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ABSTRACT 

The potential of biotechnological processes has an untapped potential compare the small amount of 

species used nowadays to the natural variation observed. One of these non-conventional yeasts is 

Metschnikowia pulcherrima, a potential platform organism for microbial oil production. It has 

interesting phenotypes for industry such as an ability to grow on non-sterile conditions and a wide 

range of oligo- and monosaccharides within lignocellulosic material.  

One aspect that makes these unravelled yeasts less appealing to industry is the lack of information 

and research done with them. The first work done in this thesis was an attempt to develop genetic 

tools that can be used to genetically manipulate M. pulcherrima. A reliable transformation method 

was established, although the low rate of homologous recombination (HR) in all the tested strains, 

and the variable levels of expression of inserted gene depending on its genome location makes genetic 

manipulation a challenging task. Nevertheless, a modest increase in lipid accumulation was attained 

by the insertion of a homologous gene. This served as a prove of concept to try multiple other 

modifications as a team project. Furthermore, a homologous inducible promoter was tested using GFP 

as a reporter which can be used in gene expression.  

An interesting phenotype of M. pulcherrima is its ability to compete with microorganism. M. 

pulcherrima has been used in winemaking to avoid spoilage during fermentation. One known molecule 

that M. pulcherrima produces related to this ability is pulcherrimin, which binds to iron and it’s 

responsible for the characteristic maroon colour of its colonies. We investigated the ecological role of 

this secondary metabolite. It was found that even though having a metabolic cost, its production is an 

advantageous trait when competing for resources with other microorganisms. Then, adaptive 

laboratory evolution (ALE) was used to co-culture M. pulcherrima with bacterial agents of disease in 

farm animals in order to improve its ability to compete with them. Strains with an improved 

competition phenotype were obtained. Their genomes were sequenced finding a pattern in copy 

number variation depending on the bacteria they were exposed to during the ALE.  
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1. Sustainable Development 

Sustainable development is perhaps the most difficult challenge that humanity has faced because its 

nature is inherently contradictory. Successful development typically means more people and more 

happy people, and each of these has inherent environmental costs. The human population keeps 

increasing, and the world can expect 10 billion people on its surface by the end of this century (Gerland 

et al., 2014). Not only that, but the commodity demands per capita and our lifestyle, make our 

environmental footprint higher every year (York et al., 2020).  Achieving sustainability requires 

coordination at many levels; encouraging policies and societal awareness are essential, but science 
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and technology have vital roles to generate remediate and improve the situation of the planet 

(Gavrilescu & Chisti, 2005).  

Here, it will be discussed how Microbial Biotechnology can take an important role on facing this 

challenge, specially using non-conventional yeast to produce sustainable alternatives to oil production, 

having its biomass as probiotic for animal feed. 

1.1 Interfaces of Agriculture and Sustainability 

To accommodate the predicted increased population, food availability will need to increase 

significantly, and that needs to be balanced against conservation and sustainable objectives (Hunter 

et al., 2017). Given that most of the cultivable land is already in use, most increases in production will 

have to be provided by a higher yield in existing land. The avoidance of pests and diseases, that can 

affect up to 70% of the agricultural production, and the use of non-cultivable land provided by 

biotechnology can alleviate this burden (Campos et al., 2019).  

Agrochemical applications have been the primary mode of crop loss prevention since the Green 

Revolution. However, the intensive and extensive abuse of agrochemicals has predictably led to 

problems of sustainability: water contamination, damage of the air and soil and toxicity to humans 

and other nontargeted organisms (Aktar et al., 2009). For example, pesticides affect the normal 

behaviour of the microbiota in the soil, diminishing the fertility of the soil by disrupting the symbiosis 

between mycorrhizae and legume’s root nodules, while plant diseases can increase their severity due 

to the imbalance in the beneficial microbial diversity that act as natural competitors (Mukherjee et al., 

2020). 

Crop loss post-harvest is an attractive target for improvement. It is estimated that about 20-25% of 

the harvested production can spoil during postharvest handling. Furthermore, the control of 

postharvest diseases in fruits and vegetables seem to hold a greater potential than the ones affecting 

the crops in the field (Sharma et al., 2009; Wilson & Wisniewski, 1989). Governments and industries 

are increasingly committed to develop new alternative strategies for the control of postharvest 
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diseases, and microbial antagonists are among the sustainable approaches, but their application 

requires many conditions for success. The ideal biocontrol agent should be applied together with 

current practices and be compatible with chemicals used in the postharvest system. Other factors, 

such as resistance to environmental stresses and a good performance in the spectrum of conditions 

that allow the pathogenic development are also desirable (Janisiewicz et al., 2001).  

Animal product consumption is also expected to keep increasing and has a large impact on sustainable 

agriculture (Hunter et al., 2017). Protein is the limiting factor of animal feed and the main source are 

vegetables; 97% of the 334.56 million tons of soymeal produced in the whole globe is used to feed 

livestock. Europe cannot produce enough protein for an adequate quality manufacture of animal feed 

and relies on the importation of two-thirds of its feed demand which leads to high emission of CO2. 

Once again, sustainable alternatives are necessary to reduce environmental footprint and avoid 

competition with human food resources. Novel protein sources like insect meal or Single Cell Protein 

(SCP) have potential to be used given that they can be produced locally in non-cultivable land (Patsios 

et al., 2020; Scholey et al., 2016).  

1.2 Vegetable oils in food and fuels 

Global consumption of edible oil has multiplied by seven from 1971 to 2010, more than half of this 

demand comes from The United States, European Union, China and India. However, the production 

of the main vegetable oils consumed, palm oil and soybean oil, is carried out in tropical Southeast Asia 

and Latin America. Indonesia, Malaysia, Brazil, and Argentina are increasing their production to match 

the demand, increasing the land in use to culture by more than 40 million ha between 1971 and 2009. 

This exchange of forest for croplands also affects the biodiversity and will keep increasing as the 

demand for agricultural product does (Hansen et al., 2015; Koh & Lee, 2012). 

Vegetable oil-derived biodiesel is often considered as an ideal substitute for fossil fuels in the transport 

sector because it shares similar properties to petroleum-based diesel, it is renewable and can be 

environmentally friendly compared to fossil fuels. Due its high annual yield per hectare compared to 
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other oilseeds, palm oil is the main vegetable oil used to produce biodiesel via transesterification 

process. Biodiesel is produced by transesterification of the vegetable oils with an alcohol, methanol 

or ethanol, in the presence of a base to produce the respective fatty acid alkyl ester, the biodiesel, 

plus glycerol. When biodiesel is produced on a large-scale, the glycerol co-product is usually refined 

and sold, but when produce is small-scale the glycerol is usually treated as waste (Nguyen et al., 2017; 

Stephenson et al., 2008; Yee et al., 2009).  

Biodiesel is often classified depending on the source material into three generations: 

• First generation derives from the fermentation of glucose from starch and sugar crops. As the 

protein supply destined to animal feed, this interferes with human food supply, since these 

feedstocks are food sources. By using food resources to produce fuel, not only the amount of 

food is decreased, but also increases the food price. It is also stated that first generation 

biodiesel is unreasonable since most of the carbon content of plants is lost during the process 

(Ritslaid et al., 2010).  

• Second generation uses lignocellulosic feedstock and agricultural forest residues. On one hand, 

this avoids the competition of fuels and food for the same crops and makes use of a very 

available material, having a much lesser impact in the environment. On the other hand, the 

cost of this generation is higher, and its yield is lower due to technological challenges.  

• Third generation bases its production in algae and marine plants. They can produce high 

amounts of biomass, make use of solar energy and absorbs carbon dioxide and do not 

compete with the agriculture plants. However, this approach still requires a lot of research 

(Chandel & Singh, 2011; Jambo et al., 2016). 

 

2. Yeast Biotechnology  

Sustainability challenges highlighted above suggest the use of microbes in some proposed solutions 

across agriculture for food and fuel. Biotechnology is broadly considered as the use of living organisms 
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and their parts to generate value. This broad definition comprises from the traditional brewing and 

food fermentation that makes use of yeasts, to the modern advances in genetic engineering, together 

with other technologies, that have overcome many of the limitations their processes had before the 

GMO era. Environmental concern has pushed forward biotechnology in many industrial sectors due 

to its potential to not only remediate the current pollution but also reduce the level of residues, waste 

and pollution production. Biological systems are attractive as a sustainable alternative, as they belong 

to ‘the environment’ and make a smart use of renewable resources to produce a wide range of 

molecules using low-energy processes (Gavrilescu & Chisti, 2005).  

Microbial fermentation is the only method that allows substantial production of certain products to 

be commercially viable. High-value products that are naturally obtained from organisms, like 

antibiotics and enzymes, were firstly explored. The production of some vitamins was made feasible 

using genetic engineering to increase the yield, vitamin B2 cost production by biotechnological means 

was reduced by 50% compared to the previous chemical process (Gavrilescu & Chisti, 2005). 

Yeasts have particularly useful qualities for biotechnology such as resilience to stressful conditions, 

the high rates of uptake of substrates and products of their metabolism. Yeast production of ethanol 

is by far the largest product of biotech at any level. Ethanol is being used as a precursor of biodiesel 

but it suffers from a low yield and other alcohols are more appealing (Lan & Liao, 2013; Mussatto et 

al., 2010; Steen et al., 2008). Another way to produce biofuels is by transformation of oils, and  some 

non-S. cerevisiae yeasts can accumulate high amount of lipids, in addition to having been proposed as 

sources of single-cell protein (SCP), and used as antagonisms in agricultural settings (Johnson & 

Echavarri-Erasun, 2011). 

2.1 Microbial oils 

Microbial oils are mainly produced to be used as a source of biodiesel, but other uses like in food 

additives or cosmetics are also relevant for industry. Yeast like Yarrowia lipolytica are used to produce 

polyunsaturated fatty acids (PUFAs) as food additives in order to improve the quality of specific foods 
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(Bellou et al., 2016). Oleaginous microalgae first attracted commercial microbial oil interests, but 

technical obstacles like the processing of large volumes and the low rates of biomass generation 

together with the inconsistent seasonal growth, gave oleaginous yeast a chance to emerge as more 

realistic alternative to be developed (Chisti, 2008; I. R. Sitepu, Garay, et al., 2014).   

A yeast is considered oleaginous if the lipids stored correspond to more than 20% of its total dry weight. 

This classification excludes most of the known yeasts and only 5% of the known species have been 

reported to accumulate more than 25% of lipids. These yeasts are generally found in environments 

where lipid accumulation provides resilience, such as relatively poor nutritional conditions or dry plant 

surfaces. Oleaginous yeasts enhance this behaviour or solely present it when carbon is available but 

nitrogen, and/or phosphorous are limited. This situation interferes with nitrogen dependent anabolic 

pathways such as protein and nucleic acid biosynthesis, but allows them to store carbon mainly in the 

form of cellular lipid droplets (I. Sitepu et al., 2015; I. R. Sitepu, Garay, et al., 2014).  

Lipid droplets are formed of triacylglycerols (TAGs), three fatty acids chained to an ester. Fatty acids 

are different to each other in the number of couple of carbons they have and the number of bonds 

between them. The percentage of the different types of fatty acids found in an oil is called lipid profile. 

Yeast lipid are dominated by TAGs, as in plant-derived oils, the similarity of their lipid profiles makes 

yeast oils a good replacement for vegetable oils to produce biodiesel and other oleochemicals (I. R. 

Sitepu, Garay, et al., 2014).  

Microbial oils are a promising sustainable alternative for biofuels because they can exploit low-value 

feedstocks without compromising food resources, but large-scale bioprocesses face many challenges 

like cheap carbon source utilization, finding and modifying  oleaginous organisms, or highly efficient 

oil extraction in order to achieve economic viability (Ma et al., 2018; Ratledge, 2013).  

Large fermenters are expensive, both to build and run due to the systems of stirring, aeration and pH 

control that they require. Even if the final product is not destined to the food industry, fermenters are 

needed to be sterilised before use in order to avoid spoilage. Technoeconomic studies place the cost 
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of microbial oils in £1500/tonne excluding the costs of feedstock and oil extraction (Ratledge & Cohen, 

2008). However, these studies did not account for possible improvements in yield, simpler and more 

economic cultivation methods such as open ponds or the addition of coproducts to the revenue of the 

bioprocess (Jin et al., 2015). 

2.2 Antimicrobials 

Naturally occurring antagonists of plant pests can be found directly on plants surfaces, and these can 

be promoted in agricultural environment and introduced against postharvest spoilages. Yeasts have 

several advantages in this area including that they can colonize the surface of plants even under dry 

conditions, yeasts are generally less affected by pesticides used in agriculture, and they produce extra-

cellular polysaccharides which increase their chances of surviving and restrict the growth of pathogens 

(Sharma et al., 2009).  

The method of microbial antagonists to exert their influence on pathogens is commonly not well-

understood. Knowledge about these mechanisms will help to find more suitable antagonists and use 

better conditions and procedures for the use of those strains. Research often supports competition 

for nutrient and space as the most important mechanism of bio-control agents. Antagonisms reduce 

the inoculum potential of pathogens by nutrient competition, substrate colonization becomes more 

difficult, therefore the amount of pathogen gets reduced in dormant and pathogenic growth phases. 

Yeasts that use this mechanism are Pichia guilliermondii, Cryptococcus laurentii, Rhodotorula glutinis 

and Metschnikowia pulcherrima. The second most important mechanism is the production of 

antibiotics, volatile and non-volatile. Antibiotic production can be constant or triggered by a high or 

low concentration of resources, mainly carbon. This strategy is thought to help the producer to 

prevent susceptible organisms from using a shared substrate by inhibition or destruction. Yeast tend 

to focus in the competition mechanism and this has favoured an emphasis in their use in postharvest 

control of fruits and vegetables in order to avoid possible negative effects of their consumption 

(Jamalizadeh et al., 2011).  
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2.3 Side products 

Biorefinery construction has an elevated cost and requires a business study for the production of 

primary product, and its associated co-products (Morgan et al., 2015; Scholey et al., 2016). As 

previously discussed, biofuel refineries need to generate coproduct to offset the cost of its production. 

An example of this is biodiesel co-product stream (BCS), which has a high percentage of glycerol. BCS 

has been reported as a useful feedstock for other microbial synthesis by yeasts like Y. lipolytica or 

Candida bombicola (Ashby et al., 2005).  

When lignocellulosic material is used as feedstock, the coproducts obtained are lignin and microbe 

biomass. Lignin could be used to generate energy for the plant functioning, and the biomass can be 

used as animal feed. This destiny can be the same for dried distiller’s grains with solubles (DDGS), a 

coproduct obtained in first generation corn ethanol biorefineries. DDGS contain high levels of protein, 

fibre, minerals and vitamins (Khatibi et al., 2011). In the case of oleaginous yeast, amino acids and 

peptides which are valuable for different applications such as bioplastics or biopharmaceuticals are 

attractive potential co-products.  The protein that comes from microbes can be of much more 

advantage for animal feed than the protein that comes from oil seeds after processing  (Jin et al., 

2015).  

Feeding yeast cells to fish has been proven to have nonsignificant effect in protein digestibility and a 

slight positive effect in lipid digestibility with variance depending on the yeast strain, yeast substrate, 

fish species and diet formulation. In general terms, yeast products produced from lignocellulosic 

substrates can be used as protein source for fish feeding with additional benefits on their immune 

response and intestinal health (Øverland & Skrede, 2016). Yeast-based SCP is considered to be the 

ideal feed for salmon and poultry, having comparable amino acid content to traditional feedstocks like 

soya and showing advantageous results in their performance characteristics.  The most used yeast for 

SCP is currently S. cerevisiae and other yeast like the oleaginous Y. lipolytica have shown very attractive 

nutritional values with good results in piglets, turkeys and fishes (Patsios et al., 2020). Another added 
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value to this source of protein especially in Europe and Asia is the geographical location because 

protein is imported to these continents from America, which is costly, while microbial proteins can be 

domestically produced (Scholey et al., 2016).  

3. Strain Development 

Because the cost of bioprocessing must match at least the price of the product that is meant to 

substitute, demands to microbes at the centre of the process are extreme. And although microbes 

show many layers of efficiency, as if it were alchemy, nature has not shaped them to behave as they 

are ideally expected in an industrial process. It is crucial to understand the extent of natural variation 

that already permits exploitation and to develop an understanding of the genetics behind the 

functioning of yeast metabolism is crucial to take advantage of their untapped potential. Due to the 

lowering costs of genome sequencing and the development of genetic tools, it is easier now than ever 

before to combine exploitation of natural properties of yeast for specific tasks, allow to incorporate 

new actors to biotechnological processes (I. R. Sitepu, Garay, et al., 2014).  

3.1 Natural Variation of Yeast 

Yeasts present a huge resource of microbial diversity, yet it is barely explored. They developed myriad 

different mechanisms through evolution to adapt to fluctuating, intermediate, and extreme 

environmental conditions along every axis in nature. While S. cerevisiae has a its own powerful 

industrial niche, many non-conventional yeast exhibit attractive traits to industry, like the ability of 

their metabolism to use complex substrates as nutrients to produce high-value compounds or 

tolerance to fermentation inhibitors (Papon et al., 2014; Radecka et al., 2015; Riley et al., 2016). 

Several properties should be accounted for when choosing a yeast species, both for research and 

commercial implementation. Some morphological, physiological and biochemical characteristics that 

are fairly standardized in order to classify a species, are particularly interesting, like the ability to grow 

in different carbon or nitrogen sources, growth temperatures or osmotolerance.  
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One property of high importance for oleaginous yeasts to produce biofuel is the array of carbon source 

that they are able to utilize. Assimilation of various saccharides present in lignocellulose hydrolysates 

(xylose, arabinose, cellobiose , mannose, galactose, rhamnose and galacturonic acid) and the ability 

of growing immediately on them or with a delay are very relevant characteristics(I. R. Sitepu, Garay, 

et al., 2014).  

Inhibitors of microbial growth like furans, aldehydes and organic acids are present in lignocellulosic 

hydrolysates due to the treatments they are generated by. Using an oleaginous yeast that has natural 

tolerance to these inhibitors is very advantageous, another option is to develop this property through 

mutations or genetic manipulation (I. R. Sitepu, Jin, et al., 2014). 

Nowadays, S. cerevisiae is clearly dominating biotechnology thanks to the familiarity scientists have 

with it and its historical use. However, there are many industrial tasks for which S. cerevisiae are not 

optimally suited for, biofuel production is an example of a field for this. However, there are two main 

streams of research related to this: using genetic modification (GM) and non-GM techniques such as 

adaptive evolution or adaptive evolution to overcome the limitations that S. cerevisiae may have, or 

exploring the use of non-Saccharomyces species (Spagnuolo et al., 2019; Steensels & Verstrepen, 

2014). Even though the most promising microbes for biofuel production are oleaginous yeasts, 

establishing even a basic genetic tool kit for a new yeast can be very challenging due to unique 

molecular and genetic features of every species (Masneuf-pomarede et al., 2016; Spohner et al., 2016). 

3.2 Genetic Modification 

Wild strains with the most promising baseline characteristics can still be further developed as an 

industrial strain using improvement techniques. Genetic modification can help to increase lipid 

accumulation, different strategies have been followed: overexpression of enzymes that take part in 

the biosynthesis pathway of fatty acids and TAGs, bypassing the regulation of TAG biosynthesis, 

blocking competition pathways or introducing pathways found in heterologous species. These 

approaches have been used in few yeast species, mainly S. cerevisiae and Y. lipolytica (I. R. Sitepu, 
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Garay, et al., 2014). As a successful example of blocking competitor pathways in Y. lipolytica, 

redirecting the carbon flux by deletion of only one gene, glycerol-3-phosphate dehydrogenase isomer 

(GUT2), a three-fold increase in lipid accumulation was obtained compared to the parental strain. In 

the same study, an additional deletion of six more genes (acyl-coenzyme A oxidases named POX1 to 

POX6) resulted in a four-fold increase (Beopoulos et al., 2008). 

Genetic tools in the model yeast S. cerevisiae are very powerful today, although when it was being 

developed as model organism screening many strains was needed in order to establish standard 

strains (Mortimer & Johnston, 1986). Variation within species can be of great use for the development 

of genetic tools as they can differ in many aspects that make genetic manipulation feasible and this 

inter-specie variation is, in most cases, unknown for novel yeasts.   

3.2.1 Basic Genetic tools 

Developing genetic tools for novel yeasts can be challenging even for non-optimised S. cerevisiae 

strains that could be relevant for industry. The first tools to be developed are: getting functional DNA 

into the yeast, using a set of promoters for different expression purposes, targeting specific DNA 

within the genome, and developing a selective system that allows for more than one round of 

modification. 

The most widely used method to introduce DNA inside yeast is the treatment with lithium acetate 

(LiAc) (Schiestl & Gietz, 1989). However, its frequency of integration is lower than the first method 

used for the transformation of S. cerevisiae, which involves removal of the cell wall to produce 

spheroplasts that can take up DNA on treatment with polyethylene glycol (Beggs, 1978). Other 

methods that has been explored are electroporation, which requires special equipment (Meilhoc et 

al., 1990); biolistic method, through which tungsten microprojectiles coated with DNA penetrate living 

cells at very fast velocity to introduce genes  (Armaleo et al., 1990); or the use of Agrobacterium 

tumefaciens to transfer T-DNA to S. cerevisiae, including the gene/s of interest (Piers et al., 1996). 
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To overexpress heterologous /endogenous genes and express heterologous genes, there is a first 

decision to take, either inserting those genes in a chromosome of the yeast or keep it inside the 

nucleus in the form of a plasmid. Using an extrachromosomal plasmid is technically convenient but it 

is not always the recommended method. In the case of long-term strain stability, it is desirable to 

introduce the genes into chromosomes, otherwise the selective pressure must be maintained. In the 

case of the insertion of pathways or several genes that require a high number of genes per plasmid or 

more than one plasmid can lead to unstable strains which often show an undesirable degree of 

heterogeneity (Jensen et al., 2014).  

Genomic integration of heterologous genes requires the assembly of multiple parts such as promoter, 

gene and terminator. This is usually performed via cloning into integrative plasmids which may already 

include regulatory elements. Then, the entire vector can be integrated in the chromosome or its 

backbone can be removed by linearization. The fragment of DNA integrated includes a selection 

marker, most commonly an auxotrophic marker gene that the strain used is being previously mutated 

or delated, antibiotic resistance genes can also be used. The DNA piece will be inserted randomly in 

the genome, unless a specific loci is targeted as it will be discussed below (David & Siewers, 2015).  

Another main decision to take in order to obtain gene expression is the promoter that regulates it. 

There are two major choices, constitutive and inducible promoters. Both have a purpose and decision 

will depend on the specific use of the encoded protein. Constitutive expression, specially under strong 

promoters like translation elongation factor (TEF) type are not recommended if the gene to be 

expressed is toxic to the cell or if it’s convenient to separate the growth and production phases. For 

these and other purposes, inducible and derepressed promoters are preferable. They respond to 

environmental conditions that can be controlled in a bioprocess or lab, such as carbon or nitrogen 

sources or stress (Weinhandl et al., 2014; Yurimoto et al., 2000).  

Deleting genes is one of the first genetic tools required to streamlining yeast metabolism into the 

production of specific valuable compounds. As previously discussed, one of the strategies is to block 
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competitor pathways which is done by removing one or more pieces of said pathway. Another 

important use of gene deletion is the use of selectable markers, commonly auxotrophic genes like lys2, 

leu2, his3 or ura3, although this can also be achieved via mutation and selection for the absence of 

the specific gene. Commonly, yeasts are transformed with a linear fragment of DNA containing a 

selectable marker cassette flanked by sequences homologous to the target locus. This is done for both 

purposes, generation of an auxotrophic strain and integration of a gene with an auxotrophic marker 

(David & Siewers, 2015).   

The ability to insert DNA in a specific point of the genome is possible by a natural process called 

homologous recombination (HR). HR biological function is replicating and preserving genome integrity 

against DNA damage such as DNA gaps, inter-strand crosslink and double-stranded breaks (DSBs). 

However, reparation of a DBS can be accomplished by HR or non-homologous end joining (NHEJ). 

These two pathways establish a balance which varies depending on the yeast species and cell phases 

within the same species cells (Shrivastav et al., 2007). In most yeast, NHEJ has the upper hand in this 

balance, exceptions to this rule are S. cerevisiae and Saccharomyces pombe which makes them a good 

option for genetic modification (Chen et al., 2013a). There are ways to alter this balance in favour of 

the HR pathway, the genes ku70 and ku80 that are crucial for NHEJ have been knocked-out in many 

cases, and there are drugs that can inhibit transiently NHEJ or favour stages of the cell cycle where HR 

is naturally favoured (Arras & Fraser, 2016; Davis et al., 2014; Tsakraklides et al., 2015) 

Even though many selectable markers are available for yeast, the inclusion of several genes tends to 

be performed in iterative cycles of marker gene integration and removal using the same or few  marker 

genes (Siewers, 2014). Reasons for this may be the use of strains that would not handle the use of 

multiple auxotrophic markers or the fact that many cassettes contain the same regulatory elements 

which can lead to undesired recombination events. A strategy for marker recycling is to use a 

recombinase, the most commonly used are the 2-μm plasmid-derived Flp/FRT system and the Cre/loxP 

system from bacteriophage P1 (Sauer, 1987; Toh-e, 1995). These two enzymes catalyse recombination 
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between two recognition sites consisting of two 13-bp inverted repeats (IRs) flanking a 8-bp spacer. It 

is a very efficient system and it doesn’t need the use of counter markers as others recycling methods 

(David & Siewers, 2015). However, one of the copies of the full 34-bp recognition site is left in the 

genome as a scar which can trigger chromosomal rearrangements after repeated uses of the same 

cassette. Some methods have been developed to avoid this effect, like mutated FRT and loxP sites 

(Delneri et al., 2000; Storici et al., 1999). 

3.2.2 Metabolic Engineering  

Metabolic engineering is referred to an approach that uses genetic manipulation, with a rational 

design based in theoretical analysis and biochemical information. The applications that it has been 

used for are extension of substrate range, improvement of the yield and productivity, reduction or 

elimination of by-products, improvements of the cell properties and process performance and 

extension of the product range. It is a modernization of genetic engineering by adding importance to 

the planning and predictive nature of the changes that are going to be made. The analysis part is 

meant to consider aspects such as expression analysis, metabolite levels, fermentation experiments, 

pathway evaluation or protein characterization. It depends on information provided from the -omics 

that are more broadly accessible nowadays. The knowledge and information required for metabolic 

engineering reduce its application to few hosts, mainly to S. cerevisiae. With the effort done in non-

conventional yeast, the use of metabolic engineering is being extended to some non-conventional 

yeasts. The most developed is Y. lipolytica, but Kluyveromyces marxianus or Hansenula polymorpha 

among others are also following this path (Abdel-Mawgoud et al., 2018; Löbs et al., 2017; Ostergaard 

et al., 2000). The first steps are building the baseline of -omics data and genome sequencing. 

3.3 Adaptative Laboratory Evolution 

Non-GM approaches are an appealing option for several reasons. There are occasions where genetic 

tool kits are not well developed, or the desired phenotype to improve is complex or the knowledge 

about it is not appropriate to approach it in this way. Adaptive laboratory evolution (ALE) is a good 
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alternative option for these cases. ALE is a method which brings microorganism under selective 

pressure in defined conditions for a variable period (ranging from week to years). The selective 

pressure aims to select a desired phenotype in the organism trough evolution, for example, 

environmental stresses such as ethanol concentration, temperature or pH. Although the concepts of 

natural and artificial selection for evolution and breeding aren’t new and ALE was already performed 

a century ago, the mentioned cost reduction of sequencing allow to examine the genotypes of the 

resultant evolved strains (Bennett & Hughes, 2009; Dragosits & Mattanovich, 2013). 

ALE is a very convenient method to be applied in microorganisms because they usually have simple 

nutrient requirements, can be easily cultured, and can grow very fast. These characteristics suggest 

that the ALE experiment can be conducted for hundreds of generations in few weeks or months. This 

method is not only being used for strain improvement but as a resource to research the genetic bases 

of fitness, second order effects during evolution, clonal interference and evolutionary bet hedging 

(Dragosits & Mattanovich, 2013).  

ALE can also be applied in combination with GM approaches. On one hand, strain improvement may 

require extensive genetic modifications which may cause a reduction in fitness. ALE has been applied 

in engineered strains to counter this effect, and the adaptation can be done targeting the industrial 

environment in which it will be used. ALE can also be used after the integration of an heterologous 

pathway, aiming to evolve to optimize the production of the molecule of interest (Portnoy et al., 2011). 

The opposite order can be also be applied, following a reverse engineering strategy. Complex traits 

and phenotypes which are associated with genes is unknown but can be improved trough ALE 

experiments and then the knowledge obtained from genetic changes in the evolved strains can be 

used to guide genetic manipulation  (Oud et al., 2012).  

There are two main groups for the basic ALE methods: sequential batch culturing and continuous 

chemostat culturing. Batch cultivation in shake flasks can be used to evolve a microorganism in parallel 

serial cultures. Aliquots of the cultures are transferred to new flasks with fresh medium for additional 
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rounds of growth at pre-determined intervals, after specific times or when a condition is met like 

reaching a certain O.D. or a stage of growth. Some parameters like temperature and culture 

homogeneity can be controlled, but variation in other parameters like pH, dissolved oxygen or nutrient 

supply are difficult to avoid. This loose control can prevent the implementation of precise complex 

environments for ALE experiments, but uncontrolled environments can capture the haphazard 

complexity of real-world environments. Continuous cultures in chemostats are an alternative offering 

more tight control. The advantages of this method are constant growth rates and population densities, 

tight control over nutrient supply and environmental conditions. However, there are also drawbacks, 

the major one being the cost of the operation which is much higher than shake flask culture. The 

biggest difference between both methods is the availability of nutrients. In chemostats, nutrients are 

added frequently avoiding its limitation, whereas in shake flasks nutrients become scarce as the time 

goes on (Dragosits & Mattanovich, 2013). 

Yeasts are among the most tested organisms for adaptive laboratory evolution showing a wide variety 

of effects. During an ALE experiment, mutations favoured by the conditions accumulate in the genome 

of evolving strains. These mutations can be of different types, including single nucleotide 

polymorphisms (SNPs), short and large insertion or deletions, transposon rearrangements and 

changes in ploidy or chromosome number. Depending on the species and strains, the type of 

mutations and their dominance will vary, as will do the genome regions that are changed more 

frequently. Some species and strains can be more prone to conserve mutations than others and the 

more expression has a gene, higher is its mutation rate (Hawk et al., 2005; Park et al., 2012).  

Copy number variants (CNVs) are among the most common observed mutations in ALE studies. CNVs 

additions or deletions of DNA segments can range from 50bp to entire chromosomes. A common 

result of ALE experiments in yeast is the incremental variation in the copies of genes and whole 

genomic regions. This event can increase the expression of those genes or open the possibility of a 

function divergency. On the other hand, the fragments of DNA are lost tend to decrease the expression 
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of the genes in that region or trigger further changes in the genome if they had a role in its 

maintenance (Steenwyk & Rokas, 2018; Tang & Amon, 2013).  

A mutation that becomes fixed within an ALE experiment’s population, must invade the rest of the 

population. Several phenotypes will occur at first and compete to get fixed in the population. Stable 

phenotypes with clear advantages can accumulate swiftly, but some degree of heterogeneity can 

prevail due to clonal interference, bet hedging, genetic hitchhiking or fluctuation of the growing 

conditions (Barton, 2000; Cooper & Lenski, 2010; Draghi et al., 2010; Kao & Sherlock, 2008).  

The two most common aims of ALE experiments performed with yeast are to adapt a strain to a 

nutritional condition or an environmental stress. Efficient nutrient utilization is a very important trait 

of microbial growth for industrial application, in which the nutrient source could be determined by its 

cost or bioconversion rate. Strains evolved in glucose-limited ALE studies showed a decreased activity 

of glycolysis, an increased affinity for glucose and duplication of glucose transporter genes (Dunham 

et al., 2002; Ferea et al., 1999). A common trait of interest, especially in S. cerevisiae, is the utilization 

of carbon sources other than glucose sugar. There are examples of ALE experiments aiming to make 

use of maltose, xylose, arabinose and lactate (de Kok et al., 2012; Jansen et al., 2004; Kuyper et al., 

2005; Wisselink et al., 2007). Environmental stress ALE experiments tend to have less predictable 

outcomes, like the mutation of transcriptional regulators, that would have been difficult to obtain 

through rational genetic manipulation. Adaptation of S. cerevisiae salt concentration led to increment 

on cell size, increased ploidy. In ALE experiments targeting ethanol tolerance, cell wall stability was 

the most important phenotype (Avrahami-Moyal et al., 2012; Dhar et al., 2011).  

While ALE is a powerful tool for strain development, not all the mutations that take place during ALE 

studies have beneficial effects. Selection favouring fitness in one condition can bring trade-offs or 

cross-benefits with them when exposed to a different environment than the one they evolved in. 

These effects can be the result of mutations unrelated to the intended selection yet offer no additional 

costs in the selective environment. It can also be the case that a specific mutation causes both effects 
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intended and unintended at the same time resulting in advantage for the ALE environment but has a 

positive/negative effect in a different condition.  Where S. cerevisiae was evolved to improve its 

galactose use, its ability to use glucose got reduced as a side effect, but during the evolution aimed to 

increase tolerance to cobalt, its resistance to other metals also improved. These are examples of trade-

off and cross-benefit respectively (Çakar et al., 2009; Hong et al., 2011).  

A limitation of ALE experiments is to find the appropriate selective pressure for the desired phenotype, 

which must be coupled with an increment on fitness. As previously reported, ALE experiments that 

target tolerance to a stress or utilization of a substrate are intrinsically aligned with growth rate 

dependent fitness. However, lots of interesting phenotypes for industry are related to production of 

valuable compounds which are not clearly linked to growth rate. Several approaches have been used 

to circumvent this issue (Winkler & Kao, 2014).  

In some cases, the selective pressure allows better producers of a certain molecule an advantage to 

grow in that environment, this is very similar to a positive side effect of evolution. Oxidative stress has 

been used to obtain a strain with improved production of carotenoids. Another approach is to favour 

production by the use of anti-metabolites or metabolite analogues. Through the combination of 

genetic manipulation and ALE designs, a link between production and fitness can be achieved with the 

aid of genetic circuits (Bonomo et al., 2008; Reyes et al., 2014; Yang et al., 2013). 

There are few examples of improvement of lipid accumulation and antibiotic synthesis via ALE. One 

study relied on the fact that high oleoagenicity decreases the density of the cell, which allows to 

foment this phenotype by centrifugation. Another example study made use of “chemical modulator 

based adaptive laboratory evolution” (CM-ALE), that uses chemical modulators as a selective pressure. 

In this study they needed two cycles of CM-ALE to increase lipid accumulation on the microalgae 

Crypthecodinium cohnii. A very recently published study reports an increase in lipid accumulation in Y. 

lipolytica by alternation between conditions that favour lipid accumulation and conditions favouring 

proliferation of high energy-containing cells. In the case of antibiotic production, there is one study 
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where repeated cycles of competition between the designed strain to be evolved and a competitor 

led to the production of new bioactive compounds fruit of genomic mutations emerged during the 

ALE experiment (Charusanti et al., 2012; Daskalaki et al., 2019; Diao et al., 2019; Liu et al., 2015). 

However, it is clear that evolution optimises effectively for fitness alone, and there are potentially 

many solutions to evolving with a competitor that do not generate bioactive compounds but improve 

fitness through better exploitation of common goods. 

4. Metschnikowia pulcherrima-a versatile yeast yet to be exploited for sustainability 

Metschnikowia pulcherrima is a yeast that belongs to Saccharomycetes class. It can be found in 

terrestrial habitats, especially on fruits, flowers, and nectars. When first described, it was given the 

name pulcherrima due to the beautiful aspect of its strictly spherical cells which, under certain 

conditions, contained a large globule rich in lipids. However, also beautiful is the pigment which it 

produces, which takes the name pulcherrimin from this yeast (Kluyver et al., 1953; Morata et al., 2019). 

M. pulcherrima NRRL Y-7111 has a genome of 21.18Mbp, some other strains vary due to the high 

heterozygosity that is observed in this yeast that is strongly linked to Metschnikowia fructicola. It is 

estimated that the genome encodes 5885 genes, which average length is 1468bp (Piombo et al., 2018; 

Venkatesh et al., 2018).  

It has been used in winemaking for two main reasons. The first being its low fermenting power which 

allows to produce low alcohol wines while enhancing the organoleptic properties due to its metabolic 

peculiarities. The second reason is its inherent antimicrobial activity against spoilage organisms, which 

doesn’t have effect over S. cerevisiae, making of M. pulcherrima a valuable companion during 

fermentation. It has also been applied as a biocontrol agent to avoid post-harvest spoilage (Dashko et 

al., 2015; González-Royo et al., 2015; Oro et al., 2014; Spadaro et al., 2002; Türkel et al., 2014).  

The antimicrobial activity of M. pulcherrima is associated with pulcherrimin, an iron binding red 

pigment. It is formed by the union of two altered leucine molecules by a recently discovered metabolic 

pathway. It’s also produced by other Metschnikowia spp., among other yeasts like Kluveromyces spp., 
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and it is not limited to yeast, some bacteria like Bacillus spp. also produce it. The role of this molecule 

is still under discussion. It has been described as a siderophore molecule that chelates iron, although 

in some cases it has been reported that the organism producing it cannot use the hijacked iron. The 

other function that has been attributed to pulcherrimin is as an antimicrobial, diminishing the 

availability of iron in the environment, making it difficult for other organisms to grow. A M. 

pulcherrima mutant with a deficient pulcherrimin pathway showed to have a much lower 

antimicrobial power against Botrytis caroliniana. However, without this molecule M. pulcherrima still 

had an antagonistic effect on the growth of this fungi. (Arnaouteli et al., 2019; Gore-Lloyd et al., 2019; 

Krause et al., 2018; Randazzo et al., 2016; Wang et al., 2018). 

A cluster of four genes related to pulcherrimin production has been recently discovered. Two of these 

genes are enzymes that catalyse the biosynthesis of this molecule, the third gene is a transporter and 

the gene left is thought to be a regulator of the cluster. Interestingly, there are yeast species, like S. 

cerevisiae, that have only the non-enzymatic parts of this cluster, which could confer them an 

advantage in the presence of pulcherrimin without the ability of produce it (Krause et al., 2018; Wang 

et al., 2018).  

M. pulcherrima can accumulate lipid up to 40% of its total dry weight under the correct conditions, 

which makes it fall into the oleaginous yeast group. But it has some other features that are appealing 

for biotechnological use. It produces other valuable compounds such as 2-phenylethanol, a flavour 

and aroma compound, and a range of norisoprenoids and terpenes. It can metabolise a wide range of 

carbon sources, importantly the main three that compose lignocellulose; glucose, xylose and 

cellobiose, and is able to use them when grown on hydrolysed lignocellulosic material. M. pulcherrima 

also has a generalist nitrogen assimilation profile which is more robust to the different media than the 

other non-saccharomyces yeast tested. It has demonstrated to be tolerance to high concentration of 

fermentation inhibitors, especially after undergoing ALE. (Chantasuban et al., 2018; Fan et al., 2018; 

Hicks et al., 2020; Santamauro et al., 2014; Seguinot et al., 2020; Zhou et al., 2017) 
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5. Aims and Team-Based Approach Frame 

The aim of this thesis is to significantly advance the establishment of M. pulcherrima as a viable species 

for biotechnological purposes. The two main workflows are: 

• Developing genetic tools to improve phenotypes like lipid accumulation  

• Researching and improving its antimicrobial properties 

However, this work does not exist in a vacuum, and the research objectives of this thesis also fit into 

a larger project in which other members of the same and other teams are working. Therefore, it is 

useful to understand the rest of the research context to grasp the objectives of this thesis. 

Being able to effectively manipulate the genome of a microorganism has become a basic tool for 

biochemistry and genetics research, and it is considered important for biotechnology applications. The 

only genetic manipulation done in literature prior to this work in M. pulcherrima was a GFP (green 

fluorescence protein) expression with a very low success rate (Nigro et al., 1999). In this thesis, my 

aims were to develop a system to target specific loci in the genome through HR and being able to 

over/express genes, including the exploration of inducible promoters. CRISPR is a tool that I did not 

work on directly, but another team member did in parallel. These two tracks feed off of each other 

and provide routes towards tractability.  

The initial focus to improve industrial application was to increase the lipid yield of lipid production of 

M. pulcherrima. This was also the principal projected use of the genetic tools that were being 

developed. However, due in part to shifting industrial focus and the natural exploration of viable 

development routes, the efforts of the team branched to the research of the antimicrobial properties 

of M. pulcherrima. The main reason for this was to facilitate maximal exploitation of yeast including 

all valuable co-products that are left after the extraction of its lipids. This shifting focus is a natural 

result of aiming to maximize the economic viability of the bioprocess.  

On one hand, I investigated the role and mechanism of pulcherrimin as an antibiotic. In this part I tried 

to shed light over this molecule from an ecological and evolutionary point of view. Nevertheless, the 
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answer to these questions has an applicability. The idea is to use M. pulcherrima pellets as feedstock 

for farm animals with the added value of its antimicrobial ability. That’s the reason to use bacteria 

that cause diseases in animals (Staphylococcus aureus and avian pathogenic Escherichia coli) on these 

experiments. On the other hand, and a more applicable part of this set of experiments, ALE was used 

with the intention of increasing the antimicrobial power of M. pulcherrima against the mentioned 

bacteria. Directing evolution towards the production of specific molecules is challenging. Here we co-

cultured M. pulcherrima with the bacteria in liquid media, predicting that the competition for the 

nutrients would push the production of antibiotic molecules. 
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Introduction summary 
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CHAPTER 1: VARIATION AMONG METSCHNIKOWIA PULCHERRIMA ISOLATES AND LOCI FOR GENETIC MODIFICATION 

AND HOMOLOGOUS RECOMBINATION. 

Commentary 

Although critical for many approaches to improving yeasts for industrial applications, basic tools of 

genetic modification are challenging when working with a non-conventional yeast. In the case of M. 

pulcherrima, there was only one previous attempt to modify the genome to our knowledge  (Nigro, 

Sialer and Gallitelli, 1999). Therefore, the aim of the first project of this thesis was to devise a 

Homologous recombination (HR) method to delete a gene from the M. pulcherrima genome and 

generate an auxotrophic strain to facilitate further tool and strain development. 

As in other yeasts, HR rate was very low and not sufficiently improved using non-homologous end 

joining (NHEJ) inhibitory drugs. Nonetheless, a satisfying method for transformation and detection of 

transformants was achieved, including the extra step of recycling the selection. However, an 

auxotrophic strain targeting the ura3 gene was not obtained. Despite success in deletion of one of the 

copies of the targeted genes, the recycling at this locus in the chosen diploid strain (NCYC2580) 

persistently failed suggesting a locus specific suppression of the flippase activity. 

As an alternative the application of CRISPR in M. pulcherrima has been investigated by another 

member of our lab. 
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Variation among Metschnikowia pulcherrima isolates and loci for genetic modification and 

homologous recombination. 

Significance and impact of the study 

Nowadays biotechnology is limited to the use of few yeasts meanwhile it could benefit from the 

potential of novel yeasts. However, there is a need to develop tools to study them and improve their 

applicability. In the present work we explore basic techniques for genetic manipulation in ten different 

strains of Metschnikowia pulcherrima.   

Abstract 

Metschnikowia pulcherrima is a non-conventional yeast with potential to be used in biotechnological 

processes, especially involving low-cost feedstock exploitation. However, there is a lack of tools to 

research at a molecular level and produce genetically modified strains. We tested the amenability to 

genetic modification of ten different strains, stablishing a transformation protocol based on LiAc/PEG 

that allows to introduce heterologous DNA. However, the homologous recombination rates are very 

low, being detectable only in two strains. Chemical inhibition of non-homologous end joining 

recombination has a modest effect in the improvement of those rates.  Although removal of the 

selection marker via flippase recombinase was unattainable for transformants with homologous 

recombination in the ura3 loci, the system works in other loci. 

Introduction 

Novel yeasts and their natural variants offer exceptional promise for improved industrial 

biotechnology, from utilization of sustainable feedstocks through production of high-value compounds 

(Papon, Courdavault and Clastre, 2014; Riley et al., 2016). Whilst exploiting natural strains is an 

important strategy, developing genetic tools in these novel yeasts is critical for establishing flexibility 

and opening the applications for specific yeast products and importantly to understand the basic 

biology of these yeasts (Steensels and Verstrepen, 2014). Genetic tools in the model yeast 

Saccharomyces cerevisiae are incredibly powerful, but there are many challenges in establishing even 
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a basic genetic tool kit for a new yeast, as each new yeast harbours a unique set of molecular and 

genomic features that require specialised manipulation approaches (Nel, Labuschagne and Albertyn, 

2009; Mannazzu et al., 2015; Qiao et al., 2015; Masneuf-pomarede et al., 2016; Spohner et al., 2016). 

Arguably, the first main challenges are: 1) getting detectably functional DNA into the yeast; 2) targeting 

the DNA within the genome; 3) having a system that allows more than one round of modification. 

These issues are not likely to be monolithic within a species, and if a major goal is to exploit natural 

variation, then it is important to determine how tools differ across strains within a species as well in 

the novel species. 

While it is well recognized that developing genetic tools for a novel species can be challenging, 

variation within a species is often ignored in discussions around applications within yeasts (Steensels 

and Verstrepen, 2014). Yet, strains within species can differ dramatically in nearly every element that 

makes genetic manipulation feasible. When S. cerevisiae was being developed as a model for genetic 

manipulation many strains were initially considered, and only after wide screening of many strains 

were the standard strains for future work and optimisation established (Mortimer and Johnston, 

1986). Yet much of the potential application of yeast resides in non-optimised strains, and it remains 

an ongoing challenge within S. cerevisiae to reliably manipulate relevant natural strains for industry 

(Steensels and Verstrepen, 2014). In novel yeasts, there is usually little known about natural variation 

in most traits, including how strains differ in their molecular mechanisms that allow manipulation or 

even in basic genomic features such as ploidy. 

In order to genetically manipulate yeast, is often required to introduce exogenous DNA into them. This 

means that the DNA needs to traverse the cell wall and cell membrane, avoid digestion within the 

cytoplasm, and enter the nucleus where it can be either maintained in form of plasmid or integrated 

into the genome (Kawai, Hashimoto and Murata, 2010). This basic transformation process is the first 

tool needed in order to alter the genome of yeasts for applications in the lab or industry. The most 

common protocol used to transform S. cerevisiae is the LiAc/PEG method which has been optimised 
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many times, reaching a high rate of success (Ito et al., 1983; Gietz and Schiestl, 2007a). However, it is 

often the case that different species of yeast need modifications of this protocol in order to achieve 

an efficient process (Walther and Wendland, 2003; Markham, Vazquez and Alper, 2018). 

In the cases in which the DNA is introduced in the genome, this happens in a random fashion. However, 

targeting a specific gene allows the disruption of its expression and the protein that encodes, which 

can be used to study the function of that gene and to obtain mutants with desirable phenotypes for 

industry (Klinner and Schafer, 2004). The sequence of the targeted locus can be added on the sides of 

the exogenous DNA introduced, which allows the homologous recombination (HR) machinery to 

recognize it and swap it with the endogenous DNA. The use of HR to target loci is a common tool for 

the manipulation of yeasts. However, HR is a natural metabolic process with the function of replicating 

and preserving the genome against DNA damage such as DNA gaps, interstrand crosslinks (ICLs) and 

double-stranded breaks (DSBs).  When the damage to the DNA causes DSB, its repair can be carried 

out by HR or non-homologous end joining (NHEJ). These two pathways establish a balance to repair 

DSBs which varies for different species or cell cycle phases inside a single cell (Shrivastav, De Haro and 

Nickoloff, 2007). In yeast, the relation between these two pathways is strongly dominated by the NHEJ. 

S. cerevisiae and S. pombe as they have higher rates of HR are exceptions to this norm which makes 

them easier to work with compared to non-conventional yeasts in which the low gene-targeting 

efficiency can compromise their research and application (Chen et al., 2013). 

There are several options to bypass the predilection of yeasts for NHEJ over HR. One of them is to 

create mutants that are defective in the NHEJ pathway (Neal et al., 2011). The most common approach 

to do this is to eliminate the ku genes which encode the DNA-dependent protein kinase heterodimeric 

regulatory factor Ku70-Ku80. This complex forms a link between the two damaged DNA ends and 

recruits other proteins, thereby acting as the starting point of NHEJ (Davis, Chen and Chen, 2014). 

However, the deletion of these genes is not a trivial task given that gene targeting in yeasts with low 

HR is challenging. Furthermore, deletions may be lethal (Fattah et al., 2008) or create instability in the 
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genome causing increased mutation rates and sensitibity to DNA damage (Barnes and Rio, 1997; 

Kretzschmar et al., 2013). An alternative to the deletion or mutation of the genes responsible for NHEJ 

is to use chemicals to transiently inhibit the activity of the encoded proteins, an approach that has 

have been proven to have a big impact on HR rates, like N-(6-aminohexyl)-5-chloro-1-

naphthalenesulfonamide (W7) (Arras and Fraser, 2016). Another method which avoids the need to 

delete the ku genes is based on the fluctuation of the NHEJ/HR rates during the different cell phases. 

HR is the predominant pathway for DSB repair during S/G2 phase, so by synchronizing most of the cell 

population during transformation with the aid of an inhibitor of ribonucleotide reductase it is possible 

to promote HR (Tsakraklides et al., 2015). Both chemical methods to inhibit NHEJ in a transient manner 

are very useful for non-conventional yeast given that they target highly conserved processes and they 

do not require to target a gene deletion trough HR. 

Although some of the yeast strains that are most often used in research are haploid, ploidy yeasts 

require extra steps for HR-mediated gene disruption/deletion. In the case of diploid yeasts there are 

two copies of the gene that have to be targeted via two rounds of transformation each of which 

requires a selectable marker. Auxotrophic markers are commonly used for genetic research on yeasts, 

with the auxotrophic strains being generated either by random mutation or HR itself, counter selection 

can be used to detect auxotroph strains (Boeke et al., 1987) . Genes that confer resistance to an 

antibiotic are also used as markers. Regardless of the marker type, two are needed in order to delete 

two copies of a gene, or the same marker can be used twice if it is recycled. In yeast, marker recycling 

is commonly done by using the flippase recombinase (FLP) under an inducible promoter thus enabling 

removal of the marker once the transformant has been selected. FLP recognizes a specific sequence, 

called FRT, which is placed on both sides of the selectable marker, then FLP circularizes the DNA that 

is in between the FRT sequences and gets discarded. Once the selection marker is eliminated from the 

transformant, the second copy of the gene can be targeted using the same plasmid as in the first round 

(Gronostajski and Sadowski, 1985). This technology has been applied to several diploid yeasts with 
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success and it is a standard procedure to produce knockout strains (Morschhauser, Michel and Staib, 

1999; Yamada et al., 2014). Another approach that has been used for the generation of  

Metschnikowia pulcherrima is a promising yeast for multiple industrial applications, particularly in the 

areas of sustainable exploitation of low-cost feedstocks (Santamauro et al., 2014; Fan et al., 2018). 

Relatively little is known about genetic manipulation in this yeast, but there is strong evidence for 

important differences between strains in their applicability (Pitt and Miller, 1968; Nigro, Sialer and 

Gallitelli, 1999; Janisiewicz, Tworkoski and Kurtzman, 2001; Molnár and Prillinger, 2005; Oro, Ciani and 

Comitini, 2014). Here, we seek to establish some of the basic tools for genetic manipulation of M. 

pulcherrima and assess the variation in tractability between strains within this species. 

Results & Discussion 

Developing standard tools for novel microbes is a central plank in the development of the new 

industrial biotechnology pipeline, and part and parcel of this strategy is understanding the basic 

biology of the microbial system being targeted. Some of the principal challenges include mitigating or 

capitalizing on variation between strains in their suitability for each specific method of genetic 

modification and detailing the specific mechanisms of genomic repair and recombination, namely 

NHEJ and HR, that affect the performance of these tools.  

Strain level variation in HR and response to heat-shock: 

We used ten strains of M. pulcherrima that varied in several traits thought to be relevant in industry 

and natural ecology, like their lipid accumulation or tolerance to certain compounds (Table 1). These 

strains represent natural variation and capture a range of potential applications including their 

amenability to genetic modification. We explored the amenability of mention strains to be genetically 

engineered, specifically to perform HR with exogenous DNA. For this we transformed these strains 

with a linearized plasmid cassette including a NAT resistance gene and a FLP system under an inducible 

promoter, embedded in between two arms with homology with ura3. Among the strains tested, we  
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Table 1. Strains used for homologous recombination.  

Strain ID Source Substrate Notes Country of Origin 

3047 NCYC 3047 Fruit of Phoenix 

dactylifera 

Prototype strain  Egypt 

2580 NCYC 2580 Unknown 20-25% lipid (Hicks 

et al 2019) 

Unknown 

FS UBFCC 20131 Fruit of Vitis 

vinifera 

Grown in raceway 

pond (Santomauro 

et al 2014) 

UK 

4x3 NCYC 4331 Derived from 

2580 

Inhibitor tolerant 

(Abeln et al 2019, 

Hicks et al 2020) 

UK 

DH5 UBFCC 20145 Fruit of Rubus sp. 10-15% lipid (Hicks 

et al 2019) 

UK 

ICS48 UBFCC 201546 Fruit of Rubus sp. 5-10% lipid (Hicks et 

al 2019) 

UK 

ICS46 UBFCC 201548 Fruit of Rubus sp. 10-15% lipid (Hicks 

et al 2019) 

UK 

ICS1 UBFCC 20151 Fruit of Rubus sp. Grown at scale 

(Abeln et al 2019) 

UK 

F3 UBFCC 2016F3 Derived from 

2580 

Formic acid tolerant 

(Hicks et al 2020)   

UK 

DH10 UBFCC 201410 Fruit of Rubus sp. Growth on algae 

(Abeln et al 2019)  

UK 

     

 

observed HR in only two and the frequency of HR was very low (Table 2). Eight of the transformed 

strains showed over 100 colonies when first grown on Nat containing media, yet most colonies did not 

survive when transferred and regrown in another round of Nat media, suggesting that it is likely that 

constructs were not integrated into the genome effectively and were lost upon propagation or that 

Nat genes were poorly or unstably expressed.  The percentage of stable colonies as a function of the 

total initial Nat resistance colonies varied between 8–36%. Similarly, the effect of heat shock differed 

considerably between strains with 11.7–63.4 % of cells surviving. Strain ICS48 had the highest 

survivability, but showed the lowest frequency of cassette integration while the strain NCYC3047 had  
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Table 2. Homologous recombination (HR) rates of 10 different M. pulcherrima strains when targeting 

ura3 and their survivability after the heat shock (HS) that takes place during the transformation 

protocol.  

Strain Colonies 

Screened 

% Survival in 

additional 

Nat 

% Colonies 

with HR 

%Colonies 

with HR 

Surviving 

Mean % 

Survived 

and HS 

SD of 

Colonies 

Surviving 

HS 

3047 100 36 1 2.77 11,67 6,66 

2580 100 16 2 12.5 42 5,20 

FS 100 16 0 0 26,33 19,04 

4x3 100 16 0 0 19,67 1,53 

DH5 100 13 0 0 29,67 7,57 

ICS48 100 11 0 0 63,33 13,80 

ICS46 100 10 0 0 34,33 5,86 

ICS1 100 8 0 0 40,33 9,29 

F3 30 33,66 0 0 19,67 15,57 

DH10 20 20 0 0 17,67 6,03 

       

 

the lowest survivability but was among the two strains with successful HR. Taken together these results 

show that when all strains are treated with similar protocols, they have strikingly different responses 

in their genetic tractability. Even though this variance in response has been described in other yeasts 

(DiCarlo et al., 2013; Guyot et al., 2015), M. pulcherrima shows more variable responses that make 

prediction of any particular method of transformation and HR based on heat-shock or other culture 

condition unlikely to be accurate for more than one strain. It is worth saying that if only the colonies 

that did not express NAT in a transient fashion, the sample size tested per strain was small (8-36). 

However, considering that most of the studies did not take the additional step of a second plate with 

antibiotic, the comparation would take place with a bigger sample size (100-20). There is a not an 

obvious pattern in effects between strains, but the strains are clearly different in tractability and HR is 

likely to be of only limited use given the current system, but there are at least some candidate strains 
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to use for HR in M. pulcherrima. 

Chemical suppression of NHEJ in a strain with low but detectable HR 

We tried to improve the HR via chemical suppression of NHEJ, to do this we used strain NCYC2580 

because it currently has a detectable frequency of HR and has a significant number of successful 

transformants that are not integrated at the target locus. Applying the NHEJ inhibiting drugs HU and 

W7 to the transformation protocol resulted in a modest increase in the frequency of HR 

transformation. We found that among those tested, only the HU 25mM and W7 30µg/mL drugs 

resulted in any detectable HR strains (Table 3). In the lower doses of W7 and the no treatment control 

there were no detectable transformants, consistent with lower efficiency at lower chemical 

concentration. Other yeasts have shown much more substantial increases in efficiency using these 

drugs (Tsakraklides et al., 2015; Arras and Fraser, 2016), but these yeasts are mostly already showing 

higher rates of HR than we detected in M. pulcherrima. The relative increase in efficiency we observed 

is similar to that found in Yarrowia lipolytica targeting YALI0D17534, but this level of HR was found to 

be site dependent (Tsakraklides et al., 2015). 

Table 3. Homologous recombination (HR) rates in strain NCYC2580 targeting ura3 when using drugs 

that favour HR over NHEJ (W7 and HU).  

Treatment Colonies 

Screened 

% Colonies 

with HR from 

total 

Control  50 1 

W7 30 

µg/ml 

50 1 

W7 15 

µg/ml 

50 0 

W7 7.5 

µg/ml 

50 0 

HU 25 mM 50 2 
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Marker recycling via FLP in a diploid strain 

 

Figure 2. Representation of the plate replication results after activation of the FLP recombinase. 25 

transformants of the strain NYCY3047 were examined after FLP recombinase activation showing a FLP 

activity either equal or higher than 90% activity or equal or lower than 10%. Most of the transformants 

(72%) showed activity in all or none of the colonies, while the rest had either very high or low FLP 

activity. These results confirm the efficacy of the sap2p-FLP recombinase system on M. pulcherrima 

even though none of the HR transformant show any FLP activity, therefore, impeding a second round 

of transformation with the same construct. On the bottom the number of colonies that fell under each 

group and the percentage that represents out of the total of the colonies tested. 

 

A critical step in modification of diploids is manipulation of both alleles at a single locus. While tools 

such as CRISPR are making this multi-allele targeting more feasible, the most commonly used approach 

in yeast biology currently is to use a marker recycling system. Flanking the selectable marker with FRT 

sequences allows for its excision by FLP recombinase and thus for its use in a second round of 
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transformation. Using NCYC2580, the strain that was most successfully modified via HR to generate a 

deleted ura3 gene, we sought to develop a ura3Δ diploid strain by recycling the Nat selection marker 

with aid of the FLP system under inducible expression via the sap2 promoter (sap2p). However, among 

these colonies derived from NCYC2580 at which HR was detected, no FLP activity was detected. 

Nonetheless, the function of FLP under sap2p control was confirmed by examination of 25 

transformant of the diploid strain NCYC3047 (Figure 2). Among all the tested transformants, the FLP 

activity of each was either equal or higher than 90% or equal or lower than 10%. The majority of the 

tested transformants (72%) showed resistance to Nat in all or none of the colonies. Therefore, the 

activity of the system varies based on the specific transformant and can either essentially work for any 

replicate or fail for any replicate, but few transformants show intermediate efficacy of the FLP system 

across replicates. These results confirm the efficacy of the inducible sap2p and demonstrate that the 

FLP system can function, but critically for these tools, none of the transformants with the construct at 

the ura3 locus were among those with functional FLP systems.  

Because the primary difference between the transformants is in the insertion site of the marker, we 

hypothesize that the genome structure itself dictates the expression of the inducible FLP or modifies 

the accessibility of the FRT flanking sequences resulting in some transformants with non-functional 

FLP machinery. Alternatively, a re-arrangement could have taken place after integration causing a FRT 

to be lost, likely the one on the side of the cassette that was not confirmed by PCR. Previous work also 

shows that both expression of heterogeneous genes (Wu et al., 2017) and function of FRT/FLP can 

depend on the genomic context. This suggests that some genes, ura3 for example, may not be 

amenable to this particular molecular genetic approach, but that other locations in the genome might 

be more effectively targeted for marker recycling (Baudat and Nicolas, 1997; Tsakraklides et al., 2015).  
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Materials & Methods 

Strains and media 

M. pulcherrima strains from our collection (Table 1) were cultured in SMB (30g/l Tryptic Soy Broth 

(Sigma), 25g/L Malt Extract (Sigma), pH5) or Malt Extract Agar (MEA, Sigma) at 25 ºC. Nourseothricin 

(Nat, Werner Bioagents, 50µg/ml) was used to select transformants.  

Generation of the ura3 deletion construct 

Table 4. Primers used in this work. Capital letters anneal to the targeted DNA whereas lowercase letters 
are additions to the primer. Underlined letters form a recognition site for a restriction enzyme. 

Primer Name Sequence Tm 

(ºC) 

Elongation 

Time 

(min) 

BgIIURA3upstream_FW attaagatctGTATTCACCGATAGATAGGC 55 1 

SacIIURA3upstream_RV cataccgcggACATGGTCACTCTAGCGGGC 55 1 

ApaIURA3downstream_FW gcatgggcccTAAAAGTTGTGTTTGAGCGTCGTC 55 1 

AsiSIURA3downstream_RV tgacgcgatcgcTCAGATGAACCTCCAGAGCCA 55 1 

5977HRScreen_FW ACCTGACGTCCCGCCCATCGCGCTTTGACTACATG 55 1 

NatHRScreen_RV TCTCTCAAAGTGAAACCATCACCAGTAGC 60 1 

BgIIURA3upstream_FW gcatgggcccTAAAAGTTGTGTTTGAGCGTCGTC 60 1 

 

To create the ura3 deletion construct, homology arms 791 kb upstream and 1420 kb downstream of 

the ura3 gene locus in M. pulcherrima were amplified by PCR with oligos pairs URA3upstream FW/RV 

and URA3downstream FW/RV respectively (Table 4). Restriction enzyme sites were added to the end 

of the homology arms during the PCR to enable ligation into a pT2000 plasmid backbone via BglII/SacII 

and ApaI/AsiSI (NEB), resulting in the plasmid pT2001 (Figure 1). The plasmid was propagated in 

competent E. coli (5-alpha, NEB) and cultured in luria broth (Sigma) with 100μg/ml ampicillin (Sigma). 

In-between the homology arms, the plasmid contains a NAT-FLP cassette comprised of a Candida 

albicans codon-optimized selection marker Nourseothricin (NatR) and an inducible promoter sap2p 

(from C. albicans) controlling the expression of FLP. Flanking the NAT-FLP cassette are two FRT sites for 
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selection marker recycling via recombination upon induction of the FLP gene.  

Plasmids were digested with KpnI/AsiSI (NEB) prior to transforming M. pulcherrima. 

 

Figure 1. Diagram of the cloning process, homologous recombination and flippase recombinase 

activity.  (A) Homologous arms (HAa and HAb) were amplified from M. pulcherrima by PCR using the 

pairs of primers URA3upstream and URA3downstream which have a restriction enzyme recognition 

site on their 5’. (B) pT2000 plasmid which contains an origin of replication for E. coli (Ori), an ampicillin 
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resistance gene (AmpR), the NatR and FLP genes between FRT sequences and some single cut 

restriction enzyme recognition sites outside the FRTs. (C) Both homologous arms were cloned into 

pT2000 by sequential enzyme restriction, ligation and propagation on E. coli, generating the plasmid 

pT2001. This plasmid was linearized with KpnI and AsiSI prior to be transformed into M. pulcherrima. 

(D) Homology recognition takes place leading to the replacement of the ura3 gene for the NatR-FLP 

construct. (E) Homologous recombination screening by PCR using a primer that binds to the NatR gene 

and another primer that anneals to a sequence in the genome immediately adjacent to one of the 

homology arms. (F) Result after the activation of the FLP recombinase by the induction of the sap2p, 

which leads to discard of NatR and therefore the ability to grow in Nat supplemented media.  

 

Yeast transformation 

M. pulcherrima was transformed with a modified protocol from (Gietz and Schiestl, 2007b). Overnight 

cultures were diluted to an OD600=0.3 and grown until they reach OD6000.8-1. 1ml of culture per 

transformation was pelleted, washed once with PBS (Oxoid), then resupended in 260µl of 

transformation mix (4 µg of linearized DNA ,100µl 10x tris-EDTA (Fisher Scientific), 100µl 1M lithium 

acetate (Sigma) pH 7.4, 40µl 5mg/ml salmon sperm DNA (AppliChem) previously boiled, 20µl 1M DTT 

(Sigma)), then 800µl of 50% polietinelglicol (PEG, Sigma) 3350 was added. Transformations were 

incubated at 25ºC overnight. The cells were heat shocked at 40ºC for 5min then placed on ice for 1min. 

After centrifugation for 5 minutes at 1100g, the supernatant was removed and the cells resuspended 

in SMB then incubated for 2 hours at 25ºC, 200rpm then plated on to MEA containing 50μg/ml Nat 

and place in a static incubator at 25ºC for 2-3 days until colonies appeared. 

Transformants screening 

Colonies that grew on transformation plates were patched onto fresh MEA+Nat plates to confirm 

antibiotic resistance. PCR was used to look for targeted genomic integration of the deletion construct 

(Table 4). A small number of cells from the patches were diluted in water and subjected to PCR with 

primers (Table 4). Primer NatHRScreen-RV anneals to a sequence within the Nat gene whilst primer 

5977HRScreen-FW anneals to a sequence in the genome immediately adjacent to one of the homology 

arms (Figure 1) (Tsakraklides et al., 2015).  
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Heat shock evaluation 

To test the viability of cells after heat shock, each overnight culture was diluted to an OD600=0.3 and 

grown until they reached OD600=0.8-1. 1ml of each culture was heat shocked at 40ºC for 5min, then 

placed on ice for 1min. Cell counting was performed using FastRead counting slides (Inmune Systems). 

Dilutions were performed to get 100 cells of each strain and plate them into MEA. Colony number was 

counted to calculate the survival of the strain after the heat shock (Kwolek-Mirek and Zadrag-Tecza, 

2014). 

Drug-treatments to increase HR  

Two drugs that inhibit NHEJ, N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide (W7, Tokyo 

Chemical Industry) (Arras and Fraser, 2016) and hydroxyurea (HU, Sigma) (Tsakraklides et al., 2015), 

were used prior to transformation. After diluting the overnights to OD6000.3, all the strains were grown 

during two hours before adding these drugs to the media, and then incubated during three hours 

before pelleting them and following with the transformation protocol.  

It was determined that 60µg/ml of W7 and higher concentrations reduce the viability of the M. 

pulcherrima cultures thus W7 was tested at the following concentrations: 7.5, 15 and 30µg/ml. 

Different concentrations of HU were evaluated, the lowest concentration which arrests around 90% of 

the population (determined by use of the microscope) in two hours was 25mM.  

Selection marker recycling 

In order to activate the FLP recombinase expression, which is regulated by the inducible sap2p, M. 

pulcherrima was cultured at 25 ºC and 200 rpm in yeast nitrogen base without amino acids and 

ammonium sulphate (1.7g/L, Sigma) with 4g/L bovine serum albumin (BSA, Sigma) and 20g/L of 

maltose (Sigma) (Morschhauser, Michel and Staib, 1999). After three days a dilution 1:1,400,000 was 

performed and 150µL were plated in MAE without Nat. Once the colonies were grown the plates were 

replicated in MEA and MEA with Nat.  
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CHAPTER 2: INCREASED LIPID PRODUCTION VIA GENE INSERTION IN METSCHNIKOWIA PULCHERRIMA DESPITE 

EXPRESSION VARIABILITY. 

Commentary 

Deletion and introduction of genes are two basic tools required for genetic manipulation and a great 

asset to improve natural strains for industrial biotechnology. In the previous chapter delating genes 

from M. pulcherrima genome was investigated, obtaining a transformation protocol that will be used 

in this second project, which aim is to investigate the introduction and expression of genes in M. 

pulcherrima. GFP was used to evaluate the expression of an artificially introduced gene in M. 

pulcherrima, this reporter was also used to study an inducible promoter as it’s another important 

genetic tool. Finally, a homologous gene involved in lipid synthesis is introduced with the intention to 

overexpress it and increase lipid accumulation on M. pulcherrima. 

The expression of the genes introduced seems to be highly influenced by their random location in the 

genome. This is in agreement with the results obtained in the previous chapter, where some of the 

off-target selective markers could be recycled by flippase activation but not the cassettes that had 

been introduced in the targeted loci. Nevertheless, a slight improvement in lipid accumulation was 

achieved and although it is not significantly higher than the control, it served as a proof of concept for 

further exploration of a list of genes to introduce also in combination as a common project for the lab 

members.  
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Increased lipid production via gene insertion in Metschnikowia pulcherrima despite expression 

variability. 

Abstract 

Metschnikowia pulcherrima is a promising yeast for industrial development and a candidate to support 

alternatives to palm oil in both food and fuel applications. Strains within the species are known to 

have a variety of useful properties principally highly diverse substrate use including very low value 

plant materials and an ability to prevent contamination of unsterile growth conditions lowering costs. 

The most important feature in the context of palm oil is a production of high lipid content, and this is 

the most important area for improvement. Here a system of genetic modification and inducible 

expression was designed and evaluated using GFP and used to incorporate an additional copy of spt23, 

suspected regulator of lipid production. The results show that the insertion of an additional copy of 

spt23 results in variable gene expression but consistent improvement of lipid production under 

laboratory conditions by 5%. Inducible expression of GFP by sap2p from Candida albicans was variable 

but successfully captured via both microscopy and via plate reader technology. 

Introduction 

Natural yeast diversity offers a vast range of possibilities for biotechnology, but this potential is not 

accessible to us due to the lack of knowledge and tools to work with novel yeasts (Riley et al., 2016). 

Metschnikowia pulcherrima is a non-conventional yeast that has drawn attention of scientists as an 

ideal yeast for exploitation within biotechnology. Among the reasons for this are its ability to 

accumulate lipids, up to 40% of its dry weight acquiring the status of oleaginous yeast (Santamauro et 

al., 2014). M. pulcherrima also has an innate antimicrobial activity that has been proved to be useful 

in postharvest protection and during winemaking combined with Saccharomyces cerevisiae 

fermentation. This antimicrobial has effect against bacteria and other fungi and seems to be due, 

primarily but not solely, to the red pigment pulcherrimin (Gore-Lloyd et al., 2019; Oro et al., 2014). 

Other interesting traits of this yeast are the broad range of carbon sources that can feed on, including 
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xylose, glucose and cellobiose; the production of other economically interesting compounds such as 

2-phenylethnanol; and its tolerance to fermentation inhibitors which is above many other studied 

species  (Oro et al., 2014; Sitepu et al., 2014). 

Even with all the potential of M. pulcherrima and other non-conventional yeast, S. cerevisiae is the 

main actor in biotechnology processes. The powerful genetical tools that have been developed during 

years of research and the understanding obtained at cellular, biochemical and molecular levels make 

of this model organism the go to for most projects. One of the exceptions is the production of 

microbial lipids on which oleaginous yeasts perform better than engineered S. cerevisiae strains 

(Spagnuolo et al., 2019).  

A set of available genetic tools is not only needed in order to engineer non-conventional strains and 

improve their capabilities to make a process economically viable, it is also notably important to 

understand particularities of metabolic and cellular pathways of each novel organism given that their 

advantages compared to S. cerevisiae come with differences at those levels. Pillars of a genetic tool 

set are the expression of heterologous genes (and overexpression of homologous ones) and the 

deletion of specific genes. There are two principal choices relative to the transcription of a target gene, 

constitutive and inducible promoters. Both have a purpose, and which one will be chosen is affected 

by the specific use of the encoded protein. Constitutive expression, especially under the strong 

promoters like TEF (translation elongation factor) type won’t be recommended if the protein encoded 

by the gene is toxic to the cell, or if it is beneficial to separate growth of the culture and expression of 

the protein into two different phases. For the later purposes, inducible and repressible promoters are 

preferred, these promoters respond to environmental conditions, such as  the source of carbon or 

nitrogen or the presence of environmental stresses or other agents (Weinhandl et al., 2014; Yurimoto 

et al., 2000). 

In this study we develop the first set of molecular tools for the expression of genes in M. pulcherrima. 

As an example of heterologous expression, the reporter gene GFP was expressed successfully under a 
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strong homologous promoter from the TEF family. This same promoter was used then to express an 

additional copy of spt23 with the intention of increasing lipid accumulation. Finally, a commonly used 

inducible promoter from Candida albicans was explored to express GFP. 

Results and Discussion 

Constitutive GFP expression 

On first instance, yEGFP was chosen to be expressed in M. pulcherrima as a useful reporter, GFP’s 

expression has the advantage of being easy to detect and quantify (Barelle et al., 2004).  

The TEFp-GFP cassette was produced starting with a pEX-A2 plasmid (Eurofins) backbone containing a 

codon-optimised yEGFP with a TEF terminator from M. pulcherrima. The cassette also has a yeast 

selection marker, nourseothricin (Nat, Werner Bioagents), under the strong constitutive TEF promoter 

previously cloned from the M. pulcherrima genome. TEF promoter was amplified by PCR with oligos 

pair: 5’-catatgTTACTAGTGTTCAGAAACTCCTACAG and 5’-tctagaGATTTGCTGTTAATAAAAGTTGG from M. 

pulcherrima’s genome. Purified PCR products were ligated (T4 DNA ligase, NEB) after digested with 

restriction enzymes XbaI and NdeI (NEB). The plasmid was propagated in competent E. coli (5-alpha, 

NEB) and cultured in luria broth (Sigma) with 100μg/ml ampicillin (Sigma) and purified by miniprep 

using GeneJET kits (ThermoFisher).  

M. pulcherrima strain NCYC2580 was transformed with the TEFp-GFP cassette using a modified 

protocol from (Gietz & Schiestl, 2007). Overnight cultures were diluted to an OD600=0.3 and grown until 

they reach OD6000.8-1. 1ml of culture per transformation was pelleted, washed once with PBS (Oxoid), 

then resuspended in 260µl of transformation mix (100µl 10x tris-EDTA (Fisher Scientific), 100µl 1M 

lithium acetate (Sigma) pH 7.4, 40µl 5mg/ml salmon sperm DNA (AppliChem) previously boiled, 20µl 

1M DTT (Sigma)), then 800µl of polietinelglicol 3350 (PEG-3350, Sigma) was added. Transformations 

were incubated at 25ºC overnight in centrifuge tubes. The cells were heat shocked at 40ºC for 5min 

then placed on ice for 1min. After centrifugation for 5 minutes at 1100g, the supernatant was removed 

and the cells resuspended in SMB then incubated for 2 hours at 25ºC, 200rpm then plated on to MEA 
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(Malt Extract Agar) containing 50μg/ml Nat and place in a static incubator at 25ºC for 2-3 days until 

colonies appeared. 

Obtained transformants were confirmed by PCR. Eight independent transformants were grown 

overnight in SMB (30g/l Tryptic Soy Broth (Sigma), 25g/L Malt Extract (Sigma), pH5) along with the 

wild type as negative control, each sample was diluted to O.D.= 1 to observe fluorescence under the 

imaging system(Fig.1A). Pictures of M. pulcherrima cells were taken under the microscope (EVOS 

M5000 imaging system, Thermo Fisher) using two filters, GFP UV channel and transmitted light. 

Pictures were processed using the platform Fiji (Schindelin et al., 2012), using the function ‘Analyse 

Particles’ to localize the cells under transmitted light and then measure the intensity of light in those 

positions in the GFP channel picture, discounting the intensity level of the background. All the cells of 

the negative control population have a fluorescence intensity in the range of 0-500, these cells don’t 

fluoresce or show a small level of autofluorescence. The pattern of fluorescence of the transformants 

can be grouped in two:  most of their cells (>80%) are in the same range as the negative control, 0-

250; or they have more than 20% of the cells above the 250-500 range. Three (gfp3, gfp4 and gfp5) of 

the eight transformants demonstrated GFP expression although with variation among each 

transformant’s population.  

The same type of result is observed growing them in a plate reader (Sinergy H1, BioTek) during 21h in 

two different medias (3% tryptic soy broth, 2.5% malt extract (SMB) and 1.78 g/L Yeast Nitrogen Base 

w/o amino acids, 25 g/L glucose and 0.3 g/L of (NH4)2SO2 (YNB)), only transformants gfp3, gfp4 and 

gfp5 show a difference in the fluorescence intensity compared to the negative control, with a p=0 in 

both media (Fig.1B). 

These results point out to a difference in the level of expression of GFP between the transformants 

holding the inserted cassette. This could be due to the loci where they have been randomly inserted 

and the characteristics of that chromosomal territory or the position effect variegation (Heard & 

Bickmore, 2007; Tartof, 1994). There is also a variation in the GFP expression level among the cells of 
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any given transformant, some of them show fluorescence meanwhile other cells are not visible under 

GFP filter of the microscope (see Fig. S1). This finding could be explained by the same reasons, 

considering that each cell of the population can be in a different cell cycle stage and therefore their 

chromatin arranged in different manner.  

 

Figure 1. Fluorescence emitted by transformed M. pulcherrima (NCYC2580) with TEFp-GFP cassette 

(gfp1-8 are independent transformants) and wild type strain as a negative control. Fluorescence was 

measured with two methods. (A) Pictures of M. pulcherrima’s cells were taken under the microscope 

using a GFP UV channel and transmitted light. Pictures were processed using the platform Fiji, the cells 

of each sample were divided into four groups depending of their fluorescence intensity. (B) Maximum 

fluorescence measured on a plate reader during 21h in two medias, SMB and YNB. 
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Lipid overexpression 

From a pool of candidate genes to increase the lipid accumulation gathered from literature, spt23 was 

the first to be successfully cloned and available for M. pulcherrima transformation. Spt23 has a role in 

the up-regulation of the gene ole1 gene and its overexpression is linked to increased lipid 

accumulation (Kaliszewski & Zoładek, 2008). The gene spt23, under the regulation of the previously 

tested TEFp, was introduced into 4x3 (Hicks et al., 2020), an evolved strain generated in this lab which 

accumulates almost twice as much lipid as its maternal strain, NCYC2580, which was also transformed 

with the same cassette. The rationale behind it is that an increment in lipid accumulation may be more 

difficult to be achieved in a high lipid accumulator. The construct TEFp-SPT23 was generated using the 

plasmid with TEFp-GFP previously created as starting point. The gene spt23 was amplified using: 5’-

cagatctagaGATGGCCCTTACTGACGACAATATGC and 5’- cagagtcgacCTCATAAATAGCCGGCGAACTGCTC 

and digested with restriction enzymes XbaI and SalI to substitute the GFP gene. 

Figure 2. Lipids quantification as percentage of dry weight for strains NCYC2580 and 4x3 transformed 

with cassette TEFp-SPT23 versus their respective controls after being grown in nitrogen limiting broth.   

 

Transformants were confirmed by PCR, two of each strain were grown together with negative controls 

in nitrogen limiting broth in order to extract and quantify their lipids (Hicks et al., 2020) (Fig.2). All four 
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transformants accumulated more lipids than their respective wild type strain, although none of these 

differences are significant (lowest p=0.0776). The trend is similar in both strains and the increment is 

approximately of a 5% of the dry weight compared to their respective negative control.  

This result shows that overexpressing of SPT23 on its own is not enough, but it could be one of list of 

a sequence of gene changes leading to an increment in lipid accumulation (Blazeck et al., 2014; Wang 

et al., 2016). It is worth noticing that the position effect variegation proposed to explain the difference 

in GFP expression in the previous section could have a similar importance in the expression of this 

gene. 

Inducible GFP expression 

Apart from being able to express heterologous and homologous genes, it is an important molecular 

tool to determine when the expression of these genes takes place.  

The GFP gene previously used was introduced in the strain NCYC2580  under the regulation of the C. 

albicans’ SAP2 promoter, which is induced when proteins are the only available nitrogen source (Staib 

et al., 2000). This promoter was amplified using the primers: 5’-

cagatctagaGGTGATGTCTAGTGGGTTGTTGTTA and 5’-cagacatatgCCTCTCCTGTTGCCTGTCAAC, and the 

restriction enzymes XbaI and NdeI and then used to substitute TEF1p in the plasmid containing TEF1p-

GFP.  

Transformants were obtained as previously described, the insertion of the cassette in the genome was 

confirmed by PCR. In order to activate the GFP expression regulated by the inducible SAP2 promoter, 

overnights of the transformants were diluted to O.D.= 0.1 and cultured in 96 well-plates at 25 ºC and 

200 rpm in yeast nitrogen base without amino acids and ammonium sulphate (1.7g/L, Sigma) with 

4g/L bovine serum albumin (BSA, Sigma) and 20g/L of maltose (Sigma) (Morschhauser et al., 1999). 

Yeast nitrogen base (1.7g/L, Sigma) and 20g/L of maltose was used as a non-inducing media. Their 

fluorescence was monitored using a plate reader during 48h. In Fig. 3 are presented the maximum 

fluorescence intensity at 520nm per transformant during the time monitored. The transformant gfp4 
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(containing TEFp-GFP) was used as a positive control of GPF expression. Among the 30 tested 

transformants, only Sap15 shows a fluorescence intensity significatively different to the negative 

control (p=0.0176), wild type NCYC2580 strain. The intensity of transformant Sap16 is much lower than 

the positive control, but it is worth noticing that the expression of GFP in gfp4 is controlled by a strong 

constitutive homologous promoter.  

In a similar situation to the expression of GFP under the TEF promoter, we can see that most of the 

transformants that have integrated the cassette don’t show fluorescence above the negative control 

level. Again, we suggest the landing position of the cassette as the reason behind the low rate of GFP 

expression. In this case, only one out of 30 transformants tested had a significantly higher RFU than 

the control, whereas when TEF was the promoter used, three out of eight were obtained. As 

mentioned before, these could be due to differences in strength, regulation and origin of the 

promoters used. 

Statistical tests and data analysis were performed using R v.3.6.1. Comparisons between 

transformants and negative controls were performed by ANOVA and Tukey’s range tests. 
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Supplementary Figures  

 

 

Figure S1. Pictures of different strains under the microscope under the GFP filter and transmitted 

light. 
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CHAPTER 3: COSTLY PULCHERRIMIN PAYS-OFF FOR METSCHNIKOWIA PULCHERRIMA IN THE PRESENCE OF COMPETING 

BACTERIA 

Commentary 

While I was developing genetic tools in the previous chapters, a strain with increased lipid 

accumulation obtained by another member of the lab, using adaptive laboratory evolution, was 

characterised and scale-up pilot was performed in up to a 250L bioreactor (Abeln et al., 2020; Hicks et 

al., 2020). The results showed that, even with a solid rate of lipid production the production cost was 

still too high to be competitive in price with palm oil. As discussed in the Introduction section of the 

thesis, this was expected and it is common in bio-industrial processes to have side products to add 

value to the pipeline. The simplest side product that can be applied to most biotechnological processes 

is the use of the biomass as animal feed. Moreover, M. pulcherrima has been used as a bio control 

agent to prevent postharvest spoils given its natural ability to inhibit and compete with other 

microorganisms. So, we thought that we could explore the capability of M. pulcherrima to compete or 

inhibit microorganisms that cause diseases on farm animals as an added value to its use as feed. 

Moreover, the genes responsible for the synthesis of pulcherrimin were discovered around this time 

and in the lab, we already had a project involving this molecule with biocontrol power and had access 

to a pulcherrimin non-producer mutant strain (Gore-Lloyd et al., 2019; Krause et al., 2018).  

In this chapter pulcherrimin production is studied from an ecological point of view at the same time 

as exploring M. pulcherrima possible use as competitor against a common farm animal disease agent, 

Avian pathogenic Escherichia coli (APEC). To do this we use the pulcherrimin non-producer mutant 

strain and its wild type homolog. The main objective of this chapter was to understand the 

conservation of the genes related to pulcherrimin production in M. pulcherrima while very closed 

related yeasts have lost them, and some of these yeasts kept a transporter and regulator genes 

associated with them. Our hypothesis was that pulcherrimin production could be useful in 

environments where there is competition for resources.  
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Costly pulcherrimin pays-off for Metschnikowia pulcherrima in the presence of competing bacteria. 

Abstract 

Secondary metabolites are crucial in the relations between microorganism. One such molecule is 

pulcherrimin, for which an associated cluster of genes in yeast recently has been characterised. 

Multiple yeast that are unable to produce pulcherrimin have homologous genes of the transporter 

and regulator genes of this cluster. Here, we investigate what is the reason for some yeasts, like 

Metschnikowia pulcherrima, to maintain the pulcherrimin biosynthesis genes when non-closely 

related yeasts can take advantage of the pulcherrimin in the environment. We cultured a pigment-

less M. pulcherrima mutant (W8) and the wild type (WT) strain, together and in separated cultures, in 

axenic conditions and with bacteria in the media. The results show that pulcherrimin synthesis is costly 

from the metabolic point of view, but it is advantageous when competing for the resources of the 

media with bacteria. W8 can make use of the pulcherrimin in the media, and a mixed culture of W8 

and WT grows better competing with bacteria than both strains growing separately.  There is an 

optimal level of pulcherrimin production depending on the competition needed, this could be 

achieved by modulating pulcherrimin synthesis at cellular level or by which proportion of the 

population synthesise it. 

Introduction 

As research has highlighted more complexity and structure in microbial communities, social 

interactions between microbes are increasingly recognised as important features. Social interactions 

can be divided by the effect they have, positive or negative, in the fitness of actor and receptor. 

Whereas the actions that have a negative effect on the receptor are easy to explain under an evolution 

point of view, the ones that have a positive effect on them are more complex to understand. The later 

type of behaviour is called cooperation and can be mutually beneficial (positive for both sides) or 

altruistic (negative for the actor) (West et al., 2006). There are cases where cooperation has a 

positively synergistic effect, a benefit is obtained that could not be achieved in isolation. However, it 
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is problematic to explain the prevalence of genetic mechanisms that are a burden to the individual 

but useful for the whole group (Velicer, 2003).  

Biological interactions in the microscopic world are mediated by molecules. These include signals, 

nutrient facilitators, defence mechanisms, structural group formation or host interaction molecules 

(West et al., 2007). In an environment where these molecules can disperse freely, the individuals that 

can take advantage of them are not limited to its producers. In fact, there are cheaters to the system, 

that produce less or none of these available resources, called public goods, and receive the reward 

without paying its cost.  

One way to explain the evolution of an individual fitness sacrifice that benefits a collective is that it 

has a bigger positive repercussion on the fitness of very close relatives. This would mean that the 

cooperative behaviour is targeted towards their own kind, transforming it into competition against 

the others. This theory is called kin selection and has been encapsulated by Hamilton’s rule: rb–C > 0. 

Here c is the individual cost paid for the cooperation, b is the benefit to the receptor and r is the level 

of relatedness, if the value is positive, the cooperation behaviour is favoured. Two mechanisms are 

proposed to increase the chances of relatives acquiring the benefits of public goods, and both have 

examples in microbial ecology. The first one is limited dispersal, if relatives tend to stay together, 

which is very likely in communities where asexual reproduction allow clonal individuals to colonize 

local areas, utilization of public goods is favoured by individuals with high relatedness (clones have 

r=1). The second is kin discrimination, if co-operators can identify relatives and direct the benefits of 

public goods towards them. This can be achieved by the specificity of the molecules that cannot be 

used by individuals with low relatedness. Example of this is the need of a determined transporter 

system to incorporate nutrient facilitators into the cell or the production of resistance to an antibiotic.  

Metschnikowia pulcherrima is an ubiquitous yeast which is broadly found in fruit, flowers, nectar and 

tree sap flux as well as in several insects that act as a vector (Morata et al., 2019). Grown under certain 

conditions, like nutrient limitation, its cells can be seen under the microscope as perfect spheres that 
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include a droplet of lipids which size varies depending on the strain  (Kluyver, van der Walt, et al., 

1953). M. pulcherrima has also drawn attention due to the lipid droplets that accumulates under 

certain conditions. This status of oleaginous yeast, along with its antimicrobial ability and its toughness 

make it an interesting candidate to be used in industrial biotechnology (Whiffi et al., 2016) 

This yeast is better known for its use in the wine industry, in its making and as a biocontrol agent to 

avoid pot-harvest spoilage of grapes (Dashko et al., 2015; González-Royo et al., 2015; Oro et al., 2014; 

Spadaro et al., 2002; Türkel et al., 2014). For the former, it has several characteristics that make it 

attractive: producing low ethanol wines thanks to its weak fermentation capacities (Canonico et al., 

2019); enhance the organoleptic properties of the wine with its metabolic peculiarities (Seguinot et 

al., 2019) and its ability to inhibit the growth of common spoilage organism at the same time not 

affecting the viability of Saccharomyces cerevisiae and its fermentation. This antibiotic power it’s also 

what makes it a good biocontrol agent and its mainly due to the production of pulcherrimin (Gore-

Lloyd et al., 2019).  

Pulcherrimin is a red insoluble pigment that contains iron. It is produced by some yeasts like 

Metschnikowia spp and Kluveromyces spp as well as by some bacteria like Bacillus spp. Pulcherrimin 

is formed by the alteration of cyclodileucine and shows a strong antibiotic activity (Gore-Lloyd et al., 

2019; Kluyver, Van Der Walt, et al., 1953; Krause et al., 2018). Its ecological role is not well understood 

but it is thought that its ability to get attached to iron may be used to monopolize it, becoming an 

antimicrobial used to compete against other microorganisms. Based on this, the producers should 

have the ability to use pulcherrimin as a siderophore in order to not become toxic for themselves. The 

genes that code for the enzymes required to produce pulcherrimin are included in a cluster of genes 

in which there is also a transporter and a regulator. This cluster have been discovered in both bacteria 

and yeast. However, currently the transporter in bacteria is thought to realise pulcherrimin to the 

media whereas in yeast gives the ability to integrate it back in the cell (Krause et al., 2018; Wang et 

al., 2018).  
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In the present work, we probe that pulcherrimin has the features of a public good by comparing 

populations of a mutant pigmentless M. pulcherrima with its wild type progenitor and with a mixed 

culture containing both strains. The mutant populations grow faster and reach higher number of cells 

than the wild type in rich media, this indicates that the production of pulcherrimin implies a metabolic 

cost; the mixed cultures achieve intermediate number of cells between both pure cultures. However, 

the production of pulcherrimin proves to be useful when sharing the media with bacteria. Under this 

situation, the mutant no longer has an advantage compared to the wild type and more interestingly, 

the mixed cultures grow better than any of both pure cultures. It has been reported that the 

transporter pul3 confers the ability to transport pulcherrimin into the yeast cell which makes it 

resistant to its antibiotic power. To confirm this, the previous set up was repeated but exchanging the 

mutant with Yarrowia lipolytica, a relative yeast that does not have the gene that encodes this 

transporter. Y. lipolytica not only cannot take advantage of the production of pulcherrimin but it 

seems to have a negative effect on it. Finally, different initial ratios of WT and W8 competing with 

APEC were explored to find a putative optimal point of pulcherrimin production in the population. 

These results help understanding the ecological role of pulcherrimin and shed light on an interesting 

phenotype for industry. 

Results and Discussion 

Pulcherrimin biosynthesis is costly but a useful public good when competing with bacteria 

Pulcherrimin is a molecule that has been investigated for a long time, probably its colour drew the 

attention of researchers since its discovery. The red colour of pulcherrimin is due to its bond with iron, 

forming pulcherrimic acid.  The first function that was attributed to this molecule was of a siderophore. 

However, some characteristics of this molecule did not fit with this classification: non-soluble in water 

and a surprising tolerance to strong acid. Other properties like its low diffusion in agar, its 

accumulation in M. pulcherrima’s cell wall or its constitutive production also indicated differences with 

other siderophores (Kluyver, van der Walt, et al., 1953; Sipiczki, 2006).  
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M. pulcherrima shows antimicrobial activity, which has been used for postharvest biocontrol, 

pulcherrimin was also held accountable for this ability by iron depletion of the media (Saravanakumar 

et al., 2008; Sipiczki, 2006). An evaluation of the antimicrobial activity of W8, showed that 

pulcherrimin is the main actor against the fungi Botrytis caroliniana, but not the only responsible since 

W8 has a growth inhibition effect on this fungi, although much smaller than WT  (Gore-Lloyd et al., 

2019).  

W8 showed no inhibition power against APEC, but WT did. W8 grows faster than WT when grown on 

their own in SMB (ANOVA p-value = 0.042) and when cultured together, the total number of yeasts is 

similar or a bit higher than WT on its own (Fig. 1A). This indicates that the production of pulcherrimin 

has a metabolic cost that reduces WT’s fitness in SMB media compared to W8. The presence of APEC 

in the media in which M. pulcherrima is cultured, diminishes the yeast growth of all the tubes (Fig. 1B). 

W8 performs similarly to WT or a bit worse but the impact on the growth compared to the axenic 

condition is higher for W8. Meanwhile the mixed culture of both M. pulcherrima strains achieve higher 

number of yeast cells than both monocultures (ANOVA p-value = 0.0123 and 0.041). This experiment 

shows that the metabolic cost of pulcherrimin production can be justified when competing with 

bacteria in liquid media. This advantage is likely to have greater value if the viscosity of the 

environment increases (i.e. solid media) like in the case of the surface of flowers and fruit where M. 

pulcherrima is naturally found.  

On the other hand, the fact that the mixed culture grows better than the two strains that compose it, 

means that at least one of the strains can perform better than on its own. The most likely scenario is 

that pulcherrimin inhibits the growth of APEC meanwhile W8 is not affected by this effect, possibly by 

having access to the chelated iron.  
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Figure 1. Growth experiments with M. pulcherrima strains WT and W8. (A) Axenic growth on SMB of 

W8, WT and an equative mix of both strains. (ANOVA p-value = 0.042) (B) Growth in SMB competing 

with APEC of W8, WT and a mix of equative mix of both strains. (ANOVA p-value = 0.0123 and 0.041) 

(C) Relative growth of WT compared to W8 in the four conditions presented before: mix of both strains 

competing with APEC, mix of both strains in axenic conditions, separated strains competing with APEC 

and separated strains growing in axenic conditions.  

 

The W8/WT proportion in the mixed culture can be known by the colour of the colonies on iron-rich 

media. On bacteria-free media, there is a 16.5% of red colonies which always correspond to WT. This 

result fits with W8 growing faster than WT under this condition. When the mix of strains is cultured 

on SMB containing APEC, the 26.6% of the colonies are red (WT). This difference between the two 

conditions is significant (binomial test p-value = 8.77×10-9). When sharing media with APEC on 
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separate cultures, the growth of WT and W8 was similar. However, when mixed against APEC, the final 

amount of white is much higher than 50% which indicates that sharing media with WT M. pulcherrima 

allows W8 to grow better than on its own when facing APEC (Fig. 1C).  

PUL3/PUL4 are necessary to use pulcherrimin as a public good 

The gene cluster associated with pulcherrimin has been recently described in yeast, it includes a 

transporter and a putative regulator (pul3 and pul4 respectively). Several yeast species have in their 

genome this transporter gene while they have discarded the genes that encode the enzymes. S. 

cerevisiae is an example of this, and it has been tested to be able to grow in the presence of 

pulcherrimic acid in the media (Krause et al., 2018). We wanted to test if a yeast lacking the PUL3 

gene, like Y. lipolytica, benefits from the presence of WT in media shared with APEC, as W8 could. 

Y. lipolytica grows faster than WT on SMB (ANOVA p-test = 0.034), and the mixed culture of these two 

strains performs in between both (Fig. 2). When APEC is present in the media, Y. lipolytica does not 

perform better than WT. This is a similar result to the previous WT-W8 experiment. However, this 

time the mixed culture grows slower than the WT (ANOVA p-test = 0.038). If there were not an 

interaction between both strains, the growth expected of the mixed culture would be somewhere in 

between both individual growths, and a lower growth indicates that WT has a negative effect on Y. 

lipolytica even in the presence of APEC.  

Under axenic conditions, there is a 48.9% of red colonies at the end of the culture with both yeasts, 

which is closed to half of the colonies being red. This doesn’t match the individual growths of the two 

strains, given that Y. lipolytica’s is significantly higher than WT’s, showing that Y. lipolytica performs 

worse growing by the side of WT than on its own. This effect could be explained by Y. lipolytica lack of 

a PUL3 transporter which means is unable to use pulcherrimin and therefor it has an inhibitory effect 

on it. This could be confirmed by doing the same experiment exchanging WT for W8. This is in 

agreement with an experiment in which a S. cerevisiae with the gene pul3 deleted shows poor growth 

in a pulcherrimin enriched media (Krause et al., 2018). When there is also APEC in the media, there is 
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a 54.8% of red colonies which is higher than in the control (binomial test p-value = 7.87×10-4), but this 

increment could be explained by the individual growths of the two strains under APEC treatment. 

 

Figure 2. Growth experiments with M. pulcherrima strains WT and Y. lipolytica. (A) Axenic growth on 

SMB of Y. lipolytica, WT and an equative mix of both yeasts. (B) Growth in SMB competing with APEC 

of Y. lipolytica, WT and a mix of equative mix of both yeasts. (C) Relative growth of WT compared to 

Y. lipolytica in the four conditions presented before: mix of both yeasts competing with APEC, mix of 

both yeasts in axenic conditions, separated yeasts competing with APEC and separated yeasts growing 

in axenic conditions.  
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Ecological role of pulcherrimin and the value of its cost 

The dispersive character of pulcherrimin allows non-producer yeast (cheaters) to take advantage if 

they have the transporter pul3 in their genome. How does this affect the ecological dynamic between 

producers and free loaders?  

We investigated how the initial proportion of non-producers affect the destiny of the population. In 

order to do so, the experiment of co-culture of a mix of W8 and WT with APEC was repeated, but this 

time evaluating samples where the initial percentage of WT in the population is 25%, 50% and 75% 

(Fig. 3). The final percentages of W8 in the population were 65.7, 67.33, 73.88 for the condition 

starting with 75%, 50% and 25% of WT (Table 1). In all the cases above 50% but below 85%, which 

they achieve when the mix population grows under axenic conditions. Even though there are no 

significant differences between final yeast population among treatments, there is a tendency to grow 

more when there is more WT in the initial population.  

 

Figure 3. Growth experiments done starting with a mix of W8 and WT strains at different ratios: 3:1, 

1:1 and 1:3. (A) Final total number of yeast cells for each treatment. (B) Relative growth of WT 

compared to W8 on the same tube for each condition.  

 

The WT strain producer has a higher growth rate when they represent a smaller part of the initial 

culture. Under the condition in which WT represents the 25% of the initial population, its growth rate 
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is significantly higher than under the other two conditions. In fact, the relative fitness of WT in this 

condition slightly above 1. All WT’s relative fitness are significantly different (p-value<0.0001).  

Table 1. Final % of red colonies mean for each treatment  

Initial WT % Final % of red colonies mean 

75 34.3045 

50 32.6736 

25 26.1256 

 

The cluster of genes responsible for the production and use of pulcherrimin in yeast have been 

recently described, and based on its evolution an ecological role similar to other public goods was 

suggested  (Krause et al., 2018). With the present work here, said role gets confirmed. Pulcherrimin 

production is a cooperation behaviour which is favoured when competing with bacteria. WT and W8 

monocultures have a similar growth when they share the media with AEPC, whereas W8 has an 

advantage under axenic conditions. Therefore, there is a cost associated to the production of the 

pigment, but the conditions of the environment can compensate it. Furthermore, WT+W8 mixed 

population, has a total fitness that surpasses both monocultures in the presence of APEC, indicating 

that the benefit of pulcherrimin production has effect at the population level including non-producers, 

as a public good (Velicer, 2003; West et al., 2006). 

As predicted by kin selection theory, pigment-less mutants have a higher growth rate and relative 

fitness at lower initial frequencies (Brown, 1999; Dugatkin et al., 2005; Greig & Travisano, 2004). Kin 

discrimination theory predicts that there is a mechanism that allow pulcherrimin to be an advantage 

only to related organisms. A previous experiment reported that S. cerevisiae was able to grow with 

normality in a pulcherrimic acid enriched media, whereas the pul3 knockout (also the pul4 knockout) 

could not (Krause et al., 2018). Our results agree with these findings, WT+Y. lipolytica mixed culture 

grows slower than the WT monoculture when facing APEC in the media. As Y. lipolytica does not have 

the gene that codes for the transporter PUL3 it cannot take advantage of the pulcherrimin synthetized 



81 
 

by WT. There are other experiments supporting this on literature, M. pulcherrima has been reported 

to inhibit spoilage non-Saccharomyces yeast in wine fermentation like Brettanomyces, Hanseniaspora 

and Pichiagenera which lack pul3 (Krause et al., 2018; Oro et al., 2014).  

The production of this molecule is not limited to yeast, in fact, the cluster of genes associated to 

pulcherrimin was discovered in Bacillus subtilis in first place (Randazzo et al., 2016). In this bacteria, 

pulcherrimin production has been linked to the regulation of biofilm growth, which only occurs when 

the available iron in the media is not too high or too low (Arnaouteli et al., 2019). On this respect, 

bacterial and yeast pulcherrimin systems literature differ. The transporter found in the bacterial 

cluster associated with pulcherrimin is thought to be responsible for the secretion of the molecule and 

not the internalization on the cell, whereas in yeast it is required for complexed iron utilization 

(Arnaouteli et al., 2019; Krause et al., 2018). This indicates a difference between kingdoms in the role 

of pulcherrimin, in bacteria it is used for iron depletion meanwhile yeast can also use it for iron 

acquisition, as a siderophore.  

Several groups of yeast that are not closely related to M. pulcherrima have evolved to keep the genes 

that allow them to take advantage of its pulcherrimin production while got rid of the genes that 

contribute to its production. What makes M. pulcherrima keep this phenotype?  

One explanation is that the generalist metabolic strategy of M. pulcherrima is affected less by the 

carbon and nitrogen sources than other more specialised yeasts, but slower at consuming them, and 

therefore, M. pulcherrima benefits by a general reduction of growth rate in its environment (Aplin et 

al., 2019; Rollero et al., 2018).  

Another explanation might be that high pulcherrimin producers tend to be a specific percentage of 

the population, as found in co-culture experiments. In nature, the amount of pulcherrimin that a 

particular strain of M. pulcherrima produces could be linked to the fraction of the population in an 

ecological community, with local adaptation constantly pushing both higher and lower production 

among strains depending on the exact context of M. pulcherrima strains and competitors. As different 
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strains have evolved to adapt to environments, it might be possible to predict where strains should 

have higher or lower production. Where few yeast strains occupy a niche but compete with many 

bacteria, like in nectar, then strains can produce high amounts of pulcherriminic acid and dominate 

the entire resource. Alternatively, strains may produce less pulcherrimin if their neighbours are usually 

competing yeasts with pul3 gene. Careful dissection of pulcherimin production along with species 

within these local microbial communities could reveal how evolution maintains the fluctuating 

amounts of pigment produced by different M. pulcherrima strains. 

Materials and Methods 

Strains 

Three yeast strains were used in this work: two M. pulcherrima strains; APC 1.2 (CCOS978; Culture 

Collection of Switzerland) and its pigment-less mutant, W8 (CCOS1866). The other yeast used was 

Yarrowia lipolytica DATA. 

For competition of yeast against bacteria, Avian pathogenic Escherichia coli (APEC) 9002 and 

Staphylococcus aureus CN9 Thailand (both kindly donated by Sam Shepard) were used. 

All yeast strains were maintained in malt extract agar (MEA, Sigma) plates grown at 25°C. Bacteria was 

grown on tryptic soy agar (TSA, Sigma) at 37°C.  

Growth test 

All the co-culture experiments were done in pH 5.5 SMB (3% tryptic soy broth, 2.5% malt extract). 

Overnights of the yeast strains were also grown on SMB, whereas bacteria were grown overnight on 

LB (Sigma).  

The starting concentration of yeast in the test tubes was 106 cells/ml, when two strains were grown 

at the same time, each of them was added at half this concentration or as stated. Yeast number were 

counted using fast read slides (Immune systems) and diluted to an appropriated concentration. When 

bacteria were added to the tubes, their starting concentration was O.D.600=0.1. 
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After 24h each sample was diluted to count the total number of yeast cells using fast read slides 

(Inmune Systems). 

Ratio determination of yeast strains 

Concentration of yeast/mL were calculated using fast read slides (Immune Systems), the samples were 

diluted to obtain a countable number of colonies and plated on iron-YNB agar (yeast nitrogen base, 

glucose 2%, 1mM FeCl3, agar 2%). At the concentration of iron of these plates, M. pulcherrima APC 1.2 

acquires a characteristic garnet colour that can be distinguished from W8 and Y. lipolytica white 

colonies. 

Statistical tests 

Statistical tests and data analysis were performed using R v.3.6.1. Comparisons between growth on 

liquid media were performed by ANOVA and Tukey’s range tests. For the strain ratios, comparisons 

were performed using a binomial test. 

Growth rates were calculated as: m=ln(final density of cells/initial density of cells). Relative fitness in 

monoculture as m(strain x)/mean(m(strain y)) and co-culture as (strain x)/m(strain y) (O’Brien et al., 

2017).  
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CHAPTER 4: CO-CULTURE BASED ADAPTATIVE LABORATORY EVOLUTION IMPROVES ANTIBIOTIC EFFECTS OF 

METSCHNIKOWIA PULCHERRIMA DEPENDING ON THE BACTERIA USED DURING SELECTION. 

Commentary 

In the previous chapter the role of pulcherrimin was investigated. Co-culture experiments showed 

that pulcherrimin production its advantageous when sharing resources with other microorganism, in 

our case, the disease-causing bacteria Avian pathogenic Escherichia coli (APEC). The prospect of using 

M. pulcherrima biomass as animal feed with a probiotic power was very interesting for the economic 

viability of the palm oil substitute. We thought that given the success of adaptive laboratory evolution 

(ALE), we could try to use it to improve the competition power of M. pulcherrima and specialize it 

against disease agents in farm animals.  

APEC had been already tested in co-culture with M. pulcherrima, so it was an obvious candidate. We 

thought that it would be good to have a different bacterium, apart from APEC, to set a competition 

against M. pulcherrima in order to compare how evolution takes place. Using a gram-positive seemed 

like a good idea since some strategies may be useful against gram-positives and others against gram-

negatives. Staphylococcus aureus ended up being that other bacteria, also a major agent of disease in 

farm animals. Finally, we decided that exposing M. pulcherrima to both bacteria at the same time will 

also help to elucidate the biological strategies developed during the ALE experiment.  

Sequencing the genomes of the evolved strains could give us insight in which mechanisms are 

important for competition or inhibition of other microbes. As mentioned in the Introduction of this 

thesis, ALE and genetic modifications (GM) can be used in combination. Once a gene is suspected to 

have an important role in competition/inhibition it could be amplified or deleted in other interesting 

strains, which links this project to the first two chapters of the thesis.  

We obtained after ALE, strains that performed better than their progenitor when grown with bacteria 

on the media, although pulcherrimin seems to not be responsible for those changes.   
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Co-culture based adaptative laboratory evolution improves antibiotic effects of Metschnikowia 

pulcherrima depending on the bacteria used during selection. 

Abstract 

Antibiotic resistance among pathogenic microorganisms is a major global health risk. Using probiotics 

is a promising alternative to antibiotics in animal feedstock. This type of approach has been used in 

pest control for harvesting, where different yeasts have been used as a biocontrol agent. Here, we 

propose to specialize one of said yeasts, Metschnikowia pulcherrima, by adaptive laboratory evolution 

(ALE) to compete with major farm animal disease agents. M. pulcherrima was co-cultured in liquid 

media with Avian Pathogenic Escherichia coli (APEC), Staphylococcus aureus or both bacteria during 

15 cycles at the end of which the bacteria were eliminated to start a new cycle. The method presented 

here allows for new applications of ALE using competition as stress selection to improve competition 

capabilities against specific microbes. The obtained evolved strains show improved phenotypes at 

competing with the bacteria they evolved with, as their viability is decreased greatly. In some cases, 

the evolved strains also grow significantly better than the progenitor in the presence of bacteria. The 

genomes of selected strains were sequenced showing a difference in the pattern of gene copy number 

variation depending on the treatment they were adapted to.  

Introduction 

Antibiotic resistance is a global health risk, and the massive use of antibiotics in medicine and 

agriculture act to drive the emergence and maintenance of resistance in pathogens (Davies, 1996; 

Johnson et al., 2016). For agriculture, much of the use of antibiotics has not been to treat disease but 

to increase productivity through prophylactic use. There are two major concerns that arise from wide 

spread and prophylactic or non-therapeutic antibiotic use in the sector, the residual antibiotics in food 

that may affect consumer’s health, for instance affecting the normal development of gut microbiota 

increasing the risk of chronic diseases; and the contribution of this practice to the rise of resistant 

bacteria to the used drugs  (Gao et al., 2017). Microbes with resistance genes can be dangerous if they 
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are able to pass into humans and very difficult to deal with, one of the actions taken as an answer to 

this problem was to ban the use of antibiotics with growth promoter effect in Europe from 2006. Even 

though the use of therapeutic antibiotics in animals increased, the overall antibiotic use in farm 

animals got reduced. To continue high productivity and maintain good results, other alternative 

substances have been researched such as enzymes, prebiotics, and probiotics  (Castanon, 2007).  

Probiotics are live organism that confer health benefits to the host, they have a high potential due to 

their inexpensive production and the range of animals in which they can be used. The use of probiotics 

in poultry feed is expanding rapidly due to the demand of antibiotic-free chicken and reported benefits, 

including enhanced growth and laying performance, improving immunity and increasing beneficial 

microbiota (Jha et al., 2020). Several bacteria and yeast have been tested as probiotic in poultry with 

good results in both reducing the number of pathogenic microorganism in the gastrointestinal tract 

and improving poultry growth and performance (Gadde et al., 2017; Wang et al., 2014, 2015). The 

underlying mechanism for such effects are not well-understood, it is proposed that probiotics create 

a hostile environment for pathogenic bacteria, compete with them for nutrients, produce antibacterial 

molecules and inhibit bacterial adherence and translocation (Gadde et al., 2017; Jha et al., 2020). 

Crop plant protection has followed a similar path to antibiotics, where chemical products have been 

substituted with antagonists of postharvest spoilage. These microbes, usually naturally occurring on 

the surface of plants, compete for nutrients with the pathogens and produce polysaccharides and 

other molecules that help them fight them off (Sharma et al., 2009). Some of the yeasts used for this 

purpose are Pichia guilliermondii, Cryptococcus laurentii, Rhodotorula glutinis and Metschnikowia 

pulcherrima (Jamalizadeh et al., 2011). M. pulcherrima produces a known molecule with antimicrobial 

power called pulcherrimin which is also produced by other yeasts and bacteria. This molecule attaches 

to iron making it inaccessible which hinders the growth of microbes that cannot interact with it. It has 

also been seen that is not the only antimicrobial that M. pulcherrima produces, since a pigmentless 

mutant conserved some inhibition of growth against fungus (Gore-Lloyd et al., 2019). These 
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phenotypes, like pulcherrimin or organic acids production, that allow microbes to inhibit the growth 

of other microorganism are likely the result of evolving in an environment where competition with 

other organisms is important to thrive (Boynton, 2019; Dhami et al., 2016; Rachael A. Maplestone, 

1992).  

Adaptive laboratory evolution (ALE) is a method which brings microorganism under selective pressure 

in defined conditions for a variable period (ranging from weeks to years). The selective pressure aims 

to select a desired phenotype in the organism trough evolution, for example, environmental stresses 

such as ethanol concentration, temperature or pH (Bennett & Hughes, 2009; Dragosits & Mattanovich, 

2013). Favoured phenotypes are linked to mutations of different types, and in yeast, the most 

common ones are single nucleotide polymorphisms (SNPs) and copy number variation (CNVs). SNPs 

modify single genes, resulting in a mutated protein or the lack of its translation. CNVs are deletions or 

additions of DNA segments that vary in size, from 50bp to whole chromosomes, this can result on 

change of expression levels of the affected genes, open the possibility of a function divergency, or 

having collateral effects on related genes (Steenwyk & Rokas, 2018; Tang & Amon, 2013). These 

mutations move toward fixation in population if they are favourable enough under the experimental 

conditions, but some heterogeneity can remain due to clonal interference, bet hedging, genetic 

hitchhiking or fluctuation of the growing conditions (Barton, 2000; Cooper & Lenski, 2010; Draghi et 

al., 2010; Kao & Sherlock, 2008). In relation with competition, ALE has been used to understand 

antibiotic resistance (Jansen et al., 2013; Sandberg et al., 2019). However, there are relatively few 

studies focused on the ALE of interactive traits. There is one study that used ALE in order to reveal 

hidden antibacterial compounds when co-culturing actinomycetes with drug-resistance bacteria  

(Charusanti et al., 2012). The rationale behind this research is that actinomycetes have the potential 

to produce a high number of secondary metabolites and there are many molecules that are not 

generally produced in common culture conditions, but by adaptation they are encouraged to produce 

molecules and present phenotypes that help competing with that specific microbe.  
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M. pulcherrima has been traditionally used in winemaking and biocontrol in agricultural settings due 

to its growth inhibition ability and its flexible metabolism (Ciani et al., 2016; Oro et al., 2014; Spadaro 

et al., 2002; Türkel et al., 2014). Recently, it has drawn attention from industry given its oleaginous 

status, accumulating up to 40% of its weight in lipids. Its metabolism allows it to grow in cheap 

feedstock and the antibiotic power that holds helps avoiding spoilages on bioreactors. Furthermore it 

produces other valuable products such as phenylethanol  and has shown a very good performance in 

scaling-up (Abeln et al., 2019, 2020; Santamauro et al., 2014; Whiffi et al., 2016). ALE has already been 

successfully performed using M. pulcherrima, obtaining a tolerant strain to fermentation inhibitors 

with a higher ability to accumulate lipids (Hicks et al., 2020). Given the apparent potential of M. 

pulcherrima to inhibit the growth of different organisms we proposed to use ALE in order to increase 

its ability to compete against two major agents of chicken disease in a specific fashion.  

In this work we develop a procedure to evolve a yeast to compete with two bacteria separately and 

at the same time in liquid media (first to my knowledge). The bacteria we evolved M. pulcherrima 

against are avian pathogenic E. coli (APEC), the agent of colibacillosis, among the most common 

bacterial diseases of chicken (Lutful Kabir, 2010) and Staphylococcus aureus which causes a wide range 

of diseases in chicken and humans (Murray et al., 2017). In part we focus on these two bacteria as 

representatives of gram negative and positive type respectively which we expected to affect the 

outcome of the experiments. We also hypothesize that the evolution will have some trade-offs that 

are phenotypically important for M. pulcherrima and have industrial ramifications, such as its ability 

to accumulate lipids or its growth rate.  

Results 

Strains traits and pilot ALE conditions  

Prior to the adaptive evolution experiment, the ability of M. pulcherrima to inhibit the growth of the 

targeted bacteria APEC and S. aureus was confirmed by zone of inhibition formation on agar plates. 



94 
 

The effectiveness of chloramphenicol was also tested for the three microorganisms in liquid culture, 

M. pulcherrima could grow on its presence (250µg/mL) whereas both bacteria’s growth was stopped.  

In order to optimise co-culture conditions and assess effects on the growth of M. pulcherrima, a pilot 

experiment was performed (Fig. S1). M. pulcherrima was mixed at a starting concentration of O.D.= 

0.1 with APEC at O.D.= 0.1, S. aureus at O.D. = 0.2 and both bacteria at O.D. = 0.05 and 0.1 respectively. 

A higher concentration of S. aureus was used initially since its presence had a lower impact on the 

growth of M. pulcherrima during co-culture in previous experiments. Controls of each axenic culture 

were also used during this pilot. 

 O.D. measurements were used to know the total growth of the co-culture, both yeast and bacteria, 

the growth of yeast was tracked by cell counts under microscope. The effect caused by the presence 

of APEC and the treatment with both bacteria was enough to hamper the normal growth of M. 

pulcherrima, whereas the treatment of S. aureus did not have a noticeable effect on it. This difference 

may be due to the slower growth curve of S. aureus compared to APEC (Fig. 1a). In order to increase 

the negative effect and potential selective pressure during the ALE experiment, the starting amount 

of S. aureus was doubled.  

Growth changes during ALE 

The ALE experiment consisted on three co-culture treatments and one axenic culture of M. 

pulcherrima as a negative control for the selective pressure. Each condition was studied using five 

different tubes as replicates during 15 cycles. Each cycle consisted of 44h of co-culture and 4h of 

exposure to chloramphenicol to neutralize the bacteria (Fig. S2). 

Lineages with S. aureus   

The initial O.D. of S. aureus in the culture was changed from 0.2 on the pilot to 0.4. During the first 

cycle there was already a noticeable difference with the control. However, during the three next cycles, 

the decrease of M. pulcherrima cells got increased by the long-term exposure with S. aureus. It was 

decided to decrease S. aureus initial O.D. to 0.3 in order to decrease the pressure and avoid the loss 
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of any of the linages. After this point, except for 6th cycle, the cell counts of M. pulcherrima started to 

increase continuously.  

Lineages with APEC  

The starting APEC O.D. in the co-culture was as in the pilot experiment, 0.1. After the 6th cycle of 

evolution, the average growth of M. pulcherrima in the lines treated with APEC were close to the 

axenic control lines. In cycle 8th the initial O.D. of APEC was increased to 0.2, which did not show a big 

negative effect on the number of M. pulcherrima cells.  

Lineages with Both APEC and S. aureus  

This treatment was carried out using half the amount of each bacteria used in the other two 

treatments. Therefore, the changes undergone in the initial amounts of bacteria in these lineages 

were: a reduction from O.D.= 0.2 to 0.15 in the 4th cycle for S. aureus and an increment in APEC, from 

O.D. = 0.05 to 0.1 in the 8th cycle.  

The growth of M. pulcherrima in these lineages were paired to the S. aureus treatment. After the 

reduction of the initial charge on this bacterium, yeast counts started to increase until the 8th cycle. 

This same cycle is when the increment of initial APEC was executed, and it appears to have a noticeable 

effect than in the lineages treated only with APEC.  

Phenotypic changes from ALE 

During each cycle, a part of the population of each tube was flash frozen, but the following 

experiments were only done on the samples after the 15th cycle. Each tube was plated out to pick a 

single colony which was used to explore the phenotypic changes that may have taken place. Due to 

practical reasons, only three lines of each treatment were used on the co-culture experiments. 

The treatments where M. pulcherrima was exposed to APEC during ALE is named 4A; in the case of S. 

aureus, 4Sa; and when exposed to both bacteria, 4B. Lines are named after the treatment they evolved 

with followed by a letter A-D. 
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Figure 1. Growth curves of M. pulcherrima strains, APEC and S. aureus in SMB media under axenic conditions. 
(A) Growth curves of M. pulcherrima 4x3 strain (progenitor), APEC and S. aureus in SMB under axenic conditions. 
(B) Growth curves of the evolved strains and progenitor strain in SMB under axenic conditions.  

 

Effects on growth curves 

Growth curves were assessed for the strains that went through the ALE experiment to grow in the 

base media they evolved in, SMB (Fig. 1b). Most of the lineages that went through the 15 cycles of 

evolution have growth curves sharing a common difference with the progenitor M. pulcherrima. On 

one hand, the progenitor strain achieves a peak in growth right after the 20h of growth in the media, 

after which, some reduction on its O.D. takes place growing back to the previous peak at 60h of culture.  

On the other hand, most evolved strains stop their logarithmic growth around the 20h of culture but 

this time point is not a local maximum of growth, as their O.D. continues increasing from this point 

onward, and in most cases surpasses the growth of the progenitor strain before 40h of culture. This 

change is very similar for the ALE control strains as well as most of the strains exposed to bacterial co-
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culture, except for 4SD and 4BB. In the case if 4SD, the peak at 20h remains although this maximum is 

lower than the progenitor’s the recovery is also faster. As for 4BB has an underperforming growth that 

lacks the peak feature of the progenitor, but it doesn’t match its growth in the 97h that were tracked.  

Effects on zones of inhibition 

The ability of the evolved strains to generate zones of inhibition on SMB agar plates with a layer of 

APEC or S. aureus was compared to the progenitor (Fig. 2).  

 
 
Figure 2. Competition after ALE experiment on SMB agar plates. Zones of inhibition (ZOI) against APEC (A) and 
S. aureus (B) in SMB agar plates for progenitor and the mean of every treatment: ALE control, evolved against 
APEC (4A), evolved against both bacteria (4B) and evolved against S. aureus (4S). Each point represents a 
measurement of the ZOI of a line for each treatment (three replicates per line). 
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On the plate with a layer of APEC progenitor strain has a bigger ZOI than the mean of ALE control, 4A 

and 4S (p <0.03). 4B treatment also shows a lower mean of ZOI but with a big variance between strains. 

On the plate with a layer of S. aureus progenitor strain creates bigger ZOI than 4A and 4B treatments. 

For the case of ALE control and 4S their means are lower than the progenitor but there is variance on 

among the strains. There has not been any improvement on the ZOI size from any strain that has been 

evolved regardless of the treatment and what bacteria they are facing on the plate. 

Effects on yeast and bacterial growth in liquid co-culture  

Finally, we studied the phenotypes intended to be improved by this ALE experiment, M. pulcherrima’s 

growth capacity in the presence of bacteria in liquid media, and its competing ability under these 

conditions by diminishing the growth of the bacteria. For this last phenotypic evaluation, three strains 

of each treatment were co-cultured in the same fashion of one of the ALE experiments cycles, together 

with one of the ALE controls and the progenitor. 

Yeast cells were counted on slides under the microscope at 44h of co-culture in the condition that 

those lines were evolved in. At the same time, an aliquot of each media was plated in TSA agar in order 

to count the bacterial colonies.  

Effects on lineages evolved with APEC  

After 44h of co-culture only 4AC has a significant growth advantage compared to ALE control and 

progenitor, the others also show a growth advantage. All other comparations don’t have significant 

differences (Fig. 3A). However, all three evolved strains inhibit the growth of APEC more than control 

and progenitor, with a difference of two orders of magnitude (Fig. 3B). The ALE control doesn’t have 

an inhibitory advantage compared to the progenitor.  
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Figure 3. Competition experiments in SMB media after ALE experiment. (A, C, E) Growth of evolved strains 
competing with the bacteria they evolved with on SMB compared to the ALE control and progenitor strains. (B, 
D, F) Counts of bacterial colony forming units per mL of culture after competing with the evolved strains, ALE 
control and progenitor strains.  

 

Effects on lineages evolved with S. aureus  
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After 44h of co-culture, all three evolved strains (4SA, 4SC and 4SE) show a significantly improved 

growth in the presence of S. aureus compared to both the negative control and progenitor strains (Fig. 

3C).  

At this same time point, all the evolved strains have diminished the growth of S. aureus compared to 

both control and progenitor, in fact, 4SA and 4SE decreased the number of colony forming cells (cfu) 

in more than an order of magnitude to them (Fig. 3D). It is worth mentioning that the ALE control, 

cultured in axenic fashion in SMB also has a significantly improved growth when sharing the media 

with S. aureus.   

Effects on lineages evolved with APEC and S. aureus  

At 44h od co-culture, only 4BE has a significantly different growth to the ALE control and progenitor 

strains, and there is no significant difference between these two. The other two evolved strains tested, 

4BB and 4BD, do not show worse performance to control and progenitor (Fig. 3E). Similar to the case 

of the APEC strains, all three evolved strains versus both bacteria show a significantly higher inhibition 

power against the total bacterial growth (Fig. 3F). Moreover, the ALE control strain doesn’t show any 

improvement on this regard.  However, this time the difference between the evolved strains and 

control and progenitor doesn’t reach an order of magnitude.  

Genomic changes from ALE 

The DNA of the three strains of each treatment discussed in the previous part were sequenced, also 

the ALE control used on those experiments. This data has been compared to the progenitor strain 

and between them. Over 85% of reads from each strain mapped to the NCYC4331 genome and no 

genes had lower than 5x average depth of coverage (Fig. 4).  

SnpEff detected very few high impact changes, only 15 across the entire set of strains, and each of 

these were in genes of unknown function (Cingolani et al., 2012; Van der Auwera et al., 2013). 

However, there were a large number of genes (the average gene is 1000bp long) which had lost or 

gained copies compared to the progenitor strain, they are presented in Fig. 5 and summarized in Fig. 
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6. On one hand, the number of genes which have lost at least a copy in the strains that went through 

ALE compared to the progenitor, are not significantly different between any of the treatments. On the 

other hand, there is a clear increment on gained gene copies in the strains evolved in the presence of 

APEC and both bacteria when comparing it to the ALE control strain (4A is also significantly higher than 

4S, but it is not the case for 4B).  

 
 
Figure 4. Gene-by gene coverage count for evolved strains against progenitor strain. Gene-by-gene coverage for 
evolved strain is plotted (red), with the progenitor (black) as a reference. Genes are grouped together within 
contigs, rather than matched against chromosomal position.  
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A big portion of the genes that are affected by a copy number variation appear in the form of DNA 

regions that comprise from 5 to 115 genes. Importantly, none of these DNA regions with copy number 

variation has taken place in ALE control. Most of these DNA regions of copy number variation have 

the same effect (gain or loss of copies) in more than one of the evolved strains, and they are commonly 

shared between strains evolved under the same treatment. Noticeably, there is a region of DNA 

comprised by 48 genes with copy loss in all evolved strains except 4AD, and another region of 16 genes 

shared by all except for 4AD and 4SA. None of the DNA regions with gained copies appear on strains 

evolved under 4S treatment. On the other hand, all three 4A strains share three of these DNA regions 

gaining gene copies, with a total of 169 genes affected, 4BB and 4BD share two of these DNA regions 

with 4A strains (54 genes) and 4BE shares the leftover DNA region (115 genes).  

 
 
Figure 5. Genes affected by copy number variation in evolved strains grouped by treatment. (A) Number of genes 
with gained copies in evolved strains grouped by treatment compared to ALE control. (B) Number of genes with 
lost copies in evolved strains grouped by treatment compared to ALE control. 
 

Another aspect of the gene copy number that was studied are the number of genes that have lost all 

copies and the ones that have more than four copies in each evolved strain (Fig. 6). While the number 

of lost copies doesn’t go above 3, there is a big increment on genes with more than 4 copies of a gene 

in the strains under the APEC treatment, 4BD and 4BE, all with more than 100 genes holding more 

than 4 copies.  
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Figure 6. Summary of changes occurred in evolved strains. Presented on the table total number of genes with 
gained/lost copies, and how many of those are part of DNA regions shared with strains from the same treatment 
or other treatments. Number of genes with more than four and zero copies are also presented. Representation 
of DNA regions with copy number variation showing which evolved strains are affected by them.  
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Discussion 

The present work exploits the power of adaptation to environments with other microorganisms to 

improve the competition capacities of a yeast that is naturally found in competitive niches (Dhami et 

al., 2016). To our knowledge the approach and results found here is unique compared to the other 

adaptive evolution carried out with microorganisms as selective pressure (Charusanti et al., 2012). In 

this project, rather than revealing new antibiotics, we aimed to increase the competition capabilities 

of M. pulcherrima against two specific bacteria, and critically it was carried out in liquid media instead 

of agar plates. An important result is that the evolved strains did not suffer a much trade-off in their 

growth rate, since their growth curve is very similar to the ALE control which was not exposed to the 

competition with bacteria (Dragosits & Mattanovich, 2013; Sandberg et al., 2019). Most strains here 

had similar growth capabilities to the progenitor, and differences that were present were minor. On 

the other hand, one of the risks of our experiment design was that it was possible to get off-target 

adaptation by selecting for the fastest growers and not necessarily the best competitors, for example 

by selection of cheaters in an antibiotic producer population  (Gerardin et al., 2016). This is equally 

excluded by the similarity of growth in the absence of bacteria between the progenitor and all the 

evolved strains. Therefore, here we found that co-culture was an evolutionary pressure resulting in 

better competitor strains against specific microbes rather than overall increased growth rates, and 

our selection regime could be considered applicable to interactive traits. 

Genotypic changes 

The change in the growth curve shape of all the strains that went through ALE indicate that there is 

an inherent adaptation to the SMB media that seems to be obtained mainly by the loss of gene copy 

numbers as shown by the ALE control strain.  

There are two main adaptation profiles that took place, one seems to be linked to the presence of 

APEC on the media (4A and 4B treatments) and other one to its absence (ALE control and 4S). Firstly, 

there is a correlation between adapting to APEC presence in the media and a bigger number of genes 
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affected by gain of copies (in the APEC and Both Bacteria treatments) whereas in the strains adapted 

by co-culture with S. aureus there is a closer to even gene gain/loss copy ratio. In fact, strains evolved 

with S. aureus have a closer gain/loss profile to the ALE control (336 genes with copy losses, which 

104 are shared among them, and 221 genes with copy gains).  

Interestingly, the ALE control performs better than the progenitor strain when competing with S. 

aureus as shown by the cfu of the bacteria after co-culture for 44h. Overall, this indicates that part of 

the adaptation occurred on 4S strains is likely related to an adaptation to the media, specifically during 

the first 10h of culture, since ALE control is able to grow better the progenitor strain. This does fit with 

the hypothesis that more gene copies are correlated with higher expression and therefore more 

metabolic cost associated to them, so reducing gene copy numbers could give an edge for colonizing 

a media faster (Tang & Amon, 2013). However, there is also a significant difference between 4S strains 

and ALE control, pointing to extra mechanisms having place in order to out-compete S. aureus. These 

mechanisms can be related to the higher number of genes with increased copy number in 4S strains 

(which vary between three 4S strains: 247, 422 and 585. ALE control gained 221) and loss of specific 

gene copies that are shared by two or the three 4S strains (4SA shares 80 genes with copy loss; 4SD, 

104 and 4SE, 74. This suggests that evolution has taken multiple adaptive steps with some steps 

overlapping between the conditions with and without bacteria. 

The reason for this overlap may stem from growth rate effects potentially being a larger advantage 

for M. pulcherrima when facing S. aureus than APEC due to the slow growth of S. aureus in SMB during 

the first 5h (Fig. 1A). On the other hand, APEC has a very fast growth during the first 5h of culture and 

then stabilizes its growth. This divergent profile probably makes the growth curve adaptation path less 

useful for competing against APEC relative to S. aureus. In both ALE treatments that include APEC, the 

number of genes affected by gain in gene copy number is higher than in the case of ALE control and 

4S strains (737, 789, 777, 612, 831, 731) which indicates a very different approach to adaptation in 
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which the production of molecules is likely to be encouraged instead of the growth rate pathway 

potentially shared by ALE control and lineages evolved with S. aureus  (Yamada et al., 2010).  

Genomic changes 

DNA regions with a change in gene copy number that occur in more than one of the evolved strains 

point to specific genes that are important for competition, especially when shared by all the strains 

under the same treatment. It is expected that after a longer span of time, most of the genes included 

in this regions would recover to its progenitor state, leaving changes only in the important genes under 

selection (Dujon, 2010). However, it is difficult to predict which genes those would be at this point, 

the ALE experiment could be carried out for twice the number of cycles done in this experiment. 

Since the pigment-less M. pulcherrima mutant strain which does not produce pulcherrimin did not 

have an inhibitory effect in APEC and S. aureus in SMB agar plates (Fig. S3), an expected outcome of 

this ALE experiment was to obtain strains with a higher production of pulcherrimin. However, the test 

shows no increment on the area of ZOI in any of the evolved strains in comparison to the progenitor 

strain. Moreover, there are only two changes in gene copy number for genes known to be related to 

pulcherrimin: strain 4BB has doubled the copies of gene PUL3, and 4BD has lost a copy of PUL2. The 

other two genes that form part of the PUL cluster didn’t have any changes compared to the progenitor 

(Krause et al., 2018). The same happens for the lost gene of the pigment-less M. pulcherrima, SNF2 

which gene copies do not vary in any of the ALE strains (Gore-Lloyd et al., 2019). Based on these results 

we suggest that pulcherrimin production is not the major element responsible for the improvement 

in competition against APEC and S. aureus.  

Conclusions 

There are two main findings in this project: 

The method used here presents a new approach to study microorganisms’ interactions, specifically 

competition. It has the potential to be used to untap the production of naturally occurring 

antimicrobial compounds by exposure to microbes that don’t find each other in natural conditions. 
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Moreover, after just 15 cycles of ALE the resultant strains have improved phenotypes to compete with 

the microorganism they evolved with, by growing better than the progenitor when sharing the media 

with them and decreasing greatly the final population density of the competitors.  

The strains generated in this study are good candidates to be used as probiotic for farm animals, 

although it’s worth noticing that the experiments carried out have different conditions to what a 

digestive system would be and therefore there are more tests to be done. Importantly, this means an 

added value to any industrial process performed by M. pulcherrima like lipid bioproduction (Abeln et 

al., 2020; Hicks et al., 2020) 

Materials & Methods  

Strains and culture conditions 

The M. pulcherrrima strain used during this work, 4x3 (NCYC4331), is the result of another adaptive 

directed evolution experiment selecting for strains with improved inhibitor tolerance (Hicks et al., 

2020). Both bacteria strains were kindly provided by Sam Shepard: Avian pathogenic Escherichia coli 

(APEC) 9002 and Staphylococcus aureus CN9 (Banaszkiewicz et al., 2019; Ronco et al., 2017).  

All yeast strains were maintained in malt extract agar (MEA, Sigma) plates grown at 25°C. Bacteria was 

grown on tryptic soy agar (TSA, Sigma) at 37°C. 

Overnight cultures of bacteria were performed in LB media at 37°C, while for yeast, in SMB (3% tryptic 

soy broth, 2.5% malt extract) at 25°C.  

Zones of inhibition 

Optical densities (O.D.s) were calculated for overnight cultures of both bacteria and yeast. Then they 

were diluted accordingly in PBS (Phosphate buffered saline, Sigma) to have O.D. 1 and 5 for bacteria 

and yeast respectively. 200µL of the diluted bacteria were spread in TS+A (tryptic soy plus agar, Sigma) 

plates covering all the surface. After letting the plates dry, 3µl of the diluted yeast were dropped on 

the plate, leaving enough space between them to allow the vision of the zones of inhibition.  
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Zones of inhibition were measured using ImageJ software distribution FiJi (Schindelin et al., 2012). 

Co-culture  

M. pulcherrima was co-cultured with APEC, S. aureus or both bacteria in SMB at 25°C.  

Co-culture effect on M. pulcherrima growth was assessed in a pilot experiment under the following 

conditions:  M. pucherrima at a final O.D.= 0.1 was mixed with APEC O.D.= 0.1, S. aureus O.D.= 0.2. In 

the case of the treatment using both bacteria, M. pucherrima at a final O.D.= 0.1 was mixed with APEC 

O.D.= 0.05 and S. aureus O.D.= 0.1. These three co-cultures were grown with yeast and bacteria 

controls, all in triplicates. Their O.D.s were monitored for 45 hours.  

Evolution experiment 

Three growth conditions were used for the evolution experiment: presence of APEC, S. aureus, or both 

bacteria. Alongside a control containing only M. pulcherrima, five replications of each adaption 

condition were maintained during the 30 days.  The starting O.D. of each organism in the first cycle 

was: 0.1 for M. pulcherrima, 0.1 for APEC, 0.5 for S. aureus and half of their individual O.D. for each 

bacterium when mixed. At the start of a new cycle, the concentration of bacteria could be increased 

if M. pulcherrima showed increased cell counts during several cycles.  

The ALE experiment was carried during 15 cycles of 48 hours. Each cycle consists in 44h of co-culture 

in 15mL of SMB. At this point, samples of each tube were diluted to count the total number of yeast 

cells using fast read slides (Immune Systems). Then, 1mL of each sample was exposed to 250µg/mL 

chloramphenicol during 4h, which was previously proved to be effective against both bacteria but 

inoffensive to M. pulcherrima. A sample of each tube was stored in glycerol stock before starting a 

new cycle by mixing 600µL of each culture into 15mL of fresh SMB, adding bacteria from overnight 

cultures.  
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Evolution evaluation 

After ALE was finished, each sample was plated to obtain single colonies, one colony per sample was 

picked to evaluate the effects of ALE. To evaluate if the way evolution has taken place gives M. 

pulcherrima and advantage to face bacteria, the following experiments were performed: 

The 20 lines that went through the 15 cycles of ALE and the maternal strain were grown in a 96 plate 

(4 replicates) in order to obtain their growth curve using a plate reader (Synergy H1, BioTek). Zones of 

inhibition against both bacteria individually were also obtained to compare with the t0 strain and the 

controls. 

Based on the previous results, the 3 most interesting strains of each evolution condition were grown 

with the bacteria they evolved with. The t0 strain and one of the evolution controls were grown in the 

three conditions as controls. Yeast cells were counted at 24h and 44h using fast read slides (Immune 

Systems), also at the later time, samples were diluted and plated in TSA (tryptic soy agar, Sigma) plates 

in order to count the bacteria colonies. All the samples were diluted 1:106 and plated 100µL.  

Sequencing and Genomic Analysis 

Single colonies from streak plates of the chosen strains were picked for overnight culture in SMB, and 

then DNA extraction was performed using Qiagen DNeasy Plant mini kit. Sequencing, including limited 

initial data analysis consisting of standard removal of barcode and adapter sequences along with read 

quality assessment, was carried out by Novogene (Bejing, China). Paired end sequencing was 

performed using Illumina HiSeq with 150bp inserts to an average of 50x depth of coverage, 10-12 

million reads per strain. Reads from evolved strains were mapped to the previously sequenced NCYC 

4331 genome using BWA (Li, 2013). The Genome analysis toolkit (GATK) was used to detect SNPs using 

the UnifiedGenotyper function and those SNPs analysed using SNPEff to detect high impact SNPs 

(Cingolani et al., 2012; Van der Auwera et al., 2013). We only considered loss of start codons, 

premature stop codons, loss of stop codons, loss of splice site junctions, or frame-shift mutations. To 

identify gene loss/gain, the DepthOfCoverage function of GATK was used to calculate depth of 
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coverage per gene as the mean per base number. Genes are compared with genomic context to the 

extent possible and are arranged in order of largest scaffold to smallest scaffold. 
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Supplementary Figures 

 
 

Figure S1. 4x3 M. pulcherrima cell counts during ALE pilot experiment. 
 
 

 
 
Figure S2. Cell count of each linage during ALE experiment. 
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Figure S3. Zones of inhibition of M. pulcherrima APC 1.2 (WT) and its pigmentless mutant (W8) against 

APEC (A) and S. aureus (B). On panel A, Y. lipolytica is also shown. In panel B, a mix of WT and W8 is 

also shown.  
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CONCLUSIONS AND FURTHER WORK 

The work presented in this thesis orbits around the industrial potential of the non-conventional yeast 

Metschnikowia pulcherrima. Said potential is hindered due to the lack of previous research regarding 

its genetical manipulation and other interesting features like its lipid accumulation or the production 

of secondary metabolites. These are the major pieces of work that have been approached in this thesis.  

The first two chapters are the first attempts to genetical manipulation in M. pulcherrima, they set the 

basic genetic tool at the same time trying to obtain a first auxotrophic strain for lab use and boosting 

its lipid accumulation capacity. Even though the methods developed are useful, they are time 

consuming and not as reliable as one will wish for. They would need further refinement in order to be 

able to understand M. pulcherrima physiology and to be developed as an appropriate industrial host.  

Through the presentation of this work in a conference, we met a college that had found a naturally 

occurrent mutant of M. pulcherrima which lacks its distinctive maroon colony colour. He was 

interested in introducing in the mutant a wild type version of the single mutated gene he found, so 

we formed a collaboration using the method developed that gave fruit to a publication (Gore-Lloyd et 

al., 2019). During this time, an evolved strain with a highly improved lipid accumulation obtained by a 

lab mate through ALE (4x3), was examined as a candidate to scale-up meanwhile it was included in 

other projects such as the overexpression of lipid-related genes (chapter two). The good performance 

in the bioreactors shed light into the economic viability of the project, even with that big improvement 

palm oil was too cheap to compete with. Working with pulcherrimin and the fact that the pipeline 

needed extra value lead us to think about pushing more efforts into antimicrobial research. 

Third and fourth chapters are centred around the antimicrobial power displayed by M. pulcherrima. 

Pulcherrimin is a secondary metabolite produced by some bacteria and yeast including M. pulcherrima, 

that binds to iron forming pulcherrimic acid. It has been debated if this molecule acts a siderophore, 

an antibiotic or if it helps to compete with other microbes (Kluyver et al., 1953; Saravanakumar et al., 

2008; Sipiczki, 2006). On the third chapter, the ecological function of pulcherrimin is investigated using 
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the pigment-less mutant and a pulcherrimin producer to determine the advantages and burdens of 

this secondary metabolite production. This work was done using APEC as a competitor instead of 

naturally occurring competitor with the next chapter in mind. On chapter four, competition with 

agents of disease in farm animals (APEC and S. aureus) are used as a selective pressure to evolve M. 

pulcherrima and improve its ability to inhibit the growth of those bacteria.  

Here some major results are discussed and put in context of our understanding and finally some 

directions for future research are considered. 

Genetic Manipulation of M. pulcherrima 

M. pulcherrima shows a much higher rate of non-homologous end joining (NHEJ) than homologous 

recombination (HR) pathways which is the case for most yeast with the exceptions of S. cerevisiae and 

S. pombe (Chen et al., 2013b). This ratio was confirmed in ten different M. pulcherrima strains with 

differences in phenotypes, in fact HR was only observed in two of those strains. Moreover, the use of 

NHEJ inhibitory drugs did not have a substantial increase in HR efficiency compared to other yeasts 

(Arras & Fraser, 2016; Tsakraklides et al., 2015).  

A low HR rate has important drawbacks when it comes to genetically modify a yeast. On the first place, 

it hinders our ability to obtain knockout strains for desired genes. This is an important tool for 

phenotypic research for both basic science and biotechnology purposes. Related to this, a low and site 

dependent HR makes difficult to generate auxotrophic strains which are very useful for research as it 

overcomes the necessity of selectable markers and allows for several rounds of gene insertion. 

Furthermore, the inability to insert DNA in a target location becomes a bigger problem when genetic 

expression is affected by its location on the genome as it was proved by GFP fluorescence. 

 Although improving a phenotype for industrial purposes is challenging, a trend of increased lipid 

accumulation was obtained with the introduction of a copy of the homologous SPT23 gene. This result 

was achieved by increasing the copy number of one gene, which could mean that a sequential 
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increment on copy number of several genes involved in lipid metabolism could improve lipid 

accumulation on M. pulcherrima.  

M. pulcherrima biocontrol power 

Pulcherrimin has proven to be an advantageous compound to produce when there is a competition 

for resources. However, it does have a metabolic cost associated to its synthesis and therefore it is 

burden when competing isn’t needed. We hypothesised that in nature, M. pulcherrima, adapts its 

pulcherrimin production depending on the level of competition that faces. This can be achieved by 

modulating pulcherrimin production or by a balance in the producers and cheaters on the population.  

After seeing those results, ALE was used to improve M. pulcherrima’s competition capabilities against 

APEC and S. aureus. The strains obtained grow better in the presence of the bacteria they evolved 

with than the progenitor and can keep their colony forming units at much lower numbers than the 

progenitor strain. Interestingly this phenotypic improvement seems not connected to the production 

of pulcherrimin.  

Firstly, this provides with a new method for ALE applied to microbial competition. Secondly, the strains 

obtained can be applied to feed farm animals as a potential probiotic. Since the conditions under they 

evolved are very different to what a probiotic makes its effect, this should be tested in those 

conditions first to know if it would have a positive effect.  

Further Directions 

This thesis comprises different topics regarding M. pulcherrima, from developing genetic tools for it 

to its application as a potential probiotic in animals, passing through understanding the ecological 

function of pulcherrimin. Therefore, there are a few routes that could be further explored from this 

point onwards.  

On one hand, the genetic tool kit has a lot of room for improvement. Two main routes that could be 

approached are: 
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1. Deletion of ku genes. As was discussed during chapter one, an approach to bypass the a 

low HR rate in a lab strain is to eliminate ku genes which encode for the complex that 

starts HR adversary pathway, NHEJ (Davis et al., 2014). This approach was not taken due 

to the intrinsic difficulty of deleting a gene in a low HR rate strain and the drawbacks of a 

strain lacking NHEJ (Barnes & Rio, 1997; Fattah et al., 2008; Kretzschmar et al., 2013). 

2. Developing a landing site for reliable gene expression. Due to the differences in GFP 

expression seen on chapter two, finding a site in the genome which allows for integration 

through HR and for a good level of expression are a good way to attenuate this issue 

(Bourgeois et al., 2018; O’Gorman et al., 1991).  

On the other hand, pulcherrimin ecological role could be investigated further together with other 

mechanisms that make M. pulcherrima a good competitor.  

There are some experiments that I would have wanted to do if I had the time. The first time is to check 

how the evolution affects the high lipid accumulation of the progenitor. This would be relatable simple 

since the lipid quantification method used in chapter two will answer the first question. A further 

question would be to investigate if lipid accumulation and competition power are compatible 

phenotypes, this could be probably be explored by genetic modification (Gerardin et al., 2016; Jansen 

et al., 2004).  

Another question opened by the last chapter is if the competitor phenotype obtained through 

evolution will be an advantage against other microbes. Specially, if strains evolved against a Gram type 

developed mechanisms to face other bacteria of the same type. 

It would be interesting to see the effect of feeding animals with the evolved strains, see if they are 

safe to consume and if they have a positive effect on animals’ health regarding the diseases caused by 

APEC and S. aureus (Chaucheyras-Durand & Durand, 2010; Shurson, 2018). It would be desirable to 

understand the mechanisms behind the improved competitor phenotype using the genomic data. 

There is enough correlation between strains evolved under the same treatment sharing large blocks 
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of DNA which copy number gets altered in the same direction to think that there must be an important 

gene on them for the phenotype. However, since the genes with a change on copy number are 

affected in blocks it is challenging to single them out. The most straight forward way to identify 

important changes on copy number would be to continue the ALE experiment for a longer number of 

cycles, in this way, the genes not involved in the improved competitor phenotype will revert to their 

original copy number (Dujon, 2010). 
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