Ile82, 
His109, Ser110, 
Phe111, Glu357, 
Tyr454, Asn470 

 Ile52, Lys79, 
Ile82, His109, 
Ser110, Phe111, 
Glu357, 
Ser358, 
Tyr454, 
Asn470 

Ile52, Lys79, 
Ile82, His109, 
Ser110, Phe111, 
Glu357, Tyr454, 
Asn470 

 Salt bridge Amine-Glu461 
5.1 Å  

Amine-Glu461 4.8 
Å 

 Amine-Glu461 
5.1 Å 

Amine-Glu461 
5.0 Å 

 Hydrogen 
bond 
 

Indole NH-
His109 0 3.3 Å 

Indole NH-His109 
0 3.5 Å 

 Indole NH-
His109 0 3.2 Å 

Indole NH-
His109 O 3.4 Å 
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 Halogen bond 
 

- Br-Ile82 N 4.8 Å  - Br-Ile82 N 4.7Å 

 Cation-π-
interaction 

Pyrrole-
His109 3.4 Å  

Pyrrole-His109 3.6 
Å 

 Pyrrole-
His109 3.5 Å 

Pyrrole-His109 
3.5 Å 

 π-π-stacking: 
 

Pyrrole-
His109 3.6 Å  
Benzene 
His109 4.5 Å  

Pyrrole-His109 3.6 
Å 
Benzene His109 
4.5 Å 
Benzene Phe111 4.5 
Å 

 Pyrrole-
His109 3.5Å  
Benzene 
His109 4.5 Å 

Pyrrole-His109 
3.6 Å  
Benzene His109 
4.6 Å  

 T-stacking:  - -  -  -  
 

Table S2: Binana2 calculated interactions for docking of 5-, 6- and 7-halo-

tryptophan and 5-, 6- and 7-halo-tryptamine to CrTDC. 

CrTDC 5-Br-tryptophan 5-Br-tryptamine 5-Cl-tryptophan 5-Cl-tryptamine 
Hydrophobic Trp92A, Phe100A, 

His318A, LLP319A, 
Val122B, Phe124B 

Phe100A, Phe101A, 
Thr262A, His318A, 
Val122B, Phe124B, 
Thr369B, Gly370B 

Phe100A, His318A, 
LLP319A, Leu325A, 
Val122B, Phe124B, 
Thr369B, Gly370B 

Phe100A, His318A, 
LLP319A, Val122B, 
Phe124B, Thr369B, 
Gly370B 

Salt bridge - - - - 
Hydrogen bond 
 

Indole N-Phe101A NH 
3.6 Å 
Indole NH-Phe101 O 
2.8 Å 

Amine NH -Phe101A 
N 3.7 Å 
Indole NH-Gly370B N 
3.7 Å 

Indole NH-Gly370B N 
3.1 Å 

Indole NH-Gly370B N 
3.6 Å 
Phe101A N Amine NH 
3.9 

Halogen bond 
 

- Br-Pro102A O 5.3 Å Cl Pro102A O 4.8 Å 
Cl-Ala103A N 5.2 Å  

Cl-Pro102A 5.0 Å 
Cl-Ala103A 5.4 Å 

Cation-π-interaction Pyrrole-LLP 4.6 Å 
Benzene-LLP 4.3 Å 

Pyrrole-LLP 4.5Å 
Benzene-LLP 4.4 Å 

- Pyrrole-LLP 4.5 Å 
Benzene-LLP 4.4 Å 

π-π-stacking: 
 

- Pyrrole-Phe124B 4.9 
Å 
 

- Pyrrole-Phe124B 4.9 
Å 
 

T-stacking:  - Pyrrole-LLP Pyridine 
6.1 Å 

- Pyrrole-LLP Pyridine 
6.3 Å 

CrTDC 6-Br-tryptophan 6-Br-tryptamine 6-Cl-tryptophan 6-Cl-tryptamine 
Hydrophobic Phe101A, LLP319A, 

Val122B, Thr369B 
Trp92A, Phe101A, 
His318A, LLP319A, 
Phe124B, Thr369B, 
Gly370B 

Trp92A, Phe101A, 
LLP319A, Val122B, 
Thr369B 

Trp92A, Phe100A, 
Phe101A, Thr262A, 
LLP319A, Val122B, 
Thr369B 

Salt bridge - - - - 
Hydrogen bond 
 

Indole NH-Gly370B N 
3.6 Å 

- - Amine NH-Phe100A 
O  3.9 Å 

Halogen bond 
 

- Br-His318A O 4.6 Å Cl-Ala103A N 5.4 Å - 

Cation-π-interaction Benzene-LLP319A 3.9 
Å 

Benzene-LLP319A 4.1 
Å 
Amine-Phe124B 5.5 Å  

Benzene-LLP319A 4.0 
Å  

Amine-Phe101A 4.1 Å 
Benzene-LLP319A 4.2 
Å 
Pyrrole-LLP319A 4.3  
Å  

π-π-stacking: 
 

- - - - 

T-stacking:  - Pyrrole-LLP Pyridine 
6.5Å  

- - 

CrTDC 7-Br-tryptophan 7-Br-tryptamine 7-Cl-tryptophan 7-Cl-tryptamine 
Hydrophobic Phe101A, LLP319A, 

Val122B, Thr369B 
Trp92A, Phe100A, 
Phe101A, His318A, 
LLP319A, Val122B, 
Phe124B, Thr369B  

Phe101A, LLP319A, 
Val122B, Phe124B, 
Thr369B 

Trp92A, Phe100A, 
Phe101A, His318A, 
LLP319A, Val122B, 
Phe124B, Thr369B 

Salt bridge - - - - 
Hydrogen bond 
 

- Amine NH-Phe101A 
N 3.8 Å  
Indole NH-Gly370B N 
4.0 Å 

- 
 

Amine NH-Phe101A 
N 3.8Å 
Indole NH-Gly370B N 
3.9 Å 

Halogen bond 
 

- - - - 

Cation-π-interaction Benzene-LLP319A 3.9 
Å 

Benzene-LLP319A 4.5 
Å 
Pyrrole-LLP319A 4.4 
Å 

Benzene-LLP319A 4.0 
Å 

Benzene-LLP319A 4.6 
Å 
Pyrrole-LLP319A 4.4 
Å 

π-π-stacking: 
 

- Pyrrole-Phe124B 5.0 
Å  

- Pyrrole-Phe124B 5.0 
Å 

T-stacking:  - - - - 



Chapter 3 | Engineering Saccharomyces cerevisiae for the de novo production of halogenated 
tryptophan and tryptamine derivatives 

___________________________________________________________________________________________________________ 

157 
 

Table S3. DNA sequences of synthetic genes codon optimized for S. cerevisiae. 

SrPyrH ATGATCAGATCTGTTGTTATCGTTGGTGGTGGTACTGCTGGTTGGATGACTGCTTCTTACTTGAAGGCTG
CTTTCGACGACAGAATCGACGTTACTTTGGTTGAATCTGGTAACGTTAGAAGAATCGGTGTTGGTGAAGC
TACTTTCTCTACTGTTAGACACTTCTTCGACTACTTGGGTTTGGACGAAAGAGAATGGTTGCCAAGATGTG
CTGGTGGTTACAAGTTGGGTATCAGATTCGAAAACTGGTCTGAACCAGGTGAATACTTCTACCACCCATTC
GAAAGATTGAGAGTTGTTGACGGTTTCAACATGGCTGAATGGTGGTTGGCTGTTGGTGACAGAAGAACTT
CTTTCTCTGAAGCTTGTTACTTGACTCACAGATTGTGTGAAGCTAAGAGAGCTCCAAGAATGTTGGACGGT
TCTTTGTTCGCTTCTCAAGTTGACGAATCTTTGGGTAGATCTACTTTGGCTGAACAAAGAGCTCAATTCCC
ATACGCTTACCACTTCGACGCTGACGAAGTTGCTAGATACTTGTCTGAATACGCTATCGCTAGAGGTGTTA
GA 
CACGTTGTTGACGACGTTCAACACGTTGGTCAAGACGAAAGAGGTTGGATCTCTGGTGTTCACACTAAGC
AACACGGTGAAATCTCTGGTGACTTGTTCGTTGACTGTACTGGTTTCAGAGGTTTGTTGATCAACCAAACT
TTGGGTGGTAGATTCCAATCTTTCTCTGACGTTTTGCCAAACAACAGAGCTGTTGCTTTGAGAGTTCCAAG
AGAAAACGACGAAGACATGAGACCATACACTACTGCTACTGCTATGTCTGCTGGTTGGATGTGGACTATC
CCATTGTTCAAGAGAGACGGTAACGGTTACGTTTACTCTGACGAATTCATCTCTCCAGAAGAAGCTGAAA
GAGAATTGAGATCTACTGTTGCTCCAGGTAGAGACGACTTGGAAGCTAACCACATCCAAATGAGAATCGG
TAGAAACGAAAGAACTTGGATCAACAACTGTGTTGCTGTTGGTTTGTCTGCTGCTTTCGTTGAACCATTGG
AATCTACTGGTATCTTCTTCATCCAACACGCTATCGAACAATTGGTTAAGCACTTCCCAGGTGAAAGATGG
GACCCAGTTTTGATCTCTGCTTACAACGAAAGAATGGCTCACATGGTTGACGGTGTTAAGGAATTCTTGGT
TTTGCACTACAAGGGTGCTCAAAGAGAAGACACTCCATACTGGAAGGCTGCTAAGACTAGAGCTATGCCA
GACGGTTTGGCTAGAAAGTTGGAATTGTCTGCTTCTCACTTGTTGGACGAACAAACTATCTACCCATACTA
CCACGGTTTCGAAACTTACTCTTGGATCACTATGAACTTGGGTTTGGGTATCGTTCCAGAAAGACCAAGAC
CAGCTTTGTTGCACATGGACCCAGCTCCAGCTTTGGCTGAATTCGAAAGATTGAGAAGAGAAGGTGACGA
ATTGATCGCTGCTTTGCCATCTTGTTACGAATACTTGGCTTCTATCCAATAG 

SttH ATGAACACTAGAAACCCAGACAAGGTTGTTATCGTTGGTGGTGGTACTGCTGGTTGGATGACTGCTTCTT
ACTTGAAGAAGGCTTTCGGTGAAAGAGTTTCTGTTACTTTGGTTGAATCTGGTACTATCGGTACTGTTGGT
GTTGGTGAAGCTACTTTCTCTGACATCAGACACTTCTTCGAATTCTTGGACTTGAGAGAAGAAGAATGGAT
GCCAGCTTGTAACGCTACTTACAAGTTGGCTGTTAGATTCCAAGACTGGCAAAGACCAGGTCACCACTTCT
ACCACCCATTCGAACAAATGAGATCTGTTGACGGTTTCCCATTGACTGACTGGTGGTTGCAAAACGGTCCA
ACTGACAGATTCGACAGAGACTGTTTCGTTATGGCTTCTTTGTGTGACGCTGGTAGATCTCCAAGATACTT
GAACGGTTCTTTGTTGCAACAAGAATTCGACGAAAGAGCTGAAGAACCAGCTGGTTTGACTATGTCTGAA
CACCAAGGTAAGACTCAATTCCCATACGCTTACCACTTCGAAGCTGCTTTGTTGGCTGAATTCTTGTCTGG
TTACTCTAAGGACAGAGGTGTTAAGCACGTTGTTGACGAAGTTTTGGAAGTTAAGTTGGACGACAGAGGT
TGGATCTCTCACGTTGTTACTAAGGAACACGGTGACATCGGTGGTGACTTGTTCGTTGACTGTACTGGTTT
CAGAGGTGTTTTGTTGAACCAAGCTTTGGGTGTTCCATTCGTTTCTTACCAAGACACTTTGCCAAACGACT
CTGCTGTTGCTTTGCAAGTTCCATTGGACATGGAAGCTAGAGGTATCCCACCATACACTAGAGCTACTGCT
AAGGAAGCTGGTTGGATCTGGACTATCCCATTGATCGGTAGAATCGGTACTGGTTACGTTTACGCTAAGG
ACTACTGTTCTCCAGAAGAAGCTGAAAGAACTTTGAGAGAATTCGTTGGTCCAGAAGCTGCTGACGTTGA
AGCTAACCACATCAGAATGAGAATCGGTAGATCTGAACAATCTTGGAAGAACAACTGTGTTGCTATCGGT
TTGTCTTCTGGTTTCGTTGAACCATTGGAATCTACTGGTATCTTCTTCATCCACCACGCTATCGAACAATTG
GTTAAGCACTTCCCAGCTGGTGACTGGCACCCACAATTGAGAGCTGGTTACAACTCTGCTGTTGCTAACGT
TATGGACGGTGTTAGAGAATTCTTGGTTTTGCACTACTTGGGTGCTGCTAGAAACGACACTAGATACTGG
AAGGACACTAAGACTAGAGCTGTTCCAGACGCTTTGGCTGAAAGAATCGAAAGATGGAAGGTTCAATTGC
CAGACTCTGAAAACGTTTTCCCATACTACCACGGTTTGCCACCATACTCTTACATGGCTATCTTGTTGGGT
ACTGGTGCTATCGGTTTGAGACCATCTCCAGCTTTGGCTTTGGCTGACCCAGCTGCTGCTGAAAAGGAATT
CACTGCTATCAGAGACAGAGCTAGATTCTTGGTTGACACTTTGCCATCTCAATACGAATACTTCGCTGCTA
TGGGTCAAAGAGTTTAG 

LaRebH ATGTCTGGTAAGATCGACAAGATCTTGATCGTTGGTGGTGGTACTGCTGGTTGGATGGCTGCTTCTTACT
TGGGTAAGGCTTTGCAAGGTACTGCTGACATCACTTTGTTGCAAGCTCCAGACATCCCAACTTTGGGTGTT
GGTGAAGCTACTATCCCAAACTTGCAAACTGCTTTCTTCGACTTCTTGGGTATCCCAGAAGACGAATGGAT
GAGAGAATGTAACGCTTCTTACAAGGTTGCTATCAAGTTCATCAACTGGAGAACTGCTGGTGAAGGTACT
TCTGAAGCTAGAGAATTGGACGGTGGTCCAGACCACTTCTACCACTCTTTCGGTTTGTTGAAGTACCACGA
ACAAATCCCATTGTCTCACTACTGGTTCGACAGATCTTACAGAGGTAAGACTGTTGAACCATTCGACTACG
CTTGTTACAAGGAACCAGTTATCTTGGACGCTAACAGATCTCCAAGAAGATTGGACGGTTCTAAGGTTACT
AACTACGCTTGGCACTTCGACGCTCACTTGGTTGCTGACTTCTTGAGAAGATTCGCTACTGAAAAGTTGGG
TGTTAGACACGTTGAAGACAGAGTTGAACACGTTCAAAGAGACGCTAACGGTAACATCGAATCTGTTAGA
ACTGCTACTGGTAGAGTTTTCGACGCTGACTTGTTCGTTGACTGTTCTGGTTTCAGAGGTTTGTTGATCAA
CAAGGCTATGGAAGAACCATTCTTGGACATGTCTGACCACTTGTTGAACGACTCTGCTGTTGCTACTCAAG
TTCCACACGACGACGACGCTAACGGTGTTGAACCATTCACTTCTGCTATCGCTATGAAGTCTGGTTGGACT
TGGAAGATCCCAATGTTGGGTAGATTCGGTACTGGTTACGTTTACTCTTCTAGATTCGCTACTGAAGACGA
AGCTGTTAGAGAATTCTGTGAAATGTGGCACTTGGACCCAGAAACTCAACCATTGAACAGAATCAGATTC
AGAGTTGGTAGAAACAGAAGAGCTTGGGTTGGTAACTGTGTTTCTATCGGTACTTCTTCTTGTTTCGTTGA
ACCATTGGAATCTACTGGTATCTACTTCGTTTACGCTGCTTTGTACCAATTGGTTAAGCACTTCCCAGACA
AGTCTTTGAACCCAGTTTTGACTGCTAGATTCAACAGAGAAATCGAAACTATGTTCGACGACACTAGAGAC
TTCATCCAAGCTCACTTCTACTTCTCTCCAAGAACTGACACTCCATTCTGGAGAGCTAACAAGGAATTGAG
ATTGGCTGACGGTATGCAAGAAAAGATCGACATGTACAGAGCTGGTATGGCTATCAACGCTCCAGCTTCT
GACGACGCTCAATTGTACTACGGTAACTTCGAAGAAGAATTCAGAAACTTCTGGAACAACTCTAACTACTA
CTGTGTTTTGGCTGGTTTGGGTTTGGTTCCAGACGCTCCATCTCCAAGATTGGCTCACATGCCACAAGCTA
CTGAATCTGTTGACGAAGTTTTCGGTGCTGTTAAGGACAGACAAAGAAACTTGTTGGAAACTTTGCCATCT
TTGCACGAATTCTTGAGACAACAACACGGTAGATAG 

LaRebF ATGACTATCGAATTCGACAGACCAGGTGCTCACGTTACTGCTGCTGACCACAGAGCTTTGATGTCTTTGTT
CCCAACTGGTGTTGCTGTTATCACTGCTATCGACGAAGCTGGTACTCCACACGGTATGACTTGTACTTCTT
TGACTTCTGTTACTTTGGACCCACCAACTTTGTTGGTTTGTTTGAACAGAGCTTCTGGTACTTTGCACGCT
GTTAGAGGTGGTAGATTCGGTGTTAACTTGTTGCACGCTAGAGGTAGAAGAGCTGCTGAAGTTTTCTCTA
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CTGCTGTTCAAGACAGATTCGGTGAAGTTAGATGGGAACACTCTGACGTTACTGGTATGCCATGGTTGGC
TGAAGACGCTCACGCTTTCGCTGGTTGTGTTGTTAGAAAGTCTACTGTTGTTGGTGACCACGAAATCGTTT
TGGGTGAAGTTCACGAAGTTGTTAGAGAACACGACTTGCCATTGTTGTACGGTATGAGAGAATTCGCTGT
TTGGACTCCAGAAGGTTAG 

 

Table S4. List of S. cerevisiae strains used in this study. 

Name 
Parental 
strain 

Added 
DNA 
element 

Relevant genotype Source 

CEN.PK113-7D - - Mata MAL2-8c SUC2 URA3 HIS3 LEU2 
TRP1 

(Entian and Kötter, 
2007) 

ST7574 CEN.PK113-7D pCfB2312 MAL2-8c SUC2 URA3 HIS3 LEU2 TRP1 
+ pCfB2312 (Cas9) 

(Milne et al., 
2020b) 

ST9336 ST7574 pCfB8881 MAL2-8c SUC2 URA3 HIS3 LEU2 TRP1 
XI-3:: CrTDC 

This study 

ST9759 ST7574 pCfB9331 MAL2-8c SUC2 URA3 HIS3 LEU2 TRP1 
XI-1:: SrPyrH, LaRebF 

This study 

ST9760 ST7574 pCfB9332 MAL2-8c SUC2 URA3 HIS3 LEU2 TRP1 
XI-1:: SrPyrH 

This study 

ST9761 ST7574 pCfB9333 MAL2-8c SUC2 URA3 HIS3 LEU2 TRP1 
XII-5:: SttH, LaRebF 

This study 

ST9762 ST7574 pCfB9334 MAL2-8c SUC2 URA3 HIS3 LEU2 TRP1 
XII-5:: SttH 

This study 

ST9763 ST7574 pCfB9332, 
pCfB9333 

MAL2-8c SUC2 URA3 HIS3 LEU2 TRP1 
XI-1:: SrPyrH XII-5:: SttH, LaRebF 

This study 

ST9764 ST9336 pCfB9331 MAL2-8c SUC2 URA3 HIS3 LEU2 TRP1 
XI-3:: CrTDC XI-1:: SrPyrH, LaRebF 

This study 

ST9765 ST9336 pCfB9332 MAL2-8c SUC2 URA3 HIS3 LEU2 TRP1 
XI-3:: CrTDC XI-1:: SrPyrH 

This study 

ST9766 ST9336 pCfB9333 MAL2-8c SUC2 URA3 HIS3 LEU2 TRP1 
XI-3:: CrTDC XII-5:: SttH, LaRebF 

This study 

ST9767 ST9336 pCfB9334 MAL2-8c SUC2 URA3 HIS3 LEU2 TRP1 
XI-3:: CrTDC XII-5:: SttH 

This study 

ST9768 ST9336 pCfB9332, 
pCfB9333 

MAL2-8c SUC2 URA3 HIS3 LEU2 TRP1 
XI-3:: CrTDC XI-1:: SrPyrH XII-5:: 
SttH, LaRebF 

This study 

ST10071 ST9336 pCfB9712 MAL2-8c SUC2 URA3 HIS3 LEU2 TRP1 
XI-3:: CrTDC XII-4: :LaRebH 

This study 

ST10072 ST9768 pCfB9712 MAL2-8c SUC2 URA3 HIS3 LEU2 TRP1 
XI-3:: CrTDC XI-1:: SrPyrH XII-5:: 
SttH, LaRebF XII-4:: LaRebH 

This study 

ST10073 ST9766 pCfB9712 MAL2-8c SUC2 URA3 HIS3 LEU2 TRP1 
XI-3:: CrTDC XII-5:: SttH, LaRebF XII-
4:: LaRebH 

This study 

ST10290 ST7574 pCfB9713 MAL2-8c SUC2 URA3 HIS3 LEU2 TRP1 
XII-4:: LaRebH, LaRebF 

This study 

ST10352 ST9336 pCfB9713 MAL2-8c SUC2 URA3 HIS3 LEU2 TRP1 
XI-3:: CrTDC XII-4:: LaRebH, LaRebF 

This study 

 

Table S5. List of plasmids used in this study. 

Name Parent plasmid, 
BioBricks 

Relevant characteristics Origin 

Templates for PCR amplification 
p1977 - pTDH3-pTEF1 fused promoters (Jessop-Fabre et al., 2016) 
pCfB8793 - CrTDC template (Milne et al., 2020a) 

gRNA plasmids for targeting genomic integration sites by CRISPR-Cas9 
pCfB3043 - 2μm ori NatMX pSNR52-XI-1- gRNA-tSUP4 (Jessop-Fabre et al., 2016) 
pCfB3045 - 2μm ori NatMX pSNR52-XI-3 gRNA-tSUP4 (Jessop-Fabre et al., 2016) 
pCfB3049 - 2μm ori NatMX pSNR52-XII-4 gRNA-tSUP4 (Jessop-Fabre et al., 2016) 
pCfB3050 - 2μm ori NatMX pSNR52-XII-5 gRNA-tSUP4 (Jessop-Fabre et al., 2016) 
pCfB9077 pTAJAK-71, BB3959, 

BB4027 
2μm ori NatMX pSNR52-XI-1 gRNA-tSUP4 
pSNR52-XII-5 gRNA-tSUP4 

This study 

     Episomal yeast expression plasmids 
pCfB2312  2μm ori pTEF1->cas9 KanMX (Jessop-Fabre et al., 2016) 
pTAJAK-71  2μm ori NatMX (Jessop-Fabre et al., 2016) 

Backbone plasmids for EasyClone-MarkerFree plasmid assembly 
pCfB2904 - pXI-3-USER (Jessop-Fabre et al., 2016) 
pCfB2909 - pXII-5-USER (Jessop-Fabre et al., 2016) 
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pCfB3036 - pXI-1-USER (Jessop-Fabre et al., 2016) 
pCfB3040 - pXII-4-USER (Jessop-Fabre et al., 2016) 

Plasmids for integration into yeast genome 
pCfB8881 pCfB2904, BB3816, 

BB8 
XI-3:: CrTDC<-pTEF1 This study 

pCfB9331 pCfB3036, BB4336, 
BB464, BB4338 

XI-1:: SrPyrH<-pTDH3-pTEF1->LaRebF This study 

pCfB9332 pCfB3036, BB4336, 
BB410 

XI-1:: SrPyrH<-pTDH3 This study 

pCfB9333 pCfB2909, BB4337, 
BB464, BB4338 

XII-5:: SttH<-pTDH3-pTEF1->LaRebF This study 

pCfB9334 pCfB2909, BB410 XII-5:: SttH<-pTDH3 This study 

pCfB9712 pCfB3040, BB4441, 
BB410 

XII-4:: LaRebH<-pTDH3 This study 

pCfB9713 pCfB3040, BB4441, 
BB464, BB4338 

XII-4:: LaRebH<-pTDH3-pTEF1->LaRebF This study 

 

Table S6. List of BioBricks used in this study. 

Name Description Fwd primer Rev primer Template 
BB8 TEF1 promoter PR-5 PR-6 p1977 
BB410 TDH3 promoter PR-1852 PR-1853 p1977 
BB464 TDH3-TEF1 fused promoters PR-1853 PR-1565 p1977 
BB3816 CrTDC gene PR-23893 PR-23894 pCfB8793 
BB3959 XI-1 gRNA PR-10525 PR-10530 pCfB3043 
BB4027 XII-5 gRNA PR-10526 PR-10529 pCfB3050 
BB4336 SrPyrH gene PR-26290 PR-26291 Synthetic DNA (GeneArt) 
BB4337 SttH gene PR-26292 PR-26293 Synthetic DNA (GeneArt) 
BB4338 LaRebF gene PR-26294 PR-26295 Synthetic DNA (GeneArt) 
BB4441 LaRebH gene PR-26840 PR-26841 Synthetic DNA (GeneArt) 

 

 

Table S7. List of primers used in this study. 

Name Sequence (5’→3’) Purpose 
Primers for BioBrick amplification 

PR-5 ACCTGCACUTTGTAATTAAAACTTAG 
Fwd primer to amplify 
BB8 

PR-6 CACGCGAUGCACACACCATAGCTTC Rev primer to amplify BB8 

PR-1565 ATGACAGAUTTGTAATTAAAACTTAG 
Fwd primer to amplify 
BB464 

PR-1852 CACGCGAUATAAAAAACACGCTTTTTCAG 
Fwd primer to amplify 
BB410 

PR-1853 ACCTGCACUTTTGTTTGTTTATGTGTGTTTATTC 
Rev primer to amplify 
BB0410 and BB0464 

PR-10525 CGTGCGAUAGGGAACAAAAGCTGGAGCT 
Fwd primer to amplify 
BB3959 

PR-10526 AGTGCAGGUAGGGAACAAAAGCTGGAGCT 
Fwd primer to amplify 
BB4027 

PR-10529 CACGCGAUTAACTAATTACATGACTCGA 
Rev primer to amplify 
BB4027 

PR-10530 ACCTGCACUTAACTAATTACATGACTCGA 
Rev primer to amplify 
BB3959 

PR-23893 AGTGCAGGUAAAACAATGGGTTCTATTGATTCTACCAACG 
Fwd primer to amplify 
BB3816 

PR-23894 CGTGCGAUTCAGGCTTCTTTCAACAAGTC 
Rev primer to amplify 
BB3816 

PR-26290 AGTGCAGGUAAAACAATGATCAGATCTGTTGTTATCGTTGGTG 
Fwd primer to amplify 
BB4336 

PR-26291 CGTGCGAUCTATTGGATAGAAGCCAAGTATTCG 
Rev primer to amplify 
BB4336 

PR-26292 AGTGCAGGUAAAACAATGAACACTAGAAACCCAG 
Fwd primer to amplify 
BB4337 

PR-26293 CGTGCGAUCTAAACTCTTTGACCCATAGC 
Rev primer to amplify 
BB4337 

PR-26294 ATCTGTCAUAAAACAATGACTATCGAATTCGACAGACC 
Fwd primer to amplify 
BB4338 

PR-26295 CACGCGAUCTAACCTTCTGGAGTCCAAAC 
Rev primer to amplify 
BB4338 
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PR-26840 AGTGCAGGUAAAACAATGTCTGGTAAGATCGACAAG 
Fwd primer to amplify 
BB4441 

PR-26841 CGTGCGAUCTATCTACCGTGTTGTTGTCTC 
Rev primer to amplify 
BB4441 

Primers for verification of correct EasyClone plasmid assembly 

PR-22955 GACGGTAGGTATTGATTGTAATTCTG 
pTDH3 Fwd diagnostic 
PCR primer 

PR-339 GCTCATTAGAAAGAAAGCATAGC 
pTEF1 Fwd diagnostic 
PCR primer 

PR-224 GAAATTCGCTTATTTAGAAGTGTC 
tADH1 Rev diagnostic 
PCR primer 

PR-225 CTCCTTCCTTTTCGGTTAGAG 
tCYC1 Rev diagnostic PCR 
primer 

PR-23875 ACTGTTGGGAAGGGCGATC 
gRNA cassette Fwd 
diagnostic PCR primer 

PR-23876 AGCGCCCAATACGCAAAC 
gRNA cassette Rev 
diagnostic PCR primer 

Primers for genotyping correct genomic integration of expression cassettes 

PR-2221 GTTGACACTTCTAAATAAGCGAATTTC 
Universal Rev primer 
binding in S. cerevisiae 
integration cassettes 

PR-897 GAACTGACGTCGAAGGCTCT 
Fwd primer for diagnostic 
PCR of EasyClone plasmid 
integration at XII-4 site 

PR-898 CGTGAAATCTCTTTGCGGTAG 
Rev primer for diagnostic 
PCR of EasyClone plasmid 
integration at XII-4 site 

PR-899 CCACCGAAGTTGATTTGCTT 
Fwd primer for diagnostic 
PCR of EasyClone plasmid 
integration at XII-5 site 

PR-900 GTGGGAGTAAGGGATCCTGT 
Rev primer for diagnostic 
PCR of EasyClone plasmid 
integration at XII-5 site 

PR-907 CTTAATGGGTAGTGCTTGACACG 
Fwd primer for diagnostic 
PCR of EasyClone plasmid 
integration at XI-1 site 

PR-908 GAAGACCCATGGTTCCAAGGA 
Rev primer for diagnostic 
PCR of EasyClone plasmid 
integration at XI-1 site 

PR-911 GTGCTTGATTTGCGTCATTC 
Fwd primer for diagnostic 
PCR of EasyClone plasmid 
integration at XI-3 site 

PR-912 CACATTGAGCGAATGAAACG 
Rev primer for diagnostic 
PCR of EasyClone plasmid 
integration at XI-3 site 
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Figure S1. Normalized protein abundance of heterologous proteins in multiple S. 

cerevisiae engineered strains. “+” and “−” symbols indicate the presence or absence of 

the corresponding genetic modification, respectively. Error bars represent the standard 

deviation from two biological replicates. Complete dataset, including normalized abundances 

of yeast native proteins within the proteome, is shown in the Supplementary File 1.  
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Figure S2. L-tryptophan and corresponding halotryptophan docked to a) SrPyrH, 

b) SttH, c) LaRebH. Chlorotryptophan is shown with green sticks and bromotryptophan is 

shown as slate blue.  
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Figure S3. Docking of halotryptophan and halotryptamine to CrTDC. 

Chlorotryptophan is shown with green sticks and bromotryptophan is shown as slate blue. The 

crystal structure cofactor LLP and bound L-tryptophan is shown in bright green. a) 5-

halotryptophan to the left-hand side, 5-halotryptamine to the right-hand side. b) 6-

halotryptophan to the left-hand side, 6-halotryptamine to the right-hand side. c) 7-

halotryptophan to the left-hand side, 7-halotryptamine to the right-hand side. 
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Figure S4. Production of 5-chlorotryptophan in engineered S. cerevisiae strains. 

LC-MS extracted ion chromatograms and corresponding mass spectra of the main peak for a) 

5-chlorotryptophan standard, b) 6-chlorotryptophan standard, c) 7-chlorotryptophan 

standard, d) ST9759 (SrPyrH, LaRebF), e) ST7574 (Wild-type control, CEN.PK113-7D + 

Cas9). Theoretical m/z of [M+H]+ and [M+H−NH3]+ adducts with 35Cl and 37Cl isotopes is 

239.0582/222.0316 (most abundant) and 241.0552/224.0287, respectively. Note the 

presence of chlorinated xanthurenic acid as the main halogenated product, with observed m/z 

[M+H]+ of 240.0057 (35Cl) and 242.0026 (37Cl). 
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Figure S5. Production of 6-chlorotryptophan in engineered S. cerevisiae strains. 

LC-MS extracted ion chromatograms and corresponding mass spectra of the main peak for a) 

5-chlorotryptophan standard, b) 6-chlorotryptophan standard, c) 7-chlorotryptophan 

standard, d) ST9761 (SttH, LaRebF), e) ST7574 (Wild-type control, CEN.PK113-7D + Cas9). 

Theoretical m/z of [M+H]+ and [M+H−NH3]+ adducts with 35Cl and 37Cl isotopes is 

239.0582/222.0316 (most abundant) and 241.0552/224.0287, respectively. 
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Figure S6. Production of 7-chlorotryptophan in engineered S. cerevisiae strains. 

LC-MS extracted ion chromatograms and corresponding mass spectra of the main peak for a) 

5-chlorotryptophan standard, b) 6-chlorotryptophan standard, c) 7-chlorotryptophan 

standard, d) ST10290 (LaRebH, LaRebF), e) ST7574 (Wild-type control, CEN.PK113-7D + 

Cas9). Theoretical m/z of [M+H]+ and [M+H−NH3]+ adducts with 35Cl and 37Cl isotopes is 

239.0582/222.0316 (most abundant) and 241.0552/224.0287, respectively. 
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Figure S7. Production of 5-bromotryptophan in engineered S. cerevisiae strains. 

LC-MS extracted ion chromatograms and corresponding mass spectra of the main peak for a) 

5-bromotryptophan standard, b) 6-bromotryptophan standard, c) 7-bromotryptophan 

standard, d) ST9759 (SrPyrH, LaRebF), e) ST7574 (Wild-type control, CEN.PK113-7D + 

Cas9). Theoretical m/z of [M+H]+ and [M+H−NH3]+ adducts with 79Br and 81Br isotopes is 

283.0077/265.9811 (most abundant) and 285.0056/267.9791, respectively. Note the presence 

of brominated xanthurenic acid as the main halogenated product, with observed [M+H]+ m/z 

of 283.9553 (79Br) and 285.9534 (81Br). 
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Figure S8. Production of 6-bromotryptophan in engineered S. cerevisiae strains. 

LC-MS extracted ion chromatograms and corresponding mass spectra of the main peak for a) 

5-bromotryptophan standard, b) 6-bromotryptophan standard, c) 7-bromotryptophan 

standard, d) ST9761 (SttH, LaRebF), e) ST7574 (Wild-type control, CEN.PK113-7D + Cas9). 

Theoretical m/z of [M+H]+ and [M+H−NH3]+ adducts with 79Br and 81Br isotopes is 

283.0077/265.9811 (most abundant) and 285.0056/267.9791, respectively. 
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Figure S9. Production of 7-bromotryptophan in engineered S. cerevisiae strains. 

LC-MS extracted ion chromatograms and corresponding mass spectra of the main peak for a) 

5-bromotryptophan standard, b) 6-bromotryptophan standard, c) 7-bromotryptophan 

standard, d) ST10290 (LaRebH, LaRebF), e) ST7574 (Wild-type control, CEN.PK113-7D + 

Cas9). Theoretical m/z of [M+H]+ and [M+H−NH3]+ adducts with 79Br and 81Br isotopes is 

283.0077/265.9811 (most abundant) and 285.0056/267.9791, respectively. 
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Figure S10. Production of chlorinated L-kynurenine in engineered S. cerevisiae 

strains. LC-MS extracted ion chromatograms and corresponding mass spectra of the main 

peak for a) ST9759 (SrPyrH, LaRebF), b) ST9761 (SttH, LaRebF), c) ST10290 (LaRebH, 

LaRebF). Theoretical m/z of [M+H]+ adducts with 35Cl and 37Cl isotopes is 243.0537 (most 

abundant) and 245.0507, respectively. Bottom panel: MS2 of precursor ion corresponding to 

[M+H]+ adduct containing 35Cl. n.d.: not detected or precursor ion not fragmented due to low 

intensity. 
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Figure S11. Production of brominated L-kynurenine in engineered S. cerevisiae 

strains. LC-MS extracted ion chromatograms and corresponding mass spectra of the main 

peak for a) ST9759 (SrPyrH, LaRebF), b) ST9761 (SttH, LaRebF), c) ST10290 (LaRebH, 

LaRebF). Theoretical m/z of [M+H]+ adducts with 79Br and 81Br isotopes is 287.0031 (most 

abundant) and 289.0011, respectively. Bottom panel: MS2 of precursor ion corresponding to 

[M+H]+ adduct containing 79Br. n.d.: not detected or precursor ion not fragmented due to low 

intensity. 
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Figure S12. Production of chlorinated kynurenic acid in engineered S. cerevisiae 

strains. LC-MS extracted ion chromatograms and corresponding mass spectra of the main 

peak for a) ST9759 (SrPyrH, LaRebF), b) ST9761 (SttH, LaRebF), c) ST10290 (LaRebH, 

LaRebF). Theoretical m/z of [M+H]+ adducts with 35Cl and 37Cl isotopes is 224.0115 (most 

abundant) and 226.0085, respectively. Bottom panel: MS2 of precursor ion corresponding to 

[M+H]+ adduct containing 35Cl. n.d.: not detected or precursor ion not fragmented due to low 

intensity. 
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Figure S13. Production of brominated kynurenic acid in engineered S. cerevisiae 

strains. LC-MS extracted ion chromatograms and corresponding mass spectra of the main 

peak for a) ST9759 (SrPyrH, LaRebF), b) ST9761 (SttH, LaRebF), c) ST10290 (LaRebH, 

LaRebF). Theoretical m/z of [M+H]+ adducts with 79Br and 81Br isotopes is 267.9609 (most 

abundant) and 269.9589, respectively. Bottom panel: MS2 of precursor ion corresponding to 

[M+H]+ adduct containing 79Br. n.d.: not detected or precursor ion not fragmented due to low 

intensity. 
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Figure S14. Production of chlorinated 3-hydroxy-L-kynurenine in engineered S. 

cerevisiae strains. LC-MS extracted ion chromatograms and corresponding mass spectra 

of the main peak for a) ST9759 (SrPyrH, LaRebF), b) ST9761 (SttH, LaRebF), c) ST10290 

(LaRebH, LaRebF), compound not detected. Theoretical m/z of [M+H]+ adducts with 35Cl and 

37Cl isotopes is 259.0486 (most abundant) and 261.0456, respectively. Bottom panel: MS2 of 

precursor ion corresponding to [M+H]+ adduct containing 35Cl. n.d.: not detected or precursor 

ion not fragmented due to low intensity. 



Chapter 3 | Engineering Saccharomyces cerevisiae for the de novo production of halogenated 
tryptophan and tryptamine derivatives 

___________________________________________________________________________________________________________ 

175 
 

 

Figure S15. Production of brominated 3-hydroxy-L-kynurenine in engineered S. 

cerevisiae strains. LC-MS extracted ion chromatograms and corresponding mass spectra 

of the main peak for a) ST9759 (SrPyrH, LaRebF), b) ST9761 (SttH, LaRebF), c) ST10290 

(LaRebH, LaRebF) ), compound not detected. Theoretical m/z of [M+H]+ adducts with 79Br 

and 81Br isotopes is 302.9980 (most abundant) and 304.9960, respectively. Bottom panel: 

MS2 of precursor ion corresponding to [M+H]+ adduct containing 79Br. n.d.: not detected or 

precursor ion not fragmented due to low intensity. 
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Figure S16. Production of chlorinated xanthurenic acid in engineered S. 

cerevisiae strains. LC-MS extracted ion chromatograms and corresponding mass spectra 

of the main peak for a) ST9759 (SrPyrH, LaRebF), b) ST9761 (SttH, LaRebF), c) ST10290 

(LaRebH, LaRebF). Theoretical m/z of [M+H]+ adducts with 35Cl and 37Cl isotopes is 

240.0064 (most abundant) and 242.0034, respectively. Bottom panel: MS2 of precursor ion 

corresponding to [M+H]+ adduct containing 35Cl. n.d.: not detected or precursor ion not 

fragmented due to low intensity. 



Chapter 3 | Engineering Saccharomyces cerevisiae for the de novo production of halogenated 
tryptophan and tryptamine derivatives 

___________________________________________________________________________________________________________ 

177 
 

 

Figure S17. Production of brominated xanthurenic acid in engineered S. 

cerevisiae strains. LC-MS extracted ion chromatograms and corresponding mass spectra 

of the main peak for a) ST9759 (SrPyrH, LaRebF), b) ST9761 (SttH, LaRebF), c) ST10290 

(LaRebH, LaRebF). Theoretical m/z of [M+H]+ adducts with 79Br and 81Br isotopes is 

283.9558 (most abundant) and 285.9538, respectively. Bottom panel: MS2 of precursor ion 

corresponding to [M+H]+ adduct containing 79Br. n.d.: not detected or precursor ion not 

fragmented due to low intensity. 
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Figure S18. Production of 5-chlorotryptamine in engineered S. cerevisiae 

strains. LC-MS extracted ion chromatograms and corresponding mass spectra of the main 

peak for a) 5-chlorotryptamine standard, b) 6-chlorotryptamine standard, c) 7-

chlorotryptamine standard, d) ST9764 (SrPyrH, LaRebF, CrTDC), e) ST9336 (Tryptamine 

control, CrTDC). Theoretical m/z of [M+H]+ and [M+H−NH3]+ adducts with 35Cl and 37Cl 

isotopes is 195.0684/178.0418 (most abundant) and 197.0654/180.0389, respectively. 
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Figure S19. Production of 6-chlorotryptamine in engineered S. cerevisiae 

strains. LC-MS extracted ion chromatograms and corresponding mass spectra of the main 

peak for a) 5-chlorotryptamine standard, b) 6-chlorotryptamine standard, c) 7-

chlorotryptamine standard, d) ST9766 (SttH, LaRebF, CrTDC), e) ST9336 (Tryptamine 

control, CrTDC). Theoretical m/z of [M+H]+ and [M+H−NH3]+ adducts with 35Cl and 37Cl 

isotopes is 195.0684/178.0418 (most abundant) and 197.0654/180.0389, respectively. 
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Figure S20. Production of 7-chlorotryptamine in engineered S. cerevisiae 

strains. LC-MS extracted ion chromatograms and corresponding mass spectra of the main 

peak for a) 5-chlorotryptamine standard, b) 6-chlorotryptamine standard, c) 7-

chlorotryptamine standard, d) ST10352 (LaRebH, LaRebF, CrTDC), e) ST9336 (Tryptamine 

control, CrTDC). Theoretical m/z of [M+H]+ and [M+H−NH3]+ adducts with 35Cl and 37Cl 

isotopes is 195.0684/178.0418 (most abundant) and 197.0654/180.0389, respectively. 
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Figure S21. Production of 5-bromotryptamine in engineered S. cerevisiae 

strains. LC-MS extracted ion chromatograms and corresponding mass spectra of the main 

peak for a) 5-bromotryptamine standard, b) 6-bromotryptamine standard, c) 7-

bromotryptamine standard, d) ST9764 (SrPyrH, LaRebF, CrTDC), e) ST9336 (Tryptamine 

control, CrTDC). Theoretical m/z of [M+H]+ and [M+H−NH3]+ adducts with 79Br and 81Br 

isotopes is 239.0178/221.9913 (most abundant) and 241.0158/223.9832, respectively. 
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Figure S22. Production of 6-bromotryptamine in engineered S. cerevisiae 

strains. LC-MS extracted ion chromatograms and corresponding mass spectra of the main 

peak for a) 5-bromotryptamine standard, b) 6-bromotryptamine standard, c) 7-

bromotryptamine standard, d) ST9766 (SttH, LaRebF, CrTDC), e) ST9336 (Tryptamine 

control, CrTDC). Theoretical m/z of [M+H]+ and [M+H−NH3]+ adducts with 79Br and 81Br 

isotopes is 239.0178/221.9913 (most abundant) and 241.0158/223.9832, respectively. 
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Figure S23. Production of 7-bromotryptamine in engineered S. cerevisiae 

strains. LC-MS extracted ion chromatograms and corresponding mass spectra of the main 

peak for a) 5-bromotryptamine standard, b) 6-bromotryptamine standard, c) 7-

bromotryptamine standard, d) ST10352 (LaRebH, LaRebF, CrTDC), e) ST9336 (Tryptamine 

control, CrTDC). Theoretical m/z of [M+H]+ and [M+H−NH3]+ adducts with 79Br and 81Br 

isotopes is 239.0178/221.9913 (most abundant) and 241.0158/223.9832, respectively. 
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Figure S24. Production of chlorinated tryptophan and tryptamine in 

recombinant S. cerevisiae strains. Yeast strains were cultivated for 72 hours in synthetic 

mineral medium supplemented with a) 25 mM KCl or b) 25 mM KBr. “+” and “−” symbols 

indicate the presence or absence of the corresponding genetic modification, respectively. 

Cultivation broths of strains lacking CrTDC were subjected to the intracellular extraction 

protocol. Cultivation broths of strains expressing CrTDC were centrifuged and the 

supernatants were used for the analysis. Titers of  halogenated products are reported as 

normalized peak areas, meaning that areas matching the retention time, expected m/z, and 

fragmentation pattern of the metabolite of interest have been normalized with respect to the 

highest-producing strain of that metabolite. Error values represent the standard deviation 

from two biological replicates. Data available in the Supplementary File 1. 

  

Strain SrPyrH SttH LaRebH LaRebF CrTDC
ST7574 ‒ ‒ ‒ ‒ ‒
ST9759 + ‒ ‒ + ‒
ST9760 + ‒ ‒ ‒ ‒
ST9761 ‒ + ‒ + ‒
ST9762 ‒ + ‒ ‒ ‒

ST10290 ‒ ‒ + + ‒
ST10291 ‒ ‒ + ‒ ‒
ST9336 ‒ ‒ ‒ ‒ +
ST9764 + ‒ ‒ + +
ST9765 + ‒ ‒ ‒ +
ST9766 ‒ + ‒ + +
ST9767 ‒ + ‒ ‒ +

ST10352 ‒ ‒ + + +
ST10071 ‒ ‒ + ‒ +

Cl-Tryptophan

(normalized area)a

Strain SrPyrH SttH LaRebH LaRebF CrTDC
ST7574 ‒ ‒ ‒ ‒ ‒
ST9759 + ‒ ‒ + ‒
ST9760 + ‒ ‒ ‒ ‒
ST9761 ‒ + ‒ + ‒
ST9762 ‒ + ‒ ‒ ‒

ST10290 ‒ ‒ + + ‒
ST10291 ‒ ‒ + ‒ ‒
ST9336 ‒ ‒ ‒ ‒ +
ST9764 + ‒ ‒ + +
ST9765 + ‒ ‒ ‒ +
ST9766 ‒ + ‒ + +
ST9767 ‒ + ‒ ‒ +

ST10352 ‒ ‒ + + +
ST10071 ‒ ‒ + ‒ +

b
Cl-Tryptophan

(normalized area)

Cl-Tryptamine

(normalized area)

Cl-Tryptamine

(normalized area)

0.0 0.2 0.4 0.6 0.8 1.00.0 0.2 0.4 0.6 0.8 1.0

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

0.70  0.04 mg/L

0.93  0.07 mg/L

1.96  0.20 mg/L

0.16  0.01 mg/L

0.09  0.01 mg/L

0.39  0.03 mg/L

0.05  0.01 mg/L

0.17  0.01 mg/L

0.64  0.00 mg/L

2.42  0.31 mg/L

0.15  0.00 mg/L

0.07  0.00 mg/L
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Figure S25. Direct chlorination of tryptamine in engineered S. cerevisiae strain 

expressing SttH. LC-MS extracted ion chromatograms and corresponding mass spectra of 

the main peak for a) 5-chlorotryptamine standard, b) 6-chlorotryptamine standard, c) 7-

chlorotryptamine standard, d) ST9761 (SttH, LaRebF) fed with 1 mM tryptamine, e) ST9761 

(SttH, LaRebF) without tryptamine feeding. Theoretical m/z of [M+H]+ and [M+H−NH3]+ 

adducts with 35Cl and 37Cl isotopes is 195.0684/178.0418 (most abundant) and 

197.0654/180.0389, respectively. 
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Figure S26. Direct bromination of tryptamine in engineered S. cerevisiae strain 

expressing SttH. LC-MS extracted ion chromatograms and corresponding mass spectra of 

the main peak for a) 5-bromotryptamine standard, b) 6-bromotryptamine standard, c) 7-

bromotryptamine standard, ST9761 (SttH, LaRebF) fed with 1 mM tryptamine, e) ST9761 

(SttH, LaRebF) without tryptamine feeding.  Theoretical m/z of [M+H]+ and [M+H−NH3]+ 

adducts with 79Br and 81Br isotopes is 239.0178/221.9913 (most abundant) and 

241.0158/223.9832, respectively. 
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Figure S27. Direct bromination of tryptamine in engineered S. cerevisiae strain 

expressing LaRebH. LC-MS extracted ion chromatograms and corresponding mass spectra 

of the main peak for a) 5-bromotryptamine standard, b) 6-bromotryptamine standard, c) 7-

bromotryptamine standard, ST10290 (LaRebH, LaRebF) fed with 1 mM tryptamine, e) 

ST10290 (LaRebH, LaRebF) without tryptamine feeding.  . Theoretical m/z of [M+H]+ and 

[M+H−NH3]+ adducts with 79Br and 81Br isotopes is 239.0178/221.9913 (most abundant) and 

241.0158/223.9832, respectively. 
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Figure S28. Production of 5,6-dichlorotryptophan in engineered S. cerevisiae 

strains. LC-MS extracted ion chromatograms and corresponding mass spectra of the main 

peak for a) ST9763 (SrPyrH, SttH, LaRebF), b) ST9761 (6-chlorotryptophan control, SttH, 

LaRebF). Theoretical m/z of [M+H]+ and [M+H−NH3]+ adducts with 35Cl/35Cl, 35Cl/37Cl, and 

37Cl/37Cl isotopes is 273.0192/255.9927 (most abundant), 275.0163/257.9897 and 

277.0133/259.9868, respectively. Note the presence of a dichlorinated compound, likely 

dichlorinated xanthurenic acid, as the main halogenated product, with observed [M+H]+ m/z 

of 273.9666 (35Cl/35Cl), 275.9698 (35Cl/37Cl), and 277.9608 (37Cl/37Cl). 
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Figure S29. Production of 5,6-dibromotryptophan in engineered S. cerevisiae 

strains. LC-MS extracted ion chromatograms and corresponding mass spectra of the main 

peak for a) ST9768 (SrPyrH, SttH, LaRebF, CrTDC), b) ST9761 (6-chlorotryptophan control, 

SttH, LaRebF). Theoretical m/z of [M+H]+ and [M+H−NH3]+ adducts with 79Br/79Br, 

79Br/81Br, and 81Br/81Br isotopes is 360.9182/343.8916, 362.9161/345.8896 (most abundant), 

and 364.9141/347.8875, respectively. 
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Figure S30. Production of 6,7-dichlorotryptophan in engineered S. cerevisiae 

strains. LC-MS extracted ion chromatograms and corresponding mass spectra of the main 

peak for a) ST10073 (SttH, LaRebH, LaRebF, CrTDC), b) ST9761 (6-chlorotryptophan 

control, SttH, LaRebF). Theoretical m/z of [M+H]+ and [M+H−NH3]+ adducts with 35Cl/35Cl, 

35Cl/37Cl, and 37Cl/37Cl isotopes is 273.0192/255.9927 (most abundant), 275.0163/257.9897 

and 277.0133/259.9868, respectively. 
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Figure S31. Production of 6,7-dibromotryptophan in engineered S. cerevisiae 

strains. LC-MS extracted ion chromatograms and corresponding mass spectra of the main 

peak for a) ST10073 (SttH, LaRebH, LaRebF, CrTDC), b) ST9761 (6-chlorotryptophan 

control, SttH, LaRebF). Theoretical m/z of [M+H]+ and [M+H−NH3]+ adducts with 79Br/79Br, 

79Br/81Br, and 81Br/81Br isotopes is 360.9182/343.8916, 362.9161/345.8896 (most abundant), 

and 364.9141/347.8875, respectively.  
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Abstract 

Aromatic compounds are used in pharmaceutical, food, textile, and other industries. 

Increased demand has sparked interest in exploring biotechnological approaches for 

their sustainable production as an alternative to chemical synthesis from 

petrochemicals or plant extraction. These aromatic products may be toxic to 

microorganisms, which complicates their production in cell factories. In this study, we 

performed a broad analysis of the toxicity of 54 aromatics towards Escherichia coli, 

Saccharomyces cerevisiae and Yarrowia lipolytica, common production hosts for 

these compounds. Next, we selected a subset of toxic aromatics, namely 2-

phenylethanol, 4-tyrosol, benzyl alcohol, berberine and vanillin, and screened them 

against a transporter deletion library in E. coli and S. cerevisiae, resulting in the 

identification of multiple transporters whose disruption increases or decreases in 

ability of the cells to tolerate these compounds. Lastly, based on the transporter targets 

we found for 2-phenylethanol in yeast, we showcased how transporter engineering can 

be applied to improve the metrics of 2-phenylethanol bioconversion from L-

phenylalanine, with deletions of YIA6, PTR2 or MCH4 improving titer by 8-12% and 

specific yield by 38-57%. Our findings provide insights into the use of transporters as 

targets for improving the production of aromatic compounds in microbial cell 

factories. 

 

Introduction 

Aromatic compounds play a vital role in various facets of human life, including food, 

pharmaceuticals, and personal care (Berger, 2007; Welsch et al., 2010; Liu, 2022). 

Despite their widespread use and significance, the extraction of these compounds from 

natural plant producers is often hindered by low yields, and their chemical synthesis 

can be complex and generate hazardous waste (Hernandez and Sarlah, 2019; Kapadia 

et al., 2022). The rising demand for these compounds, combined with the limitations 

of traditional methods, has led to biotechnological manufacturing becoming an 

increasingly popular alternative (Averesch and Krömer, 2018; Huccetogullari et al., 

2019; Liu et al., 2020). 

Development of the microbial production of aromatic compounds has garnered 

extensive research in the scientific community, including the biosynthesis of complex 
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structures like flavonoids and alkaloids (Huccetogullari et al., 2019; Rodriguez et al., 

2017; Zhang et al., 2022). Despite this, the number of aromatic compounds produced 

at an industrial scale through microbial fermentation remains limited. Notable 

examples include vanillin, a commonly used flavor in the food industry, and 

resveratrol, a food additive and supplement with health-promoting properties (Evolva, 

2023a, 2023b; Sáez-Sáez et al., 2020). However, several challenges impede the 

broader adoption of a bio-based approach to the production of a greater diversity of 

aromatic compounds (Kim et al., 2023). 

From a strain engineering perspective, product cytotoxicity is a common limitation 

(Mohedano et al., 2022). Many valuable aromatic compounds are naturally produced 

by plants as a defense mechanism and possess antimicrobial properties (Patra, 2012). 

Consequently, the production of aromatics in microbial cell factories often leads to a 

decline in cell fitness, robustness, and productivity. For example, vanillin and 2-

phenylethanol have been reported to exhibit toxicity to yeast at concentrations below 

a gram per liter (Hansen et al., 2009; Hazelwood et al., 2006; Hassing et al., 2019). In 

order to overcome this challenge, tolerance adaptive laboratory evolution (TALE) has 

been widely adopted as the preferred method for generating tolerant phenotypes 

(Mohamed et al., 2020, 2017; Radi et al., 2022a; Sandberg et al., 2019). Through a 

gradual exposure of the strains to increasing levels of the toxic compound, phenotypes 

in the cell population with higher tolerance are selected and propagated. This process 

eventually results in the selection of cells resistant to high concentrations of the toxic 

product, leading to improved cell fitness and robustness (Dragosits and Mattanovich, 

2013; Sandberg et al., 2019). In many instances, the underlying genetic basis of a 

tolerant phenotype can be attributed to mutations in transporter-encoding genes, 

which drive the exchange of the compound across the cell membrane (Lennen et al., 

2023; Pereira et al., 2019, 2020; Radi et al., 2022a, 2022b; Kell, 2021). For example, 

in TALE experiments conducted with E. coli against different amino acids, mutations 

in genes encoding for membrane transporters were demonstrated to be responsible 

for improved amino acid tolerance. Implementation of the observed transporter 

modifications in an L-phenylalanine overproducer strain improved the product titers. 

Furthermore, fluorophore-based transport assays validated the role of the 

transporters in the amino acid exchange across the membrane, a function previously 

unknown for these transporters (Jindal et al., 2019; Radi et al., 2022b; Salcedo-Sora 

et al., 2021). These examples showcase the utility of TALE for generating tolerant 
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strains against toxic products and, more importantly, highlights a significant gap in 

the knowledge of molecule transport, even for well-known compounds such as amino 

acids. However, it is noteworthy that the evolved cells are not necessarily directly 

applicable as production hosts, as they often harbor multiple mutations, where some 

may be detrimental to the production of the toxic metabolite. Evolved strains may 

feature decreased transformation efficiencies, loss of heterologous pathways, or 

decreased transport of the product in general, both influx and efflux. Therefore, it is 

necessary to undergo a costly and time-consuming procedure of genome re-

sequencing and reverse engineering to identify the causal mutations and then 

implement these in the production strain (Dragosits and Mattanovich, 2013; Sandberg 

et al., 2019). 

Transporter engineering is a valuable strategy for enhancing the performance of 

microbial cell factories, offering multiple benefits beyond relieving product toxicity 

(Kell et al., 2015; Kell, 2018, 2021; Munro and Kell, 2021; van der Hoek and Borodina, 

2020; Zhu et al., 2020). One potential advantage of transporter engineering is the 

ability to express transporters that uptake alternative, more cost-effective substrates 

(Thomik et al., 2017). In cases where the product exerts feedback inhibition, release 

into the media can alleviate this inhibition, which additionally reduces downstream 

processing costs (Korosh et al., 2017). Additionally, identifying appropriate 

transporters can prevent the leakage of pathway intermediates, further improving the 

economics of the bioprocess (Li et al., 2019). Despite the numerous benefits that 

transporter engineering can offer, it remains underutilized in strain engineering cycles 

due to a lack of knowledge regarding the relationship between substrates and 

corresponding transporters. 

Multiple strategies have been utilized to associate substrates with their transporters, 

aside from TALE. Toxicity-based screening of transporter knockout or metagenomic 

libraries has been a commonly employed approach, where growth under toxic 

conditions is used as a selection criterion. This method has been applied in relevant 

microbial hosts to a range of compounds including amino acids, drugs, antibiotics, or 

the human hormone melatonin (Acton et al., 2017; Malla et al., 2022; Munro and Kell, 

2022; Yang et al., 2022). More recently, the development of genetically encoded 

biosensors coupling intracellular compound concentrations to a detectable signal has 

enabled the discovery of new transporters for compounds such as thiamine, cis,cis-
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muconic acid, and betaxanthins (Genee et al., 2016; Wang et al., 2021). While more 

specialized techniques, such as transporter expression in Xenopus laevis oocytes or 

solid-supported membrane-based electrophysiology, can provide valuable 

information, they typically require advanced expertise and have limited throughput 

(Bazzone et al., 2016; Nour-Eldin et al., 2006). Nevertheless, these techniques can 

achieve a deeper characterization of the transporters by performing more 

sophisticated transport assays (Bazzone et al., 2016). 

As for many other families of compounds, the knowledge of the transport of aromatics 

in microorganisms is limited. Some research has been done on the transport of toxic 

aromatics generated during the valorization of lignocellulosic biomass or present in 

polluted areas with the prospect for bioremediation (Mutanda et al., 2022). However, 

transporter engineering has been sparsely applied in the context of microbial cell 

factories. Some successful examples within alkaloids production include the 

expression of exporters for the final product or importers for pathway intermediates, 

which can be utilized in co-culture systems involving two strains (Belew et al., 2020; 

Yamada et al., 2021; Dastmalchi et al., 2019). 

In this study, we explore the potential of transporter engineering for improving the 

bioproduction of aromatics. Specifically, we evaluate the toxicity of 54 aromatic 

compounds in E. coli, S. cerevisiae and Y. lipolytica. We then use complete E. coli and 

S. cerevisiae transporter-knockout collections to screen against a subset of toxic 

aromatics, enabling us to identify transporter-encoding genes whose expression levels 

can improve or reduce product tolerance. Finally, we demonstrate the utility of 

transporter engineering for 2-phenylethanol production in of S. cerevisiae, resulting 

in improved process titer and specific yield. 

 

Materials and methods 

Strains and media 

The initial toxicity assays were performed using Saccharomyces cerevisiae 

CEN.PK113-7D, Yarrowia lipolytica W29 (NRRL Y-63746), and Escherichia coli K-12 

MG1655 and BL21(DE3) (Entian and Kötter, 2007; Gaillardin et al., 1973; Bachmann, 

1972; Studier and Moffatt, 1986). For tolerance screenings against a selected group of 

toxic aromatics, isolates harboring single deletions in transporter-encoding genes 
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were obtained from the YKO (S. cerevisiae BY4741) and Keio (E. coli K-12 BW25113) 

deletion collections (Baba et al., 2006; Winzeler et al., 1999; Giaever et al., 2002). S. 

cerevisiae CEN.PK113-7D strain background was used for 2-phenylethanol 

overproduction and for testing the selected transporter candidates. All the strain 

genotypes are described in Table S1. 

Yeast strains were cultivated in mineral medium containing (per L-1) 7.5 g (NH4)2SO4, 

14.4 g KH2PO4, 0.5 g MgSO4·7H2O, 20 g D-glucose, 2 mL trace metals solution, and 1 

mL vitamins. The trace metals and vitamins solution were prepared as previously 

described (Jensen et al., 2014). The pH of the medium was adjusted to pH 6.0 with 

KOH. Auxotrophies of S. cerevisiae BY4741 derived strains were complemented by 

supplementing the medium with 380 mg/L leucine, 76 mg/L histidine, 76 mg/L 

methionine, and 76 mg/L uracil. In the production assays of 2-phenylethanol, 5 g/L of 

L-phenylalanine was added to the medium for bioconversion. 

E. coli was grown in M9extra medium containing (per L-1) 12.8 g Na2HPO4·7H2O, 3 g 

KH2PO4, 0.5 g NaCl, 1 g NH4Cl, 0.24 g MgSO4, 0.011 g CaCl2, 20 g D-glucose, 1 mL 

FeCl3 solution (50 mM FeCl3·6H2O in 100 mM citric acid monohydrate), and 500 µL 

of  a trace elements solution, as previously described (Falkenberg et al., 2021). The pH 

of the medium was adjusted to pH 6.8 with NaOH. 

Aromatic compounds in toxicity and tolerance screenings were added to the media and 

solubilized. The pH was then adjusted and the media were filter-sterilized. All the 

aromatic compounds were purchased from Sigma-Aldrich. 

 

Strain construction 

To construct integration plasmids for the overexpression of candidate transporter 

genes, we utilized the EasyClone-MarkerFree cloning system (Jessop‐Fabre et al., 

2016). Integration fragments and gRNA plasmids for CRISPR/Cas9-mediated 

genomic integration were constructed according to the protocol described by Jessop-

Fabre et al. (Jessop‐Fabre et al., 2016). BioBricks were amplified with Phusion U Hot 

Start DNA Polymerase (Thermo Fisher Scientific) and USER-compatible primers, and 

then subjected to USER reactions based on the standard protocol from New England 

Biolabs. The resulting products were transformed into competent E. coli DH5α cells 

to assemble and propagate the plasmids, which were then purified using the 
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NucleoSpin plasmid miniprep kit (Macherey Nagel) and sequenced by Eurofins 

Scientific to confirm the correct plasmid assembly. FastDigest NotI restriction enzyme 

(Thermo Fisher Scientific) was used to linearize the integration fragments, which were 

then transformed into S. cerevisiae strains expressing Cas9, along with the 

corresponding gRNA plasmids, using the LiAc/ssDNA/PEG method (Gietz and 

Schiestl, 2007). Transformations were recovered in YPD+G418 media at 30°C with 

250 rpm shaking before plating on YPD supplemented with G418 and nourseothricin. 

We confirmed the integration of the vectors into the correct sites on the genome by 

performing colony PCR with RedTaq DNA polymerase (VWR Life Science). We 

provide a comprehensive list of all strains, plasmids, BioBricks, and primers used and 

constructed in this study in the Supporting Information (Tables S1–S4). 

 

Cultivation procedure and conditions 

In the toxicity experiments, 0.5 mL of medium in a 13 mL pre-culture tube was 

inoculated with wild-type strains, stored as cryostocks, using a 10 µL inoculation loop. 

The tubes were incubated at 30 (yeast) or 37 °C (E. coli) and 250 rpm for 20 (E. coli) 

or 24 hours (yeast). Next, 400 µL of broth was transferred to a 250 mL shake flask 

containing 10 mL of medium and incubated under the same conditions for 6-8 (E. coli) 

or 10-12 hours (yeast) until having exponentially growing cells. These cultures were 

then used as inoculum (<5 µL, initial OD600 ≈ 0.1) for 96-well plates with transparent 

bottom (CR1496dg, EnzyScreen BV) containing 300 µL of medium per well. Plates 

were covered with a sandwich cover with pins (CR1396b, EnzyScreen BV). 

To screen the transporter deletion library, 500 µL of medium in 96-deep well plates 

was inoculated with the library using a 96-pin replicator (CR1000, EnzyScreen BV). 

The plates were covered with an air penetrable lid (CR1296, EnzyScreen BV) and then 

incubated at 30 °C (yeast) or 37 °C (E. coli) and 300 rpm overnight. The following day, 

the resulting plates were mixed with 500 µL of glycerol. A 3 µL droplet of the broth 

and glycerol mixture was dispensed into the bottom of each well in 96-well plates with 

transparent bottom (CR1496dg, EnzyScreen BV). The loaded plates containing the 

propagated library were stored at −20 °C for up to 3 weeks, or at −80 °C for longer 

storage. To initiate the library screening, 297 µL of media was dispensed into the 

inoculated plates, which prior to incubation were covered with a sandwich cover with 
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pins (CR1396b, EnzyScreen BV). Glycerol mixing of pre-cultures, inoculation and 

media loading were performed using an Opentron OT-2 liquid handler, as previously 

described (Munro and Kell, 2022). Scripts for operating the OT-2 have been previously 

made available at https://github.com/ljm176/TransporterScreening. 

For the validation of transporter candidates and in the 2-phenylethanol production 

assays, 96 deep-well plates containing 0.5 mL of medium were inoculated with the 

strains. The plates were covered with an air penetrable lid (CR1296, EnzyScreen BV) 

and incubated at 30 (S. cerevisiae) or 37 °C (E. coli) and 300 rpm for 18 (E. coli) or 20 

hours (yeast). The following day, OD600 of the pre-cultures was measured and a 

volume corresponding to an initial OD600 of 0.1 was transferred to 96-well plates with 

a transparent bottom (CR1496dg, EnzyScreen BV), containing 300 µL of medium.  

In all experiments, plates were incubated using the Growth Profiler 960 (EnzyScreen 

BV) at 30 °C/250 rpm for yeast and 37 °C/225 rpm for E. coli, following the 

manufacturer’s recommended shaking settings. Images were captured at 15-20 minute 

intervals for E. coli and 20-30 minute intervals for yeast, with a shutter time of 5 ms. 

Cultivation times were at least 40 hours for E. coli and 60 hours for yeast to ensure 

adequate growth for the estimation of µmax. Cultivations were performed in duplicate, 

with the exception of the validation of transporter-deletion candidates (n = 4) and the 

assessment of the effect of transporter engineering on 2-phenylethanol production (n 

= 3). 

 

Microbial growth data analysis 

Growth Profiler 960 pictures were processed using the manufacturer’s software 

GP960Viewer to obtain G-values from the central pixels of each well. G-values were 

then converted to OD600 equivalents using calibration curves previously generated. 

Growth rates were determined from the growth data using custom Python scripts that 

calculate the slope of linear regression fits between ln-transformed OD600 and time. A 

minimum OD600 of 0.125 in E. coli and 0.3 in yeast was required to initiate growth rate 

calculations. A sliding window of 12 time points (corresponding to 180-240 minutes 

in E. coli and 240-360 minutes in yeast) was used to determine growth rates across 

the growth curves. The maximum specific growth rate (µmax) was defined as the 

maximum slope within the growth profile having a correlation coefficient R2 greater 
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than 0.98. Half maximal inhibitory concentrations (IC50) were determined using 

GraphPad Prism 9 and a variable slope four-parameter model. During the screening 

of the transporter deletion library, any strains that were unable to grow in a control 

medium without the presence of any toxic aromatic compounds were excluded from 

further analysis. Additionally, any strains that displayed a coefficient of variation 

greater than 0.3 for their relative µmax in the presence of aromatics compounds (µmax 

strain/µmax wild-type) were also excluded from the analysis. All growth data, raw and 

processed, is presented in the Supplementary File 1. 

 

Quantification of 2-phenylethanol using high-pressure liquid 

chromatography 

To quantify 2-phenylethanol, the supernatant of the yeast cultivation samples was 

used after centrifugation at 17,000 g for 5 min. The quantification was performed 

using a Dionex UltiMate 3000 high-pressure liquid chromatography (HPLC) system 

equipped with a DAD-3000 UV/Vis detector (Dionex). The stationary phase was a 

Discovery HS F5 150 mm × 2.1 mm column with a particle size of 3 μm, while the 

mobile phase was a binary system composed of 10 mM ammonium formate at pH 3.0, 

adjusted by formic acid (solvent A), and acetonitrile (solvent B). The flow rate was set 

to 0.7 mL/min, and 5 μL of the sample was injected for quantification. The solvent 

composition was initially set to A = 95.0% and B = 5.0%, which was maintained until 

0.5 min. Thereafter, the solvent composition was changed following a linear gradient 

until A = 40.0% and B = 60.0% at 7.0 min, which was kept constant for 2.5 min (7.0–

9.5 min). The solvent composition was then returned linearly to the initial conditions 

(A = 95.0%, B = 5.0%) at 9.6 min and remained unchanged until the end of the run 

(9.6-12 min). 

2-Phenylethanol was detected at a retention time of 4.8 min, and the absorbance at 

214 nm was used for quantification. Peaks corresponding to the target compounds 

were identified by comparison to prepared standards (Sigma-Aldrich). Peak areas 

were used for compound quantification using the external standard calibration 

method. Analysis of HPLC results was performed using the software Chromeleon 7 

(Thermo Fisher Scientific). 

 



Chapter 4 | Identification of transporters involved in aromatic compounds tolerance through a 
deletion library screening 

___________________________________________________________________________________________________________ 

205 
 

Results 

Toxicity evaluation of a broad range of aromatic compounds 

The production of aromatic compounds via microbial fermentation has gained 

significant attention in recent years due to its potential for sustainable and efficient 

industrial processes. Over 50 different aromatic compounds that have been produced 

in cell factories have been listed in a recent literature review (Huccetogullari et al., 

2019). However, although some studies have reported toxicity at low concentrations 

for specific products, a comprehensive evaluation of the overall toxicity of aromatics 

in multiple microbial hosts is lacking. 

To address this gap, we conducted a rigorous assessment of the toxicity of multiple 

aromatic compounds. Our selection criteria encompassed a range of parameters, 

including diverse aromatic ring structures, distinct functional groups, commercial 

relevance, and the potential for production in cell factories, resulting in the inclusion 

of 54 aromatic compounds in our evaluation (Tables S5-S6). In order to conduct the 

toxicity assessment, we selected common production hosts for aromatics, namely, the 

bacterium Escherichia coli (strains BL21(DE3) and K-12 MG1655) and the baker’s 

yeast Saccharomyces cerevisiae (Averesch and Krömer, 2018; Huccetogullari et al., 

2019; Liu et al., 2020). We also included the non-conventional yeast Yarrowia 

lipolytica, which has demonstrated excellent potential as a host for aromatics 

production (Gu et al., 2020; Liu et al., 2022; Sáez-Sáez et al., 2020). 

Our evaluation of compound toxicity was conducted in liquid cultivations, with each 

compound tested at five different concentrations (Table S7). To determine the 

inhibitory effects of the compounds on growth, we measured the maximum specific 

growth rate (µmax) and used the half-maximal inhibitory concentration (IC50) to 

quantify their potency (Figure 1, Figure S1). 
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Figure 1: Comparison of estimated IC50 values for various toxic aromatic 

compounds on different microorganisms. A missing bar indicates that the IC50 value 

was not reached within the concentration range tested. *: toxicity could not be determined due 

to medium becoming black over time. 

 

The toxicity evaluation resulted in the identification of 22 compounds that reduced 

µmax to half in at least one of the four strains tested. Remarkably, 9 of these compounds 

exhibited toxicity towards all the strains, highlighting their antimicrobial effect against 

both yeast and E. coli. These aromatic compounds predominantly belong to the phenyl 

or benzyl alcohols, amines, or aldehyde classes, and exhibited an IC50 value mostly 

below 2 g/L. Complex aromatic compounds that belong to secondary metabolites 

typically have poor solubility in water and seldom exhibited toxicity before they 

reached their solubility limits. 

In general, we found that there were no major differences in tolerance among the 

different microorganisms tested, and compounds that were toxic to only one host were 

rare occurrences. Notably, Y. lipolytica appeared to be equally or more tolerant than 
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S. cerevisiae, while E. coli strains showed similar tolerance levels, with some 

compounds like vanillin or 4-aminobenzoic acid exhibiting differential effects on the 

two strains. This is consistent with what can be a very substantial difference in 

accumulation of aromatic fluorophores for related E. coli strains (Salcedo-Sora et al., 

2021). 

 

Screening of transporter deletion libraries yields transporter deletions 

improving or reducing tolerance to aromatics 

The identification of aromatic compounds that are toxic to common microbial 

production hosts prompted us to develop a strategy for generating tolerant strains 

against them. Given the evidence that transporter manipulation can confer resistance 

or sensitivity to toxic compounds, we screened a transporter deletion library to identify 

potential targets for engineering (Lennen et al., 2023; Pereira et al., 2019, 2020; Radi 

et al., 2022b). We employed strains harboring individual transporter-encoding gene 

knockouts derived from the E. coli Keio and S. cerevisiae YKO deletion collections. 

Specifically, our transporter deletion libraries comprised 444 E. coli and 305 S. 

cerevisiae individual transporter knockout strains, covering a significant proportion 

of the genes annotated as transporters in the two model microorganisms (Table S8, 

Figure S2) (Yang et al., 2022; Munro and Kell, 2022; Wang et al., 2021). Many of these 

were ‘orphan’ or in E. coli so-called y-genes, whose substrates were still not known 

(Ghatak et al., 2019). 

The transporter deletion library was screened against a subset of aromatic compounds 

from those identified as toxic (Figure 1). Our selection criteria were based on multiple 

factors, including industrial relevance and reports of production and toxicity in cell 

factories. The compounds we selected were: 2-phenylethanol (used in fragrances, 

flavors, and cosmetics due to its pleasant floral aroma) (Hua and Xu, 2011); 4-tyrosol 

(a natural antioxidant with potential therapeutic applications for oxidative stress-

related diseases) (Karković Marković et al., 2019); benzyl alcohol (a versatile 

compound used as a solvent, flavoring agent, and preservative) (del Olmo et al., 2017); 

berberine (used in traditional Chinese medicine and has shown potential as a 

therapeutic agent for various conditions) (Ai et al., 2021); and vanillin (a popular 
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flavoring agent used in the food industry, as well as in fragrances and cosmetics) 

(Martău et al., 2021). 

As the genetic background of the parent strains from the Keio and YKO collections 

differed from those used in the toxicity screening, resulting in potential variations in 

tolerance, we reassessed the compound toxicity in the new backgrounds (Figure 2a-b). 

While the toxicity profiles of most compounds remained consistent, S. cerevisiae 

BY4741 exhibited increased tolerance to berberine and 4-tyrosol, the latter of which 

was non-toxic within the concentration range tested. Likewise, berberine was not toxic 

in E. coli K-12 BW25113, similar to what was observed in the previous background. For 

the library screening, we selected a compound concentration that resulted in an 

approximate halving of µmax, with the aim of identifying transporter deletions that 

could improve or reduce product tolerance (Figure 2a-b, Table S9). 

For each strain of the library, we analyzed the µmax relative to the wild-type strain in 

the presence of each toxic compound. In general we observed a normal distribution of 

the library population, with most of the strains falling within ±2 standard deviations 

of the mean relative µmax value. To identify potential transporters responsible for 

transporting aromatics, we selected for further validation the top 8 strains for each 

microorganism and compound with the highest and lowest product tolerance. 

Although the library screening method allowed for identifying preliminary transporter 

deletions affecting product tolerance, it had some limitations that could have affected 

the µmax determinations. The lack of a pre-culture step and the direct growth of cells 

from cryostocks, which could have led to differences in inoculum size and state, have 

been demonstrated to result in significant variations in µmax in high-throughput 

screenings (Atolia et al., 2020). To address these limitations, in the validation step of 

the selected candidates, we used the same inocula size of exponentially growing cells 

for all strains, and we increased the number of replicates to ensure sufficient statistical 

power. 
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Figure 2. Screening the transporter deletion library for tolerance against toxic 

aromatic compounds. Panels a) and b) display the toxicity of each aromatic compound 

towards the parent strain of the transporters deletion library, with the dashed lines indicating 

the chosen concentration for subsequent library screening. Panels c) (E. coli) and d) (S. 

cerevisiae) depict the distribution of the library against each aromatic compound through 

histograms. The mean relative µmax with respect to the wild-type control is used as distribution 

parameter. The relative µmax cutoff value, indicated by dashed lines, was used to select the top 
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eight candidates with the highest and lowest product tolerance. Strains from each top 8 with 

validated effects are identified by labeled histogram bins (Figure 3). 

 

To confirm that the effects observed in the relative µmax were not due to a growth defect 

of the transporter deletion, we evaluated the impact of each candidate transporter 

deletion in the absence of any aromatic compound (Figure 3). Most transporter 

deletions did not cause significant differences in µmax compared to the wild-type strain 

when grown in the control medium. However, marked differences were observed in 

the strains harboring deletions of ygdQ, tolQ, and ybbY in E. coli and deletions in 

PTR2, YNL095C and FLX1 in S. cerevisiae, with up to ca. 25% reduction in µmax. Next, 

we assessed the effect of the transporter deletions in the presence of toxic aromatics 

and confirmed a number of deletions resulting in improved or reduced tolerance for 

specific compounds (Figure 3, Figures S3-S4, Table S10). Transporter deletions were 

generally found to restore µmax by app. 15 to 60% (Figure S3). 

 

Figure 3. Validated transporter deletions that either improve or reduce the 

tolerance of a) E. coli and b) S. cerevisiae to multiple toxic aromatic compounds. 

Control represents µmax with respect to the wild-type strain in control medium, lacking any 

toxic aromatic compound. Aromatic compound shows the µmax with respect to the wild-type 

strain in the same medium but containing the aromatic compound indicated in each subplot, 

at the same concentration used in the library screening (Table S9). Error bars denote the 

estimated standard deviation of at least 4 biological replicates. The horizontal dashed line 
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indicates a value of 1, expected for strains not showing differences with respect to the wild-

type control. 

Interestingly, specific transporter deletions were found to affect the tolerance of more 

than one aromatic. For instance, ΔycjN in E. coli improved the tolerance of 2-

phenylethanol and benzyl alcohol, while ΔkdpA enhanced the tolerance of 4-tyrosol 

and benzyl alcohol. In S. cerevisiae, agp2Δ enhanced the resistance to berberine while 

diminishing 2-phenylethanol tolerance, and a similar trend was observed for yia6Δ 

between benzyl alcohol and 2-phenylethanol. 

 

Multi-compound analysis of the transporter deletion libraries suggests 

interrelationships between transporters 

Following the identification of transporter deletions with similar or opposite effects in 

two different aromatics (Figure 3), we explored other potential interrelationships 

between transporters within the whole library dataset generated. We searched for 

transporter deletion pairs presenting similar trends in terms of µmax for the four 

aromatic compounds tested, translated into a high correlation coefficient (R2 > 0.999) 

and a p-value < 0.05 after applying a full Bonferroni correction. We found 44 

transporter pairs in E. coli and 13 transporter pairs in S. cerevisiae that met these 

criteria (Figures S5-S6). The transporters set derived from all the pairs exhibited 

clustering patterns (Figure 4) that could provide insight into the function of 

transporters with unknown functions by comparison to those with known functions. 

For instance, the deletion of the transporter-encoding y-gene from E. coli yifK showed 

a high degree of correlation with the deletion of argT (Figure 4a, Figure S5), known to 

be involved in the uptake of multiple amino acids (Charlier and Bervoets, 2019). 

Therefore, yifK could potentially have some shared function or substrate specificity 

with argT. 
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Figure 4. Clustermap showing highly correlated transporter deletions across 

four different aromatic compounds in (a) E. coli and (b) S. cerevisiae. The 

clustering parameter is the mean of relative and normalized µmax, which compares the µmax in 

the presence of the toxic aromatic compound to the wild-type control and normalizes it against 

the effect of the deletion in the absence of the compound. The heatmap values are scaled from 

0 to 1 for better comparability and interpretation. For each transporter pair, the correlation 

scatterplots are presented in Figures S5-S6. 
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Transporter engineering modulates 2-phenylethanol production in S. 

cerevisiae 

2-Phenylethanol is a naturally occurring metabolite synthesized by S. cerevisiae and 

other yeasts via the Ehrlich pathway, utilizing the aromatic amino acid L-

phenylalanine as a precursor (Dai et al., 2021) (Figure 5a). This compound has 

garnered industrial attention for its application in the cosmetics and fragrance 

industries, in addition to its ability to impact the sensory properties of fermented 

alcoholic beverages such as wine (Cordente et al., 2021; Mitri et al., 2022). 

Our transporters deletion library identified 16 transporter deletions altering the 

tolerance of S. cerevisiae to exogenously supplemented 2-phenylethanol (Figure 3b). 

Subsequently, we investigated whether these changes could also impact its production. 

Although 2-phenylethanol can be produced natively through the Ehrlich pathway, the 

production is typically low in wild-type strains and extensive genetic engineering is 

required to achieve significant titers (Hassing et al., 2019). Therefore, we sought an 

alternative approach and decided to use whole-cell bioconversion by supplementing 

L-phenylalanine to the medium. This approach has been shown to result in gram-per-

liter titers and has been successfully used to produce 2-phenylethanol in other studies 

(Cui et al., 2011; Mitri et al., 2022). We tested the 16 deletion strains in the presence 

and absence of 5 g/L of L-phenylalanine. Also, with the hypothesis that the 8 

transporter deletions leading to increased sensitivity could be 2-phenylethanol 

exporters, we overexpressed them in a strain with improved flux within the shikimate 

pathway (strain ST9599: CEN.PK113-7D + ARO4K229L + ARO7G141S) (Luttik et al., 

2008). 

The deletion of YIA6, PTR2, and MCH4 led to a significant improvement in titers, with 

up to a 12.4% increase, as well as specific yield, with an increase of up to 82.2% (Figure 

5b). Disrupting QDR2, DNF1, and SPF1 only improved specific yield. On the other 

hand, deletions of DRS2, CTP1, FSF1, and AGP2 reduced 2-phenylethanol titers. 

Interestingly, strains with these deletions, especially AGP2 and CTP1, exhibited 

significant growth impairment, an effect that was not observed in the control medium 

without L-phenylalanine (Figure S7). The overexpression of transporters did not lead 

to improvements in the measured metrics. In fact, overexpression of FCY2, CTP1, 

FSF1, YNL095C, and MCH4 resulted in lower titers (Figure 5c). 
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Figure 5. Effect of transporter engineering on 2-phenylethanol production in S. 

cerevisiae. a) Metabolic pathways leading to 2-phenylethanol biosynthesis in S. cerevisiae. 

Dashed lines indicate multiple enzymatic steps. G6P: glucose 6-phosphate; PEP: 

phosphoenolpyruvate; erythrose 4-phosphate; DAHP: 3-Deoxy-D-arabinoheptulosonate 7-

phosphate; CHOR: chorismate; PPA: prephenate; PPY: phenylpyruvate; PHE: L-

phenylalanine; PAH: phenylacetaldehyde; PAA: phenylacetate; 2PE: 2-phenylethanol. b) 
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Effect of transporters deletions on 2-phenylethanol bioconversion. c) Effect of transporters 

overexpressions on 2-phenylethanol bioconversion. L-phenylalanine was supplemented at a 

concentration of 5 g/L. Asterisks (*) indicate a p-value < 0.05 (two-sample unequal variance). 

 

Discussion 

In this study, the toxicity of a wide range of aromatic compounds towards industrial 

production microorganisms was evaluated. In addition, we screened E. coli and S. 

cerevisiae transporter deletion libraries against a subset of toxic aromatics, and 

identified a number of transporter deletions leading to increased tolerance or 

sensitivity. Lastly, we showed how transporter engineering applied to 2-phenylethanol 

can modulate its production in S. cerevisiae. 

Although previous studies have documented the toxicity of several popular aromatics, 

such as 2-phenylethanol, vanillin, or catechol (Brochado et al., 2010; Dai et al., 2021; 

Song et al., 2022), there have not been many systematic reports analyzing the toxicity 

of a broad range of compounds, as was done in this study, allowing for comparisons 

between multiple hosts. Moreover, Y. lipolytica, which has recently emerged as a 

promising host for the production of various aromatics (Gu et al., 2020), has not been 

thoroughly investigated for its toxicity against this family of compounds. 

The screening of the transporter-deletion libraries revealed a number of transporter 

deletions increasing compound tolerance or sensitivity, in some cases consistent with 

previously reported data on other compounds with aromatic rings. For instance, the 

deletion of garP sensitized E. coli towards 2-phenylethanol, an effect that was also 

observed for melatonin (Yang et al., 2022). In yeast, disruption of QDR2 improved the 

tolerance towards 2-phenylethanol in this work, and was previously linked to the 

transport of other aromatics like betaxanthins (Savitskaya et al., 2019; Wang et al., 

2021). 

Although it may appear intuitive that transporters leading to increased tolerance are 

importers and those resulting in enhanced sensitivity are exporters, numerous studies 

have demonstrated that single gene deletions can have pleiotropic effects on the 

expression of multiple other genes (Cooper et al., 2007; Barrio-Hernandez et al., 2023; 

Featherstone and Broadie, 2002). Thus, follow-up validation experiments are 

necessary to confirm that the observed effect on tolerance results directly from altered 
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transport. Expression of the transporters in Xenopus oocytes and conducting 

transport assays would be valuable for validating this mechanism (Miller and Zhou, 

2000; Wang et al., 2021). Note too that effluxers are far more likely to turn up in these 

kinds of assays since if multiple influxers exist the loss of one simply lets others ‘take 

up the slack’ (Mendes et al., 2020). 

Regardless of the underlying mechanism of product tolerance, our method offers a 

valuable alternative to traditional approaches such as TALE. Recent TALE studies 

have shown how disruptions in transporter-encoding genes contribute significantly to 

the tolerant phenotype, which agrees with our observed results (Figure S3) (Babel and 

Krömer, 2020; Lennen et al., 2023). However, our approach offers a more streamlined 

and cost-effective solution by eliminating the need for laborious tasks such as serial 

transfers, genome sequencing, identification of mutations, and reverse engineering, 

which can be both time-consuming and expensive in the absence of automation 

equipment (Dragosits and Mattanovich, 2013; Mohamed et al., 2020, 2017; Radi et al., 

2022a; Sandberg et al., 2019). This significantly reduces the associated labor and costs, 

allowing for a more efficient and effective approach to studying product tolerance. 

The toxicity of 2-phenylethanol in S. cerevisiae and the identification of tolerance 

mechanisms has been the focus of several recent studies (Zhu et al., 2021; Xia et al., 

2022). A missense mutation in PDR1 was demonstrated to improve titers in a 

producing strain (Xia et al., 2022). PDR1 is a transcription factor regulating the 

expression of multiple genes, and among them there are ATP-binding cassette (ABC) 

transporters like PDR5, PDR15, PDR10, PDR12, PDR11, YOR1, and AUS1, which 

confer resistance to several drugs (Buechel and Pinkett, 2020). Interestingly, our 

library screening did not reveal any of these transporter deletions affecting 2-

phenylethanol tolerance, as probably a change in the expression of all transporters 

regulated by PDR1 is required to observe a similar effect. However, among the 

transporter disruptions that we identified to alter product titer and specific yield, 

Ptr2p and Agp2p stand out due to their roles in peptide and amino acid import and 

nitrogen metabolism (Aouida et al., 2013, 2005; Becerra-Rodríguez et al., 2020; Sáenz 

et al., 2014). Agp2p, in particular, has been speculated to be involved in the uptake of 

L-phenylalanine (Schreve and Garrett, 2004), which could explain the impaired 

growth of the agp2Δ strain in the excess of extracellular L-phenylalanine (Table S10).  
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Studies of drug-transporter interactions can take two broad forms (Kell, 2018). In the 

first, the transporter is known and its possibly unknown substrates are identified (‘de-

orphanisation’) (Gründemann et al., 2005; Munro and Kell, 2022). In the second, as 

here, the substrates are known and the transporters are sought, not least in order to 

enable protein engineering of the successful targets. In the event, a large number of y-

genes in E. coli were here thereby detected and thus nominally de-orphanised; at the 

very least our data-driven ‘discovery’ strategy allowed specific hypotheses to be 

generated for more exact testing (Kell and Oliver, 2004). In summary, the findings 

from this study shed light on targets that could identify potential transport pathways 

and then be engineered to enhance the tolerance to aromatic compounds. These 

results lay the groundwork for subsequent follow-up validation experiments and 

further investigation of these targets. 

 

Conclusions 

A standard systems biology strategy first identifies genes relevant to process and then 

seeks to manipulate them. This study accordingly provides valuable insights into the 

toxicity of aromatics in common production hosts and identifies specific transporter-

encoding genes involved in product tolerance. Our findings suggest that transporter 

engineering could be a promising strategy to improve the production of aromatic 

compounds in microbial cell factories. Further research can explore the potential of 

the identified transporters as targets for engineering.  
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Table S1. List of strains used in this study. Strains used in the transporters library 

screening are derived from the parent strains BY4741 (S. cerevisiae) and K-12 BW25113 (E. 

coli). 

 

Table S2. List of plasmids used in this study. 

Plasmid BioBricks Description Reference 

pCfB3035 n.a. Integrative vector for locus X-4 
(Jessop‐Fabre et 
al., 2016) 

pCfB2909 n.a. Integrative vector for locus XII-5 
(Jessop‐Fabre et 
al., 2016) 

pCfB3042 n.a. gRNA vector for locus X-4 
(Jessop‐Fabre et 
al., 2016) 

pCfB3050 n.a. gRNA vector for locus XII-5 
(Jessop‐Fabre et 
al., 2016) 

pSP-GM1 n.a. Plasmid backbone harboring S. cerevisiae promoters 
(Partow et al., 
2010) 

pCfB9114 n.a. 
Integrative vector for locus X-4, expression of ARO4K229L and 
ARO7G141S under control of promoter TEF1 and PGK1, respectively 

(Babaei et al., 
2020) 

pCfB12380 
BB3034, 
BB8, 
BB6709 

Integrative vector for locus XII-5, expression of FCY2 under control of 
promoter TEF1 

This study 

pCfB12381 
BB3034, 
BB8, 
BB6710 

Integrative vector for locus XII-5, expression of MCH4 under control of 
promoter TEF1 

This study 

pCfB12382 
BB3034, 
BB8, 
BB6711 

Integrative vector for locus XII-5, expression of PTR2 under control of 
promoter TEF1 

This study 

Microorganism Strain Genotype 
Integrativ
e vectors 
used 

Reference 

Saccharomyces 
cerevisiae 

CEN.PK113-7D MATa URA3 TRP1 LEU2 HIS3 n.a. 
(Entian and 
Kötter, 
2007) 

Saccharomyces 
cerevisiae 

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 n.a. 
(Baker 
Brachmann 
et al., 1998) 

Saccharomyces 
cerevisiae 

ST9599 CEN.PK113-7D + ARO4K229L↑ + ARO7G141S↑ pCfB9114 This study 

Saccharomyces 
cerevisiae 

ST14058 ST9599 + FCY2↑ pCfB12380 This study 

Saccharomyces 
cerevisiae 

ST14059 ST9599 + MCH4↑ pCfB12381 This study 

Saccharomyces 
cerevisiae 

ST14060 ST9599 + PTR2↑ pCfB12382 This study 

Saccharomyces 
cerevisiae 

ST14061 ST9599 + YIA6↑ pCfB12383 This study 

Saccharomyces 
cerevisiae 

ST14062 ST9599 + YNL095C↑ pCfB12384 This study 

Saccharomyces 
cerevisiae 

ST14063 ST9599 + CTP1↑ pCfB12385 This study 

Saccharomyces 
cerevisiae 

ST14064 ST9599 + AGP2↑ pCfB12386 This study 

Saccharomyces 
cerevisiae 

ST14065 ST9599 + FSF1↑ pCfB12387 This study 

Yarrowia 
lipolytica 

W29, Y-63746 MATa n.a. 
(Gaillardin 
et al., 1973) 

Escherichia coli K-12 MG1655 F- lambda- ilvG- rfb-50 rph-1 n.a. 
(Bachmann, 
1972) 

Escherichia coli BL21(DE3) B dcm ompT hsdS(rB-mB-) gal n.a. 

(Studier 
and 
Moffatt, 
1986) 

Escherichia coli K-12 BW25113 
F- DE(araD-araB)567 lacZ4787(del)::rrnB-3 
LAM- rph-1 DE(rhaD-rhaB)568 hsdR514 

n.a. 

(Baba et al., 
2006; 
Datsenko 
and 
Wanner, 
2000) 
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pCfB12383 
BB3034, 
BB8, 
BB6712 

Integrative vector for locus XII-5, expression of YIA6 under control of 
promoter TEF1 

This study 

pCfB12384 
BB3034, 
BB8, 
BB6713 

Integrative vector for locus XII-5, expression of YNL095C under control 
of promoter TEF1 

This study 

pCfB12385 
BB3034, 
BB8, 
BB6714 

Integrative vector for locus XII-5, expression of CTP1 under control of 
promoter TEF1 

This study 

pCfB12386 
BB3034, 
BB8, 
BB6715 

Integrative vector for locus XII-5, expression of AGP2 under control of 
promoter TEF1 

This study 

pCfB12387 
BB3034, 
BB8, 
BB6716 

Integrative vector for locus XII-5, expression of FSF1 under control of 
promoter TEF1 

This study 

 

 

Table S3. List of BioBricks used in this study. 

BioBrick Amplification primer 1 Amplification primer 
2 

Template Description 

BB3034 (XII-5-
MarkerFree) 

PR-22420 
(USER_backbone_1_Rev) 

PR-22421 
(USER_backbone_2_Fw
d) 

pCfB2909 USER-ready backbone 
of plasmid 

BB8 (TEF1_U1) PR-32768 
(pTEF1_U1_fwd) 

PR-1750 (PTEF1_fw) pSP-GM1 TEF1 promoter for 
position 1 

BB6709 (FCY2_U1) PR-32769 
(FCY2_YER056C_U1_fwd
) 

PR-32770 
(FCY2_YER056C_U1_rv) 

CEN.PK113-7D 
gDNA 

FCY2 gene in position 1 

BB6710 
(MCH4_U1) 

PR-32771 
(MCH4_YOL119C_U1_rv) 

PR-32772 
(MCH4_YOL119C_U1_rv
) 

CEN.PK113-7D 
gDNA 

MCH4 gene in position 
1 

BB6711 (PTR2_U1) PR-32773 
(PTR2_YKR093W_U1_fw
d) 

PR-32774 
(PTR2_YKR093W_U1_rv
) 

CEN.PK113-7D 
gDNA 

PTR2 gene in position 
1 

BB6712 (YIA6_U1) PR-32775 
(YIA6_YIL006W_U1_fwd
) 

PR-32776 
(YIA6_YIL006W_U1_rv) 

CEN.PK113-7D 
gDNA 

YIA6 gene in position 1 

BB6713 
(YNL095C_U1) 

PR-32777 
(YNL095C_U1_rv) 

PR-32778 
(YNL095C_U1_fwd) 

CEN.PK113-7D 
gDNA 

YNL095C gene in 
position 1 

BB6714 (CTP1_U1) PR-32779 
(CTP1_YBR291C_U1_fwd) 

PR-32780 
(CTP1_YBR291C_U1_rv) 

CEN.PK113-7D 
gDNA 

CTP1 gene in position 1 

BB6715 (AGP2_U1) PR-32781 
(AGP2_YBR132C_U1_fwd
) 

PR-32782 
(AGP2_YBR132C_U1_rv) 

CEN.PK113-7D 
gDNA 

AGP2 gene in position 
1 

BB6716 (FSF1_U1) PR-32783 
(FSF1_YOR271C_U1_fwd) 

PR-32784 
(FSF1_YOR271C_U1_rv) 

CEN.PK113-7D 
gDNA 

FSF1 gene in position 1 

 

 

Table S4. List of primers used in this study. 

Primer Sequence Use 

PR-32768 (pTEF1_U1_fwd) ACACGCGAUGCACACACCATAGCTTC 
Amplification of TEF1 promoter for 
position 1 

PR-1750 (PTEF1_fw) 
ACCTGCACUTTGTAATTAAAACTTAGATTAGATT
G 

Amplification of TEF1 promoter for 
position 1 

PR-22420 
(USER_backbone_1_Rev) 

ATCGCACGUGTAGATACGTTGTTGACACTTC 
Amplification of EasyClone 
integrative vectors 

PR-22421 
(USER_backbone_2_Fwd) 

ATCGCGTGUATCCGCTCTAACCGAAAAGGAAG 
Amplification of EasyClone 
integrative vectors 

PR-32769 
(FCY2_YER056C_U1_fwd) 

AGTGCAGGUAAAACAATGTTGGAAGAGGGAAAT
AATGTTTACG 

Amplification of FCY2 promoter for 
position 1 

PR-32770 
(FCY2_YER056C_U1_rv) 

ACGTGCGAUCTAACGACCGAAGTATTTCAATTC
TAAAGG 

Amplification of FCY2 promoter for 
position 1 

PR-32771 
(MCH4_YOL119C_U1_rv) 

AGTGCAGGUAAAACAATGTTGAACATTCCCATA
ATTGCTAACTCC 

Amplification of MCH4 promoter for 
position 1 

PR-32772 
(MCH4_YOL119C_U1_rv) 

ACGTGCGAUTTAAAACTTACAAAGCTTCGCACC
AAC 

Amplification of MCH4 promoter for 
position 1 
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PR-32773 
(PTR2_YKR093W_U1_fwd) 

AGTGCAGGUAAAACAATGCTCAACCATCCCAGC
C 

Amplification of PTR2 promoter for 
position 1 

PR-32774 
(PTR2_YKR093W_U1_rv) 

ACGTGCGAUCTAATATTTGGTGGTGGATCTTAG
ACTTTCC 

Amplification of PTR2 promoter for 
position 1 

PR-32775 
(YIA6_YIL006W_U1_fwd) 

AGTGCAGGUAAAACAATGACACAGACTGATAAT
CCTGTCCC 

Amplification of YIA6 promoter for 
position 1 

PR-32776 
(YIA6_YIL006W_U1_rv) 

ACGTGCGAUTTAAATTACCATAGTGCTAATATTT
TCTAGGCGG 

Amplification of YIA6 promoter for 
position 1 

PR-32777 (YNL095C_U1_rv) 
AGTGCAGGUAAAACAATGGTGCACATTACTCTG
GGTC 

Amplification of YNL095C promoter 
for position 1 

PR-32778 
(YNL095C_U1_fwd) 

ACGTGCGAUTAAAGGTTCATCTGTACTTTCAGA
AAGTAAG 

Amplification of YNL095C promoter 
for position 1 

PR-32779 
(CTP1_YBR291C_U1_fwd) 

ACGTGCGAUTCAGGCTAGCATAACTAAGACCTT
TTCATAG 

Amplification of CTP1 promoter for 
position 1 

PR-32780 
(CTP1_YBR291C_U1_rv) 

AGTGCAGGUAAAACAATGTCCAGTAAAGCTACC
AAAAGTGAC 

Amplification of CTP1 promoter for 
position 1 

PR-32781 
(AGP2_YBR132C_U1_fwd) 

AGTGCAGGUAAAACAATGACAAAGGAACGTATG
ACCATCG 

Amplification of AGP2 promoter for 
position 1 

PR-32782 
(AGP2_YBR132C_U1_rv) 

ACGTGCGAUTTATGCTTTGCTATAATATTGAAAT
TTTTCGAAGG 

Amplification of AGP2 promoter for 
position 1 

PR-32783 
(FSF1_YOR271C_U1_fwd) 

AGTGCAGGUAAAACAATGGCATCATCAGTCCCA
GG 

Amplification of FSF1 promoter for 
position 1 

PR-32784 
(FSF1_YOR271C_U1_rv) 

ACGTGCGAUCTAAATACCTCTGTTAAAATAGACC
TTTTCAATTGG 

Amplification of FSF1 promoter for 
position 1 

 

 

Table S5. List of 54 compounds evaluated for toxicity. Classes of compounds: A: 

Phenyl/Benzyl alcohols, amines, aldehydes or other hydrocarbons; B: Phenyl/Benzyl acids or 

amino acids; C: Indoles; D: Complex secondary metabolites; E: Dicarboxylic acid.  

Compound Class Chemical structure 

2-Phenylacetaldehyde A 

 

2-Phenylethanol A 

 

2-Phenylethylamine A 

 

4-Aminobenzoic acid B 

 

4-Coumaric acid B 

 

4-Tyrosol A 

 

4-Vinylphenol A 
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5-Hydroxytryptophan C 

 

Acetylsalicylic acid B 

 

Aspartame B 

 

Atenolol A 

 

Benzyl alcohol A 

 

Berberine D 

 

Caffeic acid B 

 

Catechin D 

 

Catechol A 
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Colchicine D 

 

Dopamine A 

 

Ferulic acid B 

 

Gallic acid B 

 

Gastrodin A 

 

Hydrocinnamyl alcohol A 

 

Isoeugenol A 

 

Kaempferol D 

 

L-DOPA B 

 

Mandelic acid B 
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Melatonin C 

 

Methyleugenol A 

 

Myricetin D 

 

Naringenin D 

 

Neotame A 

 

Novobiocin D 

 

Papaverine D 

 

Phenylalanine B 

 

Phloretin D 
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Protocatechuic acid B 

 

Quercetin D 

 

Quercetin 3-glucoside D 

 

Quinine D 

 

Resveratrol D 

 

Rosmarinic acid D 

 

Rutin D 
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Salicylic acid B 

 

Serotonin C 

 

Shikimic acid B 

 

Styrene A 

 

Tryptophan C 

 

Tubocurarine D 

 

Tyrosine B 

 

Vanillic acid B 

 

Vanillin A 

 

cis,cis-Muconic acid E 

 

trans-Anethole A 

 



Chapter 4 | Identification of transporters involved in aromatic compounds tolerance through a 
deletion library screening 

___________________________________________________________________________________________________________ 

234 
 

trans-Cinnamic acid B 

 

 

 

Table S6. Applications and uses of the 54 compounds evaluated for toxicity, 

including microbial production examples, when available. n.a.: not available. 

Compound Applications and uses 
Example of microbial 
production 

2-Phenylacetaldehyde Cosmetics ingredient; floral odor (Wang et al., 2023) 

2-Phenylethanol Cosmetics ingredient; rose-like odor (Wang et al., 2019) 

2-Phenylethylamine Central nervous system stimulant (Hamana and Niitsu, 1999) 

4-Aminobenzoic acid Building block for drugs and pesticides (Averesch et al., 2016) 

4-Coumaric acid Food ingredient (antioxidant) (Rodriguez et al., 2015) 

4-Tyrosol Food ingredient (antioxidant) (Xu et al., 2020) 

4-Vinylphenol Food ingredient (aroma) (Salgado et al., 2014) 

5-Hydroxytryptophan 
Antidepressant, appetite suppressant, and sleep 
aid 

(Wang et al., 2018) 

Acetylsalicylic acid Anti-inflammatory drug n.a. 

Aspartame Artificial sweetener n.a. 

Atenolol Anti-hypertensive drug n.a. 

Benzyl alcohol 
General solvent, bacteriostatic preservative for 
drugs, drug for the treatment of head lice 

(Pugh et al., 2015) 

Berberine 
Natural yellow dye, supplement with blood-
sugar-lowering properties 

(Han and Li, 2023) 

Caffeic acid 
Food supplement used to boost the performance 
of athletes  

(Zhou et al., 2021) 

Catechin 
Food supplement with antioxidant and 
antimicrobial properties 

(Zhao et al., 2015) 

Catechol Building block for pesticides, perfumes and drugs (Song et al., 2022) 

Colchicine Drug to treat gout and Behçet's disease n.a. 

Dopamine Neuromodulatory substance (Trenchard et al., 2015) 

Ferulic acid Cosmetics ingredient with antioxidant properties (Lv et al., 2021) 

Gallic acid Tanning, ink dyes, and the manufacture of paper (Aguilar-Zárate et al., 2015) 

Gastrodin 
Dietary supplement, drug to treat headache and 
migraine 

(Yin et al., 2020) 

Hydrocinnamyl alcohol Flavoring agent (Liu et al., 2021) 

Isoeugenol Food additive and cosmetics ingredient (Wang et al., 2021) 

Kaempferol 
Dietary supplement with multiple health-
promoting properties 

(Lyu et al., 2019) 

L-DOPA 
Neurotransmitters precursor, used in the 
treatment of Parkinson’s disease 

(Fordjour et al., 2019) 

Mandelic acid Cosmetics ingredient (Sun et al., 2011) 

Melatonin 
Dietary supplement used in the treatment of sleep 
disorders 

(Zhang et al., 2021) 

Methyleugenol Food additive and cosmetics ingredient n.a. 

Myricetin 
Dietary supplement with multiple health-
promoting properties 

(Leonard et al., 2006) 

Naringenin 
Food supplement with multiple health-promoting 
properties 

(Wei et al., 2020) 
 

Neotame Artificial sweetener n.a. 

Novobiocin Antibiotic (Steffensky et al., 2000) 

Papaverine 
Drug for the treatment of visceral spasms and 
vasospasms 

(Jamil et al., 2022) 
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Phenylalanine 
Amino acid used for the treatment of vitiligo and 
other disorders 

(Liu et al., 2019) 

Phloretin 
Dietary supplement with multiple health-
promoting properties 

(X. Liu et al., 2022) 

Protocatechuic acid 
Pharmacological applications as antioxidant, 
anti-inflammatory, and neuroprotective 

(Li and Ye, 2021) 

Quercetin 
Dietary supplement with multiple health-
promoting properties 

(Rodriguez et al., 2017) 

Quercetin 3-glucoside 
Dietary supplement with multiple health-
promoting properties 

(De Bruyn et al., 2015) 

Quinine Drug used to treat malaria and babesiosis n.a. 

Resveratrol 
Dietary supplement with multiple health-
promoting properties 

(M. Liu et al., 2022) 

Rosmarinic acid 
Dietary supplement with multiple health-
promoting properties 

(Babaei et al., 2020) 

Rutin 
Dietary supplement with multiple health-
promoting properties 

n.a. 

Salicylic acid 
Cosmetics ingredient for the treatment of many 
skin disorders 

(Ahmadi et al., 2016) 

Serotonin Multifaceted hormone 
(Mora-Villalobos and Zeng, 
2018) 

Shikimic acid Precursor of antiviral drugs (Martínez et al., 2015) 

Styrene 
Platform chemical for the manufacturing of latex, 
synthetic rubber, polystyrene resins, and other 
plastics 

(Lee et al., 2019) 

Tryptophan 
Amino acid used in the treatment of sleep 
disorders 

(Niu et al., 2019) 

Tubocurarine Adjunct for clinical anesthesia n.a. 

Tyrosine Amino acid sold as dietary supplement (Gold et al., 2015) 

Vanillic acid Flavoring agent with multiple biological activities (Weiland et al., 2023) 

Vanillin Food additive and cosmetics ingredient (Brochado et al., 2010) 

cis,cis-Muconic acid 
Platform chemical for manufacturing of plastics, 
resins, and pharmaceuticals 

(Wang et al., 2022) 

trans-Anethole Flavoring agent and sweetener n.a. 

trans-Cinnamic acid Food additive and cosmetics ingredient 
(Vargas-Tah and Gosset, 
2015) 

 

 

Table S7. Concentration range tested for each compound. 

Compound C1 (g/L) C2 (g/L) C3 (g/L) C4 (g/L) C5 (g/L) 

2-Phenylacetaldehyde 2 1 0.5 0.25 0.125 

2-Phenylethanol 5 2.5 1.25 0.625 0.3125 

2-Phenylethylamine 2 1 0.5 0.25 0.125 

4-Aminobenzoic acid 5 2.5 1.25 0.625 0.3125 

4-Coumaric acid 0.8 0.4 0.2 0.1 0.05 

4-Tyrosol 10 5 2.5 1.25 0.625 

4-Vinylphenol 2 1 0.5 0.25 0.125 

5-Hydroxytryptophan 3 1.5 0.75 0.375 0.1875 

Acetylsalicylic acid 2.5 1.25 0.625 0.3125 0.15625 

Aspartame 5 2.5 1.25 0.625 0.3125 

Atenolol 0.2 0.1 0.05 0.025 0.0125 

Benzyl alcohol 5 2.5 1.25 0.625 0.3125 

Berberine 1.5 0.75 0.375 0.1875 0.09375 

Caffeic acid 5 2.5 1.25 0.625 0.3125 

Catechin 0.4 0.2 0.1 0.05 0.025 

Catechol 1 0.5 0.25 0.125 0.0625 
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Colchicine 5 2.5 1.25 0.625 0.3125 

Dopamine 4 2 1 0.5 0.25 

Ferulic acid 0.5 0.25 0.125 0.0625 0.03125 

Gallic acid 10 5 2.5 1.25 0.625 

Gastrodin 5 2.5 1.25 0.625 0.3125 

Hydrocinnamyl alcohol 5 2.5 1.25 0.625 0.3125 

Isoeugenol 0.5 0.25 0.125 0.0625 0.03125 

Kaempferol 0.05 0.025 0.0125 0.00625 0.003125 

L-DOPA 3 1.5 0.75 0.375 0.1875 

Mandelic acid 10 5 2.5 1.25 0.625 

Melatonin 0.05 0.025 0.0125 0.00625 0.003125 

Methyleugenol 0.4 0.2 0.1 0.05 0.025 

Myricetin 0.05 0.025 0.0125 0.00625 0.003125 

Naringenin 0.1 0.05 0.025 0.0125 0.00625 

Neotame 5 2.5 1.25 0.625 0.3125 

Novobiocin 0.5 0.25 0.125 0.0625 0.03125 

Papaverine 0.5 0.25 0.125 0.0625 0.031 

Phenylalanine 10 5 2.5 1.25 0.625 

Phloretin 0.1 0.05 0.025 0.0125 0.00625 

Protocatechuic acid 5 2.5 1.25 0.625 0.3125 

Quercetin 0.05 0.025 0.0125 0.00625 0.003125 

Quercetin 3-glucoside 0.2 0.1 0.05 0.025 0.0125 

Quinine 0.3 0.15 0.075 0.0375 0.01875 

Resveratrol 0.05 0.025 0.0125 0.00625 0.003125 

Rosmarinic acid 0.1 0.05 0.025 0.0125 0.00625 

Rutin 0.1 0.05 0.025 0.0125 0.00625 

Salicylic acid 2.5 1.25 0.625 0.3125 0.15625 

Serotonin 5 2.5 1.25 0.625 0.3125 

Shikimic acid 5 2.5 1.25 0.625 0.3125 

Styrene 0.2 0.1 0.05 0.025 0.0125 

Tryptophan 10 5 2.5 1.25 0.625 

Tubocurarine 5 2.5 1.25 0.625 0.3125 

Tyrosine 0.4 0.2 0.1 0.05 0.025 

Vanillic acid 1.25 0.625 0.3125 0.15625 0.078125 

Vanillin 3 1.5 0.75 0.375 0.1875 

cis,cis-Muconic acid 5 2.5 1.25 0.625 0.3125 

trans-Anethole 0.1 0.05 0.025 0.0125 0.00625 

trans-Cinnamic acid 0.4 0.2 0.1 0.05 0.025 

 

Table S8. List of transporter-encoding genes included in the deletion library. 

Microorganism Individual transporter deletions in the library 
Escherichia coli K-12 
BW25113  

aaeA, acrB, acrD, acrF, actP, adeP, adeQ, adiC, agaC, agaV, alsC, alx, 
ampG, amtB, ansP, aqpZ, araE, araH, araJ, argO, argT, arnE, arnF, 
aroP, arsB, artI, artJ, artQ, ascF, atoE, atoS, atpB, atpI, barA, bcr, betT, 
bglF, brnQ, btuC, cadB, caiT, ccmC, chaA, chbC, citT, clcA, clcB, cmtA, 
cmtB, codB, copA, corA, corC, crr, cusA, cvrA, cycA, cydD, cynX, cysW, 
dauA, dctA, dcuA, dcuB, dcuC, dcuD, ddpB, ddpC, ddpD, ddpF, dgoT, 
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dhaM, dinF, dlsT, dppB, dsdX, dtpA, dtpB, dtpC, dtpD, eamA, eamB, 
emrB, emrD, emrY, entS, ettA, eutH, exbB, exbD, exuT, feoB, fepD, fetA, 
fetB, fieF, focA, focB, frlA, fruA, frvA, frvB, frwB, frwC, frwD, fryA, fryB, 
fryC, fsr, fucP, gabP, gadC, galP, garP, gdx, ghxP, ghxQ, glnP, glpF, 
glpT, gltK, gltP, gltS, glvB, glvC, gntP, gntT, gntU, gsiC, guaB, gudP, 
hcaT, hisM, hofC, hsrA, idnT, kch, kdgT, kdpA, kdpD, kefB, kefC, kgtP, 
kup, lacY, leuE, livH, livJ, livK, lldP, lplT, lptB, lsrA, lsrC, lysP, macB, 
malF, malX, manY, mdfA, mdlA, mdlB, mdtB, mdtD, mdtF, mdtG, mdtH, 
mdtI, mdtJ, mdtK, mdtL, mdtN, mdtO, melB, mepM, metI, mglC, mgtA, 
mhpT, mlaC, mlaE, mltF, mngA, modB, modF, mscK, mscL, mscM, mscS, 
mtlA, mtr, murP, nagE, nanT, narK, narU, nepI, nhaB, nikC, nimT, nirC, 
nlpA, nupG, nupX, oppB, panF, perM, pheP, phnD, phnK, phnL, phoR, 
pitA, plaP, potB, potE, potH, proP, proW, proY, pstC, psuT, ptsG, ptsI, 
ptsN, ptsP, putP, puuP, rarD, rbbA, rbsC, rcnA, rcnB, rhaT, rhmT, rhtA, 
rhtB, rhtC, rutG, sapA, sapB, sapC, sapD, sapF, sbp, sdaC, setA, setB, 
setC, sgcA, sgcB, sgcC, shiA, sotB, soxR, srlA, sstT, ssuC, sufB, tatC, tdcC, 
tehA, thiP, tnaB, tolQ, tolR, torT, tqsA, treB, trkH, tsgA, ttdT, tyrP, uacT, 
ugpA, uhpC, uhpT, uidB, ulaA, uraA, uup, wzxE, xanP, xanQ, xapB, xylE, 
xylH, yaaJ, yaaU, yadG, yadH, yadI, yadS, yahN, yajR, ybaE, ybaL, 
ybaT, ybbA, ybbP, ybbW, ybbY, ybhF, ybhG, ybhI, ybhN, ybhR, ybhS, 
ybiO, ybiR, ybiT, ybjJ, ybjL, ycaD, ycaM, yccA, yccS, ycfT, ycjN, ycjO, 
ycjP, ycjV, ydcO, ydcS, ydcT, ydcU, ydcV, ydcZ, yddA, yddB, yddG, ydeE, 
ydfJ, ydgI, ydhC, ydhJ, ydhK, ydhP, ydiK, ydiM, ydiN, ydjE, ydjK, ydjN, 
ydjX, yeaV, yebQ, yedA, yeeA, yeeE, yeeO, yegH, yegT, yehW, yehY, yejB, 
yejE, yfbS, yfcC, yfcJ, yfdC, yfdV, yfeH, yfeO, yfjD, ygaH, ygaY, ygaZ, 
ygbN, ygcS, ygdQ, yggR, yggT, yghD, yghE, yghF, ygiS, ygjI, yhbE, 
yhdP, yhdW, yhdX, yhdY, yhdZ, yheS, yhfK, yhgE, yhhJ, yhhS, yhhT, 
yhiD, yhjE, yhjV, yhjX, yiaM, yiaN, yiaV, yibH, yicG, yicJ, yicL, yidE, 
yidK, yifK, yihN, yihO, yihP, yijE, yjbB, yjcE, yjeH, yjeM, yjfF, yjhB, yjhF, 
yjiJ, yjjP, ykgG, yneE, ynfA, ynfM, ynjB, ynjC, ynjD, yoaE, yohK, yojI, 
yphD, yphE, yphF, ypjA, yqcE, yqeG, yqgA, yraQ, yrbG, ytfF, ytfL, ytfT, 
zitB, zntA, zntB, znuB, zupT 

Saccharomyces 
cerevisiae BY4741 

YAL022C, YAL026C, YAL053W, YAL067C, YBL042C, YBL089W, 
YBL099W, YBL102W, YBR008C, YBR021W, YBR043C, YBR068C, 
YBR069C, YBR085W, YBR104W, YBR132C, YBR171W, YBR180W, 
YBR187W, YBR207W, YBR219C, YBR220C, YBR235W, YBR241C, 
YBR287W, YBR291C, YBR293W, YBR294W, YBR295W, YBR296C, 
YBR298C, YCL002C, YCL025C, YCL038C, YCL069W, YCR011C, 
YCR023C, YCR028C, YCR037C, YCR075C, YCR098C, YDL054C, 
YDL100C, YDL119C, YDL128W, YDL138W, YDL149W, YDL194W, 
YDL199C, YDL206W, YDL210W, YDL231C, YDR011W, YDR046C, 
YDR061W, YDR093W, YDR107C, YDR119W, YDR135C, YDR178W, 
YDR205W, YDR270W, YDR298C, YDR329C, YDR338C, YDR345C, 
YDR352W, YDR406W, YDR438W, YDR456W, YDR470C, YDR497C, 
YDR508C, YDR536W, YEL004W, YEL006W, YEL031W, YEL063C, 
YEL065W, YER019C-A, YER039C, YER053C, YER056C, YER060W, 
YER113C, YER119C, YER145C, YER154W, YER166W, YER185W, 
YFL011W, YFL040W, YFL050C, YFL054C, YFL055W, YFR045W, 
YGL006W, YGL077C, YGL084C, YGL114W, YGL140C, YGL186C, 
YGR033C, YGR055W, YGR062C, YGR096W, YGR121C, YGR131W, 
YGR138C, YGR181W, YGR213C, YGR217W, YGR224W, YGR257C, 
YGR260W, YGR281W, YGR289C, YHL008C, YHL016C, YHL035C, 
YHL036W, YHL040C, YHL047C, YHR032W, YHR048W, YHR050W, 
YHR092C, YHR094C, YHR096C, YIL006W, YIL013C, YIL023C, 
YIL088C, YIL120W, YIL121W, YIL134W, YIL166C, YIR028W, YJL059W, 
YJL062W, YJL093C, YJL107C, YJL108C, YJL129C, YJL133W, YJL163C, 
YJL193W, YJL198W, YJL214W, YJR001W, YJR077C, YJR095W, 
YJR106W, YJR121W, YJR124C, YJR135W-A, YJR152W, YKL050C, 
YKL120W, YKL146W, YKL174C, YKL175W, YKL188C, YKL217W, 
YKL221W, YKR039W, YKR050W, YKR052C, YKR093W, YKR103W, 
YKR104W, YKR105C, YKR106W, YLL015W, YLL028W, YLL043W, 
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YLL048C, YLL052C, YLL053C, YLL055W, YLL061W, YLR004C, 
YLR034C, YLR046C, YLR081W, YLR083C, YLR092W, YLR130C, 
YLR138W, YLR152C, YLR188W, YLR220W, YLR237W, YLR292C, 
YLR295C, YLR348C, YML018C, YML038C, YML066C, YML081C-A, 
YML116W, YML123C, YMR011W, YMR034C, YMR054W, YMR056C, 
YMR088C, YMR155W, YMR162C, YMR166C, YMR177W, YMR221C, 
YMR241W, YMR243C, YMR253c, YMR279C, YMR319C, YNL003C, 
YNL065W, YNL070W, YNL083W, YNL095C, YNL101W, YNL121C, 
YNL125C, YNL142W, YNL268W, YNL270C, YNL275W, YNL291C, 
YNL318C, YNL321W, YNR013C, YNR039C, YNR055C, YNR056C, 
YNR062C, YNR070W, YNR072W, YOL020W, YOL060C, YOL075C, 
YOL077W-A, YOL092W, YOL103W, YOL119C, YOL122C, YOL137W, 
YOL158C, YOL162W, YOL163W, YOR011W, YOR045W, YOR049C, 
YOR071C, YOR079C, YOR087W, YOR092W, YOR100C, YOR130C, 
YOR153W, YOR161C, YOR192C, YOR222W, YOR270C, YOR271C, 
YOR273C, YOR291W, YOR306C, YOR307C, YOR316C, YOR328W, 
YOR332W, YOR334W, YOR348C, YOR378W, YPL006W, YPL036W, 
YPL058C, YPL060W, YPL078C, YPL092W, YPL134C, YPL147W, 
YPL189W, YPL224C, YPL244C, YPL264C, YPL265W, YPL270W, 
YPL271W, YPL274W, YPR003C, YPR011C, YPR021C, YPR036W, 
YPR058W, YPR128C, YPR138C, YPR149W, YPR156C, YPR192W, 
YPR194C, YPR198W, YPR201W 

 

 

Table S9. Compound concentrations used in the library screening and 

subsequent validation experiments. Values reported in g/L. 

Compound E. coli S. cerevisiae 

2-Phenylethanol 2.25 3.03 

4-Tyrosol 3.5 n.a. 

Benzyl alcohol 3.35 3.97 

Berberine n.a. 0.46 

Vanillin 0.95 0.91 

 

 

 

Table S10. List of transporter deletions validated to improve or reduce product 

tolerance. Host: Ec: E. coli, Sc: S. cerevisiae; Arom: Toxic aromatic compound; 2PE: 2-

Phenylethanol, 4Tyr: 4-Tyrosol; BenzOH: Benzyl alcohol; Van: Vanillin; Berb: Berberine; Tol: 

Tolerance; ↑: tolerance improved; ↓: tolerance reduced. Substrate, familiy name, transporter 

class and TC number have been retrieved from transportDB 2.0 (Elbourne et al., 2017). 

Host Name Arom Tol Substrate Family name Transp. 
Class 

TC # 

Ec ycjN 2PE ↑ 
 

The ATP-binding Cassette 
(ABC) Superfamily 

ATP-
Dependent 

3.A.1 

Ec corC 2PE ↑ 
    

Ec sapD 2PE ↑ 
 

The ATP-binding Cassette 
(ABC) Superfamily 

ATP-
Dependent 

3.A.1 

Ec yjiJ 2PE ↑ multidrug 
efflux 

The Major Facilitator 
Superfamily (MFS) 

Secondary 
Transporter 

2.A.1 

Ec yohK 2PE ↑ 
    

Ec ygaY 2PE ↑ 
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Ec garP 2PE ↓ D-glycerate  
D-glucarate  
galactarate  

The Major Facilitator 
Superfamily (MFS) 

Secondary 
Transporter 

2.A.1 

Ec yaaJ 2PE ↓ 
 

The Alanine or 
Glycine:Cation Symporter 
(AGCS) Family 

Secondary 
Transporter 

2.A.25 

Ec ydhP 2PE ↓ 
 

The Major Facilitator 
Superfamily (MFS) 

Secondary 
Transporter 

2.A.1 

Ec yfcJ 2PE ↓ 
 

The Major Facilitator 
Superfamily (MFS) 

Secondary 
Transporter 

2.A.1 

Ec ygdQ 2PE ↓ tellurium ion 
efflux 

The Tellurium Ion Resistance 
(TerC) Family 

Unclassified 9.A.30 

Ec yejB 2PE ↓   ATP  ADP  
phosphate  
peptide    L-
alanyl-
gamma;-D-
glutamyl-
meso-
diaminopimel
ate  dipeptide  

The ATP-binding Cassette 
(ABC) Superfamily 

ATP-
Dependent 

3.A.1 

Ec kdpA 4Tyr ↑ ATP    K+  
phosphate  
ADP   

The P-type ATPase (P-
ATPase) Superfamily 

ATP-
Dependent 

3.A.3 

Ec sapA 4Tyr ↑ 
 

The ATP-binding Cassette 
(ABC) Superfamily 

ATP-
Dependent 

3.A.1 

Ec setA 4Tyr ↑   alpha;-
lactose  

The Major Facilitator 
Superfamily (MFS) 

Secondary 
Transporter 

2.A.1 

Ec ydjK 4Tyr ↓ 
 

The Major Facilitator 
Superfamily (MFS) 

Secondary 
Transporter 

2.A.1 

Ec fepD 4Tyr ↓   ATP  ADP  
phosphate  
ferric 
enterobactin 
complex   

The ATP-binding Cassette 
(ABC) Superfamily 

ATP-
Dependent 

3.A.1 

Ec wzxE 4Tyr ↓ N-acetyl-
alpha;-D-
fucosyl-
(1rarr;4)-N-
acetyl-beta;-
D-
mannosamin
ouronyl-
(1rarr;4)-N-
acetyl-alpha;-
D-
glucosaminyl-
diphospho-
ditrans 
octacis-
undecaprenol   

The 
Multidrug/Oligosaccharidyl-
lipid/Polysaccharide (MOP) 
Flippase Superfamily 

Secondary 
Transporter 

2.A.66 

Ec yjcE BenzO
H 

↑ 
 

The Monovalent 
Cation:Proton Antiporter-1 
(CPA1) Family 

Secondary 
Transporter 

2.A.36 

Ec acrB BenzO
H 

↑ drug  
chenodeoxych
olate  

The Resistance-Nodulation-
Cell Division (RND) 
Superfamily 

Secondary 
Transporter 

2.A.6 

Ec ygaH BenzO
H 

↑ L-valine  The Branched Chain Amino 
Acid Exporter (LIV-E) Family 

Secondary 
Transporter 

2.A.78 

Ec ycjN BenzO
H 

↑ 
 

The ATP-binding Cassette 
(ABC) Superfamily 

ATP-
Dependent 

3.A.1 

Ec kdpA BenzO
H 

↑ ATP    K+  
phosphate  
ADP   

The P-type ATPase (P-
ATPase) Superfamily 

ATP-
Dependent 

3.A.3 

Ec fryC BenzO
H 

↑ 
 

Sugar Specific PTS Phosphotrans
ferase System 
(PTS) 

4.A 

Ec tolQ BenzO
H 

↓ 
 

The H+- or Na+-
translocating Bacterial 
Flagellar Motor 1ExbBD 
Outer Membrane Transport 
Energizer (Mo 

Ion Channels 1.A.30 

Ec manY BenzO
H 

↓ HPr - 
phosphorylate
d  D-

Sugar Specific PTS Phosphotrans
ferase System 
(PTS) 

4.A 
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mannopyrano
se  D-
mannopyrano
se 6-
phosphate 

Ec ybbY BenzO
H 

↓ 
 

The Nucleobase:Cation 
Symporter-2 (NCS2) Family 

Secondary 
Transporter 

2.A.40 

Ec yjeM BenzO
H 

↓ 
 

The Amino Acid-Polyamine-
Organocation (APC) Family 

Secondary 
Transporter 

2.A.3 

Ec yccS BenzO
H 

↓ fusaric acid 
efflux? 

The Aromatic Acid Exporter 
(ArAE) Family 

Secondary 
Transporter 

2.A.85 

Ec yqgA Van ↑ nitrate  nitrite  The Major Facilitator 
Superfamily (MFS) 

Secondary 
Transporter 

2.A.1 

Ec narU Van ↑ Na+  (R)-
pantothenate  

The Solute:Sodium 
Symporter (SSS) Family 

Secondary 
Transporter 

2.A.21 

Ec panF Van ↑ fusaric acid 
efflux? 

The Aromatic Acid Exporter 
(ArAE) Family 

Secondary 
Transporter 

2.A.85 

Ec yeeA Van ↑ K+  The Voltage-gated Ion 
Channel (VIC) Superfamily 

Ion Channels 1.A.1 

Ec kch Van ↓ 
 

The ATP-binding Cassette 
(ABC) Superfamily 

ATP-
Dependent 

3.A.1 

Ec artI Van ↓ 
 

The ATP-binding Cassette 
(ABC) Superfamily 

ATP-
Dependent 

3.A.1 

Sc QDR2 2PE ↑ multidrug 
efflux? 

The Major Facilitator 
Superfamily (MFS) 

Secondary 
Transporter 

2.A.1 

Sc DRS2 2PE ↑ Amino 
phospholipids 

The P-type ATPase (P-
ATPase) Superfamily 

ATP-
Dependent 

3.A.3 

Sc ATR1 2PE ↑ Aminotriazole 
and 4-
nitroquinolin
e resistance 

The Major Facilitator 
Superfamily (MFS) 

Secondary 
Transporter 

2.A.1 

Sc DNF3 2PE ↑ calcium 
ion/phospholi
pid? 

The P-type ATPase (P-
ATPase) Superfamily 

ATP-
Dependent 

3.A.3 

Sc SPF1 2PE ↑ Involved in 
sensitivity to 
Pichia killer 
toxin 

The P-type ATPase (P-
ATPase) Superfamily 

ATP-
Dependent 

3.A.3 

Sc DNF1 2PE ↑ calcium ion The P-type ATPase (P-
ATPase) Superfamily 

ATP-
Dependent 

3.A.3 

Sc PMC1 2PE ↑ Ca2+ 
(vacuolar) 
uptake 

The P-type ATPase (P-
ATPase) Superfamily 

ATP-
Dependent 

3.A.3 

Sc ATR2 2PE ↑ aminotriazole
? 

The Major Facilitator 
Superfamily (MFS) 

Secondary 
Transporter 

2.A.1 

Sc AGP2 2PE ↓ Amino acids 
(general) 

The Amino Acid-Polyamine-
Organocation (APC) Family 

Secondary 
Transporter 

2.A.3 

Sc FCY2 2PE ↓ Cytosine/puri
nes 

The Nucleobase:Cation 
Symporter-1 (NCS1) Family 

Secondary 
Transporter 

2.A.39 

Sc CTP1 2PE ↓ Citrate The Mitochondrial Carrier 
(MC) Family 

Secondary 
Transporter 

2.A.29 

Sc YIA6 2PE ↓ Unclassified The Mitochondrial Carrier 
(MC) Family 

Secondary 
Transporter 

2.A.29 

Sc FSF1 2PE ↓ Tricarboxylat
es 

The Mitochondrial 
Tricarboxylate Carrier (MTC) 
Family 

Secondary 
Transporter 

2.A.54 

Sc PTR2 2PE ↓ Peptides The Proton-dependent 
Oligopeptide Transporter 
(POT) Family 

Secondary 
Transporter 

2.A.17 

Sc YNL09
5C 

2PE ↓ auxin efflux? The Auxin Efflux Carrier 
(AEC) Family 

Secondary 
Transporter 

2.A.69 

Sc MCH4 2PE ↓ monocarboxyl
ate? 

The Major Facilitator 
Superfamily (MFS) 

Secondary 
Transporter 

2.A.1 

Sc OAC1 BenzO
H 

↑ oxaloacetate/
malonate/sulf
ate 

The Mitochondrial Carrier 
(MC) Family 

Secondary 
Transporter 

2.A.29 

Sc JEN1 BenzO
H 

↑ Lactate? The Major Facilitator 
Superfamily (MFS) 

Secondary 
Transporter 

2.A.1 

Sc YIA6 BenzO
H 

↑ Unclassified The Mitochondrial Carrier 
(MC) Family 

Secondary 
Transporter 

2.A.29 

Sc PET8 BenzO
H 

↑ S-
adenosylmeth
ionine (SAM) 

The Mitochondrial Carrier 
(MC) Family 

Secondary 
Transporter 

2.A.29 

Sc FLX1 BenzO
H 

↓ Unclassified The Mitochondrial Carrier 
(MC) Family 

Secondary 
Transporter 

2.A.29 
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Sc PEX3 BenzO
H 

↓ 
    

Sc MCH5 BenzO
H 

↓ monocarboxyl
ate? 

The Major Facilitator 
Superfamily (MFS) 

Secondary 
Transporter 

2.A.1 

Sc MRX2
0 

Berb ↑ tricarboxylate The Mitochondrial Carrier 
(MC) Family 

Secondary 
Transporter 

2.A.29 

Sc AGP2 Berb ↑ Amino acids 
(general) 

The Amino Acid-Polyamine-
Organocation (APC) Family 

Secondary 
Transporter 

2.A.3 

Sc FET4 Berb ↓ Fe2+ (uptake; 
low-affinity) 

The Low Affinity Fe2+ 
Transporter (FeT) Family 

Unclassified 9.A.9 

Sc YOL16
2W 

Van ↓ allantoate? The Major Facilitator 
Superfamily (MFS) 

Secondary 
Transporter 

2.A.1 

Sc STV1 Van ↓ 
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Figure S1. Toxicity of 54 aromatic compounds evaluated in S. cerevisiae, Y. 

lipolytica and E. coli. µmax was determined as the highest slope of ln-transformed OD600 

versus time within the exponential growth phase. The µmax covered a window of 12 time points, 

and required a minimum R2 value of 0.98. Error bars represent the standard deviation from 

two biological replicates. *: Addition of the given compound causes medium blackening and 

impedes µmax estimation. 
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Figure S2. Box and Whisker diagram of transporters deletion library screening. 

Strains unable to grow in the control medium were excluded from the analysis, resulting in 

the selection of 444 strains in E. coli and 305 in S. cerevisiae. µmax is calculated as the mean of 

two biological replicates. 
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Figure S3. Contribution of transporter deletions to aromatics tolerance in a) E. 

coli and b) S. cerevisiae. Values on top of bars show the percentage of recovered tolerance, 

using as references the wild-type strain in the presence of the toxic aromatic compounds (wt, 

0%) and the wild-type strain in the absence of aromatics (wt control, 100%). Error bars 

indicate the standard deviation of at least 4 biological replicates. 
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Figure S4. Growth profiles of validated transporter deletions improving or 

reducing tolerance. A representative growth curve per strain is shown. Font colors of 

deleted transporter-encoding genes represent the compound. a) E. coli. Blue: 2-

phenylethanol; orange: 4-tyrosol; green: benzyl alcohol; red: vanillin. b) S. cerevisiae. Blue: 

2-phenylethanol; orange: benzyl alcohol; green: berberine; red: vanillin. 
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Figure S5. Pairs of transporters-encoding genes showing high degree of 

correlation in E. coli. The mean relative and normalized µmax is used as correlation 

parameter. It compares the µmax in the presence of the toxic aromatic compound to the wild-

type control and normalizes it against the effect of the deletion in the absence of the 

compound. A R2 coefficient higher than 0.999 and a p-value < 0.05 after a Bonferroni 

correction was enforced for the selection of the pairs. Colors indicate the different compounds: 

Blue: 2-phenylethanol; orange: 4-tyrosol; green: benzyl alcohol; red: vanillin. 
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Figure S6. Pairs of transporters-encoding genes showing high degree of 

correlation in S. cerevisiae. The mean relative and normalized µmax is used as correlation 

parameter. It compares the µmax in the presence of the toxic aromatic compound to the wild-

type control and normalizes it against the effect of the deletion in the absence of the 

compound. A R2 coefficient higher than 0.999 and a p-value < 0.05 after a Bonferroni 

correction was enforced for the selection of the pairs. Colors indicate the different compounds: 

Blue: 2-phenylethanol; orange: benzyl alcohol; green: berberine; red: vanillin. 
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Figure S7. Growth profiles of transporter deletions improving or reducing 2-

phenylethanol tolerance in an L-phenylalanine bioconversion process. A 

representative growth curve per strain is shown. L-phenylalanine was supplemented at a 

concentration of 5 g/L. Top panel: transporter deletions improving 2-phenylethanol 

tolerance. Middle panel: transporter deletions reducing 2-phenylethanol tolerance. Bottom 

panel: overexpression of transporters that upon deletion reduce 2-phenylethanol tolerance. 
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Abstract 

Phenylpropanoids represent an important family of plant natural products with 

applications in multiple industries, including pharmaceuticals, food supplements or 

cosmetics. However, their low concentrations in plants and challenges associated with 

chemical synthesis make microbial production an attractive alternative. p-Coumaric 

acid, a common precursor for all phenylpropanoids, serves as an attractive target 

compound for the development of microbial platform strains for phenylpropanoids 

production. Saccharomyces cerevisiae, with its eukaryotic architecture, has emerged 

as a preferred host organism for this purpose. To achieve high p-coumaric acid 

production, in this study we implemented rational strategies derived from existing 

literature to construct multiple p-coumaric acid platform strains. Subsequently, a 

physiological characterization of these strains was conducted to gain insights into their 

performance. This work sets the foundation for further multi-omics characterization 

of these engineered strains, aiming to enhance our understanding of their metabolic 

capabilities and optimize phenylpropanoid production in microbial cell factories. 

 

Introduction 

Plant natural products are secondary metabolites serving essential physiological and 

ecological functions, including defense, stress resistance, and communication (Guo et 

al., 2022). Beyond their roles within natural plant producers, these compounds hold 

significant importance in human life and society. Phenylpropanoids, as notable 

constituents of plant natural products, exhibit a wide range of industrial applications 

across diverse sectors such as pharmaceuticals, fragrances, flavors, cosmetics, 

agrochemicals, and polymer industries (Cesarino et al., 2022). 

Phenylpropanoids, however, are typically found in plants at low concentrations, 

thereby requiring substantial amounts of biomass for economically feasible 

production (Hostetler et al., 2017; Rodriguez et al., 2017). Moreover, the levels of these 

compounds can vary due to environmental factors, plant species, and tissue types 

(Dong and Lin, 2021). The purification of individual compounds from processed 

biomass is also challenging due to the presence of related products with similar 

structures (Jiang et al., 2005). Chemical synthesis of phenylpropanoids, especially for 

complex compounds, presents significant challenges and often necessitates 
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biotransformation processes (Chemler and Koffas, 2008). In addition, the use of toxic 

solvents and extreme reaction conditions can impact yield and scalability. In this 

regard, regulations restrict the use of chemically produced food additives, while there 

is also a growing preference for natural sources (European Parliament, 2008; Cortez 

et al., 2017). Consequently, chemical synthesis is not considered a practical alternative 

for their production. 

Alternatively, microbial production of phenylpropanoids in cell factories is gaining 

momentum due to its numerous advantages, including scalability, cost-effectiveness, 

and sustainability (Cravens et al., 2019; Romero-Suarez et al., 2022). The common 

precursor for all subfamilies of phenylpropanoids, including stilbenoids, flavonoids or 

anthocyanins, is p-coumaric acid (Vogt, 2010). Prototroph microorganisms can 

biosynthesize p-coumaric acid through either a one-step or two-step enzymatic 

process. This is achieved by heterologously expressing ammonia lyases for the 

aromatic amino acids (AAA) L-tyrosine and L-phenylalanine. In the case of the L-

phenylalanine route, a P450 enzyme, along with the corresponding cytochrome P450 

reductase and cytochrome b5, are also involved (Li et al., 2015, 2016; Liu et al., 2019). 

While Escherichia coli has been engineered for p-coumaric acid production, typically 

the baker’s yeast Saccharomyces cerevisiae is a preferred production host due to its 

eukaryotic architecture that facilitates the expression of plant enzymes (Wang et al., 

2015; Ro et al., 2006; Brown et al., 2015; Siddiqui et al., 2012). 

There have been great efforts in developing targeted rational engineering strategies to 

rewire metabolic pathways toward high p-coumaric acid production in S. cerevisiae. 

Most of the strategies are based on the overexpression, deletion or fine-tuning of the 

expression of genes involved in the glycolysis, pentose phosphate, shikimate, AAA 

biosynthesis and degradation (Ehrlich) pathways (Lee and Wendisch, 2017; Averesch 

and Krömer, 2018; Huccetogullari et al., 2019; Cao et al., 2020). These strategies have 

been also successful in the de novo high-titer production of other AAA-derived 

compounds such as resveratrol and 2-phenylethanol (Li et al., 2015, 2016; Hassing et 

al., 2019). 

In this study, we employ rational engineering strategies derived from existing 

literature to develop multiple S. cerevisiae platform strains for p-coumaric acid 

production. Subsequently, we conduct a physiological characterization of these 
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constructed strains. This preliminary step paves the way for an ongoing project, which 

aims to perform a multi-omics characterization of these strains. 

 

Materials and methods 

Strain construction and DNA materials 

The yeast strain CEN.PK113-7D, containing the episomal vector pCfB2312 for Cas9 

protein expression, served as the parent strain in this study (Milne et al., 2020). For 

Cas9 selection, all constructed strains (Table S1) were cultivated with 200 mg/L G418 

(Sigma-Aldrich), except for production cultures. Gene knock in/out was performed 

using the EasyClone-MarkerFree toolbox (Jessop-Fabre et al., 2016). Yeast strains 

were transformed using the standard lithium acetate method (Gietz and Schiestl, 

2007) and plated on YPD medium supplemented with antibiotics: nourseothricin 

(Jena Bioscience GmbH) at 100 mg/L and G418 (as mentioned earlier). Colony PCR 

with RedTaq® DNA polymerase (VWR, Belgium) was performed to confirm the 

correct integration of DNA fragments or gene deletions. Integrative and gRNA 

plasmids are listed in Table S2. Cloning was conducted using Uracil Specific Excision 

Reagent (USER®, New England Biolabs), as previously described (Babaei et al., 

2020). BioBricks and primers used for their amplification and cloning are listed in 

Tables S3-S4. PCR were performed using USER-compatible Phusion U polymerase 

(Thermo Fisher Scientific). Fragments were purified using the NucleoSpin® Gel and 

PCR Clean-up kit (Macherey-Nagel). After USER treatment, the assembled vectors 

were transformed into competent Escherichia coli DH5α cells through heat shock at 

42 °C for 45 seconds. The cultivations in E. coli were carried out at 37 °C in Lysogeny 

Broth (LB) broth or agar-plate supplemented with 100 mg/L ampicillin as selection 

marker. The correct assembly of integrative vectors was initially tested using colony 

PCR with 2xOneTaq® Master Mix (New England Biolabs) and later verified by 

sequencing (Mix2Seq kits, Eurofins Genomics, Germany). 

The synthetic genes used for p-coumaric acid production were ordered as GeneStrings 

from GeneArt (Thermo Fisher Scientific) in codon-optimized variants for S. 

cerevisiae. The sequences of these genes is summarized in Table S5. 
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Cultivation of S. cerevisiae in small-scale in simulated fed-batch 

For the production of p-coumaric under glucose-limited conditions, the strains were 

cultivated overnight in 5 mL YPD medium in 13-mL tubes at 30 °C and 250 rpm. The 

following day, adequate amount of cells were inoculated to 20 mL mineral medium in 

120 mL unbaffled shake flasks, targeting an initial OD600 0.1. The mineral medium 

composition is, per L: 7.5 g (NH4)2SO4, 14.4 g KH2PO4, 0.5 g MgSO4.7H2O, 2 mL trace 

metal (3.0 g/L FeSO4·7H2O, 4.5 g/L ZnSO4·7H2O, 4.5 g/L CaCl2·2H2O, 0.84 g/L 

MnCl2·2H2O, 0.3 g/L CoCl2·6H2O, 0.3 g/L CuSO4·5H2O, 0.4 g/L Na2MoO4·2H2O, 1.0 

g/L H3BO3, 0.1 g/L KI, and 19.0 g/L Na2EDTA·2H2O), and 1 mL vitamin solutions 

(0.05 g/L D-biotin, 1.0 g/L D-pantothenic acid hemicalcium salt, 1.0 g/L thiamin–

HCl, 1.0 g/L pyridoxin–HCl, 1.0 g/L nicotinic acid, 0.2 g/L p-aminobenzoic acid, and 

25.0 g/L myo-inositol). To mimic fed-batch mode, six tablets of FeedBeads 

(SMFB08001, Kuhner Shaker, Basel, Switzerland) was used in each culture. The 

production experiments were run at 30 °C and 200 rpm. After 96 h, the culture broth 

was analyzed for cell dry weight (CDW) and metabolite titer. 

 

Cultivation of S. cerevisiae in microfluidic bioreactor in fed-batch mode 

and physiological characterization 

For seed train, strains from cryostocks were streaked out in YPD plates and grown for 

48 hours at 30 °C. For each of the strains, a single colony was inoculated into 1 mL of 

mineral medium containing 6 g/L of glucose and cultivated for 10 hours and 250 rpm. 

An adequate amount of cells to target an initial OD600 = 0.1 was transferred to 1 mL of 

mineral medium with 4 g/L of glucose and incubated for 12 hours. Similarly, an 

inoculum corresponding to an initial OD600 = 0.1 was transferred to 8 wells per strain 

in the actual fed-batch fermentation plate. 

The fed-batch fermentation was carried out in the microfluidic bioreactor Biolector 

Pro (m2p labs). A 32 wells microfluidic flower plate (MTP-MF32C-BOH2) was 

employed in the cultivation, filled with 800 µL of batch mineral medium per well. The 

glucose concentration in the batch media was 1.02 g/L for strain ST9402, 1.07 g/L for 

strain ST10248 and ST10283, and 1.29 g/L for ST10284. These glucose concentrations 

were determined in small-scale batch cultivations in order to match biomass 

concentrations for all strains at the end of the batch phase. The feed medium contained 



Chapter 5 | Understanding the physiology of p-coumaric acid production in Saccharomyces cerevisiae 
___________________________________________________________________________________________________________ 

265 
 

93.75 g/L glucose for all strains, while the rest of medium components were the same 

as in batch mineral medium, but at 10-fold higher concentration. The reservoir wells 

were filled with 1800 µL of feed medium, each of them feeding 4 cultivation wells. 

Feeding was triggered after 14 h for strain ST9402, ST10248 and ST10283, while for 

ST10284 it started after 18 h, based on batch phase durations previously determined 

in small scale. The feeding profile was exponential, with an initial feeding rate of 1.23 

µL/h following an exponential increase of 0.1 h-1, according to the equation F(t) = 1.23 

x e0.1t. The temperature was set at 30 °C, stirring at 1,300 rpm, 35% oxygen (enriched 

air), and humidity of 85%. pH was left uncontrolled during the whole cultivation. 

For each strain, four samples were taken at the end of the feeding phase, covering a 

span of 7 hours. In each sampling round, two wells per strain were sampled, 

withdrawing 300 µL of broth. Wells were only sampled once as the volume withdrawn 

was significant and Biolector Pro does not adjust the feeding profile when samples are 

taken. Therefore, the samples from the four different time points are derived from two 

different wells each time. Samples were processed for OD600 measurement and 

quantification of p-coumaric acid, glucose, ethanol, glycerol, acetate, pyruvate, 2-

ketoglutarate and succinate. 

The biomass concentration in samples was determined from the OD600 measurements 

following the equation CDW (g/L) = OD600/0.1199. Growth rates were determined by 

a linear fit of the natural logarithm of biomass against time. Yields were calculated as 

a linear fit of biomass against substrate or product. Specific production and 

consumption rates were calculated from the yields and growth rates. Errors are 

reported as the uncertainty associated to the slope of the linear fits or the expected 

uncertainties in the case of consumption and production rates. 

 

Metabolite extraction and quantification 

For the extraction of p-coumaric acid, 800 µL of culture was mixed 1:1 (v:v) with 

absolute ethanol supplemented with 0.01% w/v 3,5-di-tert-4-butylhydroxyltoluene 

(BHT). The mixture was then shaken vigorously using the Precellys T 24 homogenizer 

(Bertin Corp.) at 6500 rpm for 45 sec. The samples were then centrifuged for 30 min 

at 21,000 g, and the supernatant was used for metabolite quantification.  
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The authentic standard for p-coumaric acid was purchased from Sigma Aldrich with 

certified purity >96%. Quantification of p-coumaric acid was performed with Dionex 

Ultimate 3000 HPLC (Thermo Fisher Scientific), equipped with a Zorbax® C18 4.6 x 

100 mm, particle size 3.5 μm column. The column oven temperature was maintained 

at 30 °C, with a flow rate of 1 mL/min and a sample injection volume of 10 μL. The 

HPLC method employed a mobile phase consisting of solvent A (0.1% formic acid) and 

solvent B (acetonitrile). Initially, the solvent composition was set at A = 80.0% and B 

= 20.0% until 1 min. Subsequently, a linear gradient was applied, gradually changing 

the solvent composition to A = 60.0% and B = 40.0% at 2.0 min. These conditions 

were maintained until 5.5 min. From 5.5 to 7.5 min, the solvent composition was 

linearly increased until A = 10.0% and B = 90.0%. This composition was maintained 

for 1.5 min (7.5 – 9 min), after which the solvent composition was returned to the 

initial conditions (A = 80.0%, B = 20.0%) at 9.2 min and remained constant until the 

end of the run (9.2-12 min). 

For detection of p-coumaric acid, the retention time was 3.21 min, and the absorbance 

was measured at 310 nm. Peaks corresponding to the target compound were identified 

by comparison to prepared standards. Compound quantification was performed using 

the external standard calibration method, with peak area used for quantification. 

Analysis of the HPLC results was conducted using Chromeleon 7 software (Thermo 

Fisher Scientific). 

Glucose, ethanol, glycerol, acetate, pyruvate, 2-ketoglutarate, and succinate were 

quantified in the supernatants of the cultivations. After centrifugation for 5 minutes at 

21,000 g, the HPLC quantification method described previously (Sáez-Sáez et al., 

2020) was employed. 

 

Results 

Establishing p-coumaric acid production in S. cerevisiae 

As the initial step of this study, we incorporated the most promising rational 

engineering targets derived from literature to generate several platform strains with 

increased flux towards p-coumaric acid production (Figure 1a). To begin the strain 

construction, we first engineered the parent strain ST7574 by deleting the ARO10 and 

PDC5 genes (Koopman et al., 2012; Rodriguez et al., 2015). These modifications aimed 
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to block the degradation route for AAA. As a result, we obtained ST9402, onto which 

we introduced the heterologous pathway from L-tyrosine to p-coumaric acid by 

integrating Flavobacterium johnsoniae's tyrosine ammonia-lyase (FjTAL) and E. 

coli's heterologous shikimate kinase (EcAroL) (Rodriguez et al., 2015). This resulted 

in the strain ST10248, which reached a p-coumaric acid titer of 40.43 mg/L under 

glucose-limited conditions (Figure 1b). 

The subsequent step towards improving the p-coumaric acid strain involved 

increasing and redirecting carbon flux towards the AAA pathway. This was achieved 

by expressing additional copies of the pathway genes ARO1 (pentafunctional aromatic 

protein), ARO2 (chorismate synthase), ARO3 (DAHP synthase), PHA2 (prephenate 

dehydrogenase), and incorporating the feedback-insensitive mutants ARO4K229L and 

ARO7G141S. These genetic modifications resulted in strain ST10283, which exhibited 

nearly three times higher p-coumaric acid production compared to its parent strain 

(ST10248), reaching a titer of 119.57 mg/L in simulated fed-batch cultivation. 

Given the reported higher efficiency of p-coumaric acid production from L-

phenylalanine compared to L-tyrosine (Liu et al., 2019), we incorporated the PAL 

pathway as well. This involved expressing phenylalanine ammonia lyase (AtPAL2), 

cinnamic acid hydroxylase (AtC4H), cytochrome P450 reductase (AtATR2) from 

Arabidopsis thaliana, and a cytochrome b5 (CYB5) from S. cerevisiae. The 

combination of the PAL and TAL pathways synergistically increased p-coumaric acid 

titers. Furthermore, a previous metabolic flux analysis study revealed a significant 

differences in carbon flux between the two precursors of the shikimate pathway, with 

erythrose-4-phosphate (E4P) being 10 times lower than phosphoenolpyruvate (PEP) 

(Suástegui et al., 2016). To overcome this limitation, we implemented a strategy 

proposed by Liu et al., introducing a heterologous phosphoketolase enzyme from 

Bifidobacterium breve (Bbxfpk) (Bergman et al., 2019) to split fructose-6-phosphate 

into E4P and acetyl-phosphate (Liu et al., 2019). To mitigate the increase in acetate 

formation and growth inhibition caused by this phenotype (Meadows et al., 2016), we 

also deleted the native phosphatase GPP1 (glycerol-1-phosphatase) to prevent the 

conversion of acetyl-phosphate into acetate. Finally, to overcome the regulation of the 

native yeast prephenate dehydrogenase (Tyr1p) by high tyrosine concentrations, we 

expressed a variant from Medicago truncatula (MtPDH1). The resulting strain, 
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ST10284, exhibited the highest p-coumaric acid titer (578.56 mg/L) in a 30 g/L 

glucose-limited cultivation over 96 hours (Figure 2). 

 

Figure 1. Strain engineering strategies for the production of p-coumaric acid in 

S. cerevisiae. a) Overview of pathways and targets engineered. Glc: glucose, G6P: glucose 6-

phosphate, F6P: fructose 6-phosphate, PEP: phosphoenolpyruvate, Pyr: pyruvate, Ru5P: 

ribulose 5-phosphate, E4P: erythrose 4-phosphate, Ac-P: acetyl-phosphate, Ace: acetate, Ac-

CoA: acetyl-CoA, Mal-CoA: malonyl-CoA, DAHP: 3-Deoxy-D-arabino-heptulosonic acid 7-

phosphate, 5-enolpyruvylshikimate-3-phosphate, CHA: chorismic acid, PPA: prephenic acid, 

PPY: phenylpyruvic acid, L-PHE: L-phenylalanine, CA: cinnamic acid, p-CA: p-coumaric acid; 

4-HPP: 4-hydroxyphenylpyruvic acid; L-TYR: L-tyrosine. b) Titers of p-coumaric acid and 
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biomass measurements in engineered S. cerevisiae strains after 96 hours cultivation in 

simulated fed-batch medium. 

 

Physiological characterization of p-coumaric acid strains 

The different constructed strains produced different levels of p-coumaric acid, 

showing incremental production titers and seemingly reduced biomass formation in 

simulated fed-batch cultivations over successive strain engineering rounds. To gain 

further insights into these strains, we opted to cultivate them under exponential fed-

batch conditions using a microfluidic bioreactor system and assess basic physiological 

parameters. Using Biolector Pro, we selected a feeding profile that allows for sustained 

growth over 5 generations without encountering oxygen limitations, while 

simultaneously preventing the overflow metabolism. These conditions are essential to 

achieve a pseudo-steady state in the strains, enabling us to sample for multi-omics 

characterization. Additionally, they ensure the dilution of 13C-unlabeled biomass, a 

crucial requirement for conducting fluxomics analysis. 

In general, we observed a similar behavior between the different strains (Table 1). 

However, it was in the highest-producing strain, ST10284, where we observed a 

notable decrease in biomass yield compared to the non-producing control strain 

ST9402. Additionally, strain ST10284 exhibited a higher specific glucose uptake rate 

and a significant increase in specific p-coumaric acid yield compared to the other two 

producing strains. An interesting observation was the production of glycerol in the 

non-producing control strain ST9402, while the top-producing strain ST10284 

showed some ethanol formation. 

 

Table 1. Physiological parameters of shikimate chassis strains. n.a. not available 

(ST9402 is a non-producing control strain). *: production of metabolites detected at 

concentrations close to the detection limit at some time points, but not following a linear 

pattern. 

Parameter ST9402 ST10248 ST10283 ST10284 
µ (h-1) 0.101 ± 0.003 0.099 ± 0.010 0.105 ± 0.010 0.097 ± 0.004 
Yxs (gDW/mmol Glucose) 0.097 ± 0.003 0.094 ± 0.008 0.097 ± 0.009 0.085 ± 0.003 
qs (mmol Glucose/gDW/h) - 1.039 ± 0.040 -1.048 ± 0.137 -1.080 ± 0.147 -1.142 ± 0.058 
qp (mmol p-CA/gDW/h) n.a. 0.001 ± 0.000 0.004 ± 0.000 0.085 ± 0.004 
qEtOH (mmol EtOH/gDW/h) * * * 0.007 ± 0.002 
qGlycerol (mmol Glycerol/gDW/h) 0.018 ± 0.002 * * * 
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Discussion and conclusions 

The results hereby described represent the initial findings of an ongoing project 

aiming at a deeper characterization at the multi-omics level of several p-coumaric acid 

producing strains. 

The strain construction revealed that p-coumaric acid production from L-tyrosine is 

limited despite overexpression of multiple genes from the shikimate pathway. 

However, the incorporation of the heterologous pathway for production from L-

phenylalanine exhibited a synergistic effect. Additionally, the heterologous 

expressions of a phosphoketolase and a prephenate dehydrogenase played a crucial 

role in balancing the precursor supply and relieving enzymatic regulation. These 

findings align with previous reports on p-coumaric acid production in S. cerevisiae 

and validate the effectiveness of the employed genetic engineering strategies. Future 

enhancements of these strains could involve the use of inducible promoters or fine-

tuning the expression of specific genes to further optimize production (Liu et al., 

2019). 

The physiological characterization of the strains revealed notable changes, including 

increased specific glucose uptake rates and reduced biomass yields, associated with p-

coumaric acid production in the extensively engineered strain ST10284. These trends 

align with previous findings observed in a S. cerevisiae strain producing the stilbenoid 

resveratrol, a p-coumaric acid-derived product (Vos et al., 2015). It is important to 

note that the exo-metabolomics method utilized in this study did not account for other 

potential by-products, such as phloretic acid, which may be present in the broth due 

to the promiscuous activity of native enzymes on the heterologous pathway (Lehka et 

al., 2017). Additionally, the absence of measurements for CO2 production and O2 

consumption in the Biolector Pro system limits a comprehensive understanding of the 

metabolic activity. Nevertheless, these simple physiological parameters proved 

sufficient for calibrating kinetic genome-scale metabolic models in an ongoing 

scientific collaboration aimed at validating model-guided strain designs. As the next 

steps of this project, we plan to transition to ambr250® bioreactor cultivations and 

perform multi-omics characterization. The acquired data will provide further insights 

into strain characterization and aid in generating new hypotheses to drive further 

improvements in the strains. 
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Table S1. List of strains used in this study. 

Name Parent 
Added DNA 
Element(s) 

Relevant Genotype Source 

CEN.PK 113-7D     
MATa MAL2-8c SUC2 URA3 HIS3 
LEU2 TRP1 

(Entian and Kötter, 2007) 

ST7574 CEN.PK 113-7D pCfB2312 CEN.PK113-7D ↑Cas9_KanMX (Milne et al., 2020) 

ST9402 ST7574 
PR-17720, PR-
16208 

CEN.PK113-7D ↑Cas9_KanMX Daro10 
Dpdc5 

This study 

ST10248 ST9402 pCfB10022  
CEN.PK113-7D ↑Cas9, Δpdc5, Δaro10, 
↑FjTAL, ↑EcAroL 

This study 

ST10273 ST10248 PR-27237  
CEN.PK113-7D ↑Cas9, Δpdc5, Δaro10, 
↑FjTAL, ↑EcAroL, Δgpp1 

This study 

ST10283 ST10273 
pCfB9114, 
pCfB10023, 
pCfB10026  

CEN.PK113-7D ↑Cas9, Δpdc5, Δaro10, 
↑FjTAL, ↑EcAroL, Δgpp1, ↑Aro4K229L, 
↑Aro7G141S, ↑Aro1, ↑Aro2, ↑Aro3, ↑PHA2 

This study 

ST10284 ST10283 
pCfB10098, 
pCfB9265, 
pCfB10108 

CEN.PK113-7D ↑Cas9, Δpdc5, Δaro10, 
↑FjTAL, ↑EcAroL, Δgpp1, ↑Aro4K229L, 
↑Aro7G141S, ↑Aro1, ↑Aro2, ↑Aro3, ↑PHA2, 
↑AtPAL2, ↑AtC4H, ↑ScCYB5, ↑AtCPR, 
↑MtPDH1, ↑Bbxfpk 

This study 

 

Table S2. List of plasmids used in this study. 

Plasmid Parent vector BioBricks Source 

Episomal plasmids 

pCfB2312(CEN/ARS_Cas9_kanMX)   (Stovicek et al., 2015) 

gRNA plasmids for targeting genomic integration sites by CRISPR-Cas9 

pCfB3043 (p-gRNA XI-1)   (Jessop-Fabre et al., 2016) 

pCfB10024 (NatMX_gRNA_GPP1-KO) pCfB3043  This study 

pCfB3052 (p-gRNA X-4 XI-3 XII-5)   (Jessop-Fabre et al., 2016) 

pCfB3053 (p-gRNA X-2 XI-5 XII-4)   (Jessop-Fabre et al., 2016) 

Plasmids for integration into yeast genome 

pCfB9114(X-4<-ScAro4pm-ScAro7pm->)   (Babaei et al., 2020) 

pCfB9265(X-2_AtPAL2-AtC4H) pCfB2899 BB0010, BB4261, BB4262 This study 

pCfB10022 (XI-1_FjTAL-EcAroL) pCfB3036 BB0010, BB380, BB4092 This study 

pCfB10023 (XI-3_Aro1-Aro2) pCfB2904 BB0010, BB4640, BB4641 This study 

pCfB10026 (XII-5_Aro3-PHA2) pCfB2909 BB0010, BB4642, BB4643 This study 

pCfB10098 (XII-4_MtPDH1-Bbxfpk) pCfB3040 BB0010, BB4683, BB4684 This study 

pCfB10108 (XI-5_ScCYB5-AtCPR) pCfB3037 BB0010, BB4263, BB4210 This study 

Backbone plasmids for EasyClone-MarkerFree plasmid assembly 

pCfB2899 (X-2-MarkerFree)   (Jessop-Fabre et al., 2016) 

pCfB2904 (XI-3-MarkerFree)   (Jessop-Fabre et al., 2016) 

pCfB2909 (XII-5-MarkerFree)   (Jessop-Fabre et al., 2016) 

pCfB3035 (X-4-MarkerFree)   (Jessop-Fabre et al., 2016) 

pCfB3036 (XI-1-MarkerFree)   (Jessop-Fabre et al., 2016) 

pCfB3037 (XI-5-MarkerFree)   (Jessop-Fabre et al., 2016) 

pCfB3040 (XII-4-MarkerFree)   (Jessop-Fabre et al., 2016) 

Templates for PCR amplification 

pSP-G1   (Partow et al., 2010) 
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Table S3. List of biobricks used in this study. 

BioBrick PCR template Forward primer Reverse primer 

BB0010 (<-TEF1:PGK1->) pSP-G1 PR-1750 PR-8 

BB0380 (FjTAL<-)   PR-1691 PR-1692 

BB4092 (EcAroL_U2)   PR-6785 PR-6786 

BB4210 (ScCYB5_U1)   PR-25300 PR-25301 

BB4261 (AtPAL2_U1)   PR-1588 PR-1589 

BB4262 (AtC4H_U2)   PR-1546 PR-1547 

BB4263 (AtATR2_U2)   PR-1554 PR-1555 

BB4640 (ScAro1_U1)   PR-2173 PR-2174 

BB4641 (ScAro2_U2)   PR-2179 PR-2180 

BB4642 (ScAro3_U1)   PR-14640 PR-14641 

BB4643 (PHA2_U2)   PR-27230 PR-27231 

BB4683 (MtPDH1_U1) Synthetic gene PR-27232 PR-27233 

BB4684 (Bbxfpk_U2) Synthetic gene PR-27234 PR-27235 

 

Table S4. List of primers used in this study. 

PR-10277(gRNArev) GATCATTTATCTTTCACTGCGGAGAAG 

PR-1388(aro4_U1_fw (ID1388)) AGTGCAGGU AAAACA ATGAGTGAATCTCCAATGTTCG 

PR-1389(aro4_U1_rv (ID1389)) CGTGCGAU TCA TTTCTTGTTAACTTCTCTTCTTTG 

PR-1390(aro7_U2_fw (ID1390)) ATCTGTCAU AAAACA ATGGATTTCACAAAACCAGAAAC 

PR-1391(aro7_U2_rv (ID1391)) CACGCGAU TCA CTCTTCCAACCTTCTTAGCAAG 

PR-14640(ID14640 (Sc_Aro3_1 Fw)) AGTGCAGGU  AAA ACA ATGTTCATTAAAAACGATCACGC 

PR-14641(ID14641 (Sc_Aro3_1 Rv)) CGTGCGAUCTATTTTTTCAAGGCCTTTCTTCTG 

PR-1546(AtC4H_U2_fw (ID1546)) ATCTGTCAUAAAACAATGGACTTGTTGTTGTTG 

PR-1547(AtC4H_U2_rv (ID1547)) CACGCGAUTCAACAGTTTCTTGGCTT 

PR-1554(AtATR2_U2_fw (ID1554)) ATCTGTCAUAAAACAATGTCCTCCTCTTCTTCATCATCCACC 

PR-1555(AtATR2_U2_rv (ID1555)) CACGCGAUTCACCAGACATCTCTCAA 

PR-1588(4CL1-VST1 front part _U1_rv (ID1588)) AAACCGTUAGCCAACTTGGCTC 

PR-1589(4CL1-VST1 latter part _U1_fw (ID1589)) AACGGTTUGGGTTCTGGTGCTTCCGTTGAAGAATTCAGAAACGC 

PR-1691(FjTAL_U1_fw (ID1691)) AGTGCAGGUAAAACAATGAACACCATCAACGAATATCTGAGC 

PR-1692(FjTAL_U1_rv (ID1692)) CGTGCGAUTTAATTGTTAATCAGGTG 

PR-1750(PTEF1_fw (Xiao)) acctgcacuttgtaattaaaacttagattagattg 

PR-2173(Aro1 1-Fw (2173)) AGTGCAGGUAAAACAATGGTGCAGTTAGCCAAAG 

PR-2174(Aro1 1-Rv (2174)) CGTGCGAUCTACTCTTTCGTAACGGCATC 

PR-2179(Aro2 2-Fw (2179)) ATCTGTCAUAAAACAATGTCAACGTTTGGGAAACTG 

PR-2180(Aro2 2-Rv (2180)) CACGCGAUTTAATGAACCACGGATCTGGA 

PR-25300 (ScCYB5_U1_fw) AGTGCAGGU AAAACA ATG CCT AAA GTT TAC AGT TAC CAA 

PR-25301 (ScCYB5_U1_rev) CGTGCGAU TTA TTC GTT CAA CAA ATA ATA AGC AAC AC 

PR-27230 (PHA2_U2_fw) ATCTGTCAU AAAACA ATGGCCAGCAAGACTTTG 

PR-27231 (PHA2_U2_rev) CACGCGAU TTATTTGTGATAATATCTCTCATTTCTGG 

PR-27232 (MtPDH1_U1_fw) AGTGCAGGU AAAACA ATG TCT TCA TCT TCA AAA TC 

PR-27233 (MtPDH1_U1_rev) CGTGCGAU TAA GAT TCA GTT CTT TCT GG 
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PR-27234 (Bbxfpk_U2_fw) ATCTGTCAU AAAACA ATG ACT AAC CCT GTA ATC GG 

PR-27235 (Bbxfpk_U2_rev) CACGCGAU TTA TTC ATT GTC ACC AGC AG 

PR-27236 (GPP1_gRNA) GGCCATGTCACGGGTACCAG GTTTTAGAGCTAGAA 

PR-6785(Ec_AroL_2-Fw (6785)) ATCTGTCAUAAAACAATGACACAACCTCTTTTTCTGA 

PR-6786(Ec_AroL_2-Rv (6786)) CACGCGAUTCAACAATTGATCGTCTGTGC 

PR-8(PPGK1_rv) atgacagauttgttttatatttgttg 

 

Table S5. DNA sequences of synthetic genes used in this study. 

Gene name DNA sequence 

FjTAL 

ATGAACACCATCAACGAATATCTGAGCCTGGAAGAATTTGAAGCCATTATCTTTGGCAATCAGAAAGTG
ACCATTAGTGATGTTGTTGTGAATCGCGTTAACGAGAGCTTTAACTTTCTGAAAGAATTTAGCGGCAAC
AAAGTGATCTATGGTGTGAATACCGGTTTTGGTCCGATGGCACAGTATCGTATTAAAGAAAGCGATCAG
ATTCAGCTGCAGTATAATCTGATTCGTAGCCATAGCAGCGGCACCGGTAAACCGCTGAGTCCGGTTTGT
GCAAAAGCAGCAATTCTGGCACGTCTGAATACCCTGAGTCTGGGTAATAGCGGTGTTCATCCGAGCGTT
ATTAATCTGATGAGCGAACTGATCAACAAAGATATCACACCGCTGATTTTTGAACATGGTGGTGTTGGT
GCAAGCGGTGATCTGGTTCAGCTGAGCCATCTGGCACTGGTTCTGATTGGTGAAGGTGAAGTTTTCTAT
AAAGGTGAACGTCGTCCGACACCGGAAGTTTTTGAAATTGAAGGTCTGAAACCGATCCAGGTGGAAATT
CGCGAAGGTCTGGCCCTGATTAATGGCACCAGCGTTATGACCGGTATTGGTGTTGTTAATGTGTACCAT
GCAAAAAAACTGCTGGATTGGAGCCTGAAAAGCAGCTGTGCAATTAATGAACTGGTTCAGGCATATGAT
GATCACTTTAGCGCAGAACTGAATCAGACCAAACGTCATAAAGGTCAGCAAGAAATTGCACTGAAAATG
CGTCAGAATCTGAGCGATAGCACCCTGATTCGCAAACGTGAAGATCATCTGTATAGCGGTGAAAACACC
GAAGAAATCTTCAAAGAAAAAGTGCAAGAGTATTATAGCCTGCGTTGTGTTCCGCAGATTCTGGGTCCG
GTTCTGGAAACCATTAACAATGTTGCAAGCATTCTGGAAGATGAATTTAACAGCGCAAACGATAACCCG
ATCATCGATGTTAAAAACCAGCATGTTTATCACGGTGGCAATTTTCATGGTGATTATATCAGCCTGGAA
ATGGATAAACTGAAAATCGTGATTACCAAACTGACCATGCTGGCAGAACGTCAGCTGAATTATCTGCTG
AATAGCAAAATTAACGAACTGCTGCCTCCGTTTGTTAATCTGGGCACCCTGGGTTTTAACTTTGGTATGC
AGGGTGTTCAGTTTACCGCAACCAGCACCACCGCAGAAAGCCAGATGCTGAGCAATCCGATGTATGTTC
ATAGCATTCCGAACAATAATGATAACCAGGATATTGTTAGCATGGGCACCAATAGCGCAGTTATTACCA
GCAAAGTTATCGAAAATGCCTTTGAAGTTCTGGCCATTGAAATGATTACCATTGTTCAGGCGATTGATT
ATCTGGGCCAGAAAGATAAAATCAGCAGCGTTAGCAAAAAATGGTATGATGAAATCCGCAACATCATCC
CGACCTTTAAAGAAGATCAGGTGATGTATCCGTTCGTGCAGAAAGTAAAAGACCACCTGATTAACAATT
AA 

EcAroL 

ATGACACAACCTCTTTTTCTGATCGGGCCTCGGGGCTGTGGTAAAACAACGGTCGGAATGGCCCTTGCC
GATTCGCTTAACCGTCGGTTTGTCGATACCGATCAGTGGTTGCAATCACAGCTCAATATGACGGTCGCG
GAGATCGTCGAAAGGGAAGAGTGGGCGGGATTTCGCGCCAGAGAAACGGCGGCGCTGGAAGCGGTAA
CTGCGCCATCCACCGTTATCGCTACAGGCGGCGGCATTATTCTGACGGAATTTAATCGTCACTTCATGCA
AAATAACGGGATCGTGGTTTATTTGTGTGCGCCAGTATCAGTCCTGGTTAACCGACTGCAAGCTGCACC
GGAAGAAGATTTACGGCCAACCTTAACGGGAAAACCGCTGAGCGAAGAAGTTCAGGAAGTGCTGGAAG
AACGCGATGCGCTATATCGCGAAGTTGCGCATATTATCATCGACGCAACAAACGAACCCAGCCAGGTGA
TTTCTGAAATTCGCAGCGCCCTGGCACAGACGATCAATTGTTGA 

MtPDH1 

ATGTCTTCATCTTCAAAATCATTGAAGATCGGTATCGTTGGTTTCGGTACATTCGGTCAATTCTTGGCAA
ACACTATGATCAAGCAAGGTCATACTTTGACAGCTACTTCAAGAACAGATTACTCACAATTGTGTGATCA
AATGGGTATTCATTTCTTTAGAGATATCACAGCATTTTTGGATGCTGATATGGATGTTATCTTGTTGTGT
ACTTCTATTTCTTCATTATCAGAAGTTGTTGGTTCTATGCCATTGGCATGTTTGAAGAGACCAACATTGT
TCGTTGATGTTTTGTCTGTTAAGGAACATCCTAAAAATTTGTTGTTGAAGGTTTTGCCAGAAGAATCAG
ATATCTTGTGTACTCATCCAATGTTTGGTCCAGTTTCTGGTAAAAATGGTTGGCAAAATTTGACTTTTAT
GTTCGATAAAGTTAGAATTAAAGATGAAGTTACTTGTTCAAAATTTTTACAAATTTTTGCATCTGAAGGT
TGTAAAATGGTTGAAATGTCATGTGAAGAACATGATAAAGCTGCTGCTAAGTCTCAATTCATTACACAT
ACTATCGGTAGAACATTGGCTGAAATGGATATCAAATCAACACCAATCGATACTAAGGGTTTCCAAACT
TTGGTTGAATTGAAGAAACCAGTTATGGGTTGTTCATTCGATTTGTACTCTGGTTTGTTCGTTTACAACA
GATTCGCAAGACAAGAATTAGAAAATTTGGAACATGCTTTGCATAAAGTTAAAGAAATGTTGGTTCAAA
GAATTGATGAAGGTCAAAATCCAGAAAGAACTGAATCTTAA 

Bbxfpk 

TTGATCGCTGATCACCAACAAAACACCGTTTTTATAATGGGTCCAGGTCATGGTGGTCCAGCTGGTACT
TCCCAAAGTTATGTTGACGGTACTTACACTGAATACTACCCAAACATAACAAAAGATGAAGCTGGTTTG
CAAAAGTTTTTCAGACAATTCTCCTATCCAGGTGGTATCCCTAGTCATTTTGCACCAGAAACCCCTGGTT
CAATTCACGAAGGTGGTGAATTGGGTTATGCTTTATCTCATGCTTACGGTGCAGTAATGAATAACCCAT
CATTGTTTGTTCCTTGTATTATAGGTGACGGTGAAGCCGAAACAGGTCCATTAGCTACCGGTTGGCAAT
CTAACAAATTGGTCAATCCAAGAACTGATGGTATCGTATTGCCTATCTTGCATTTGAACGGTTACAAGAT
TGCAAATCCAACAATCTTGGCCAGAATATCTGATGAAGAATTACATGACTTTTTCCGTGGTATGGGTTAT
CACCCTTACGAATTTGTTGCCGGTTTCGATAATGAAGACCACATGTCTATCCACAGAAGATTCGCTGAAT
TGTTCGAAACTATCTTCGATGAAATTTGTGACATAAAAGCTGCTGCTCAAACCGATGACATGACTAGAC
CATTCTACCCTATGTTGATTTTTAGAACTCCAAAGGGTTGGACATGCCCTAAGTTCATCGATGGTAAAAA
GACAGAAGGTTCCTGGAGAGCACATCAAGTTCCATTAGCTAGTGCAAGAGATACCGAAGAACACTTTGA
AGTCTTGAAAGGTTGGATGGAATCTTACAAGCCTGAAGAATTATTCAATGCAGATGGTTCAATTAAAGA
TGACGTTACAGCCTTTATGCCAAAGGGTGAATTGAGAATAGGTGCCAATCCTAACGCTAATGGTGGTGT
TATCAGAGAAGATTTGAAATTGCCAGAATTAGACCAATATGAAGTAACTGGTGTTAAGGAATACGGTCA
TGGTTGGGGTCAAGTTGAAGCCCCTAGAGCTTTGGGTGCATATTGTAGAGATATCATTAAAAATAACCC
AGACTCCTTTAGAATATTCGGTCCTGATGAAACAGCTAGTAACAGATTGAACGCAACTTATGAAGTAAC
CGATAAGCAATGGGACAATGGTTACTTGTCTGGTTTAGTTGATGAACACATGGCAGTCACTGGTCAAGT
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AACAGAACAATTATCAGAACACCAATGCGAAGGTTTCTTGGAAGCATATTTGTTAACAGGTAGACATGG
TATTTGGTCTTCATACGAATCTTTTGTACATGTTATCGATTCAATGTTGAACCAACACGCCAAATGGTTA
GAAGCTACTGTTAGAGAAATACCTTGGAGAAAGCCTATCTCCAGTGTTAACTTGTTAGTCTCTTCACATG
TATGGAGACAAGATCATAATGGTTTTTCTCACCAAGACCCAGGTGTCACATCATTGTTGATTAATAAGA
CCTTCAATAACGATCACGTTACCAACATCTATTTTGCCACTGACGCTAACATGTTGTTGGCTATCTCTGA
AAAGTGCTTCAAGTCAACTAACAAAATCAATGCAATATTCGCCGGTAAACAACCAGCACCTACATGGGT
TACCTTGGATGAAGCCAGAGCTGAATTAGAAGCTGGTGCTGCTGAATGGAAATGGGCTTCTAATGCAG
AAAATAACGATGAAGTTCAAGTTGTCTTGGCATCCGCCGGTGACGTCCCAACACAAGAATTGATGGCCG
CTAGTGATGCTTTGAACAAAATGGGTATTAAGTTTAAAGTAGTTAACGTCGTAGATTTGTTGAAGTTAC
AATCAAGAGAAAACAACGATGAAGCATTGACTGACGAAGAGTTTACTGAATTGTTTACTGCTGATAAAC
CAGTATTGTTTGCATATCATTCCTACGCCCAAGATGTTAGAGGTTTGATCTATGATAGACCAAACCATGA
CAATTTCCACGTTGTCGGTTACAAAGAACAAGGTTCAACCACTACACCTTTTGATATGGTCAGAGTAAAT
GATATGGACAGATATGCATTGCAAGCAGCCGCTTTGAAGTTAATTGATGCAGACAAATACGCCGATAAG
ATCGACGAATTAAACGCTTTTAGAAAGAAAGCATTTCAATTCGCAGTCGATAATGGTTATGACATTCCA
GAGTTTACTGATTGGGTATACCCTGATGTTAAGGTTGATGAAACACAAATGTTGTCTGCTACTGCTGCT
ACTGCTGGTGACAATGAATAA 

AtCPR 

ATGTCCTCCTCTTCTTCATCATCCACCTCTATGATTGATTTGATGGCCGCTATTATCAAGGGTGAACCAG
TTATAGTTTCTGATCCAGCTAATGCTTCTGCCTATGAATCTGTTGCTGCTGAATTATCCTCCATGTTGAT
CGAAAACAGACAATTCGCTATGATCGTCACTACCTCTATTGCTGTTTTGATTGGTTGCATCGTTATGTTG
GTTTGGAGAAGATCTGGTTCTGGTAACTCTAAAAGAGTCGAACCATTGAAGCCATTGGTTATCAAACCT
AGAGAAGAAGAAATTGACGACGGTAGAAAGAAGGTTACCATTTTCTTTGGTACTCAAACCGGTACTGCT
GAAGGTTTTGCTAAAGCTTTGGGTGAAGAAGCTAAAGCCAGATACGAAAAGACTAGATTCAAGATCGTT
GACTTGGATGATTACGCTGCAGATGATGATGAATACGAAGAAAAGTTGAAGAAAGAAGATGTCGCCTT
TTTCTTCTTGGCTACTTATGGTGATGGTGAACCTACTGATAATGCTGCTAGATTTTACAAGTGGTTCACC
GAAGGTAATGATAGAGGTGAATGGTTGAAAAACTTGAAGTACGGTGTTTTCGGTTTGGGTAATAGACA
ATACGAACACTTCAACAAGGTTGCCAAGGTTGTTGATGATATCTTGGTTGAACAAGGTGCCCAAAGATT
GGTTCAAGTTGGTTTAGGTGATGATGACCAATGCATCGAAGATGATTTTACTGCTTGGAGAGAAGCTTT
GTGGCCAGAATTGGATACAATCTTGAGAGAAGAAGGTGATACTGCTGTTGCTACTCCATATACTGCTGC
TGTTTTAGAATACAGAGTTTCCATCCACGATTCCGAAGATGCTAAGTTCAACGATATTAACATGGCTAAC
GGTAACGGTTACACCGTTTTTGATGCTCAACATCCATACAAGGCTAACGTTGCTGTTAAGAGAGAATTG
CATACTCCAGAATCTGACAGATCCTGCATTCATTTGGAATTCGATATTGCTGGTTCCGGTTTGACTTACG
AAACTGGTGATCATGTTGGTGTTTTGTGCGATAACTTGTCTGAAACTGTTGATGAAGCCTTGAGATTAT
TGGATATGTCTCCAGATACCTACTTCTCCTTGCATGCCGAAAAAGAAGATGGTACTCCAATCTCTTCATC
TTTGCCACCACCATTTCCACCATGTAATTTGAGAACTGCTTTGACCAGATACGCTTGCTTGTTGTCATCT
CCAAAAAAGTCTGCTTTGGTTGCTTTGGCTGCTCATGCTTCAGATCCAACTGAAGCTGAAAGATTGAAA
CATTTGGCTTCTCCAGCTGGTAAGGATGAATATTCTAAATGGGTTGTTGAATCCCAAAGATCCTTGTTG
GAAGTTATGGCTGAATTTCCATCTGCTAAACCACCATTGGGTGTTTTTTTTGCTGGTGTTGCTCCAAGAT
TGCAACCTAGATTCTACTCTATTTCCTCCTCCCCAAAAATTGCCGAAACCAGAATTCATGTTACTTGCGC
TTTGGTCTACGAAAAAATGCCAACTGGTAGAATCCATAAGGGTGTTTGTTCTACCTGGATGAAGAATGC
TGTTCCTTACGAAAAGTCCGAAAACTGTTCTTCTGCTCCAATCTTCGTTAGACAATCCAATTTCAAGTTG
CCATCCGATTCTAAGGTTCCAATTATCATGATTGGTCCAGGTACTGGTTTGGCTCCTTTTAGAGGTTTTT
TACAAGAAAGATTGGCCTTGGTCGAATCCGGTGTTGAATTGGGTCCATCTGTTTTGTTTTTCGGTTGCA
GAAACAGAAGAATGGACTTCATCTACGAAGAAGAATTACAAAGATTCGTCGAATCAGGTGCTTTGGCAG
AATTGTCAGTTGCTTTTTCTAGAGAAGGTCCAACAAAAGAATACGTCCAACACAAGATGATGGATAAGG
CTTCTGATATCTGGAACATGATTTCTCAAGGTGCCTACTTGTATGTTTGTGGTGATGCTAAAGGTATGG
CCAGAGATGTTCATAGATCCTTGCATACAATTGCCCAAGAACAAGGTTCTATGGACTCTACAAAAGCAG
AAGGTTTCGTCAAGAACTTGCAAACTTCTGGTAGATACTTGAGAGATGTCTGGTGA 

AtPAL2 

ATGGATCAAATCGAAGCTATGTTGTGTGGTGGTGGTGAAAAAACAAAAGTTGCTGTTACTACTAAGACC
TTGGCCGATCCATTGAATTGGGGTTTGGCTGCTGATCAAATGAAGGGTTCTCATTTGGATGAAGTCAAG
AAGATGGTCGAAGAATACAGAAGACCAGTTGTTAATTTGGGTGGTGAAACTTTGACTATTGGTCAAGTT
GCTGCTATTTCTACTGTTGGTGGTTCTGTTAAGGTTGAATTGGCTGAAACTTCTAGAGCTGGTGTTAAG
GCTTCTTCTGATTGGGTTATGGAATCTATGAACAAGGGTACTGATTCTTACGGTGTTACTACAGGTTTT
GGTGCTACTTCTCATAGAAGAACTAAGAATGGTACTGCCTTGCAAACCGAATTGATCAGATTTTTGAAC
GCCGGTATTTTCGGTAACACCAAAGAAACTTGTCATACCTTGCCACAATCTGCTACTAGAGCTGCTATGT
TGGTTAGAGTTAACACTTTGTTGCAAGGTTACTCCGGTATCAGATTCGAAATTTTGGAAGCTATCACCTC
CTTGTTGAACCATAACATTTCTCCATCTTTGCCATTGAGAGGTACTATTACTGCTTCTGGTGATTTGGTT
CCATTGTCTTATATTGCTGGTTTGTTGACTGGTAGACCAAACTCTAAAGCTACTGGTCCAGATGGTGAA
TCATTGACTGCTAAAGAAGCTTTTGAAAAGGCTGGTATCTCTACTGGTTTTTTCGACTTGCAACCTAAAG
AAGGTTTGGCTTTGGTTAATGGTACAGCTGTTGGTTCTGGTATGGCTTCTATGGTTTTGTTTGAAGCTA
ACGTTCAAGCTGTTTTGGCCGAAGTTTTGTCTGCTATTTTTGCTGAAGTTATGTCCGGTAAGCCAGAATT
CACTGATCATTTGACCCATAGATTGAAACATCACCCAGGTCAAATTGAAGCTGCTGCAATTATGGAACA
TATCTTGGATGGTTCCTCTTACATGAAGTTGGCTCAAAAAGTTCACGAAATGGACCCATTGCAAAAGCC
AAAACAAGATAGATACGCTTTGAGAACTTCTCCACAATGGTTGGGTCCACAAATAGAAGTTATTAGACA
AGCCACCAAGTCCATCGAAAGAGAAATCAATTCTGTTAACGACAACCCATTGATCGACGTCAGTAGAAA
CAAAGCTATTCATGGTGGTAACTTCCAAGGTACTCCAATTGGTGTTTCTATGGACAACACTAGATTGGC
TATTGCTGCCATTGGTAAATTGATGTTCGCTCAATTCTCCGAATTGGTCAACGATTTTTACAACAACGGT
TTGCCTTCTAACTTGACCGCTTCTTCTAATCCATCATTGGATTACGGTTTTAAGGGTGCTGAAATTGCTA
TGGCTTCATACTGTTCTGAATTGCAATACTTGGCTAACCCAGTTACCTCTCATGTTCAATCTGCTGAACA
ACACAATCAAGACGTTAACTCCTTGGGTTTGATCTCTTCTAGAAAGACTTCTGAAGCCGTTGACATCTTG
AAGTTGATGTCTACTACATTCTTGGTCGGTATTTGCCAAGCTGTTGATTTGAGACATTTGGAAGAAAAC
TTGAGACAAACCGTCAAGAACACCGTTTCACAAGTTGCTAAGAAAGTTTTGACCACCGGTATTAACGGT
GAATTGCATCCATCTAGATTCTGCGAAAAGGATTTGTTGAAGGTCGTTGATAGAGAACAAGTTTTCACC
TACGTTGATGATCCATGTTCTGCTACTTATCCATTGATGCAAAGATTGAGACAAGTCATCGTTGATCATG
CTTTGTCTAATGGTGAAACCGAAAAGAACGCTGTTACCTCCATTTTCCAAAAGATTGGTGCTTTCGAAG
AAGAATTGAAGGCCGTTTTGCCAAAAGAAGTTGAAGCAGCTAGAGCAGCTTACGGTAACGGTACTGCTC
CAATTCCAAATAGAATCAAAGAATGCAGATCCTACCCATTATACAGATTCGTTAGAGAAGAATTAGGTA
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CTAAGTTGTTGACCGGTGAAAAGGTTGTTTCTCCAGGTGAAGAATTCGATAAGGTTTTCACTGCTATGT
GCGAAGGTAAATTGATCGATCCATTGATGGACTGCTTGAAAGAATGGAATGGTGCTCCTATTCCTATCT
GCTGA 

AtC4H 

ATGGACTTGTTGTTGTTGGAAAAGTCCTTGATTGCTGTTTTCGTTGCTGTTATTTTGGCCACCGTTATCT
CTAAATTGAGAGGTAAGAAATTGAAGTTGCCACCAGGTCCAATTCCAATCCCAATTTTTGGTAATTGGT
TGCAAGTTGGTGATGACTTGAACCACAGAAACTTGGTTGATTACGCTAAAAAGTTCGGTGATTTGTTCT
TGTTGAGAATGGGTCAAAGAAATTTGGTCGTTGTTTCCTCACCAGACTTGACCAAAGAAGTTTTGTTGA
CTCAAGGTGTCGAATTCGGTTCCAGAACTAGAAATGTTGTTTTCGATATCTTCACCGGTAAGGGTCAAG
ATATGGTTTTTACTGTTTACGGTGAACATTGGAGAAAGATGAGAAGAATTATGACCGTTCCATTCTTCA
CCAACAAGGTTGTCCAACAAAACAGAGAAGGTTGGGAATTTGAAGCTGCTTCTGTTGTTGAAGATGTCA
AGAAGAATCCAGATTCTGCTACTAAGGGTATCGTTTTGAGAAAAAGATTGCAATTGATGATGTACAACA
ACATGTTCAGAATCATGTTCGACAGAAGATTTGAATCCGAAGATGACCCTTTGTTTTTGAGATTGAAGG
CTTTGAACGGTGAAAGATCTAGATTGGCTCAATCCTTCGAATACAACTACGGTGATTTCATCCCAATCTT
AAGACCATTCTTGAGAGGTTACTTGAAGATCTGCCAAGATGTTAAGGATAGAAGAATCGCCTTGTTCAA
AAAGTACTTCGTTGACGAAAGAAAGCAAATCGCTTCTTCTAAACCTACTGGTTCTGAAGGTTTGAAGTG
CGCCATTGATCATATTTTGGAAGCTGAACAAAAGGGTGAAATCAACGAAGATAACGTCTTGTACATCGT
CGAAAACATTAACGTTGCTGCTATTGAAACTACCTTGTGGTCTATTGAATGGGGTATTGCTGAATTGGT
TAATCACCCAGAAATCCAATCCAAGTTGAGAAACGAATTGGATACTGTTTTGGGTCCAGGTGTTCAAGT
TACTGAACCTGACTTGCATAAGTTGCCATACTTGCAAGCTGTTGTAAAAGAAACCTTGAGATTAAGAAT
GGCCATCCCTTTGTTGGTTCCACATATGAACTTGCATGATGCTAAATTGGCCGGTTATGATATTCCAGCC
GAATCCAAGATTTTGGTTAATGCTTGGTGGTTGGCTAACAATCCAAATTCTTGGAAAAAGCCAGAAGAA
TTCAGACCAGAAAGATTTTTCGAAGAAGAAAGTCACGTTGAAGCCAACGGTAATGATTTTAGATACGTT
CCATTTGGTGTTGGTAGAAGATCTTGTCCAGGTATTATCTTGGCTTTGCCAATTTTGGGTATTACCATCG
GTAGAATGGTCCAAAACTTCGAATTATTGCCACCACCTGGTCAATCTAAGGTTGATACTTCTGAAAAGG
GTGGTCAATTCTCCTTGCATATTTTGAACCACTCCATCATCGTTATGAAGCCAAGAAACTGTTGA 
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Non-conventional hosts in metabolic engineering 

The exploration of employing Y. lipolytica for the production of aromatic compounds 

yielded the highest bioprocess performance metrics reported for resveratrol in 

scientific publications (Sáez-Sáez et al., 2020). In a more recent study, further 

enhancements in the metrics were obtained using also an engineered Y. lipolytica 

strain, reaching up to 22.5 g/L resveratrol with a yield on glucose of 65.5 mg/g (M. Liu 

et al., 2022). Liu et al.'s publication unveiled additional genetic engineering targets 

that could enhance strain performance. Furthermore, it demonstrated the significant 

impact of pH, dissolved oxygen percentage (DO%), and carbon-to-nitrogen ratio 

(C/N) on the resveratrol titers. Although these factors were not considered in our 

study, incorporating them could potentially improve our results. 

Several studies conducted by multiple research groups over the past 3-4 years have 

consistently emphasized and confirmed the significant potential of Y. lipolytica in 

aromatic compound production, specifically phenylpropanoids with a polyketide 

structure that rely on malonyl-CoA as a precursor. Compounds such as polydatin, 

naringenin, eriodictyol, taxifolin, scutellarin, and liquiritigenin have been successfully 

engineered for production in Y. lipolytica, demonstrating exceptional production 

levels and establishing new records in scientific literature (Gu et al., 2020; Lv et al., 

2019; Palmer et al., 2020; Akram et al., 2021; Wang et al., 2022; Wei et al., 2020). 

The high-level production of resveratrol and other phenylpropanoid-derived 

polyketides has been a long-standing goal in the model yeast S. cerevisiae. However, 

the significant disparity in precursors’ pathways fluxes poses challenges in achieving 

efficient native precursor supply for production. Particularly, the flux difference 

between the glycolysis and PPP, respectively yielding PEP and E4P is notable, with the 

latter exhibiting a flux up to one order of magnitude lower (Suástegui et al., 2016). 

Additionally, the low intracellular levels of malonyl-CoA further contribute to these 

challenges. Notably, our genetic engineering strategies for Y. lipolytica were entirely 

adapted from a prior study in S. cerevisiae (Li et al., 2015). The Y. lipolytica strain 

exhibited remarkable improvements following similar genetic modifications. These 

results emphasize the critical importance of matching the target product with the 

native metabolic capabilities of the production host and the bioprocess conditions. 

Candida tropicalis, similar to Y. lipolytica, exhibits a balanced metabolic flux between 

glycolysis and the PPP and possesses an oleaginous phenotype (Blank et al., 2005). 
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Therefore, considering purely its native metabolic traits C. tropicalis could serve as a 

suitable host for resveratrol production (Chattopadhyay et al., 2020; L. Zhang et al., 

2022). Interestingly, as early as the 1960s, British Petroleum (BP) developed 

bioprocesses for single-cell protein production where the chosen hosts were both C. 

tropicalis and Y. lipolytica (Groenewald et al., 2014). 

The question of whether conventional hosts should undergo extensive engineering to 

meet specific requirements or if it is more effective to develop novel host 

microorganisms tailored to desired objectives remains a debate in metabolic 

engineering. Historically, E. coli, C. glutamicum, and S. cerevisiae have been the 

favored hosts for various bioprocesses due to our comprehensive understanding of 

their metabolism, genetics, and physiology, as well as the availability of synthetic 

biology tools for manipulation (Nielsen and Keasling, 2016). However, Yarrowia 

lipolytica has witnessed a substantial surge in usage both in academia and industry 

over the past 15 years, evident from the increasing number of publications and patents. 

A recent survey involving ten companies employing Y. lipolytica highlighted its ability 

to grow at high cell densities, broad substrate utilization capacity, and robustness, 

characteristics that may be limited in S. cerevisiae (Park and Ledesma-Amaro, 2023). 

Beyond the typical product families like organic acids, lipids, and terpenoids, some 

answers from the survey highlighted the growing interest in amino acids as potential 

target products in the near future. Notably, Y. lipolytica has demonstrated superior 

performance in ergothioneine production, an uncommon antioxidant amino acid, 

even with minimal engineering, surpassing the capabilities of S. cerevisiae (van der 

Hoek et al., 2022a, 2022b). 

Nevertheless, certain characteristics in the aforementioned hosts can still pose 

challenges in terms of engineering. For example, properties including tolerance to 

chemical and physical stresses, high growth and substrate uptake rates, efficient 

utilization of a wide range of carbon sources, and functional expression of specific 

enzymes remain challenging (Blombach et al., 2022). These challenges stem primarily 

from the complexity of these traits and the limited understanding of their underlying 

biochemical mechanisms. In this context, novel production hosts possessing such 

innate capabilities might offer promising alternatives to overcome these challenges 

and unlock new possibilities in metabolic engineering and bioprocess optimization 

(Karaalioğlu and Yüceer, 2021; Blombach et al., 2022; Geijer et al., 2022). 
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For instance, the production of fungal secondary metabolites like polyketides and non-

ribosomal peptides requires the expression of mega-enzymes. In a report using S. 

cerevisiae as production host, almost half of the constructed strains did not produce 

any detectable amount of product upon expression of the fungal biosynthetic gene 

clusters (Harvey et al., 2018). Some of the reasons could be attributed to incorrect 

protein folding, modification, and trafficking. Exploring novel yeast hosts that are 

phylogenetically closer to the sources of these enzymes could potentially enhance the 

production of such secondary metabolites. 

Non-conventional hosts might also play a role in the development of bioprocesses 

using alternative substrate in a biocircular economy. The current reliance on 

carbohydrate-based substrates in biobased production faces challenges due to 

competition with food production and potential price increases. To overcome these 

issues, the utilization of non-food feedstocks such as lignocellulosic or municipal waste 

hydrolysates is being explored (Yaashikaa et al., 2020; Calvo-Flores and Martin-

Martinez, 2022). However, this requires microbial systems with higher chemical 

tolerance and versatile metabolism. Notably, Pseudomonas taiwanensis exhibits 

desirable characteristics, including high chemical tolerance, efficient carbon 

utilization, and the ability to assimilate non-traditional carbon sources (Nies et al., 

2020; Sivapuratharasan et al., 2022; Wordofa and Kristensen, 2018; Wynands et al., 

2019). Additionally, yeasts like Kluyveromyces marxianus and Debaryomyces 

hansenii have shown promise in this regard (Baptista and Domingues, 2022; Lane and 

Morrissey, 2010; Navarrete et al., 2022). 

In summary, the focus of exploring new microbial hosts has shifted from their inherent 

ability to produce specific chemicals (e.g., Pseudomonas denitrificans and vitamin B12 

(Fang et al., 2017)) to their natural capacity in performing challenging tasks that are 

difficult to engineer in commonly used hosts in metabolic engineering. However, it is 

important to acknowledge that employing novel microbial hosts presents limitations 

in terms of knowledge regarding handling and cultivation, genetic manipulation, 

availability of synthetic biology toolboxes, genetic stability, and cellular heterogeneity. 

To address these challenges, various approaches can be employed, such as analyzing 

metagenomic data, constructing genome-scale metabolic models that integrate multi-

omics data, and utilizing machine learning techniques (Chen et al., 2020; McElhinney 

et al., 2022; Mol et al., 2021; Pappu and Gummadi, 2017). These methods can assist 
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in the discovery, development, and optimization of unconventional organisms, 

providing valuable insights into their metabolic capabilities and potential as 

biocatalysts. 

 

Production of new-to-nature halogenated natural products in yeast 

Our work on in vivo halogenation in S. cerevisiae demonstrated that the indole ring of 

tryptophan could undergo halogenation at positions 5-, 6-, 7- utilizing either chlorine 

or bromine as halogen sources. Moreover, we successfully demonstrated the 

decarboxylation process of halogenated tryptophan into halogenated tryptamine, a 

crucial intermediate in the synthesis of biologically active natural products with 

therapeutic potential. 

The generated molecules, halotryptophan and halotryptamine, have the potential to 

be purified and utilized in synthetic chemistry for cross-coupling reactions, yielding 

more complex halogenated compounds (Sharma et al., 2017). Another particularly 

captivating opportunity lies in integrating them into biosynthetic pathways of plant 

natural products, which can be implemented in yeast to facilitate the production of 

halogenated secondary metabolites. To pursue the former approach, it is essential to 

enhance the strains performance. Our proof-of-principle strains utilized only 

expressed the minimal enzymes necessary for halogenation. Incorporating genetic 

targets employed in Chapter 5 for p-coumaric acid production would likely enhance 

the titers. Nonetheless, it should be noted that halogenated tryptophan mainly resides 

intracellularly, posing challenges for downstream processing. Certain studies have 

successfully employed C. glutamicum to achieve gram-per-liter titers of halogenated 

tryptophan and tryptamine, serving as a promising starting point for purification and 

use in synthetic chemistry (Kerbs et al., 2022; Veldmann et al., 2019a, 2019b). 

Hence, a more logical approach in yeast would be to introduce biosynthetic pathways 

capable of converting the halogenated compounds into valuable end products. Among 

these, the production of monoterpene indole alkaloids (MIAs) emerges as an especially 

intriguing compound family, given that certain members of this family possess a 

substantial market worth of billions of dollars annually (O’Connor and Maresh, 2006; 

J. Zhang et al., 2022). However, it is evident that incorporating halogenated 

compounds into the MIAs pathway presents challenges, starting with the suboptimal 
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decarboxylation of halotryptophan into halotryptamine, resulting in significant 

substrate accumulation. In order to overcome this limitation, several studies have 

utilized protein engineering techniques to modify both the substrate specificity and 

regioselectivity of the tryptophan 7-halogenase LaRebH. Some enzyme variants 

shifted the enzyme specificity towards tryptamine while also targeting other positions 

within the indole ring (Andorfer et al., 2016; Glenn et al., 2011). These enzyme variants 

could potentially be expressed in yeast to relieve this suboptimal enzymatic step. From 

halogenated tryptamine, in plants the enzymes of the MIAs pathway seem to be able 

to cope with most of the different halogenated intermediates. In particular, studies in 

Catharanthus roseus have demonstrated how halogenated tryptamine can be 

processed into a range of late MIAs intermediates and products (McCoy and O’Connor, 

2006; Runguphan et al., 2010). Several MIAs biosynthetic enzymes have undergone 

in vitro characterization to evaluate their substrate promiscuity (McCoy et al., 2006; 

Yerkes et al., 2008). For strictosidine synthase in particular, a mutant enzyme is 

required for the processing of 5-chlorotryptamine (Bernhardt et al., 2007), while 

strictosidine-β-glucosidase is more tolerant towards substituted substrates (Yerkes et 

al., 2008). Refactoring MIAs pathways in yeast has been achieved to varying degrees 

of success, with recent breakthroughs in the production of vindoline and 

catharanthine, which require the functional expression of tens of biosynthetic genes 

(Brown et al., 2015; Qu et al., 2015; Kulagina et al., 2021; T. Liu et al., 2022; J. Zhang 

et al., 2022). Although challenging, the in vivo production of halogenated MIAs 

products in yeast appears feasible and will likely be demonstrated in the near future. 

In cases where the expressed enzymes fail to process halogenated intermediates, 

directed evolution, rational protein engineering, and machine learning have 

demonstrated their utility in enhancing enzyme promiscuity towards substituted 

substrates (Korendovych, 2018; Ogawa et al., 2023; Rix et al., 2020). 

In addition to MIAs, there are alternative metabolites derived from tryptophan with 

shorter biosynthetic pathways that hold greater potential for successful production in 

yeast. Violacein, a natural pigment renowned for its vivid violet color and possessing 

antimicrobial, antiviral, and anticancer properties, requires the expression of five 

genes within its biosynthetic pathway (Ahmed et al., 2021). Recently, halogenated 

violacein was successfully produced in E. coli without the need for protein engineering, 

and crude extracts were employed in synthetic chemistry cross-coupling reactions to 

generate intricate halogenated structures (Lai et al., 2021). Furthermore, tryptamine 
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alkaloids like psilocybin and melatonin exhibit relatively simple pathways and have 

been previously biosynthesized in S. cerevisiae (Germann et al., 2016; Milne et al., 

2020). Although it remains unclear whether the enzymes involved can act on 

halogenated substrates, it is worth noting that certain halogenated forms of melatonin 

have demonstrated efficacy in the treatment of primary insomnia (Zemlan et al., 

2005). 

 

Enhancing product tolerance in microbial cell factories through 

transporter engineering 

Through our investigation of screening transporter deletion libraries in E. coli and S. 

cerevisiae, we successfully identified multiple transporter-encoding genes whose 

deletion resulted in increased product tolerance. Enhancing product tolerance is a key 

objective in tolerance adaptive laboratory evolution (TALE), and in comparison, 

screening transporter deletion libraries offers a significantly faster approach for 

achieving this goal. 

The initial step in the screening of the transporter deletion library is based on the 

hypothesis that mutations in transporter-encoding genes contribute significantly to 

the tolerance phenotype, which is supported by multiple studies employing tolerance 

adaptive laboratory evolution (TALE) approaches (Mohamed et al., 2017; Srivastava 

et al., 2021; Radi et al., 2022; Lennen et al., 2023). This assumption yields a 

transporter deletion library comprising approximately 300-450 deletion strains for S. 

cerevisiae and E. coli, a size deemed suitable for evaluating the growth of the library 

in liquid medium in duplicate using Growth Profiler 960 at its full capacity. One could 

also consider evaluating the effect of deleting other groups of genes, like regulatory, 

stress response, chaperones, or signaling pathways genes. Deletion strains for those 

families of genes could be extracted from the YKO and Keio collections and organized 

into subsets for systematic analysis. 

The preliminary assessment of the transporter-deletion library and subsequent 

validation of promising candidates normally require no more than two weeks for a 

single compound. TALE experiments typically require a timespan ranging from a few 

weeks to several months (Kildegaard et al., 2014; Pereira et al., 2019; Matson et al., 

2022), and performing nearly daily transfers during the experiment can be laborious 
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and time-consuming, especially without the aid of automated liquid handlers 

(Dragosits and Mattanovich, 2013). Genome sequencing of the evolved populations 

and the subsequent reverse engineering process to confirm the mutations underlying 

the tolerant phenotype may also require a minimum of one to two months, assuming 

an optimistic scenario. 

The screening of knockout libraries offers a compelling alternative for rapidly 

identifying deletion targets that enhance product tolerance. However, it should be 

noted that TALE studies generally yield a greater degree of tolerance, as a single 

deletion of a transporter, while beneficial for tolerance improvement, typically exhibits 

enhanced efficacy when combined with other genomic mutations, resulting in 

synergistic effects. For instance, in a study performing TALE in E. coli against 

glutamate and adipate, only after deleting 3 transporter-encoding genes, 85% and 60% 

of the tolerance of the evolved strains could be reconstructed, respectively (Lennen et 

al., 2023). 

Although library screenings facilitate the identification of transporter-encoding genes 

that potentially influence product tolerance, they do not guarantee their direct 

involvement in compound transport. Cell-based assays, such as the one employed in 

this study, offer advantages in terms of rapidity and high-throughput capabilities. 

However, these assays can introduce significant background transporter activity due 

to the redundancy of transporters (Mans et al., 2017; Alon Cudkowicz and Schuldiner, 

2019). Moreover, our understanding of the potential involvement of transporters in 

specific transport processes is limited, primarily due to the lack of knowledge 

regarding transporters and their associated substrates (Kell et al., 2011; Kell, 2021). 

Even annotated transporters with assigned functions and substrates, such as Tpo2p in 

S. cerevisiae, have recently been assigned new substrates (Wang et al., 2021). In the 

case of the transporters we identified to affect aromatic compounds tolerance, detailed 

annotations were lacking in transportDB (Elbourne et al., 2017). Therefore, further 

experiments are necessary to determine whether the observed effects on tolerance can 

be attributed directly to transport activity of the toxic compounds. 

In light of this, an effective approach would involve utilizing Xenopus laevis oocytes 

as an expression system for the candidate transporters Xenopus oocytes possess 

minimal inherent transport activity, and their capability to easily express cRNAs of 

transporters and localize them to the plasma membrane makes them an excellent 
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platform for transporter characterization (Romero et al., 1998; Miller and Zhou, 

2000). While this system does have inherent limitations regarding throughput, it still 

falls within an appropriate range for evaluating the 10-16 transporters that we 

identified as influential in product tolerance for specific aromatic compounds. 

 

Multi-omics data to guide strain engineering 

The last experimental chapter of this thesis represents an initial step of an ongoing 

project aiming at performing a multi-omics characterization (transcriptomics, 

proteomics, metabolomics, fluxomics) of several S. cerevisiae strains that produce p-

coumaric acid. Initially, our plan was to utilize the microfluidic bioreactor Biolector 

Pro (m2p-labs) as the cultivation platform for multi-omics characterization of yeast 

strains in fed-batch mode. However, we encountered limitations that ultimately led us 

to abandon this system for multi-omics analysis and use ambr250® (Sartorius) 

instead. 

The primary limitations were associated with the restricted cultivation volume, which 

impeded multiple samplings from the same culture for different omics analyses. 

Additionally, the inherent configuration of the automated sampling system caused the 

cultivation to enter a pause mode during sampling, halting the feeding process. 

Consequently, time-sensitive omics analyses, such as endometabolomics, were 

significantly affected, as inconsistencies were observed in the measurement of 

metabolites from the central carbon metabolism. While Biolector has proven valuable 

in bioprocess development and media optimization (Rohe et al., 2012; Wewetzer et al., 

2015; Jacobsen et al., 2020), we believe that using it for multi-omics analysis stretches 

its capabilities. Enhancements, such as increased customization of cultivation 

parameters and sampling, would make multi-omics analysis more feasible with this 

system. Alternatively, opting for conventional bioreactor systems such as ambr250®, 

as utilized in our ongoing study, or other benchtop bioreactors would still be a 

favorable approach. 

Although the experimental work involved in multi-omics studies can be laborious, the 

processing and analysis of data constitute the more time-consuming phase. Over the 

past years, the emergence of various user-friendly tools like Galaxy, KBase, and INCA, 

which do not necessitate coding expertise, has simplified the data analysis process for 
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most wet-lab scientists (Arkin et al., 2018; Jalili et al., 2020; Young, 2014; Rahim et 

al., 2022). However, these tools often have limitations, and the assistance of 

bioinformaticians with specialized knowledge remains crucial to optimize the time 

invested in this phase. As we proceed with the analysis phase, it raises the question of 

whether the substantial investment in terms of time and financial resources will 

ultimately be worthwhile and result in valuable engineering targets. Specifically, in the 

context of an "open-question" multi-omics study like this one, where we are not 

seeking specific answers to predefined problems, it will become crucial to evaluate 

whether the expenditure is justified and if it will yield meaningful engineering targets. 
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