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Abstract 

Lipids and carotenoids produced by oleaginous yeasts have potential to replace fossil resources 

for the manufacture of biodiesel, oleochemicals, colorants and pharmaceuticals. Using lignocellulosic 

biomass as carbon source for yeast cultivation can potentially lead to a sustainable pathway to produce 

these valuable compounds with reduced costs. To support the development of this process, a technical 

route was proposed and carried out on a laboratory scale with the aim of identifying critical obstacles 

and finding possible solutions to them.  

The experiments started with the selection of the best yeast strain for use in this process. 

Rhodosporidium toruloides was selected as the best producer of lipids and carotenoids among a total of 

6 oleaginous yeasts that were cultivated in wheat straw hydrolysates. However, the growth of this yeast 

was affected by the presence of inhibitors in the hydrolysate, which are generated during the 

pretreatment of wheat straw to obtain fermentable sugars. Detoxification of the hydrolysate with 

activated charcoal can improve the performance of the yeast; however, it increases the production costs.  

To avoid the detoxification step, the strategy of adaptive laboratory evolution was adopted to 

increase the tolerance of the yeast to the inhibitors derived from lignocellulosic biomass. Ten evolved 

strains were obtained after the evolution. When compared to the wild-type starting strain, the evolved 

strains presented a significant reduction in the lag phase (up to 72 h) when cultivated in hydrolysate-

based medium. Moreover, the ability of the evolved strains to accumulate lipids and carotenoids was 

also improved.  

Further research was conducted to explain the genetic variations behind the evolution. Whole 

genome sequencing analysis indicated that the wild-type strain contained abundant tolerance-related 

genes, which provided a background that allowed the strain to evolve in biomass-derived inhibitors, 

resulting in distinct resistance phenotypes. Several important mutations occurred on genes encoding for 

major facilitator superfamily transporters, stress response proteins, ATP-binding cassette transporters 

and oxidoreductases, indicating that the improved tolerance in these mutants may be related to 

efficiency of transporters, stress response and anti-oxidation capacity.  

To better understand the effect of inhibitors on the growth of the wild-type and evolved strains, 

cultivations were performed in media containing different concentrations of inhibitor compounds and 

the specific growth rate and lag phase of the strains were compared. Benzoic acid in concentrations 

higher than 3 mM completely inhibited the growth of the strains, while acetic acid and levulinic acid 

were less toxic. However, when used in combination, a Plackett-Burman experimental design revealed 

that furfural was the most potent inhibitor affecting the growth of R. toruloides, followed by vanillin 

and 5-hydroxymethylfurfural.  
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The lack of an effective and feasible downstream processing to recover lipids and carotenoids 

from oleaginous yeast is another barrier to overcome for the implementation of this process on a large 

scale. In this thesis, a saponification-based downstream processing was developed, which allowed 

achieving 85.9±3.9% of lipid recovery yield with 99.9±0.0% purity, and 78.7±2.4% of carotenoid 

recovery yield with 81.5±0.5% purity. At the end, efforts were also done to select appropriate 

fermentation conditions able to maximize the production of lipids and carotenoids by the evolved yeast 

cultivated in wheat straw hydrolysate. Performing the fermentation at 17 °C and using 3.5 g/L of 

inoculum resulted in an improved simultaneous production of lipids and carotenoids.  

In conclusion, the main achievements obtained in this thesis include: (1) The possibility of 

producing microbial lipids and carotenoids using lignocellulosic biomass as carbon source for 

fermentation was demonstrated in small scale, and a yeast strain with great potential for utilization in 

this process was identified. (2) Robust strains of the oleaginous yeast R. toruloides with improved 

ability to tolerate biomass-derived inhibitors were developed. (3) The fully annotated genome reference 

of the wild-type strain of R. toruloides was provided, and the whole genome sequence of the evolved 

strains, as well as the probable mutations responsible for the improved tolerance were revealed. (4) The 

main biomass-derived inhibitory compounds affecting the growth performance of R. toruloides were 

identified. (5) A simple and effective downstream processing method for lipid and carotenoid recovery 

from oleaginous yeast was developed. These findings contribute with new knowledge and information 

to support the development of a sustainable technology for the production of lipids and carotenoids by 

oleaginous yeasts from lignocellulosic biomass able to be implemented on a large scale. 
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Abstrakt 

Lipider og karotenoider, der produceres af olieholdige gærtyper, har potentiale til at erstatte 

fossile ressourcer til fremstilling af biodieseltyper, oleokemikalier, farvestoffer og lægemidler. Brug af 

lignocellulosebiomasse som kulstofkilde til gærdyrkning kan potentielt føre til en bæredygtig måde at 

producere disse værdifulde forbindelser med reducerede omkostninger. For at understøtte udviklingen 

af denne proces, blev der foreslået en teknisk rute i laboratorieskala med det formål at identificere 

kritiske hindringer og finde mulige løsninger på dem.  

Eksperimenterne startede med udvælgelsen af den bedste gærstamme til brug i denne proces. 

Rhodosporidium toruloides blev valgt som den bedste kilde til lipider og karotenoider blandt i alt 6 

olieholdige gærtyper, der blev dyrket i hvedestråhydrolysater. Væksten af denne gær blev imidlertid 

påvirket af tilstedeværelsen af hæmmere i hydrolysatet, som genereres under forbehandlingen af 

hvedestrå til opnåelse af de fermenterbare sukkerarter. Afgiftning af hydrolysatet med aktivt kul kan 

forbedre gærens ydeevne, men det øger produktionsomkostningerne.  

For at undgå afgiftningstrinnet blev strategien for adaptiv laboratorieudvikling vedtaget for at 

øge gærens tolerance over for hæmmere, der er afledt af lignocellulosebiomasse. Ti udviklede stammer 

blev opnået efter udviklingen. Sammenlignet med vildtype-startstammen præsenterede de udviklede 

stammer en signifikant reduktion i forsinkelsesfasen (op til 72 timer), når de blev dyrket i 

hydrolysatbaseret medium. Desuden blev de udviklede stammers evne til at akkumulere lipider og 

karotenoider også forbedret.  

Yderligere forskning blev udført for at forklare de genetiske variationer bag udviklingen. Hele 

genom-sekventeringsanalysen indikerede, at stammen af vildtype indeholdt rigelige tolerance-

relaterede gener, hvilket gav en baggrund, der tillod stammen at udvikle sig i biomasse-afledte 

hæmmere, hvilket resulterede i tydelige resistensfænotyper. Flere vigtige mutationer forekom på gener, 

der koder for store facilitator-superfamilietransportører, stressresponsproteiner, ATP-bindende 

kassettetransportører og oxidoreduktaser, hvilket indikerer, at den forbedrede tolerance i disse mutanter 

kan være relateret til effektiviteten af transportører, stressrespons og anti-oxidationskapacitet.  

For bedre at forstå effekten af hæmmere på væksten af vildtypen og udviklede stammer blev der 

udført dyrkninger i medier indeholdende forskellige koncentrationer af hæmmerforbindelser, og den 

specifikke væksthastighed og forsinkelsesfase for stammerne blev sammenlignet. Benzoesyre i 

koncentrationer højere end 3 mM hæmmede stammernes vækst fuldstændigt, mens eddikesyre og 

levulinsyre var mindre toksiske. Imidlertid afslørede et eksperimentelt Plackett-Burman-design, når det 

blev brugt i kombination, at furfural var den mest potente hæmmer, der påvirkede væksten af R. 

toruloides, efterfulgt af vanillin og 5-hydroxymethylfurfural. 



vii 
 

Manglen på en effektiv og gennemførlig nedstrømsbehandling til at genvinde lipider og  

karotenoider fra olieholdig gær er en anden barriere, der skal overvindes for implementeringen af denne 

proces i stor skala. I denne afhandling blev der udviklet en forsæbningsbaseret nedstrømsbehandling, 

som tillod opnåelse af 85,9±3,9% af lipidgenvindingsudbyttet med 99,9±0,0% renhed og 78,7±2,4% af 

karotenoidgenvindingsudbyttet med 81,5±0,5% renhed. I slutningen vælges passende 

fermenteringsbetingelser for at maksimere produktionen af lipider og karotenoider af den udviklede 

gær dyrket i hvedestråhydrolysat. Udførelse af gæringen ved 17 °C og anvendelse af 3,5 g/L inokulum 

resulterede i en forbedret samtidig produktion af lipider og karotenoider. 

Afslutningsvis inkluderer de vigtigste resultater opnået i denne afhandling: (1) Muligheden for 

at producere mikrobielle lipider og karotenoider med lignocellulosebiomasse som kulstofkilde til 

gæring blev demonstreret i lille skala og en gærstamme med stort potentiale for anvendelse i denne 

proces blev identificeret. (2) Robuste stammer af den olieagtige gær R. toruloides med forbedret evne 

til at tolerere biomasse-afledte hæmmere blev udviklet. (3) Den fuldkommenterede genomreference for 

vildtypestammen af R. toruloides blev leveret, og hele genomsekvensen af de udviklede stammer såvel 

som de sandsynlige mutationer, der var ansvarlige for den forbedrede tolerance, blev afsløret. (4) De 

vigtigste biomasse-afledte, hæmmende forbindelser, der påvirker  vækstydelsen af R. toruloides, blev 

identificeret. (5) Der blev udviklet en enkel og effektiv nedstrøms-behandlingsmetode til lipid- og  

karotenoidgenopretning fra olieholdig gær. Disse opdagelser bidrager med ny viden og information til 

støtte for udviklingen af en bæredygtig teknologi til produktion af lipider og karotenoider af olieholdig 

gær fra lignocellulosebiomasse, der kan implementeres i stor skala. 
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1. Introduction 

The development of human civilization has always been related to the utilization of natural 

resources. Nowadays global economy largely depends on the conversion of fossil resources into fuels, 

chemicals and food. To meet the increasing demand for these products, humans have changed the 

earth´s ecosystems faster and more extensively than ever during the past 50 years (Behrens et al., 2007). 

According to predictions of the United Nations, the world population is expected to reach 9.8 billion in 

2050, which will largely increase the pressure for natural resource supply (Vasconcelos et al., 2019). 

The exploitation and utilization of fossil resources result in the exhaustion of non-renewable resources, 

insecurity of supply and environmental problems. The high fuel prices, climate change and 

environmental pollution caused by the excessive utilization of fossil resources have been considered as 

three critical problems in the world today (Demırbas, 2017). Replacing fossil resources with renewable 

materials to produce desired compounds has become a key strategy for a sustainable future.  

 

1.1. Implications of microbial lipid and carotenoid production  

          Oleaginous yeasts present some advantages over other microorganisms in terms of lipid and 

carotenoid production. In addition, various types of carbon source can be consumed by these yeasts for 

growth and product accumulation, which make it possible to utilize low-cost carbon sources such as 

lignocellulosic biomass, food wastes and industrial by-products (Probst et al., 2016). Another advantage 

of oleaginous yeasts is that they can accumulate up to 70% of their dry cell weight as lipids, with fast 

growth rate and high cell density. Due to the composition similar to vegetable oil, single cell oil 

produced by oleaginous yeasts is an ideal feedstock to produce biodiesel and other oleochemicals. 

Although the lipid profile can be changed by cultivation conditions, oleic acid (C18:1), palmitic acid 

(C16:0), stearic acid (18:0) and linoleic acid (18:2) are usually the dominant fatty acids produced by 

oleaginous yeasts, which is similar to that found in cocoa butter and palm oil (Vasconcelos et al., 2019). 

Therefore, microbial lipids can be converted into renewable fuels, surfactants, personal care products, 

polymers and other value-added compounds via chemical, physical and biochemical processes as shown 

in Figure 1.1. It was estimated that 15 to 17 million tons of oleochemicals can be globally produced 

each year for different purposes (Probst et al., 2016; Gunstone and Hamilton, 2001).  

Among the conversion routes of microbial lipids, biodiesel production is the most attractive and 

promising one. As shown in Figure 1.2, liquid fuels represent the most consumed energy during the 

past 30 years and their consumption is projected to reach 4860.35 million metric tons in 2040 (Statista, 

2020). Corn ethanol production in US promoted by the Energy Policy Act of 1978 has been proven a 

success. With this driving force, the production of biofuels globally increased 5 times during the past 

decade, from less than 20 billion liters per year in 2001 to over 100 billion liters per year in 2011 (Pingali 
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et al., 2008). US also expanded the target to produce 36 billion gallons of second generation biofuels 

by 2022 in the Energy Independence and Security Act of 2007 (Antonio, 2019). Promoting microbial 

biodiesel production is therefore an urgent and policy requiring task. 

 

Figure 1.1. Overview of conversion routes of single cell oils (Probst et al., 2016). 

Figure 1.2.  Global energy consumption from 1990 to 2040 by energy sources (Statista, 2020). * Including oil, 

biofuels, gases to liquids and coal to liquids. ** Including wind power, solar electricity and other renewables.  
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Biodiesel that meets the ASTM D6751-121 standard can be produced by transesterification of 

microbial lipids (Saenge et al., 2011). Compared to petroleum diesel, utilization of biodiesel has several 

benefits. Different from the traditional diesel, it has near-zero aromatic content and very low sulfur 

content. Therefore, the combustion of biodiesel could cause less tailpipe emissions (Alleman et al., 

2016). Life cycle assessment of biodiesel production has shown that it can reduce greenhouse gas (GHG) 

emissions by 74% when compared to fossil diesel (Alleman et al., 2016). The reason for the GHG 

emission reduction is that the CO2 released from utilization of biodiesel equals the amount of that 

absorbed during the growth of plants (Braunwald, 2013). Another important aspect is that biodiesel is 

compatible with almost all diesel engines without or just with minor modifications (Alleman et al., 

2016). Nontoxic, biodegradable and easy-to-use properties of biodiesel are suitable for sensitive 

environments and its applications can be promoted rapidly. However, current biodiesel is mostly 

produced from plant oils, animal fats and used cooking oils. The former two are important part of daily 

diets of humans. So, the use of these materials could result in competition with food production. 

Moreover, due to the lack of suitable recycling systems, used cooking oil faces unstable supply. 

Therefore, the production and application of microbial lipids has significant importance and potential.  

Another benefit of oleaginous yeasts is that some strains can also accumulate carotenoids. 

Carotenoids are the most diverse and wide distributed pigments in the nature, with wide applications in 

food, feed, cosmetic and pharmaceutical industries. They are composed by 8 isoprene (C5) units 

forming a 40-carbon polyene structure and are the source of yellow, orange and red colors of some 

fruits and vegetables. In carotenoid-producing microorganisms, these compounds play an important 

role in membrane stabilization, light harvest, energy dissipation, as active antioxidants, and as 

scavengers of reactive oxygen species. Carotenoids can also provide many benefits to human health. 

They can help reduce the risk of inflammation, heart disease and type 2 diabetes, prevent cancer, 

improve eye-health and protect neurons (Novoveská et al., 2019). Therefore, the demand for 

carotenoids has grown rapidly. It was estimated that the global market for carotenoids can reach 

approximately $2.00 billion by 2026 (MarketsandMarkets, 2020). Artificial synthesis can produce large 

amount of carotenoids in a cheap and rapid way. However, due to potential safety concerns, human 

consumption of artificial carotenoids is limited (Gong and Bassi, 2016). On the other hand, carotenoids 

extracted from microorganisms show stronger bioactivity and are therefore preferred by consumers 

(Novoveská et al., 2019). Consequently, carotenoids produced by fermentation processes have become 

potential source to meet the increasing demand of market.  

 

1.2. Lignocellulosic biomass as low-cost carbon source for yeast cultivation 

Seeking for cheap and renewable carbon source is crucial for microbial lipid and carotenoid 

production. In this sense, lignocellulosic biomass (LB) is one of the best candidates. This type of 
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biomass is the most abundant and cheap renewable material on earth and can be obtained from forest 

woody and grass materials, agriculture residues and non-edible parts of vegetables and fruits.  

A sufficient and stable supply of feedstock is decisive for LB-derived microbial lipid and 

carotenoid production. Wheat straw is the most produced crop residue in the European Union, 

accounting for 42.2% of the total agricultural residues. In Denmark, the production of wheat straw is 

estimated in 2.5×106 t/year and 1×106 t has been used for heat and power generation (Scarlat et al., 

2010). For this reason, it is feasible to use wheat straw as feedstock for microbial lipid and carotenoid 

production. 

 

1.2.1. Composition and recalcitrance of lignocellulosic biomass 

The conversion of LB into lipid and carotenoids includes several steps. Among them, the ones 

that stand out are saccharification of LB, fermentation of sugars by oleaginous yeasts and downstream 

processing.  

LB is mainly composed of cellulose, hemicellulose, lignin, ash, proteins, and extractives. 

Cellulose and hemicellulose, also known as holocellulose, represent the most abundant fractions in LB. 

D-glucose is the building block of cellulose and is linked by β-1,4 glycosidic bonds to form cellobiose 

molecules, which generate longer microfiber chains stabilized by hydrogen bonding and van der Waals 

forces (Pérez et al., 2002). These microfibers are bounded together forming cellulose fiber and giving 

the unbranched and liner structure of cellulose (Kumar et al., 2017). Cellulose in LB presents crystalline 

and amorphous regions. The crystalline region has a good chain orientation, compact arrangement, high 

density and strong intermolecular bonding (Xu et al., 2019). On the other hand, due to the less compact 

and ordered structure, the amorphous region is easier to be hydrolyzed than the crystalline cellulose. 

Hemicellulose is usually less abundant than cellulose in LB. It is a heterogeneous and branched polymer 

of pentoses, hexoses and acetylated sugars. These sugars are connected by β-1,4 and β-1,3 glycosidic 

linkages to form the backbone of hemicellulose (Kumar et al., 2017). Lignin, the third most abundant 

component of LB, plays a recalcitrance, impermeability and structural support role in these materials 

as a result of its linkages with other components in LB (Mussatto and Dragone, 2016). Coniferyl alcohol, 

coumaryl alcohol and sinapyl alcohol are the three main phenyl propionic alcohol monomer units found 

in lignin (Pérez et al., 2002). The polymerization of lignin is attributed to alkyl-alkyl, aryl-aryl, and 

alkyl-aryl bonds that link those monomer units (Kumar et al., 2017). The linkages of lignin with other 

components of LB contribute significantly to the recalcitrance of LB (Mussatto and Dragone, 2016). 

Another problem related to lignin is that the binding of cellulases to lignin can reduce the efficiency of 

enzymatic hydrolysis of LB (Liu et al., 2017). Therefore, to overcome the recalcitrance of LB and 

release fermentable sugars for yeast utilization, pretreatment and hydrolysis steps are required.  
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1.2.2. Pretreatment of lignocellulosic biomass  

The key factors to overcome the recalcitrance of LB include increasing the accessible surface 

area of polysaccharides, decreasing the polymerization and crystallinity of cellulose, removing lignin, 

and cleaving the cross-linkages of hemicellulose (Xu et al., 2019). Several physical, chemical, 

biological and combined pretreatment methods have been developed and investigated. The common 

physical pretreatments of LB, such as milling, irradiation and steam explosion, aim at reducing the 

particle size, increasing reaction surface area, altering the ultrastructure and reducing the crystallinity 

of cellulose (Xu et al., 2019). Chemical pretreatments, such as acid and alkali pretreatment, can remove 

hemicellulose and lignin from LB and expose the cellulose fibers to the action of enzymes during 

hydrolysis (Phitsuwan et al., 2013). Some organic solvents can also act on the removal of hemicellulose 

and lignin (Xu et al., 2019). Unlike other methods, biological pretreatment is mild and environmentally 

friendly, as it uses enzymes or microorganisms to degrade lignin. For example, lignin peroxidases, 

laccase, manganese-dependent peroxidases and polyphenol oxidases produced by white and soft rot 

fungi can cause degradation of lignin (Kumar et al., 2017).  

In this study, hydrothermal pretreatment was used. This type of pretreatment is an efficient and 

environmentally friendly process as it just uses water as reaction medium. Normally, LB and water are 

added in a sealed container and kept at 100-250 °C for certain time (Fan et al., 2016). Under this high-

temperature condition, the generated pressure keeps water in its liquid form, but weakens the hydrogen 

bonding when temperature is higher than 150 °C. As a result, more H+ and OH- are generated, which 

contributes to the auto-catalyzed cleavage of glycosidic bonds in hemicellulose and the linkages 

between hemicellulose and lignin (Akiya and Savage, 2002; Fan et al., 2016). Hemicellulose is the most  

temperature sensitive component in LB (Kumar et al., 2017) and it can be totally hydrolyzed in water 

at around 200 °C (Yan et al., 2016).  On the other hand, the hydrolysis of acetyl groups in hemicellulose 

promotes the generation of acetic acid. Concomitantly, the accumulation and disassociation of this acid 

can accelerate the whole hydrolytic process (Yan et al., 2016). Hydrothermal pretreatment can also 

partially affect the structure of lignin. Depolymerization of this macromolecule is achieved by cleavage 

of β-O-4 linkages and ester bonds (Yan et al., 2016; Zhao et al., 2013). Similarly to dilute acid 

pretreatment, the hydrolyzed lignin can form lignin droplets and attach on the surface of cell wall (Fan 

et al., 2016). In addition, the decomposition and repolymerization of lignin result in both morphological 

and structural changes in the material. Unlike these components, cellulose is a relative stable polymer 

in LB and its crystalline structure can resist to depolymerization.  
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1.2.3. Hydrolysis of lignocellulosic biomass 

After hydrothermal pretreatment, hemicellulose is normally degraded into xylooligosaccharides, 

which are soluble in the liquid fraction; while the main component in the remaining solid fraction is 

cellulose. Xylooligosaccharides cannot be metabolized by microorganisms, but they have interesting 

properties that allow their application in food and pharmaceutical industries (Nakasu et al., 2017). Acid-

based post hydrolysis can convert xylooligosaccharides into xylose for fermentation purposes (Nakasu 

et al., 2017). On the other hand, to convert cellulose into glucose for yeast utilization, an enzymatic 

hydrolysis is required after biomass pretreatment. This process is commonly catalyzed by three classes 

of cellulases. The endo-β-1,4-glucanases attack the endogenous part of the cellulose chain to form 

smaller polymers. Cellobiohydrolases then work at the end of those polymers and release cellobiose 

that is cleaved into two glucose molecules by β-glucosidases. Other accessories in the enzyme cocktail 

including hemicellulases and ligninases may also help to improve the efficiency of hydrolysis by 

removing hemicellulose and lignin and increasing the accessibility of main enzymes (Margeot et al., 

2009).  

 

1.2.4. Inhibitor generation during the decomposition of lignocellulosic biomass 

Some inhibitors are inevitably generated during biomass pretreatment due to the degradation of 

sugars and lignin monomers. Figure 1.3 illustrates the sources of the most representative inhibitors in 

LB hydrolysates. These inhibitors can be divided into furan aldehydes, aliphatic acids and phenolic 

compounds. Furan aldehydes, including furfural and 5-hydroxymethylfurfural (5-HMF), are normally 

formed in acid-based and hydrothermal pretreatments as they result from pentose and hexose sugar 

degradation (Wang et al., 2018). Such compounds can reduce the specific growth rate of yeasts, cell 

mass yield and ethanol productivity (Palmqvist and Barbel, 2000). Aliphatic acids, like acetic acid, 

formic acid and levulinic acid, derived from the degradation of acetyl groups and sugars, are able to 

enter the cytosol of microorganisms and change the intracellular pH, damaging cellular processes and 

causing cell death (Jönsson et al., 2013). Degradation of lignin during pretreatment results in the 

formation of phenolic compounds, including acids, alcohols and aldehydes. Phenolic compounds can 

increase microbial lag phase and decrease product formation (Chen et al., 2017; Zhang et al., 2012). 

The penetration of phenolic compounds into the cell membrane can increase cell fluidity, releasing  

intracellular compounds and causing functional damages to the cells (Ibraheem and Ndimba, 2013). 

Oleaginous yeasts show some tolerance to individual inhibitors derived from the decomposition of LB; 

however, the synergistic effects generated by mixtures of these toxic compounds, even at low 

concentrations, could significantly inhibit the yeast´s growth. LB hydrolysate contains mixture of 

inhibitory compounds; therefore, the synergistic effects of these compounds are one of the main 

obstacles hindering an efficient microbial production of lipids and carotenoids from hydrolysates. 
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Figure 1.3. Degradation products generated during pretreatment of lignocellulosic biomass. Adapted from Sitepu 

et al., (2014). 
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1.3. Improving hydrolysate fermentability 

An efficient utilization of LB hydrolysates as carbon source for yeast cultivation is crucial for an 

economically and technically feasible production of valuable compounds. The tolerance of oleaginous 

yeast to the inhibitors generated during biomass pretreatment and hydrolysis has been considered as an 

important obstacle for microbial lipid and carotenoid production (Jin et al., 2015). Detoxification of 

hydrolysates is a strategy that could be used to remove toxic compounds and improve its fermentability. 

The most commonly used detoxification methods include membrane filtration, evaporation, overliming, 

neutralization, ion-exchange resin and activated charcoal absorption, organic solvent extraction and 

enzymatic treatment. However, these technologies need several extra operations, which, at the end, lead 

to higher production costs. Improving the resistance of the microorganisms towards these inhibitors is 

a promising and more economic approach.  

 

1.3.1. Adaptive laboratory evolution to improve yeast tolerance 

Adaptive laboratory evolution (ALE) is a technique able to promote desired mutations into 

microorganisms by repeating cultivation cycles of the strains at controlled conditions. It can be used, 

for example, to increase tolerance and productivity, optimize growth rate, and to improve substrate 

utilization (Sandberg et al., 2019). ALE has been applied to improve the microbial growth of strains 

cultivated in hydrolysates, overcoming the inhibition of these media. A Saccharomyces cerevisiae 

evolved in dilute acid pretreated corn stover hydrolysate containing furfural, 5-HMF and acetic acid 

demonstrated improved growth rate and fitness in hydrolysate (Almario et al., 2013). The oleaginous 

yeast Rhodococcus opacus evolved on inhibitor-containing agar plates showed 2 to 3 fold increased 

resistance to 4-hydroxybenzaldehyde and syringaldehyde and significant shorter lag phase in several 

LB hydrolysates (Kurosawa et al., 2015). These results demonstrate that ALE is an efficient method to 

improve the performance of yeast strains to use biomass hydrolysates as carbon source for fermentation. 

Thereafter, whole genome sequencing analysis of parental and evolved strains can discover mechanisms 

of mutation, key genes responsible for such mutation and provide knowledge for further strain 

development and design. It has been reported that genomic changes that contribute to fitness 

improvements of strains during ALE experiments include single-nucleotide polymorphisms (SNPs), 

small scale insertions and deletions (InDels), transposable element (insertion sequence), movements 

and amplifications as well was deletions of larger genomic regions (Dragosits and Mattanovich, 2013).  

 

1.3.2. Optimization of fermentation parameters 

Establishing appropriate fermentation conditions is also a very important strategy to improve the 

production of microbial lipids and carotenoids. The trigger for lipid accumulation by oleaginous yeast 
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is the lacking of crucial nutrients for cell propagation (Beopoulos et al., 2011). The nitrogen source in 

cultivation media is easy to control; therefore, the carbon to nitrogen (C:N) ratio has been considered 

as an important parameter to be optimized. In addition, stressful and unfavorable cultivation conditions 

could stimulate carotenoid synthesis. It has been reported that low temperature, illumination, intensive 

aeration and hydrostatic pressure can help improve the productivity of carotenoids in oleaginous yeasts 

(Hernandez-Almanza et al., 2014). Therefore, optimization of fermentation conditions could provide 

large spaces to boost the production of lipids and carotenoids.  

 

1.4. Downstream processing  

In microbial lipid and carotenoid production processes, the extraction and separation of these 

compounds are essential steps for their subsequent utilization. In oleaginous yeasts, most lipids are 

stored in the cytoplasm and  are surrounded by a phospholipid monolayer, while carotenoids are located 

in lipid bodies (Dong et al., 2016). Due to the similar polarity, carotenoids could be extracted together 

with lipids when using solvent, which hinders their separation. Furthermore, yeast is rich in protein, 

vitamins, essential minerals and dietary fibers (Pacheco et al., 1997), which could be recovered and 

further used as nutrient supplements for human consumption or animal feeds. Therefore, the 

development of a cost-effective and multiple product recovery downstream processing for microbial 

lipids and carotenoids is an urgent task to promote this biobased process.  

 

1.5. Scope of the thesis 

To promote the industrial production of microbial lipids and carotenoids from biomass 

hydrolysate, this PhD project was divided in 5 main chapters as described below:  

Chapter I: Identification of efficient oleaginous yeasts in terms of lipid and carotenoid 

production, glucose and xylose consumption. Preparation of wheat straw hydrolysate for cultivation of 

selected strains. 

Chapter II: ALE to improve yeast tolerance towards inhibitors derived from wheat straw 

hydrolysate. Comparison of the performance of wild-type and evolved strains in non-decolorized 

hydrolysate. Whole genome sequencing to reveal the mutations and key mechanisms for the increased 

tolerance.  

Chapter III: Comparison of the growth performance of wild-type and evolved R. toruloides 

strains in single and mixed LB derived inhibitors, to further understand the inhibition mechanism and 

identify the most inhibitory compounds.  
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Chapter IV: Development of a low-cost and feasible downstream processing to recover and 

fractionate lipids and carotenoids from oleaginous yeasts. 

Chapter V: Selection of fermentation parameters to maximize the simultaneous production of 

lipids and carotenoids from wheat straw hydrolysate by evolved R. toruloides. 
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2. Chapter I. Lipid and carotenoid production from wheat 

straw hydrolysates by different oleaginous yeasts 

 

This chapter was focused on the selection of a suitable oleaginous yeast to produce lipids and 

carotenoids from wheat straw hydrolysate, preparation and characterization of the wheat straw 

hydrolysate, cultivation of the selected yeast in hydrolysate, and attempts to improve the yeast´s 

performance in hydrolysate. Obtained results have been published in the Journal of Cleaner Production.  

 

2.1. Manuscript 1 

Liu, Z., Feist, A. M., Dragone, G., & Mussatto, S. I. (2020). Lipid and carotenoid production from 

wheat straw hydrolysates by different oleaginous yeasts. Journal of Cleaner Production, 249, 119308. 

doi: 10.1016/j.jclepro.2019.119308 

The reuse of this manuscript in the thesis is in accordance with the terms of Copyright of © 2020 

Elsevier (https://www.elsevier.com/about/policies/copyright).  

 

Graphical abstract 

 

https://doi.org/10.1016/j.jclepro.2019.119308
https://www.elsevier.com/about/policies/copyright
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Abstract 

Using low-cost lignocellulosic biomass hydrolysate for the production of microbial lipids and 

carotenoids is still a challenge due to the poor tolerance of oleaginous yeasts to the inhibitors generated 

during biomass pretreatment. In this study, adaptive laboratory evolution was performed to improve the 

tolerance of Rhodosporidium toruloides to inhibitor compounds present in wheat straw hydrolysate. 

Ten evolved strains presented a better performance to grow in hydrolysate medium, with a significant 

reduction in their lag phases. In addition, their ability to accumulate lipids and produce carotenoids was 

also improved when compared to the wild-type starting strain. In the best cases, the lag phase was 

reduced by 72 h and resulted in lipid accumulation of 27.89±0.80% (dry cell weight) and carotenoid 

production of 14.09±0.12 mg/g (dry cell weight). Whole genome sequencing analysis indicated that the 

wild-type strain naturally contained tolerance-related genes, which provided a background that allowed 

the strain to evolve in biomass-derived inhibitors. Several important mutations occurred on genes 

encoding for major facilitator superfamily transporters, stress response proteins, ATP-binding cassette 

transporters and oxidoreductases, indicating that the improved tolerance of the evolved strains may be 

related to efficiency of transporters, stress response and anti-oxidation capacity.   

 

Keywords: Adaptive laboratory evolution; Tolerance; Inhibitors; Wheat straw; Hydrolysate; 

Rhodosporidium toruloides  

 

3.1. Introduction 

In the last years, oleaginous yeasts have attracted increasing attention due to their ability to 

produce lipids and carotenoids from different carbon sources. In addition, the accumulation of lipids in 

oleaginous yeasts can reach 70% of their dry cell weight under nutrient starvation conditions (Probst et 

al., 2016). Lipids produced by oleaginous yeasts mainly include palmitic acid (C16:0), oleic acid 

(C18:1), linoleic acid (C18:2) and linolenic (C18:3), which have a composition similar to cocoa butter 

and palm oil, being good alternatives to replace plant oils to produce fatty acid esters based chemicals 

such as soaps, cleansers and personal care products (Vasconcelos et al., 2019; Liu et al., 2020a). In 

addition, fatty acids produced by oleaginous yeasts can be used for biodiesel production, since the 

cetane number and clod filter plugging points of methyl esters of those fatty acids, which are important 

parameters to evaluate the quality of biodiesel, are in the range of EU standards (Bonturi et al., 2015; 

Ramos et al., 2009).  

Besides lipids, some oleaginous yeasts can also produce carotenoids, among of which, β-carotene, 

γ-carotene, torulene and torularhodin are the most common (Chandi and Gill, 2011). Carotenoids 

present anti-oxidant and anti-tumor activities, and help reduce the risk of many diseases (Novoveská et 

al., 2019). Therefore, these compounds have been widely utilized in food, feed, pharmaceutical, 



27 
 

nutraceutical and cosmetic industries, and their market is estimated to reach $2.00 billion by 2026 

(MarketsandMarkets, 2020). At present, edible plants are the main sources of carotenoids. Using 

oleaginous yeasts as cell factories to replace edible plants to produce lipids and carotenoids can help 

reduce the conflict with food production. Therefore, seeking for cheap and renewable carbon sources 

for cultivation of oleaginous yeast is a key strategy to reach this sustainable goal.   

Previous studies have demonstrated that agricultural and agro-industrial residues, wastewaters, 

and crude glycerol can be used as carbon sources for oleaginous yeast cultivation (Arous et al., 2016; 

Kitcha and Cheirsilp, 2013; Liu et al., 2020b). Amon them, lignocellulosic biomass is the most attractive 

because it is non-edible, has a low-cost and is abundant around the world. To be used in fermentation 

processes, a pretreatment step is required to recover sugars from biomass structure. However, besides 

sugars, other compounds, which are toxic to microorganisms, are also released from the material´s 

structure or formed during their partial degradation (Mussatto and Roberto, 2004). The presence of 

these inhibitors in biomass hydrolysate can significantly influence the growth and product accumulation 

in oleaginous yeast (Liu et al., 2020b). Although different methods have been proposed to reduce the 

concentration of inhibitors in biomass hydrolysate in order to improve the microbial performance during 

fermentation, detoxification methods result in additional costs to the overall process (Mussatto and 

Dragone, 2016). Other strategies that can be used to improve the tolerance of oleaginous yeasts to 

inhibitors derived from lignocellulosic biomass include adaptive laboratory evolution (ALE) and 

genetic engineering. Compared with random engineering, ALE is easier to perform and mutant strains 

with desired characters can be obtained by cultivating generations of strains under selective pressure 

conditions. In the sequence, whole genome sequencing analysis can help to unravel the mutation 

mechanism and provide knowledge for genetic engineering.  

In this study, an ALE strategy was designed to improve the tolerance of the oleaginous yeast 

Rhodosporidium toruloides NRRL Y-1091 toward inhibitors derived from wheat straw pretreatment. 

The growth profile, lipid and carotenoid production of wild-type and evolved strains were then 

compared. Afterwards, a whole genome sequencing analysis of wild-type and evolved strains was 

performed to explain the mutation mechanism and genetic variations behind evolution.  

 

3.2. Materials and methods 

3.2.1. Microorganism and cultivation conditions 

The wild-type oleaginous yeast Rhodosporidium. toruloides NRRL Y-1091 was used in this 

study. The strain was obtained from the Agricultural Research Culture Collection, USA and stored at -

80 °C in 20% glycerol. In the pre-cultivation step, one loop of yeast cells was transferred to 100 mL 

YPD medium in 250 mL flasks and cultivated at 30 °C, 250 rpm for 72 h. To obtain single colonies, the 

YPD broth was diluted 20.000-folds with autoclaved distilled water. After that, 100 µL of diluted YPD 

broth was spread on YPD agar plates and incubated at 30 °C for 5 days.  
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3.2.2. Preparation of wheat straw hydrolysate 

Wheat straw was provided by the Danish Technological Institute (Denmark). The material was 

milled to a size of about 180-1800 mm and then submitted to hydrothermal pretreatment and enzymatic 

hydrolysis in order to produce a sugar-rich hydrolysate, which was also decolorized to be used in the 

ALE experiments. The conditions used to produce the hydrolysate were previously described (Liu et 

al., 2020b). Table 3.1 summarizes the composition of the hydrolysates (decolorized and non-

decolorized) used for the ALE experiments. 

 
Table 3.1. Composition of the wheat straw hydrolysates used for ALE experiments. 

Compounds (g/L) Non-decolorized (raw) Decolorized 

Glucose 40.88±0.54 39.27±0.27 

Xylose 14.27±0.22 13.19±0.29 

Acetic acid 1.54±0.03 1.49±0.13 

Total phenolic compounds 1.51±0.04 0.53±0.00 

Furfural 0.087±0.01 0.041±0.001 

Levulinic acid 0.427±0.046 0.19±0.005 

HMF 0.008±0.001 0.004±0.00 

Vanillic acid 0.019±0.01 0.005±0.00 

Syringic acid 0.016±0.004 0.003±0.00 

4-hydroybenzaldehyde 0.037±0.002 0.012±0.00 

Coumaric acid 0.056±0.01 0.003±0.00 

Vanillin 0.022±0.004 0.002±0.00 

Syringaldehyde 0.042±0.011 0.003±0.001 

 

The concentrations of glucose, xylose and acetic acid in the hydrolysate was quantified using a 

HPLC system (Dionex Ultimate 3000, Germany) equipped with an Aminex HPX-87H column (300 × 

7.8 mm, Bio-Rad, USA) eluted with 0.005 M H2SO4 at 50 °C for 50 min with a flow rate of 0.6 mL/min. 

The concentrations of furfural, hydroxymethylfurfural (HMF), levulinic acid, vanillic acid, syringic 

acid, 4-hydroxybenzaldehyde, p-coumaric acid, vanillin and syringaldehyde were measured by using 

the same HPLC system, but equipped with a UV detector at 280 nm and a Zorbax eclipse plus C18 

column (Agilent, USA) eluted with mobile phases composed by A:  0.05% (v/v) acetic acid in water 

and B: acetonitrile at a flow rate of 1 mL/min. The gradient elution started with 5% of B and linearly 

increased to 60% over 5 min and further increased to 90% of B over 0.5 min. This gradient was kept at 

this ratio for 2 min and returned to 5% of B until 10 min. Total phenolic compounds were determined 
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by colorimetric method (Ballesteros et al., 2014). All the standards used for analysis were purchased 

from Sigma-Aldrich.  

 

3.2.3. Adaptive laboratory evolution (ALE) 

The ALE experiment was performed in an automated liquid handling robot platform in which the 

strains were incubated in 15-mL plastic tubes with caps in a heat block kept at 30 °C and aerated by 

magnetic stirring at 1200 rpm. The growth of the strains was monitored by the absorbance reading at 

600 nm using a Teach Sunrise microplate reader (Tecan, Männedorf, Switzerland) connected to the 

automated platform. Continuous cultivations of 10 replicates of the wild-type strain were performed in 

medium containing increasing concentration of wheat straw hydrolysate. To obtain different 

concentration of inhibitors for the experiments, the hydrolysate was diluted with synthetic medium 

composed by the same amount of sugars, supplemented with 1.79 g/L yeast nitrogen base without amino 

acid and ammonium sulfate (Sigma-Aldrich) and 1 g/L NH4Cl, pH 4.9.  

The driving force for the ALE experiments was based on increasing the concentration of inhibitor 

gradually and making the mutant strains enrich in population. The whole evolution process was divided 

in two rounds. In the first round, the decolorized hydrolysate was used and a screening of the wild-type 

strain in 25%, 50%, 75% and 100% hydrolysate was performed to decide the starting point of the 

evolution. When the growth rate of the strains in certain level of the decolorized hydrolysate increased 

compared to the growth rate observed in the screening experiment, then 10% of the culture was 

transferred to a higher concentration of decolorized hydrolysate. This processing was repeated until all 

replicates of the strains were able to grow well in 100% decolorized hydrolysate. Then, the ALE strategy 

was repeated using non-decolorized hydrolysate until the strains could grow well in 100% hydrolysate.  

 

3.2.4. Comparison of wild-type and evolved strains 

The evolved and wild-type strains were cultivated in the synthetic medium described above in 

shaking flasks at 30 °C, 250 rpm for 72h. After that, cells were collected by centrifugation (5000 rpm, 

5 min), washed with sterilized distilled water and suspended in non-decolorized wheat straw 

hydrolysate supplemented with 1 g/L NH4Cl to obtain a cell concentration of 1 g/L. The cell mass was 

measured by using a calibration curve between absorbance of cells in distilled water at 600 nm and dry 

weight of cells.  

The assays for comparison of the wild-type and evolved strains were then performed in 24 deep 

well plates with 3 mL working volume in each well. Every 24 h, 2 well samples per strain were taken 

to measure the cell mass and °Brix (total soluble solids in aqueous solution). Lipid and carotenoid 

contents were determined at the end of the cultivation (120/144 h).  
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3.2.5. Analysis of lipids and carotenoids produced by wild-type and evolved strains 

For the cell disruption step, cells from 2 mL fermentation broth were collected by centrifugation 

(5000 rpm, 5 min), washed twice with distilled water, then suspended in 1 mL distilled water and 

transferred to a lysing matrix E tube (6914-500, MP Biomedicals, France). The lysing tubes were beaten 

on a bead beater (Precellys 24, Bertin Technologies, France) for 3 cycles of 60 s at 5000 rpm, with 60 

s break after each cycle. After bead beating, all beads, cell debris and liquid in the bead-beating tubes 

were transferred into glass tubes with screw caps. 

For total lipid quantification, the disrupted cells were extracted 3 times with a solution of 

chloroform:methanol (1:1.25). After centrifugation (3500 rpm, 5 min), the bottom phase was taken and 

dried under N2 gas flow for total lipid analysis. Before gas chromatograph analysis, the fatty acids were 

methylated. The methylation and analysis were conducted according to the method described by Breuer 

et al. (2013) on a gas chromatograph system (Agilent 7890, USA) equipped with a Supelco NucolTM 

25357 (30 m × 530 μm × 1.0 μm) column. 

For carotenoid quantification, 2 mL of chloroform were added to each tube containing the 

disrupted cells and the mixture was vortexed for 10 min. Then the tubes were centrifuged at 3500 rpm 

for 5 min and the bottom phase was taken into another clean glass tube. The extraction was repeated 3 

times and the combined chloroform fractions were dried under N2 flow. The extracted carotenoids were 

redissolved in 2 mL acetone containing 0.2% (w/v) BHT (butylated hydroxytoluene) and inserted in a 

brown HPLC glass vial for further analysis. A Shimadzu Nexera UHPLC system equipped with a 

D2&W 190-800 nm PDA detector was used for carotenoid quantification. Carotenoids were separated 

with a C30 reversed-phase carotenoid column (3 µm, 250 × 4.6 mm, YMC, Japan). The HPLC 

conditions were adapted from the method reported by Søltoft et al. (2011) except that all standards and 

samples were dissolved in acetone containing 0.2% (w/v) BHT. The carotenoid standards β-carotene 

and γ-carotene (Sigma-Aldrich) were detected at their maximum absorbance wavelength (450 and 461 

nm, respectively). Torulene was quantified using γ-carotene as standard (Liu et al., 2020a).  

 

3.2.6. Whole genome sequencing 

To identify the common mutations and important genes responsible for the mutations, the whole 

genome of the 6 best evolved strains (identified as CH1, CH3, CH5, CH6, CH8, CH10) were sequenced, 

and then compared with the genome sequence of the wild-type starting stain. Single colonies of all these 

7 strains were picked up from YPD agar plates and cultivated in synthetic medium at 30 °C, 250 rpm 

for 72 h. The DNA of these strains was extracted using a Quick-DNATM fungal/bacterial miniprep kit 

(Zymo Research, USA). To prepare the reference genome, the DNA of the wild-type strain was 

sequenced by the PacBio RS platform (10-kb SMRT library) and Illumina HiSeq 2000 platform at 

2x150 paired-end reads. The genome of the evolved strains was sequenced by the same Illumina 

platform at 2x150 paired-end reads. 
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3.2.7. De novo assembly and function annotation 

After removing low quality reads, the clean data was corrected using the softwares Pbdagcon and 

FalconConsensus. The corrected reads were assembled using softwares such as Celera Assembler, 

Falcon and SMRT Analysis. Then, the best assembly result was chosen and the single reads of it was 

corrected with Illumina Hiseq data using GATK software. The gap between contig and scaffold was 

filled with long inset size paired-end reads using SSPACE Basic. To determine the location of the genes, 

the homology prediction was conducted with GeneWise. Then, de novo prediction tools including 

SNAP, Augustus, GeneMarkers were used to predict the gene models. Non-coding RNA was identified 

by RNAmmer and tRNAscan software. The transposon sequence was found by aligning the assembly 

with the known transposon sequence database (RepeatMasker, RepeatProteinMasker, 

buildXDFDatabase). Gene function annotation was completed by blasting genes with different 

databases including P450, VFDB, ARDB, TF, CAZY, KINASE, SWISSPROT, NOG, COG, CARD, 

CWDE, NR, KEYWORD, DBCAN, TCDB, T3SS, TREMBL, IPR, PHI, KEGG, GO, 

PHOSPHATASE, KOG databases. 

 

3.2.8. Mutation detection  

           After removing low quality reads, the clean data of evolved strains was mapped to the reference 

using the BWA software. The Picard tool was used to filter repeat reads. The single nucleotide 

polymorphisms (SNPs) and insertion and deletion of bases into genome (InDels) of evolved strains 

were detected by the GATK software and compared with the reference strain.          

 

3.2.9. Statistical analysis  

Significant differences among samples were verified by analysis of variance (ANOVA) at a 

significance level of 0.05, using the software OriginPro 2018b (OriginLab, USA). 

 

3.3. Results and discussion 

3.3.1. Fitness changes of strains during ALE 

Biomass hydrolysates usually contain a mixture of different inhibitory compounds and their 

synergistic effect may strongly affect the microbial performance during fermentation (Mussatto and 

Roberto, 2004). Therefore, the ALE strategy used in the present study consisted in using biomass 

hydrolysate as culture medium for evolution in order to improve the ability of the strain to grow in the 

presence of different compounds present simultaneously in the medium. To improve the tolerance of R. 

toruloides to the inhibitory compounds, two rounds of ALE were performed: a first-round, where the 
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yeast was evolved in decolorized hydrolysate, and a second-round, where the previously evolved yeast 

was now evolved in non-decolorized (raw) hydrolysate. It is worth highlighting that, although the 

decolorization step partially removed some inhibitors from the hydrolysate, the decolorization removed 

mainly compounds contributing to the color of the medium, and a significant amount of inhibitors was 

still present in the hydrolysate after this step (Table 3.1).  

To boost the tolerance of the strain to the toxic compounds, the level of toxicity to be applied 

must be in an appropriate range since a very low concentration of inhibitors may not be enough to 

promote selective pressure for the strain to evolve, while a very high concentration of inhibitors may 

cease the growth of the strain. Therefore, before the ALE experiments, a screening step was performed 

by cultivating the yeast in different concentrations of decolorized hydrolysate. It was observed in these 

experiments that the growth rate of the yeast cultivated in 25% decolorized hydrolysate was comparable 

to that observed in synthetic medium (0.27 h-1). Therefore, 25% of decolorized hydrolysate was used 

as starting concentration for ALE. The concentration of the hydrolysate was increased when the growth 

rate of the strains reached approx. 0.15 h-1. After 21 days of ALE, all replicates were able to grow in 

100% decolorized hydrolysate (Table 3.2) and their growth rates were similar to that observed in 

synthetic medium.  

Before starting the second-round of ALE in non-detoxified hydrolysate, another growth 

screening was conducted, and it was observed that, except CH1, CH2, CH3 and CH4, the other 

replicates were already able to grow in 80% non-decolorized hydrolysate. Therefore, the starting 

concentration of hydrolysate for the second-round ALE for these 6 populations was 80%. For the other 

4 populations, the starting concentration of hydrolysate was adjusted to 30%, 70%, 10% and 70% for 

CH1, CH2, CH3 and CH4, respectively. After 41 days of ALE, most of the strains were able to grow in 

100% non-decolorized hydrolysate (Table 3.2). Confirmation tests revealed that, except the strains CH1 

and CH3, all the other evolved strains were able to grow in 100% hydrolysate with fitness similar to 

that observed in synthetic medium.  
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Table 3.2. Growth phenotypes of R. toruloides evolved in decolorized and non-decolorized wheat straw 

hydrolysates. 
Hydrolysates Replicates Number of 

passages 

Initial concentration 

(%) 

Final concentration 

(%) 

Operation 

time  

 

 

 

Decolorized 

hydrolysate 

CH1 33 25 100  

 

 

 

21 days 

CH2 28 25 100 

CH3 29 25 100 

CH4 35 25 100 

CH5 25 25 100 

CH6 27 25 100 

CH7 27 25 100 

CH8 27 25 100 

CH9 27 25 100 

CH10 23 25 100 

 

 

 

 

Non-

decolorized 

(raw) 

hydrolysate 

CH1 42 30 80  

 

 

 

 

 

41 days 

CH2 46 70 100 

CH3 34 10 60 

CH4 42 70 100 

CH5 43 80 100 

CH6 41 80 100 

CH7 42 80 100 

CH8 43 80 100 

CH9 41 80 100 

CH10 38 80 100 

 

 

3.3.2. Comparison of growth profile of wild-type and evolved strains in non-decolorized hydrolysate 

Figure 3.1 shows the growth profile of the wild-type starting strain and all the 10 evolved strains 

cultivated in non-decolorized hydrolysate. As can be seen, all the evolved strains (except CH3) 

presented shorter lag phase when compared to the wild-type strain (Figure 3.1A). Among them, CH6 

and CH10 started to grow after 24 h only, while CH2, CH4, CH5, CH7 and CH8 started to grow after 

48h. The lag phase for CH9 lasted 72 h, while the CH3 and the wild-type strains started to grow after 

96 h. However, it was found that sugars in the hydrolysate were not totally consumed for any of the 

strains during the 120 h of cultivation (data not shown), and the cell mass accumulated was also 

relatively low for all the strains. The low sugars consumption and cell mass accumulation could be an 

indicative that the nitrogen source in wheat straw hydrolysate was not high enough to favor the yeast 
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propagation. Therefore, in a second step, the strains were cultivated in hydrolysate supplemented with 

1 g/L NH4Cl. After nitrogen supplementation (Figure 3.1B), sugars consumption and cell mass 

accumulation of wild-type and evolved strains were improved. However, similar as before, the wild-

type strain entered in the exponential phase after 96 h, while the evolved strains had a shorter lag phase. 

When observing the strains, the performance of CH6 was relatively consistent in both media 

(supplemented or not with nitrogen) with a lag phase of only 24 h and more cell mass accumulated than 

the other strains in both cases. Such result indicates that the hydrolysate supplementation with nitrogen 

had a more pronounced effect on the cell mass accumulation than in the lag phase. 

 

 
Figure 3.1. Growth profile of wild-type and evolved strains of R. toruloides cultivated in non-decolorized (raw) 

wheat straw hydrolysate, non-supplemented (A) and supplemented with nitrogen source (B). 

 

3.3.3. Comparison of lipid and carotenoid accumulation for the wild-type and evolved strains  

After the evolution, the ability of the wild-type and evolved strains to accumulate lipids and 

carotenoids was also evaluated and compared. Quantifications were performed after 144 h of 

fermentation using non-decolorized hydrolysate supplemented with nitrogen (1 g/L NH4Cl). As can be 

seen in Figure 3.2A, significant differences (p<0.05) in terms of product accumulation were observed 

for the wild-type and evolved strains. Except CH2, all the evolved strains were able to accumulate more 

lipids than the parental strain. CH4 was the best lipid producer, accumulating 27.89±0.80% of the cell 

weight in lipids. To better understand the effect of the evolution on lipid production by the yeast, the 

composition of fatty acids produced by the wild-type and evolved strains was also determined and 

compared. As shown in Table 3.3, palmitic acid (C16:0) and oleic acid (C18:1) were the main fatty 

acids produced by all the strains. This result reveals that although the ability of the strain to accumulate 

lipids was improved after ALE, the evolution did not change the lipid synthesis pathway of the yeast.  
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Table 3.3. Fatty acids produced by the wild-type (WT) and evolved (CH) strains of R. toruloides cultivated in 

non-decolorized hydrolysate supplemented with nitrogen source. 

 

Strains  Fatty acids (mg/g of cells) 

 C14:0 C16:0 C16:1 C16:2 C18:0 C18:1 C18:2 

WT 1.98±1.35 34.86±0.11 0.27±0.03 0.93±0.07 15.00±2.42 29.19±8.38 1.37±0.60 

CH1 4.01±0.26 75.14±0.25 1.05±0.11 0.82±0.05 25.57±1.29 87.52±6.81 5.93±0.35 

CH2 2.28±0.01 42.57±0.14 - 1.02±0.15 11.55±0.06 32.49±0.26 1.17±0.21 

CH3 4.25±0.19 80.92±0.27 1.27±0.07 0.97±0.17 28.71±1.88 99.75±0.31 10.21±2.88 

CH4 5.33±0.26 111.66±0.37 1.59±0.04 1.18±0.06 36.63±1.53 112.70±5.82 9.81±0.62 

CH5 3.56±0.18 82.71±0.27 1.87±0.56 1.59±0.91 21.68±1.15 108.21±10.24 7.74±2.57 

CH6 2.38±0.08 56.78±0.19 0.63±0.10 1.09±0.03 20.48±0.85 52.45±3.68 2.28±0.87 

CH7 3.32±0.17 62.99±0.21 0.88±0.07 1.21±0.99 17.93±1.35 55.31±4.08 2.39±0.01 

CH8 5.22±0.15 99.91±0.33 1.59±0.08 1.23±0.17 33.04±1.02 109.50±5.27 9.62±1.41 

CH9 4.13±0.06 81.00±0.27 1.24±0.10 1.07±0.03 23.07±0.52 79.39±2.83 2.43±0.65 

CH10 3.67±0.09 68.02±0.22 1.06±0.04 1.08±0.04 19.85±0.80 62.27±2.58 3.57±0.13 

 

Carotenoids were also accumulated in significantly higher amount (p<0.05) in the evolved strains 

than in the wild-type (Figure 3.2A). The best carotenoid producers were CH2 and CH7, which 

accumulated 13.89±0.09 mg/g and 14.09±0.12 mg/g of cell weight in carotenoids, respectively (the 

carotenoid accumulation by these two strains was similar at p<0.05). All the strains produced β-carotene, 

γ-carotene and torulene; with γ-carotene and torulene being the carotenoids produced in higher amount 

(Table 3.4). So, similarly to what was observed for lipids, the ability of the strain to accumulate 

carotenoids was improved after ALE, but the evolution did not change the profile of the carotenoids 

produced by the yeast. The difference observed on the production of carotenoids by the evolved strains 

was also reflected on the color of the cells at the end of the cultivation, which was darker for the evolved 

strains (Figure 3.2B). 
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Table 3.4. Carotenoids produced by the wild-type (WT) and evolved (CH) strains of R. toruloides cultivated in 

non-decolorized hydrolysate supplemented with nitrogen source. 

 

Strains Carotenoids (mg/g of cells) 

 β-Carotene γ-Carotene Torulene 

WT 0.57±0.01 4.09±0.45 3.20±0.27 

CH1 0.56±0.00 4.75±0.0 4.07±0.02 

CH2 0.98±0.00 6.33±0.06 6.58±0.03 

CH3 0.56±0.00 5.48±0.22 4.59±0.18 

CH4 0.55±0.00 5.70±0.09 4.30±0.13 

CH5 0.78±0.00 5.33±0.18 5.82±0.50 

CH6 0.57±0.01 6.33±0.18 5.18±0.10 

CH7 0.98±0.11 5.99±0.03 7.13±0.09 

CH8 0.60±0.00 5.38±0.02 4.04±0.40 

CH9 0.86±0.00 6.12±0.04 6.67±0.20 

CH10 0.86±0.00 6.07±0.09 6.34±0.07 

 

Figure 3.2. Lipid and carotenoid accumulation by the wild-type and evolved strains of R. toruloides. (A) 

Carotenoid accumulation in mg/g cell and lipid accumulation in % (w/w). (B) Image of the carotenoids produced 

by the wild-type (WT) and evolved (CH7) strains. Bars marked with two stars have a significant difference 

(p<0.05) compared with the value of wild-type strain in each plot.  

 

In oleaginous yeasts, carotenoids are located in the fat rich region in yeast cells, and play a 

protective role of resistance to light and oxidation damages from the cultivation environment (Avalos 
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and Carmen Limón, 2015). To improve the production of carotenoids, radiation or oxidation conditions 

can be used during the ALE process, for example. It has been reported that the production of carotenoids 

by an engineered strain of S. cerevisiae was improved 3 times when the strain was evolved under 

hydrogen peroxide condition (Reyes et al., 2014). In the present study, ALE of R. toruloides was 

performed in wheat straw hydrolysate (which contains a mixture of inhibitory compounds) and also 

resulted in an improved production of carotenoids. Such improvement could be the response of the yeast 

to oxidation stress. Phenolic compounds present in the hydrolysates can enhance the generation of 

reactive oxygen species including H2O2, O2
- and OH-, which cause enzyme denaturation, cytoskeleton 

damages and cell death (Wang et al., 2018; Ibraheem and Ndimba, 2013). Furfural, which is another 

inhibitor usually found in hydrolysates, may also cause oxidation damages to yeast (Allen et al., 2010).  

 

3.3.4. Genome sequencing and annotation for the wild-type strain 

The combination of Illumina HiSeq and PacBio RS sequencing and de novo assembly of the 

wild-type R. toruloides yielded a 21.5 Mb genome with an average 101× coverage. This genome was 

composed of 263 contigs and 68 scaffolds, in which 8387 coding genes and 236 ncRNA were distributed. 

The structure and component of wild-type R. toruloides has been demonstrated (see supplementary 

material, Figure S.1). Regarding to the annotation results, 98.85% of genes could be mapped to 

definitive functions via blasting against CAZy, Kinase, Swissprot, NOG, KEGG, KOG, Tremble, GO, 

T3SS and others total 23 databases (the annotation statistics is listed in supplementary material, Table 

S.1, and the gene functions classified in COG, GO, KEGG, KOG and NOG database have been 

displayed in supplementary material, Figure S.2).  

The sequencing analysis revealed that the wild-type strain naturally contains tolerance-related 

genes, which provided a background that allowed the strain to evolve in biomass-derived inhibitors. 

From the annotation result, 25 alcohol dehydrogenases encoding genes, 18 aldehyde reductases 

encoding genes, and 4 alcohol oxidases were found in this yeast, which is in agreement with the study 

of Wang et al. (2016). Other functional genes, such as stress response genes and other tolerance related 

genes were also found (see supplementary material, Table S.2).  

 

3.3.5. Mutations detected in evolved strains 

In this step of the study, the genome of the 7 best performing evolved strains were aligned to the 

reference genome of the wild-type starting strain with the aim of identifying the mutations resulting 

from the ALE process. Mutation types and numbers in each evolved strain were summarized in Figure 

3.3. Missense nonsynonymous SNPs was the mutation that most often occurred, being observed around 

2500 times in each evolved strain. This mutation can change the amino acid sequence of protein. 

Similarly, insertions and deletions occurred in coding regions, resulting in frame shifted, have 

significant effects on the function of genes.  
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Figure 3.3. Numbers and types of mutations identified in the 7 evolved strains of R. toruloides. (A) SNPs and (B) 

InDels. 

 

To identify the most important mutations related to inhibitor tolerance, common SNPs and InDels 

and their functions were displayed in Figure 3.4. It was then found that the common mutations occurred 

in the 7 evolved strains included 48 missense SNPs and 15 InDel resulting in frame shifted. It is 

interesting to note that among those 48 missense SNPs, 25 occurred at different positions of a gene, 

which is aligned to the one encoding reverse transcriptase (RHTO_02155) in R. toruloides NP11 (Zhu 

et al., 2012). However, there are no previous studies explaining the role of this gene in tolerance; so, 

the function of this mutant gene should be further identified. Another common missense mutation 

happened in a gene predicted as RHTO_01747 (coding for MFS transporter, quinate permease). Major 

facilitator superfamily (MFS) transporters are responsible for the bonding and transport of essential 

nutrients, ions and other compounds in a wide range of microorganisms (Rédei, 2008). A plasma 

membrane transporter belonging to the MFS family in S. cerevisiae was previously reported to show 

resistance to short-chain monocarboxylic acid and quinidine (Tenreiro et al., 2002). Deletion of genes 

encoding for MFS proteins was reported to promote a 3-fold reduction of coniferyl aldehyde in yeast 

(Sundström et al., 2010). The mutation of this gene may change the structure of membrane proteins, 

resulting in an improved tolerance of yeast to the inhibitors.  

Among the 15 common InDel causing frame shifted, Δ1bp deletion was observed in 

RHTO_05744, a RIM9 protein encoding gene. RIM9 protein has been reported as relevant to a variety 

of responses to stress and to the yeast-hyphal transition (Yan et al., 2012). Another common Δ1bp 

deletion was found in RHTO_04597 (coding for ATP-binding cassette transporter, ABC), which 

contains a large family of proteins with a diversity of physiological functions (Bouige et al., 2005). 

Fungal ABC transporters have been reported to confer multiple drug resistance, stress response, cellular 

detoxification and resistance to weak organic acid (Wolfger et al., 2001; Prasad and Goffeau, 2012; 

Piper et al., 1998). In addition, ABC transporters play an important role to export toxic compounds and 

metabolites from intracellular environment, which is powered by TCA processing (Liu, 2011). This 
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could explain why the wild-type strain of R. toruloides consumed all the carbon source during the 

cultivation but produced less lipids and carotenoids than the evolved strains, as it probably used more 

energy to export inhibitors from the intracellular environment. On the other hand, due to the improved 

resistance to the inhibitors, evolved strains had more energy available for lipid and carotenoid 

production.  

Remarkably, two Δ1bp insertions were also found in different positions of an oxidoreductase 

encoding gene domain (IPR000572) belonging to GO:0016491 in these 7 mutant strains. In this domain, 

xanthine dehydrogenase, aldehyde oxidase, nitrate reductase and sulfite oxidase can be coded (Wootton 

et al., 1991). An evolved strain of S. cerevisiae was found to have 1.92-fold higher vanillin reduction 

ability than the wild-type strain due to up-regulated genes enriched in oxidoreductase activity 

(GO:0016491) (Shen et al., 2014). Those frame shifted InDels may cause changes/loss of gene functions; 

however, it was reported that disrupted multiple genes in S. cerevisiae could result in higher tolerance 

and shorter lag phase in media containing lactic acid (Suzuki et al., 2013). Although the mutations found 

in intergenic regions do not change the amino acid sequence, it may still affect the gene splicing, 

transcription factor binding, mRNA degradation and gene expression. In the present study, 149 common 

intergenic SNPs and 44 common intergenic InDel were found in the 7 evolved strains of R. toruloides, 

which largely contributed to the genome variations of the evolved strains. An investigation on stress-

tolerance of S. cerevisiae demonstrated that intergenic variants have significant impact on expression 

levels of stress tolerant genes, resulting in stress resistant phenotypes of strains (Gan et al., 2018). To 

better understand the impacts of intergenic mutations in R. toruloides, further studies should be done to 

link the function of intergenic regions, relevant gene expression, and phenotype of strains.  
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Figure 3.4. Common mutations detected in the 7 evolved strains of R. toruloides. 
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3.4. Conclusion 

Improving the tolerance of the microbial strain to inhibitors derived from lignocellulosic biomass 

is a critical step for the development of a sustainable process for lipid and carotenoid production on a 

large scale. This study demonstrated that the adaptive laboratory evolution in hydrolysate-based 

medium was an effective strategy to obtain strains with improved ability to grow in medium containing 

biomass-derived inhibitory compounds. In fact, the adaptation strategy resulted in evolved strains of 

the yeast R. toruloides able to grow faster in hydrolysate medium containing inhibitory compounds, and 

also with better performance to accumulate lipids and carotenoids when compared to the wild-type 

starting strain. The whole genome sequencing analysis allowed identifying common mutations in the 

evolved strains, giving useful indications on the mechanisms used by the strain to evolve. This is a 

relevant information for subsequent studies on the design of new strains for application in industrial 

processes based on the use of lignocellulosic biomass for fermentation. Altogether, these findings open 

up new perspectives for the development of new strains with improved ability to convert biomass 

hydrolysates, able to be used on a large scale.  
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Abstract 

The presence of toxic compounds in lignocellulosic hydrolysates is one of the main problems 

affecting the efficiency of hydrolysate-based fermentation processes. Understanding the effects of 

biomass-derived inhibitors on the performance of the microbial strain is essential to develop strategies 

able to result in an improved fermentation performance. In the present study, efforts were made to 

elucidate the effects of the main biomass-derived inhibitors on the growth of the oleaginous yeast 

Rhodosporidium toruloides. Furfural, 5-hydroxymethylfurfural (5-HMF), acetic acid, levulinic acid, 

benzoic acid, p-coumaric acid, ferulic acid, syringaldehyde, vanillin and vanillic acid were the 

inhibitory compounds investigated. In addition, assays were performed using a wild-type and an 

evolved strain of R. toruloides. For the individual inhibitors, more than 3 mM benzoic acid completely 

inhibited the growth of both strains, while acetic acid and levulinic acid were less toxic, presenting IC50 

values of 16 and 15 mM, respectively. A Placket-Burman experimental design revealed that furfural 

was the most potent inhibitor affecting the growth of R. toruloides, followed by vanillin and 5-HMF, 

while benzoic acid was the least toxic. The evolved strain showed an improved ability to tolerate the 

toxic compounds, suggesting that the adaptive laboratory evolution is a potential strategy to obtain 

oleaginous yeasts with improved ability to growth in biomass hydrolysates. 

 

Keywords: Lignocellulosic biomass; Inhibitors; Cell growth; Oleaginous yeast; Evolved strain; 

Rhodosporidium toruloides  

 

4.1. Introduction 

Due to its renewable nature, abundance, low-cost and rich composition, lignocellulosic biomass 

is considered a sustainable feedstock, suitable for use in the production of chemicals, fuels, food and 

feed ingredients and materials. Sugars in the form of cellulose and hemicellulose polysaccharides may 

represent more than 60% by weight of the biomass composition, which makes biomass very attractive 

for use in bioprocesses. The remaining amount of the biomass composition is mainly constituted by 

lignin, a polyphenolic macromolecule that provides structural support to the plant cell wall (Mussatto 

and Dragone, 2016).  

The complex and recalcitrant structure of biomass hinders the access of chemicals and enzymes 

to its surface. To overcome the recalcitrance of these materials and release fermentable sugars, 

pretreatment and hydrolysis processes are required. High temperature, pressure and extreme pH 

conditions are often used as effective pretreatment methods. However, under such harsh conditions, 

some toxic compounds are also generated, which may significantly affect the growth performance of 

microorganisms when biomass hydrolysates are used as fermentation medium (Mussatto and Roberto, 

2004a). Although the formation of toxic compounds in hydrolysates largely depends on the type of 
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lignocellulosic biomass and pretreatment conditions used, the major groups of inhibitors found in 

lignocellulosic biomass hydrolysates include furan derivatives, weak aliphatic acids and phenolic 

compounds (Wang et al., 2018).  

The most common furan derivatives found in biomass hydrolysates are furfural and 5-

hydroxymethylfurfural (5-HMF), which originates from the degradation of pentose and hexose sugars, 

respectively. The toxicity of these two compounds lie in inhibiting the activity of enzymes used for 

DNA and RNA synthesis and carbon metabolism (Banerjee et al., 1981; Modig et al., 2002). Aliphatic 

acids like acetic acid, levulinic acid and formic acid are formed from the acetyl groups and sugar 

molecules (Du et al., 2010). These acids contribute to pH decrease (Jönsson and Martín, 2016), which 

results in restricted growth or even apoptosis of the cells. Finally, phenolic compounds are released 

from the lignin structure and their toxicity may be related to their hydrophobicity and increased levels 

of reactive oxygen species, which result in damages of the cell membrane and cytoskeleton, as well as 

DNA mutagenesis (Wang et al., 2018). During the last decades, studies have been performed to 

understand the effects of biomass-derived inhibitors on the performance of ethanol-producing yeasts. 

Nevertheless, little is known about the effect of these compounds on the performance of other microbial 

strains.  

Rhodosporidium toruloides is an oleaginous yeast that has attracted great interest due to its ability 

to use glucose and xylose, the main sugars present in lignocellulosic hydrolysates, as carbon source to 

produce lipids and carotenoids (Liu et al., 2020). Lipids produced by oleaginous yeasts can reach up to 

70% of dry cell weight and have been proposed as ideal substitutes of vegetable oils for conversion into 

biodiesel (Vasconcelos et al., 2019). Carotenoids are valuable nutritional compounds, able to promote 

a number of benefits to human health. Due to these benefits, the antioxidant properties and attractive 

color, carotenoids have been widely utilized in food, feed, cosmetics and nutraceutical industries, and 

their global market is estimated to reach $2.00 billion by 2026 (MarketsandMarkets, 2020).  

Production of lipids and carotenoids by oleaginous yeasts from lignocellulosic biomass is 

considered an attractive and sustainable approach. However, yeast growth in biomass hydrolysate can 

be affected by the presence of inhibitory compounds. Understanding the effects of these inhibitors on 

yeast growth is essential for the development of strategies capable of overcoming this obstacle and 

resulting in an efficient production process. So far, little is known on the effect of biomass-derived 

inhibitors on the performance of oleaginous yeast. The present study aims to fulfill this gap by providing 

a detailed study on the effect of several inhibitors commonly found in lignocellulosic biomass 

hydrolysates on the growth of the oleaginous yeast R. toruloides. To get a better understanding on the 

potential applications and limitations of this yeast and find solutions for improving its tolerance towards 

biomass-derived inhibitors, assays were performed using the wild and an evolved strain of R. toruloides.   
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4.2. Materials and methods 

4.2.1. Microorganism, medium composition and inoculum conditions 

The wild-type oleaginous yeast used in this study, R. toruloides NRRL Y-1091(WT), was 

obtained from the Agricultural Research Culture Collection, USA. The evolved strain of R. toruloides 

strain (EV) with improved performance to growth in wheat straw hydrolysate was obtained by adaptive 

laboratory evolution (unpublished results). Both strains were preserved in 20% of glycerol at – 80 °C. 

A synthetic complete (SC) medium (Sigma-Aldrich) supplemented with 0.1 g/L leucine and 20 

g/L glucose, pH 5.0 was used for inoculum cultivation as well as for the experiments to determine the 

threshold concentrations of inhibitors that affect cell growth. For inoculum cultivation, the wild and 

evolved strains were grown in 250-mL Erlenmeyer flasks at 30 °C, 250 rpm, for 48 h. Afterwards, the 

cells were spread on 1.6% agarose SC plates and incubated at 30 °C for 5 days to get single colonies. 

The plates were stored at 4 °C for further use.  

 

4.2.2. Inhibitor threshold concentration test 

The experiments to assess the effect of inhibitor concentration on growth of R. toruloides were 

performed in a Growth Profiler 960 (Enzyscreen, Heemstede, Netherlands). Initially, a calibration curve 

was set to convert G-values obtained from the Growth Profiler into optical density of yeast cells at 600 

nm (OD600). To perform the calibration, overnight cultures of WT and EV strains were prepared from 

single colonies in 50 mL SC medium at 30 °C and 250 rpm. The OD600 of the culture was measured 

after 16 h and then adjusted with SC medium to different levels. The following OD600 values were used 

to set the calibration curve: 0, 0.2, 0.8, 1.5, 2.5, 3.5, 5, and 8. Each level was prepared in duplicate. 

Then, a 300 µL volume of each culture with different OD600 value was transferred to a transparent 96 

well-plate (CR1496d Enzyscreen, Heemstede, Netherlands) and the bottom of the plate was scanned by 

a camera. The Growth Profiler software was used to calculate the density of yeast cells in each well 

from the G-values generated. The following equation (Eq.1) resulted from the calibration: 

                                  OD600 = 2.1×10-5 × (G-value) 3.2627                                                                (Eq.1) 

The inhibitory compounds tested in this study included furfural, 5-HMF, acetic acid, levulinic 

acid, benzoic acid, p-coumaric acid, syringaldehyde, ferulic acid, vanillin and vanillic acid (all from 

Sigma-Aldrich). The concentration range evaluated to each compound was based on the average 

composition reported for wheat straw hydrolysates (Liu et al., 2020). 

To each inhibitor, a stock solution was prepared by dissolving the compound in absolute ethanol 

to a certain concentration. Then, the solution was sterilized using 0.2 µm filter and stored in brown 

autoclaved bottles at 4 °C. For the experiments, the stock solutions were diluted in SC medium to obtain 

the desired concentration. Cell growth experiments were carried out in 96 well-plates inoculated with 

an initial OD600 of 0.5. After inoculation, the plates were sealed with sandwich covers, which limits 
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evaporation of medium in plates to 2% and prevents cross-contamination during vigorous shaking. 

Control experiments containing only SC medium and inoculum (without inhibitors) were also 

performed. The plates were incubated in the Growth Profiler at 30°C, 250 rpm for 72 h to 96 h. The 

bottom of these plates was scanned by the Growth Profiler´s camera at 20 min intervals to obtain G-

values.  

 

4.2.3. Determination of growth rate and lag phase 

For each assay, the specific growth rate of the yeast was calculated via a MATLAB code adapted 

from Hemmerich et al. (2017). The output was given as µ (h-1). The growth rate of the control 

experiments (without inhibitors) represented the µmax. IC50 was then calculated as the concentration of 

an inhibitor at which the growth rate of the yeast was inhibited to 50% of µmax.  The lag phase duration 

of each strain in the control cultures and media containing inhibitors was determined as described by 

Buchanan and Cygnarowicz (1990). 

 

4.2.4. Plackett-Burman experimental design 

To identify the most potent inhibitors affecting the growth of R. toruloides, a Plackett-Burman 

experimental design (Minitab®) was performed. The design of experiments was created by combining 

ten independent factors (ten different inhibitors) at two levels each, with two dummy factors, which 

resulted in 28 experiments (Table 4.1). The two levels corresponded to the absence (-1) and presence 

(+1) of the inhibitor in the medium. The dummy factors were included to estimate the experimental 

error, and the reduction in the growth rate of the strain was the response evaluated. Since the WT and 

EV strains presented similar IC50 values in individual experiments, only the EV strain was considered 

for the Plackett-Burman design.  

 

4.2.5. Statistical analysis 

The significant differences among sample means were analyzed with OriginPro 2018b 

(OriginLab, USA) using one-way analysis of variance (ANOVA) at a significance level of 0.05. 
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Table 4.1. Coded levels of factors and response obtained from Plackett-Burman design used to assess the 

synergistic effect of biomass-derived inhibitors on the growth of evolved R. toruloides strain. 

Run order Factors Response 

 FA VN VA BA CA LA AA HMF FF SGH D1 D2 Growth rate (h-1) * 

1 1 1 1 -1 -1 -1 1 1 -1 1 -1 -1 0.321 

2 -1 -1 -1 1 1 -1 1 1 1 1 -1 -1 0.272 

3 1 -1 -1 1 -1 -1 -1 -1 1 1 1 -1 0.248 

4 1 1 -1 -1 1 1 1 1 -1 -1 -1 -1 0.276 

5 1 1 1 -1 -1 -1 1 -1 1 -1 -1 1 0.313 

6 1 1 -1 1 1 1 -1 -1 -1 -1 -1 1 0.423 

7 -1 -1 1 -1 1 -1 -1 -1 1 1 -1 1 0.498 

8 1 -1 1 -1 1 1 -1 1 1 -1 1 1 0.310 

9 -1 1 -1 -1 1 -1 1 -1 -1 -1 1 1 0.342 

10 -1 1 1 1 1 -1 1 1 -1 1 1 -1 0.335 

11 1 1 -1 1 1 -1 -1 1 1 1 1 1 0.250 

12 -1 -1 1 -1 -1 1 -1 1 -1 1 -1 1 0.328 

13 -1 1 1 -1 1 1 1 -1 1 1 1 1 0.299 

14 1 -1 -1 -1 1 -1 -1 1 -1 1 -1 1 0.410 

15 -1 -1 1 1 -1 -1 1 -1 -1 -1 1 1 0.313 

16 1 -1 1 1 1 1 -1 -1 -1 -1 1 -1 0.329 

17 -1 1 1 1 1 1 -1 -1 -1 1 -1 -1 0.254 

18 -1 -1 -1 1 -1 1 1 1 1 -1 -1 1 0.253 

19 -1 -1 -1 -1 1 1 1 1 1 -1 1 -1 0.267 

20 1 1 1 -1 -1 -1 -1 1 1 -1 1 -1 0.241 

21 -1 1 -1 -1 -1 1 -1 -1 1 1 1 -1 0.278 

22 -1 1 -1 1 -1 -1 -1 1 -1 -1 1 1 0.301 

23 -1 1 1 1 -1 1 -1 1 1 -1 -1 -1 0.310 

24 1 -1 1 1 -1 -1 -1 -1 -1 -1 -1 -1 0.590 

25 1 1 -1 1 -1 1 1 -1 1 1 -1 1 0.288 

26 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 0.334 

27 1 -1 -1 1 -1 1 1 1 -1 1 1 1 0.354 

28 1 -1 -1 -1 -1 1 1 -1 -1 1 1 -1 0.313 

FA: ferulic acid, VN: vanillin, VA: vanillic acid, BA: benzoic acid, CA: p-coumaric acid, LA: levulinic acid, AA: 

acetic acid, HMF: 5-hydroxymethyl furfural, FF: furfural, SGH: syringaldehyde, D1: Dummy 1, D2: Dummy 2. 

* Growth rate for the control (without inhibitors): 0.73 h-1 
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Table 4.2. Concentration of each inhibitor used for the Placket-Burman experimental design. 

Inhibitor * 

 

IC50 or maximum concentration 

(mM) ** 

Concentration tested in the Placket-Burman 

design (mM) 

FA 10 (max) 2.5 

VN 3 (max) 0.75 

VA 10 (IC50) 2.5 

BA 2 (IC50) 0.5 

CA 7 (IC50) 1.75 

LA 15 (IC50) 3.75 

AA 16 (IC50) 4.2 

5-HMF 3 (IC50) 0.75 

FF 8 (max) 2 

SGH  4 (IC50) 1 

D1 - - 

D2 - - 

* FA: ferulic acid, VN: vanillin, VA: vanillic acid, BA: benzoic acid, CA: p-coumaric acid, LA: levulinic acid, 

AA: acetic acid, HMF: 5-hydroxymethylfurfural, FF: furfural, SGH: syringaldehyde, D1: Dummy 1, D2: Dummy 

2. 

** maximum concentration of each inhibitor at which cell growth was observed 

 

4.3. Results and discussions 

 

4.3.1. Effect of furan derivatives on the growth rate and lag phase of R. toruloides 

Furfural and 5-HMF are the most common furan derivatives found in lignocellulosic hydrolysates 

and have been reported as being toxic to many microorganisms. Their toxic effect is related to the 

inhibition of the activity of enzymes such as pyruvate, acetaldehyde and alcohol dehydrogenases (Wang 

et al., 2018), reduction of the levels of intracellular ATP and NAD(P)H, and change in the direction of 

cell energy to fixing damages (Almeida et al., 2007). Specifically, the presence of furfural in 

fermentation medium can result in the accumulation of reactive oxygen species, which causes damages 

to mitochondrial and vacuole membranes of yeast cells, nuclear chromatin and actin cytoskeleton (Allen 

et al., 2010).  

The effect of furfural and 5-HMF on the growth rate and lag phase of WT and EV strains of R. 

toruloides is shown in Figure 4.1. As can be seen, the lag phase of both WT and EV strains was 

significantly longer in presence of 4 mM of furfural when compared with the controls, and higher 
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concentrations of furfural had a measurable effect on the adaptation time (Figure 4.1A). The lag phase 

of both strains reached their highest values (70.8±1.8 h for WT and 38.0±2.5 h for EV) in the presence 

of 8 mM of furfural. On the other hand, the growth rates of both strains did not decrease significantly 

(p<0.05) for furfural concentrations higher than 4 mM. Therefore, in the range of concentrations studied 

(up to 8 mM), an IC50 value was not reached for any of the strains and higher concentrations of furfural 

should be tested to define the IC50.  

 
 

Figure 4.1. Effects of furan derivatives on growth rate and lag phase of wild (WT) and evolved (EV) strains of R. 

toruloides.(A) Furfural; (B) 5-hydroxymethylfurfural (5-HMF). To each plot, bars marked with different letters 

mean statistically significant differences at p<0.05. 

 

Furfural had a significant effect on the lag phase of both WT and EV strains of R. toruloides. 

However, the EV strain showed a shorter lag phase than the WT strain. This could be explained by the 

fact furfural and 5-HMF can be converted into furfuryl alcohol and HMF alcohol respectively by a 

serious of dehydrogenases in oleaginous yeasts. The toxicity of these two compounds could be reduced 

by further oxidation reactions, which convert furfuryl and HMF alcohol into furoic acid and HMF acid 

as final products. Both degradation processes occur during the initial stage of fermentation (Wang et 

al., 2016); therefore, the duration of lag phase observed in media containing furfural and 5-HMF could 

indicate the detoxification abilities of yeast strains toward these two compounds. The EV strain may 

hold a stronger detoxification ability than that of WT strain. Once the strains adapted to these toxic 

environments, growth rates of both were maintained in certain levels.  
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When assessing the effect of 5-HMF, it was observed a slight elongation of the lag phase for both 

strains in comparison with those of the controls, up to 3 mM (Figure 4.1B). On the other hand, at the 

maximum 5-HMF concentration tested (5 mM), the WT strain could not start its exponential growth, 

while the lag phase of the EV strain lasted 61±1.9 h. Growth rates of the WT and EV strains were also 

significantly affected by the presence of 5-HMF in the medium. At 1 mM 5-HMF, the growth rates of 

both yeasts decreased by more than 30% (p<0.05) when compared to the growth rates of the controls. 

The IC50 of 5-HMF for WT and EV strains was reached at 3 mM, but EV showed growth up to 5 mM 

at the same growth rate (0.27 h-1).  

In summary, furfural and 5-HMF had strong effects on the lag phase of both strains. It is worth 

noting that the WT and EV strains could enter in exponential growth in presence of 8 mM of furfural, 

while 5 mM of 5-HMF totally inhibited the WT growth. These results suggest that 5-HMF presents a 

more severe effect on R. toruloides than furfural when considering the same concentration level, which 

differs from the results previously reported for Saccharomyces cerevisiae, where 5-HMF was found to 

be less inhibitory than furfural (Almeida et al., 2007).  

 

4.3.2. Effects of aliphatic acids 

Aliphatic acids found in lignocellulosic biomass hydrolysates normally include acetic acid, 

levulinic acid, and formic acid. Acetic acid is formed from the acetyl groups present in the side chain 

of hemicellulose, while levulinic and formic acids result from the degradation of 5-HMF (Mussatto and 

Roberto, 2004a). The inhibition mechanism of aliphatic acids on yeasts is explained by uncoupling and 

intracellular anion accumulation (Russell, 1992). Most undissociated aliphatic acids with low molecular 

weight are able to diffuse through the plasma membrane into the cytosol and then dissociate due to the 

higher intracellular pH, which in turns results into decreasing cytosolic pH and accumulation of 

potentially toxic levels of anionic species of the weak acids (Wang et al., 2018).  

The effect of acetic acid and levulinic acid on the growth of WT and EV strains of R. toruloides 

is shown in Figure 4.2. When compared to the controls, addition of 8 mM acetic acid did not increase 

the lag phase significantly (p<0.05) for both strains. However, when this concentration was doubled to 

16 mM, the lag phase of both strains was significantly (p<0.05) longer (by 9.7 h and 9.9 h for WT and 

EV, respectively) (Figure 4.2A). Regarding the growth rate, the µmax for the control cultures was 

0.54±0.06 h-1 (WT) and 0.73±0.06 h-1 (EV). Addition of 8 mM or 16 mM acetic acid resulted in no 

significant (p<0.05) decrease in the growth rate of WT. On the other hand, the growth rate of EV 

decreased to 0.46±0.13 h-1 and 0.35±0.06 h-1 in the presence of 8 mM and 16 mM acetic acid, 

respectively. Therefore, the IC50 of acetic acid for EV was found at 16 mM, whereas this value was 

not  identified for the WT strain.  
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Figure 4.2. Effects of weak acids on growth rate and lag phase of wild (WT) and evolved (EV) strains of R. 

toruloides. (A) Acetic acid; (B) levulinic acid. To each plot, bars marked with different letters mean statistically 

significant differences at p<0.05. 

 

In the case of levulinic acid, increasing the concentration of this acid in the medium resulted in a 

gradual increase of the lag phase for both strains. At the highest concentration tested (20 mM), the WT 

strain was not able to grow, while the EV strain grew after a lag phase of 19.6±2.9 h (Figure 4.2B). 

Levulinic acid also had a significant influence on the growth rate of both strains at concentrations higher 

than 5 mM. The growth rate of WT and EV strains was similarly inhibited in presence of 5 mM, 10 mM 

and 15 mM levulinic acid, and fell below the IC50 at 15 mM. However, the EV strain was able to grow 

in presence of 20 mM levulinic acid, with a specific growth rate (0.28±0.01 h-1) comparable to that 

observed at 15 mM (p<0.05).  

Although the inhibition mechanism of levulinic acid is similar to that of acetic acid, their 

toxicities on yeast cells were different. While 5 mM of levulinic acid led to a significant increase in the 

lag phase and decrease in growth rate for the WT strain, the presence of 8 mM acetic acid had lesser 

influence on yeast performance. This could be explained by the fact that the pKa of levulinic acid (4.64) 

is lower than that of acetic acid (4.76) (Jönsson et al., 2013); therefore, the level of undissociated 

levulinic acid was higher in comparison to that of acetic acid.  
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4.3.3. Effects of phenolic compounds  

Phenolic compounds are released from the lignin structure during the pretreatment of 

lignocellulosic biomass. Due to the complex structure of lignin, its degradation forms a large group of 

inhibitors, including acids, alcohols and aldehydes. The ability of phenolic compounds to penetrating 

into cells´ membrane is considered as the main reason of toxicity of phenolic compounds to 

microorganisms (Mussatto and Roberto, 2004a). Phenolic compounds can change the fluidity and 

hydrophobicity of cell membrane, resulting in damages in the cellular membrane and leakage of 

intracellular components. Another theory about the inhibition mechanism of phenolic compounds is 

that their presence can increase the generation of reactive oxygen species, and the interaction of these 

species with proteins and enzymes can cause DNA mutagenesis and cell death (Ibraheem and Ndimba, 

2013).   

Benzoic acid is a lignin degradation product usually found in biomass hydrolysates and it can be 

harmful to microorganisms due to the formation of cytoplasmic benzoate upon entering the cell. The 

reduction of benzoate requires large amount of energy, which in turn is not available for growth or other 

cellular processes (Warth, 1988). In this study, it was found that the presence of benzoic acid in the 

medium affected the growth of R. toruloides. The lag phase of the WT strain increased about 60% in 

comparison to the control, when benzoic acid was present in the medium in concentration higher than 

1 mM (Figure 4.3A). The same trend was observed for the EV strain, with the lag phase reaching 

15.3±1.7 h at 2 mM of benzoic acid. Concentrations of benzoic acid in the range of 1 mM to 2 mM also 

significantly affected the growth rate of the EV strain, being possible to observe the IC50 in this case, 

at 2 mM.  

In the case of p-coumaric acid, the toxicity of this acid (like other weak acids) is related to the 

fact that it can diffuse through the plasma membrane into the cell, where it is degraded by phenolic acid 

decarboxylase to other toxic vinyl derivatives (Lentz and Harris, 2015). Previous studies have reported 

inhibitory effects of this acid on the growth of S. cerevisiae (Adeboye et al., 2014). Similarity, it was 

found that p-coumaric acid also affected the growth of R. toruloides in the present study. Both the WT 

and EV strains exhibited a longer lag phase in presence of p-coumaric acid (Figure 4.3B). 

Concentrations up to 7 mM caused a lag phase of approximately 20 h for both strains. However, at 2 to 

5 mM, no significant (p<0.05) inhibition of the growth rate was observed for the WT strain, while the 

EV strain showed a decrease in grow rate. At the end, a significant reduction of growth rate was 

observed for both strains at 7 mM p-coumaric acid, which theoretically reached the IC50.  

Ferulic and p-coumaric acids belong to the group of lignin-derived carboxylic acids and have 

similar inhibition mechanisms. However, it has been reported that among ten types of organic acids 

derived from lignocellulosic biomass, ferulic acid presented one of the strongest inhibition to the 

oleaginous yeast Trichosporon fermentans (Chao et al., 2012). In the present study, ferulic acid also 

caused inhibition to R. toruloides. The lag phase of both WT and EV strains were longer in media 
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containing this acid. However, the growth rate of the WT strain was in the range of 0.3 h-1 for all the 

ferulic acid concentrations tested (1 to 10 mM). When compared to the control, the IC50 of ferulic acid 

was reached at 4 mM for WT. The growth rate of the EV strain was also affected in presence of ferulic 

acid, but higher growth rates were observed for EV compared to WT for all the concentrations of ferulic 

acid tested. Since the growth rate of the EV strain was less affected, the IC50 was not reached in this 

case.  

Figure 4.3. Effects of phenolic compounds on growth rate and lag phase of wild (WT) and evolved (EV) strains 

of R. toruloides. (A) Benzoic acid; (B) p-coumaric acid; (C) ferulic acid; (D) syringaldehyde; (E) vanillin; (F) 

vanillic acid. To each plot, bars marked with different letters mean statistically significant differences at p<0.05. 
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Syringaldehyde is formed by the degradation of sinapyl alcohols from lignin (Du et al., 2010). 

Figure 4.3D depicts the lag phase and growth rate of the WT and EV strain of R. toruloides grown in 

media with different syringaldehyde concentrations. No significant (p<0.05) impacts on the lag phase 

and growth rate of both strains were observed at the lowest concentration tested (1 mM). In contrast, 

more than 67 h were required for the EV strain to adapt to the medium containing 7 mM syringaldehyde, 

while the WT strain was not able to grow under this condition. The growth rate of both strains was 

significantly affected when the concentration of syringaldehyde in the medium was increased and, in 

both cases, the IC50 was reached at 4 mM.  

Vanillin has been considered as one of the most potent toxic compounds in biomass hydrolysates 

as it causes serious DNA damage (Shen et al., 2014) and affects the membrane components and function 

of microorganisms (Zhang et al., 2014). In this study, vanillin showed inhibitory effects on yeast growth 

similar to that of furfural in concentrations up to 3 mM. For both strains, a 4 h delay in the lag phase 

was observed by the presence of just 0.5 mM vanillin in the medium (Figure 4.3E). At 3 mM of vanillin, 

the lag phase of the WT lasted 40.8±1.9 h. Although the lag phases were longer when the concentration 

of vanillin in the medium was increased, the growth rates of both strains remained almost constant 

(p<0.05) for all vanillin concentrations tested.  All concentrations of vanillin reduced the growth rates 

by approximately one third but remained relatively stable at around 0.4 h-1 for both WT and EV strains, 

and the IC50 was not reached in either case. This maintenance of a relatively high growth rate indicates 

that after a prolonged lag phase, no increased inhibition occurred. Hence, the effect of vanillin was 

clearly stronger on the lag phase than on the growth rates.  

The effect of vanillic acid, an intermediate degradation product of vanillin, on the growth of R. 

toruloides was also assessed in the present study. As can be seen in Figure 4.3F, a gradual increase in 

the lag phase occurred for both strains when the concentration of vanillic acid was raised from 5 to 10 

mM. However, at 12 mM, vanillic acid caused a distinct lag phase of about 69 h in both strains. The 

growth rate of the WT yeast was approximately 0.27 h-1 (p<0.05) for all the vanillin acid concentrations 

tested, which resulted in an IC50 at 5 mM. For the EV yeast, 10 mM vanillic acid lead to a significant 

reduction of the growth rate to 0.25±0.09 h-1, reaching the IC50 in this case. These results suggest that 

once adapted, R. toruloides can grow at a stable rate in culture media containing vanillic acid in 

concentrations up to 12 mM. 

 

4.3.4. Comparison of growth parameters of wild and evolved R. toruloides strains 

Table 4.3 summarizes the maximum inhibitor tolerance, growth rate and lag phase for the WT 

and EV strains of R. toruloides grown in culture media containing different biomass-derived inhibitors. 

Overall, the maximum concentration of each inhibitor tolerated by the strains was very similar for both 

WT and EV; however, the EV strain was able to tolerate higher concentration of HMF (5 mM), levulinic 
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acid (20 mM) and syringaldehyde (7 mM) than the WT strain (4, 15, and 5 mM, respectively). In other 

cases, the EV strain presented significantly shorter lag phase than the WT strain, for the same 

concentration of toxic compound. This was observed for furfural, acetic acid, benzoic acid, and vanillin. 

In the case of p-coumaric and ferulic acids, the main difference between the strains was the highest 

growth rate presented by the EV strain compared to the WT, for the same concentration of inhibitory 

compound. 

 
Table 4.3. Comparison of maximum inhibitor tolerance, growth rate and lag phase for the wild-type (WT) and 

evolved (EV) strains of R. toruloides. 

Inhibitor * WT strain  EV strain 

 Max 

(mM) 

µ                 

(h-1) 

Lag phase (h)  Max (mM) µ            (h-

1) 

Lag phase (h) 

FF 8 0.37±0.04 70.8±1.8  8 0.34±0.04 38.0±2.5 

HMF 4 0.27±0.02 29.5±0.9  5 0.30±0.07 61.8±1.9 

AA 16 0.38±0.13 23.1±2.5  16 0.35±0.06 19.5±0.0 

LA 15 0.27±0.05 23.5±3.2  20 0.28±0.01 19.6±2.9 

BA 3 0.56±0.10 19.3±4.0  3 0.37±0.04 15.3±1.7 

CA 7 0.27±0.02 17.1±1.4  7 0.32±0.01 19.8±2.8 

FA 10 0.22±0.03 15.0±3.8  10 0.39±0.00 14.0±3.8 

SGH 5 0.29±0.07 27.8±2.4  7 0.24±0.01 67.3±3.5 

VN 3 0.36±0.11 40.8±1.9  3 0.42±0.06 35.9±0.7 

VA 12 0.29±0.10 69.3±1.6  12 0.24±0.07 68.0±2.6 

 

The reduced lag phase observed for the EV strain represents a notable advantage in terms of 

fitness and industrial application of this yeast as it could help reduce the energy demand during 

fermentation. The agitation and aeration required for yeast propagation and lipid accumulation are 

important factors contributing to the energy consumption during the process for microbial lipid 

production (Karlsson et al., 2016).  

 

4.3.5. Identification of the most severe inhibitors by Plackett-Burman experimental design 

In this step of the study, a Plackett-Burman experimental design was performed with the aim of 

identifying the most potent inhibitors affecting the growth of R. toruloides. This design is a useful 

method for screening of a large number of factors performing a relatively small number of runs. Due to 

synergistic effects caused by the combination of multiple inhibitors in the culture medium, the 

concentration of each inhibitor used in the Plackett-Burman design was a quarter of the IC50 value or 

a quarter of the maximum concentration of each inhibitor at which cell growth was observed (Table 
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4.2). The reduction in the growth rate of the strain was the response considered for statistical analysis 

(Table 4.1).  

The Pareto chart plotted in Figure 4.4 shows the standardized effects of the factors (inhibitors) 

on the response. According to this analysis, furfural was the most potent inhibitor affecting the growth 

of R. toruloides (p<0.15). Therefore, the removal of furfural or the reduction of its concentration can be 

a key strategy to reduce the toxicity of biomass hydrolysates to R. toruloides. Furfural can be selectively 

removed from hydrolysates by vacuum evaporation at 70 °C, due to its volatility under this condition 

(Mussatto and Roberto, 2004b). Vanillin was the second most severe inhibitor compound affecting the 

growth of R. toruloides (p<0.2), followed by 5-HMF (p<0.25). For the studied inhibitory compounds, 

benzoic acid was found to be the least toxic to R. toruloides.  In terms of synergistic effect, the 

combination of furfural, 5-HMF, vanillin, vanillic acid and ferulic acid resulted in the strongest 

inhibition to R. toruloides (assay 20, Table 4.1). 

 

 
Figure 4.4. Pareto chart of standardized effects to estimate the effect of inhibitors on the reduction of the growth 

rate of evolved R. toruloides. Results for p<0.1. FF: furfural, VN: vanillin, HMF: 5-hydroxymethylfurfural, VA: 

vanillic acid, LA: levulinic acid, AA: acetic acid, FA: ferulic acid, CA: p-coumaric acid, SGH: syringaldehyde, 

BA: benzoic acid. 

 

4.4. Conclusion 

The presence of inhibitory compounds in lignocellulosic hydrolysates has been considered as one 

of the most important barriers hindering the production of microbial lipids and carotenoids from 

biomass hydrolysates. Identifying the most potent inhibitors and understanding their effects on yeast 

growth is a crucial step to overcome this problem. The present study contributes to advance this area 
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by providing a detailed information on the effects of the main toxic compounds present in biomass 

hydrolysates on the performance of the oleaginous yeast R. toruloides. Furfural was found to be a severe 

inhibitor of the yeast growth. Removal of this compound from biomass hydrolysate can potentially 

improve the yeast growth and the production of lipids and carotenoids as a consequence.  

This study also revealed that an evolved strain of R. toruloides presented better tolerance to the 

toxic compounds when compared to the wild-type strain, being able to tolerate higher concentration of 

inhibitors and/or presenting a reduced lag phase. These results suggest that adaptive laboratory 

evolution is a potential strategy to obtain microbial strains with improved ability to grow in biomass 

hydrolysates, which contain a mixture of sugars and inhibitory compounds. Overall, these findings 

contribute with new knowledge and information to support the development of a sustainable technology 

for the production of lipids and carotenoids by oleaginous yeasts using biomass as feedstock for the 

bioprocess. 
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5. Chapter IV. Strategies for an improved extraction and 

separation of lipids and carotenoids from oleaginous yeast 

 
This chapter was focused in establishing a suitable and efficient downstream method for the 

recovery and separation of lipids and carotenoids from yeast cells. Obtained results have been accepted 

for publication in the journal Separation and Purification Technology. 
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Abstract 

Microbial production of lipids and carotenoids from lignocellulosic biomass has attracted great 

attention as a more sustainable approach to obtain these compounds, avoiding the use of fossil resources. 

However, there are still several technological challenges to overcome in order to establish an efficient 

process able to be implemented on a large scale. In the present study, focus was given to select 

appropriate fermentation conditions able to simultaneously maximize the production of lipids and 

carotenoids by oleaginous yeast cultivated in biomass (wheat straw) hydrolysate. An evolved strain of 

the yeast Rhodosporidium toruloides with improved tolerance to toxic compounds present in 

hydrolysate medium was used. Experiments were performed according to a 22 central composite design 

in order to investigate the effect of the temperature and inoculum load on the production of lipids and 

carotenoids by R. toruloides, and the conditions able to maximize the accumulation of both products 

simultaneously were selected. Statistical analysis of the results revealed that the accumulation of both 

products can be maximized by performing the fermentation at 17 °C, using 3.5 g/L of inoculum. The 

possibility of maximizing the production of both compounds using similar fermentation conditions is 

an important finding of this study and opens up new perspectives for the establishment of a robust and 

more sustainable process for the production of lipids and carotenoids. 

 

Keywords: wheat straw hydrolysate; Rhodosporidium toruloides; lipids; carotenoids; optimization 

 

6.1. Introduction 

 Prominent negative consequences caused by the excessive use of fossil resources, including 

global warming and environmental pollution, represent nowadays big challenges for the humanity. In 

addition, the increased demand for energy, food and clean water due to the population growth are also 

aspects contributing to this concern. Finding greener and more sustainable solutions for the industrial 

processes currently used on a large scale, reducing the emissions of CO2 and promoting a better 

utilization of the natural resources and wastes are considered urgent needs today to move towards a 

cleaner and more sustainable future.  

Single cell oil produced by oleaginous yeasts has been considered as a promising alternative 

feedstock for the production of biodiesel and oleochemicals. Oleaginous yeasts can accumulate up to 

70% of their dry cell weight in lipids, which make them very attractive for industrial application. In 

addition, lipids accumulated by these yeasts have properties similar to those of vegetable oil, and their 

production by yeasts do not cause competition with food production (like the vegetable oils, for example) 

nor depends on the seasons or regions (Vasconcelos et al., 2019; Liu et al., 2020a). Carotenoids are also 

compounds of great interest since they have a high economic value (MarketsandMarkets, 2020) and 

numerous industrial applications in food, feed, cosmetic and pharmacy industries, due to their relevant 

properties such as anti-oxidant and anti-tumor activities, and attractive color (Novoveská et al., 2019). 



74 
 

To promote the industrialization of microbial lipid and carotenoid production, efforts are required 

in different aspects of the production chain, including the selection and/or development of a microbial 

strain with potential for use in large-scale, the establishment of an appropriate bioprocess able to 

maximize the product formation by the yeast, and the development of an efficient downstream 

processing to separate lipids and carotenoids. In addition, the utilization of cheap and renewable carbon 

sources for the yeast cultivation is a key point to be considered in order to have a more sustainable 

technology (Yamakawa et al., 2020). Lignocellulosic biomass is rich in glucose and xylose sugars, 

which can be used as carbon source for fermentation (Mussatto and Dragone, 2016). In turn, oleaginous 

yeasts are able to utilize different types of carbon source, including glucose, xylose, glycerol and acetic 

acid, (Vasconcelos et al., 2019) being potential candidates for utilization on the conversion of sugars 

from lignocellulosic biomass. 

In our previous studies, Rhodosporidium toruloides was found as being a yeast strain with great 

ability to convert glucose and xylose from wheat straw hydrolysate into lipids and carotenoids (Liu et 

al., 2020a). Recently, an efficient downstream process to separate lipids and carotenoids was also 

proposed (Liu et al., 2020b). The present study aims to advance the research in this area by selecting 

appropriate conditions of fermentation able to result in a maximum simultaneous production of lipids 

and carotenoids by R. toruloides from wheat straw hydrolysate. This is an important step for future 

implementation of this microbial process since obtaining a high product formation may help reduce the 

overall production costs, besides impacting in the downstream processing step. In this study, attention 

was given to define the most suitable conditions of temperature and inoculum load able to 

simultaneously maximize the formation of lipids and carotenoids. The experiments were performed 

using an evolved strain of the yeast R. toruloides recently developed in our laboratory, which has 

improved tolerance to the toxic compounds present in wheat straw hydrolysate (unpublished data).  

 

6.2. Materials and methods 

6.2.1. Wheat straw hydrolysate  

Wheat straw was provided by the Danish Technological Institute (Denmark). The supplied 

material was in the dried form and had a particle size of 180 to 1800 µm. In order to prepare the 

hydrolysate to be used as fermentation medium, wheat straw was initially submitted to a hydrothermal 

pretreatment (190 °C, 45 min, solid to liquid ratio of 1:10 w/v), which was performed in 600 mL non-

stirred pressure vessels (Parr Series 4760, Parr Instrument Company, Moline, IL) heated in a silicone 

oil bath (Lauda Eco Gold, Germany) as previously described (Liu et al., 2020a). After pretreatment, the 

solid and liquid fractions were separated through a sieve and the solid fraction was hydrolyzed by using 

the cellulase concentrate Cellic C-Tec2, (Novozymes, Bagsværd, Denmark). Hydrolysis experiments 

were carried out in 1-L Duran laboratory bottles with vertical baffles, which were horizontally 

accommodated in a Bottle/Tube Roller system (Thermo Scientific, USA) placed inside an incubator, 
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and kept at 50 °C and 50 rpm for 72 h. The conditions used for enzymatic hydrolysis consisted in 10% 

(w/v) solid load, 15 FPU of enzyme/g dry wheat straw, pH 5.8. Afterwards, the hydrolysate was 

collected by centrifugation (10000 rpm, 4 °C, 20 min) and stored at 4 °C. To be used as fermentation 

medium, the hydrolysate was supplemented with 0.25 g/L (NH4)2SO4, pH adjusted to 4.9 by the addition 

of 1 M NaOH solution, and sterilized through 0.22 µm membrane.  

 

6.2.2. Microorganism and pre-cultivation conditions 

 An evolved strain of the yeast Rhodosporidium toruloides with improved ability to grow in 

wheat straw hydrolysate, previously obtained via adaptive laboratory evolution in our laboratory, was 

used in the experiments. The strain was stored at -80 °C in 20% glycerol.  

In the pre-cultivation (reactivation) step, one loop of yeast cells was transferred to 100 mL of 

synthetic medium composed of 50 g/L glucose, 1.7 g/L yeast nitrogen base without amino acid and 

ammonium sulfate, and 1 g/L (NH4)2SO4 (Sigma-Aldrich), pH 4.9, in 250-mL Erlenmeyer flasks and 

cultivated at 30 °C, 250 rpm for 72 h. Subsequently, to get single colonies, the cell cultures were diluted 

1×104 folds with sterilized distilled water and 100 µL of the diluted culture was spread on agar plates 

(prepared with the same synthetic medium described above), and incubated at 30 °C for 5 days. The 

agar plates were maintained at 4 °C in refrigerator and new plates were prepared every two weeks. 

 

6.2.3. Fermentation conditions 

Fermentations were performed in 24-deep well plates containing 3 mL working volume per well. 

The conditions of inoculum load and temperature used in each fermentation run varied between 0.5 and 

3.5 g/L, and between 8 and 22 °C, respectively, and were combined through a 22 central composite 

design. During the experiments, samples were withdrawn every 24 h for measuring the absorbance at 

600 nm and the °Brix (total soluble solids in an aqueous solution). The experiments were finished when 

the difference in °Brix for samples taken in two consecutive days was equal or less than 10%. At the 

end of each fermentation, the dry cell weight, lipids and carotenoids produced were quantified.   
 

6.2.4. Analyses 

6.2.4.1. Characterization of wheat straw hydrolysate 

The concentration of glucose, xylose, acetic acid, furfural and 5-hydroxymethylfurfural (5-HMF) 

in wheat straw hydrolysate was quantified using a Dionex Ultimate 3000 HPLC system (Dionex Softron 

GmbH, Germany) equipped with an Aminex HPX-87H column (300 × 7.8 mm, Bio-Rad, USA). The 

column was eluted with 0.005 M H2SO4, at 60 °C with a flow rate of 0.6 mL/min running for 50 min. 

Sugars and acetic acid were detected by a refractive index detector, while furfural and 5-HMF were 

identified with a UV light detector at 280 nm. Phenolic compounds were determined by colorimetric 
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method (Ballesteros et al., 2014) using gallic acid as standard. A Primary nitrogen assay kit and a Urea 

and ammonia assay kit (Megazyme International, Wicklow, Ireland) were used to measure the contents 

of yeast available nitrogen in wheat straw hydrolysate.  
 

6.2.4.2. Dry cell weight measurement, lipid and carotenoid quantification 

Dry cell weight quantification was conducted in triplicate for each fermentation condition. For 

analysis, media samples were centrifuged at 10000 rpm for 5 min. Then, the cell pellets were washed 

twice with distilled water and dried in an oven at 60 °C until constant weight (approx. 24 h). 

Lipid concentration was determined from the wet cell pellets obtained after washing with distilled 

water, using a sulfo-phospho-vanillin colorimetric assay (Izard and Limberger, 2003). Absorbance 

readings were performed in a 96-well microplate using a microplate reader (BioTek Synergy Mx, US) 

at 530 nm. A calibration curve ranging between 0.2 to 1 mg oil/mL was set using sunflower seeds oil 

(Sigma-Aldrich) dissolved in chloroform as standard.  

For carotenoid quantification, cell pellets from 2 mL fermentation samples were suspended in 1 

mL Milli-Q water and transferred to bead beating tubes (6914-500, MP Biomedicals, France). Cell 

disruption was then performed on a bead beater (Precellys 24, Bertin Technologies, France) for 5 cycles 

of 60 s at 2500 rpm, with 60 s break after each cycle. After bead beating, all beads, cell debris and liquid 

in the bead-beating tubes were transferred into glass tubes with screw caps. Then, 2 mL of chloroform 

were added to each tube containing the disrupted cells and the mixture was sonicated at 80kHz for 10 

min. Afterwards, the tubes were centrifuged at 3500 rpm for 5 min and the bottom phase was taken into 

another clean glass tube. The extraction was repeated 3 times and the chloroform fractions were 

combined and dried under nitrogen gas stream. The extracted carotenoids were redissolved in 2 mL 

acetone containing 0.2% BHT. To find the maximum absorbance wavelength of carotenoids, the 

absorbance of extractives in acetone was read in a nanophotometer (Implen GmbH, Germany) under a 

wavelength range between 300 to 900 nm. The maximum absorbance wavelength for carotenoids 

produced by the evolved R. toruloides yeast was found at 498 nm.  

Accumulation of lipids and carotenoids in yeast cells was defined as the ratio of lipids or 

carotenoids concentration to cell concentration and it was expressed as % for lipids and Abs/g for 

carotenoids.  

 

6.2.5. Statistical analysis  

A 22 central composite design was used to evaluate the influence of the temperature and inoculum 

load on the fermentation of wheat straw hydrolysate by R. toruloides. For the experiments, the two 

independent variables (temperature and inoculum load) were combined in two levels (-1 and +1). 

Additionally, four experiments were carried out in the center point (0, 0) to estimate the random error 

needed for the analysis of variance; and other four assays combining the central points with the 
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maximum and minimum levels of the variables were performed to estimate the curvature in the studied 

region. The volumetric concentration and accumulation of lipids and carotenoids produced were set as 

responses (dependent variables) of the experimental design. Statistical significance of the variables was 

determined at 5% probability level (p < 0.05). The software Statistica version 10.0 (StatSoft, USA) was 

used for statistical analysis as well as to obtain the response surfaces and contour plots. 

 

6.3. Results and discussion  

6.3.1. Composition of wheat straw hydrolysate 

The composition of the wheat straw hydrolysate used in the present study is summarized in Table 

6.1. As can be seen, this medium contained a mixture of hexose (glucose, 29.4 g/L) and pentose sugars 

(xylose and arabinose, 15.08 g/L), which can be used as carbon source by R. toruloides. Some inhibitory 

compounds were also present in the hydrolysate, including acetic acid, 5-HMF, and phenolic 

compounds, among of which, acetic acid was the most abundant. These compounds are usually toxic to 

microorganisms and, depending on the concentration, may have a significant negative impact on the 

performance of the strain during the fermentation (Mussatto and Roberto, 2004). However, the strain 

of R. toruloides used in the present study was previously evolved to tolerate these inhibitory compounds 

(unpublished data). Therefore, such concentration levels should not be a problem during the 

fermentation. 

 
Table 6.1. Composition of the wheat straw hydrolysate used in the present study. 

Compound Concentration (g/L) 

Glucose 29.40±0.10  

Xylose 13.85±0.45 

Arabinose 1.23±0.09 

Acetic acid 1.97±0.02 

5-HMF 0.01±0.00 

Total phenolics  0.79±0.03 

Primary amino nitrogen 20.75±0.92 (mg/L) 

Ammonia 12.28±0.41 (mg/L) 

Urea  4.03±1.84  (mg/L) 

 

It is worth noting that the content of nitrogen available for the yeast (as primary amino nitrogen, 

urea and ammonia) was of 37.06 mg/L, which resulted in a C:N ratio (concentration base) in the 

hydrolysate of 1200:1. Previous studies revealed that C:N ratios in the range of 100 to 200 allow an 

efficient cell propagation as well as lipid and carotenoid accumulation in oleaginous yeast (Elfeky et 
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al., 2019). Therefore, to be used in the fermentation experiments, the wheat straw hydrolysate was 

supplemented with 0.25 g/L (NH4)2SO4 to reach a C:N ratio of 155. 

 

6.3.2 Influence of the temperature and inoculum load on cell growth and substrate consumption 

The growth profile and substrate consumption (estimated as °Bx, i.e., total soluble solids in the 

medium) for the different fermentation runs, using distinct combinations of temperature and inoculum 

load, are presented in Figure 6.1. As can be seen, cell growth and substrate consumption were 

significantly affected according to the conditions of temperature and inoculum load used in the 

experiments. Low temperature and low inoculum load (run 1: 8 °C, 0.5 g/L inoculum) resulted in slower 

growth rate and substrate consumption compared to the other conditions. A longer lag phase was also 

observed in this case (Figure 6.1A). However, the results suggest that the effect of the temperature was 

more pronounced than the effect of the inoculum since the substrate consumption, for example, was 

considerably lower for the three runs performed at 8 °C (1, 2 and 3) compared to the runs performed at 

22 °C (runs 10, 11, and 12) (Figure 6.1B). To better understand the performance of R. toruloides under 

the different fermentation conditions, the fermentation parameters were calculated (Table 6.2).  

 

 

Figure 6.1. Growth profile (A) and content of total soluble solids (B) in wheat straw hydrolysate during the 

fermentation with R. toruloides.  T: temperature (°C), In: inoculum load (g/L) 



79 
 

 

Ru
n 

 
Te

m
pe

ra
tu

re
 

(°
C

) 

In
oc

ul
um

 

(g
/L

) 

A
va

ila
bl

e 

N
itr

og
en

 

(g
/g

 c
el

ls
) 

To
ta

l c
el

ls
 

(g
/L

) 

Pr
od

uc
ed

 

ce
lls

 

(g
/L

) 

°B
rix

 a
t 

th
e 

en
d 

po
in

t 

Li
pi

d 

co
nc

en
tra

tio
n 

(g
/L

) 

Li
pi

d 

ac
cu

m
ul

at
io

n 

(%
) 

C
ar

ot
en

oi
d 

co
nc

en
tra

tio
n 

  

(A
bs

/m
L)

 

C
ar

ot
en

oi
d 

ac
cu

m
ul

at
io

n 

(A
bs

/g
 c

el
l) 

1 
8 

0.
5 

0.
57

 
3.

35
±0

.2
1 

2.
85

±0
.2

1 
5.

6 
0.

79
±0

.0
2 

23
.6

6±
0.

55
 

0.
30

±0
.0

3 
0.

08
9±

0.
00

9 

2 
8 

2 
0.

14
 

4.
40

±0
.1

4 
2.

4±
0.

14
 

5.
5 

1.
28

±0
.0

2 
28

.9
8±

0.
36

 
0.

52
±0

.0
3 

0.
11

9±
0.

00
7 

3 
8 

3.
5 

0.
08

 
5.

60
±0

.2
8 

2.
1±

0.
28

 
5.

2 
1.

67
±0

.0
3 

29
.8

3±
0.

56
 

0.
68

±0
.0

2 
0.

12
1±

0.
00

4 

4 
15

 
0.

5 
0.

57
 

4.
75

±0
.0

7 
4.

25
±0

.0
7 

4.
1 

2.
05

±0
.1

5 
43

.2
0±

3.
16

 
0.

46
±0

.0
5 

0.
09

8±
0.

01
 

5 
15

 
2 

0.
14

 
6.

05
±0

.0
7 

4.
05

±0
.0

7 
3.

7 
2.

44
±0

.0
0 

40
.3

0±
0.

00
 

0.
68

±0
.0

2 
0.

11
2±

0.
00

4 

6 
15

 
2 

0.
14

 
6.

30
±0

.1
4 

4.
30

±0
.1

4 
3.

8 
2.

41
±0

.2
1 

38
.3

1±
3.

39
 

0.
69

±0
.0

3 
0.

10
9±

0.
00

5 

7 
15

 
2 

0.
14

 
6.

05
±0

.0
7 

4.
05

±0
.0

7 
3.

7 
2.

33
±0

.0
2 

38
.5

7±
0.

35
 

0.
68

±0
.0

7 
0.

11
2±

0.
01

1 

8 
15

 
2 

0.
14

 
6.

25
±0

.2
1 

4.
25

±0
.2

1 
3.

7 
2.

36
±0

.0
4 

37
.7

5±
0.

59
 

0.
69

±0
.0

3 
0.

11
1±

0.
00

5 

9 
15

 
3.

5 
0.

08
 

7.
45

±0
.0

7 
3.

95
±0

.0
7 

3.
3 

2.
82

±0
.0

0 
37

.8
3±

0.
00

 
0.

87
±0

.0
5 

0.
11

6±
0.

00
7 

10
 

22
 

0.
5 

0.
14

 
4.

65
±0

.0
7 

4.
15

±0
.0

7 
2.

9 
1.

63
±0

.0
6 

35
.0

8±
1.

30
 

0.
47

±0
.0

5 
0.

10
0±

0.
01

0 

11
 

22
 

2 
0.

57
 

5.
55

±0
.6

4 
3.

55
±0

.6
4 

2.
6 

1.
97

±0
.0

8 
35

.4
7±

1.
52

 
0.

59
±0

.0
7 

0.
10

5±
0.

01
3 

12
 

22
 

3.
5 

0.
08

 
6.

10
±0

.0
0 

2.
6±

0.
00

 
2.

3 
2.

48
±0

.2
3 

40
.6

3±
3.

80
 

0.
71

±0
.0

5 
0.

11
6±

0.
00

8 

 

T
ab

le
 6

.2
. C

el
l m

as
s, 

°B
rix

, l
ip

id
 a

nd
 c

ar
ot

en
oi

d 
pr

od
uc

tio
n 

at
 th

e 
en

dp
oi

nt
 o

f f
er

m
en

ta
tio

ns
 o

f w
he

at
 st

ra
w

 h
yd

ro
ly

sa
te

 b
y 

R.
 to

ru
lo

id
es

 u
nd

er
 

di
ffe

re
nt

 c
on

di
tio

ns
 o

f t
em

pe
ra

tu
re

 a
nd

 in
oc

ul
um

 lo
ad

 a
cc

or
di

ng
 to

 a
 2

2 
ce

nt
ra

l c
om

po
si

te
 d

es
ig

n. 

 



80 
 

It was noticeable that the highest cell mass (7.45±0.07 g/L) generated by this yeast was obtained 

at 15 °C, using an inoculum load of 3.5 g/L (run 9, Table 6.2). This high cell mass concentration resulted 

in the highest lipid (2.82±0.00 g/L) and carotenoid (0.87±0.05 Abs/L)  concentrations among all tested 

conditions. On the other hand, when the accumulation of lipids and carotenoids was considered, 

different results were observed. The highest lipid accumulation (43.20±3.16% of dry cell mass) was 

obtained at 15 °C using 0.5 g/L of inoculum (run 4), while the highest accumulation of carotenoids 

(0.121±0.004 Abs/g) was obtained when the yeast was cultivated at 8°C with an inoculum of 3.5 g/L 

(run 3). 

 

6.3.3. Selection of the best conditions for maximum simultaneous production of lipids and carotenoids 

As lipids and carotenoids are intracellular products of oleaginous yeasts, high cell mass often 

results in high volumetric concentrations of both compounds. However, a high lipid and carotenoid 

accumulation in yeast could be relevant for downstream processing, since for the same amount of 

processed yeasts, more products could be obtained from those cells with higher accumulation abilities, 

which in turn, could potentially result in less costs related to energy consumption. Therefore, it is 

important to make a balance between volumetric concentration and accumulation of lipids and 

carotenoids in this yeast in order to define the most appropriate conditions to be used for fermentation. 

In this study, both responses, volumetric concentration and accumulation of product per cell were 

considered of interest for optimization purpose.  

When lipid concentration was considered as response of the 22 central composite design, it was 

observed that the highest values were obtained when using the temperature in the range of 16 to 18 °C 

and inoculum of about 3.5 g/L (Figure 6.2A, B). Similarly, temperatures between 16 to 18 °C and 3.5 

g/L of inoculum load led to higher lipid accumulation by R. toruloides (Figure 6.2C, D). The effect 

estimation and analysis of variance (ANOVA) confirmed that both variables, temperature and inoculum 

load, had significant effects (p<0.05) on lipid concentration. Nevertheless, for lipid accumulation, only 

the effect of the temperature was significant. Based on the statistical analysis, the temperature of 17 °C 

and inoculum load of 3.5 g/L were selected as optimum for both lipid concentration and lipid 

accumulation by R. toruloides.  
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Figure 6.2. Lipid concentration (A, B) and accumulation (C, D) by R. toruloides as a function of the temperature 

and inoculum load used for fermentation. (A, C) response surfaces; (B, D) contour plots. 

 

Similar to the lipid concentration, the highest values of carotenoid concentration were also 

obtained when using temperature of approx. 17 °C and inoculum load of 3.5 g/L (Figure 6.3A, B), and 

according to the effect estimation and ANOVA analysis, both variables had significant effects (p<0.05) 

on carotenoid concentration. On the other hand, the carotenoid accumulation was improved when the 

temperature was reduced to 8 °C, but still using an inoculum of 3.5 g/L (Figure 6.3C, D). In fact, the 

carotenoid accumulation was significantly affected (p<0.05) by the inoculum load within the range of 

values tested (0.5 g/L to 3.5 g/L), while the effect of the temperature was not significant within the 

range of values studied (8 to 22 °C). Based on the above, 17 °C and 3.5 g/L of inoculum load were 

considered as the most appropriate conditions of fermentation to obtain maximum simultaneous 

production of lipids and carotenoids by R. toruloides from wheat straw hydrolysate. 
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Figure 6.3. Carotenoid concentration (A, B) and accumulation (C, D) by R. toruloides as a function of the 

temperature and inoculum load used for fermentation. (A, C) response surfaces; (B, D) contour plots. 

 

6.3.4. Discussion 

Normally, a temperature of 30 °C has been considered for the production of lipids and carotenoids 

by fermentation with oleaginous yeasts (Saran et al., 2017; Soccol et al., 2017). However, the present 

study revealed that a lower temperature (17 °C) was more suitable to improve the production of lipids 

and carotenoids by R. toruloides. Reducing the temperature from 28 to 20 °C was also reported as being 

beneficial for the accumulation of lipids and carotenoids by Rhodotorula yeast (Kot et al., 2019). 

Nevertheless, it is important to highlight that, in the case of the carotenoids, temperature variations may 

change the biosynthetic pathway of these compounds in yeast (Frengova and Beshkova, 2009) since β-

carotene synthetase and torulene synthetase are temperature-dependent enzymes (Hayman et al., 1974). 

High temperature (30 °C) is beneficial to the synthesis of torulene and torularhodin in oleaginous yeasts, 

while more β-carotene can be generated at low temperature (20 °C) (Frengova and Beshkova, 2009; 

Hayman et al., 1974; Kot et al., 2019).  



83 
 

The positive effect of the inoculum load on the fermentation performance of R. toruloides is in 

agreement with other studies reported in the literature for other oleaginous yeasts. The fermentation 

performance of Lipomyces starkeyi, for example was also largely improved when the inoculum load 

was increased from 0.6 to approx. 6 g/L, resulting in higher cell mass yield, lipid content and lipid yield 

(Juanssilfero et al., 2018). Other authors have also reported that the use of high inoculum load can 

decrease the lag phase and increase sugar consumption and the tolerance of oleaginous yeasts to stress 

conditions (Juanssilfero et al., 2018; Liu et al., 2015).  

 

6.4. Conclusion 

This study demonstrated that the production of lipids and carotenoids by R. toruloides can be 

maximized using similar conditions of temperature and inoculum load for fermentation. This is an 

important finding since it allows developing a robust bioprocess for the simultaneous production of two 

valuable compounds, which can facilitate the large-scale implementation. In addition, the simultaneous 

production of two valuable compounds, in high concentration, under similar fermentation conditions 

will help reducing time, facilities, equipment and other expenses that would be required for their 

individual production, which at the end may have a significant impact in the economy of the global 

production process.  
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7. Discussion and perspectives  

The present study addressed different aspects of the process to obtain lipid and carotenoid by 

oleaginous yeasts from lignocellulosic biomass. Experiments were initially performed to select potential 

yeast strains with ability to accumulate high levels of lipids and carotenoids from glucose and xylose 

sugars, followed by the preparation of wheat straw hydrolysate and cultivation of the selected strains in 

this medium. In order to overcome several obstacles arising from hydrolysate fermentation by the best 

performing oleaginous yeast (R. toruloides), the following activities were carried out: (1) Development 

of evolved strains with improved ability to grow in non-detoxified hydrolysate and identification of the 

main inhibitors affecting the yeast performance; (2) Development of an effective downstream 

processing to extract and separate lipids and carotenoids from yeast cells after fermentation; (3) 

Selection of fermentation parameters able to increase the production of both, lipids and carotenoids, 

simultaneously. Moreover, the mutations behind the improved tolerance of the evolved strains to 

inhibitor compounds were also identified by whole genome sequencing followed by alignment of their 

genome with the reference genome of the wild-type starting strain.  

In this section, the obtained results are discussed in a broader context in order to evaluate the 

feasibility of the overall process proposed for microbial production of lipids and carotenoids. Based on 

this discussion, potential futures investigations to advance the area are proposed. Figure 7.1 is a 

schematic representation of the global process proposed in this thesis for the production of lipids and 

carotenoids from oleaginous yeast using wheat straw as a feedstock. 
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Figure 7.1. Global process proposed in this thesis for the production of lipids and carotenoids from oleaginous 

yeast using wheat straw as a feedstock. 
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In the proposed production route, a hydrothermal process (as that used in Chapter I), in which 

only water and no extra chemicals is added, is used for initial pretreatment of the biomass. During this 

step, xylooligosaccharides are released from the hemicellulosic fraction of wheat straw, being soluble 

in the liquid fraction. These compounds were then post-hydrolyzed with 2% sulfuric acid to obtain 

xylose, and efforts were made in this thesis to use the hemicellulosic hydrolysate as carbon source for 

yeast cultivation; however, due to the low sugar content and high inhibitor concentration, it was not a 

cost-effective choice. Then, the solid fraction of pretreated wheat straw is hydrolyzed with enzymes to 

produce a cellulosic hydrolysate, which will be used as carbon source for fermentation as obtained, i.e., 

without detoxification, using the evolved strain of the oleaginous yeast R. toruloides (Chapter II). The 

remaining solid after enzymatic hydrolysis is mainly composed by lignin and small amounts of cellulose 

and hemicellulose, and can be considered as a high quality of solid for heat generation (Larsen et al., 

2012). For fermentation, suitable conditions of temperature and inoculum load are used to obtain 

maximum production of lipids and carotenoids simultaneously (Chapter V). Once the fermentation is 

finished, the cell mass is collected from the fermentation broth, and follows to a downstream processing. 

A saponification method using whole wet cells is used to extract and separate lipids and carotenoids 

from the yeast cells (Chapter IV). After this step, lipids and carotenoids are both recovered with high 

yield; while the remaining cell debris can be recycled for animal feed or used as nutrient source for 

fermentation (Louhasakul et al., 2018). The solvent used for lipid and carotenoid extraction can also be 

recycled for further use, demonstrating this is an almost zero-waste and self-sustaining purification 

method. 

Based on the above proposed process, the microbial production of lipids and carotenoids by 

oleaginous yeast using lignocellulosic biomass could be a feasible and sustainable process able to be 

scaled. However, microbial lipids are still considered expensive products compared to vegetable oils 

and animal fats, especially if they are going to be used for biodiesel production. When glucose was used 

as carbon source to produce microbial biodiesel, the production cost of the biodiesel was estimated in 

$5,900/t (Koutinas et al., 2014). On the other hand, the production cost of the biodiesel derived from 

vegetable oil was calculated in $1437.5/t without considering the glycerol credit (Ong et al., 2012). 

Recovering both, lipids and carotenoids, during the production process may change this situation. For 

example, for a microbial biodiesel production plant with an annual productivity of 1000 t, 80% 

conversion ratio of lipids into biodiesel (Koutinas et al., 2014) and 86% lipid recovery (Chapter IV), 

at least 1453 t of lipids need to be produced each year. Considering the evolved strain CH4 reported in 

Chapter II of this thesis, the lipid and carotenoid accumulation obtained when the strain was cultivated 

in wheat straw hydrolysate corresponded to 28% of dry cell weight and 10 mg/g cell, respectively. This 

means that around 5189 t of cell mass need to be generated in this case to result in an annual production 

of lipids equal to 1453 t. As a result, a carotenoid yield of approx. 52 t would be obtained per year. 

Considering a carotenoid recovery of 79% (Chapter IV), 41 t of carotenoids could be obtained in this 
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plant as an extra product. To compare the economic performance of biodiesel and carotenoids in this 

plant, their market price and income have been listed in Table 7.1.  

 

Table 7.1. Price comparison of biodiesel and carotenoids 

Products Outputs   

(t) 

Market price 

($/t) 

Total income 

($) 

References 

Biodiesel 1000 around 800 8×105 (NESTE, 2020) 

Carotenoids 41 3×105  

(the lowest) 

12.3×106 (DEINOVE, 2020) 

Total annual income 13.1×106 

 

The market price of biodiesel is $800/t (NESTE, 2020) and 1000 t of biodiesel contributes to 

$8×105 each year. The market price for natural carotenoids is in the range of $300/kg to $3000/kg 

depending on the type of carotenoids (DEINOVE, 2020). It is worth noting that for an annual carotenoid 

output of 41 t (Table 7.1), these valuable compounds would account for more than 90% of the total 

income of the plant. Although the recovery of both compounds may cause an increase in the production 

costs, this problem could be remedied by the high market price of carotenoids, bringing profit to this 

plant. Moreover, the carotenoid accumulation in yeast obtained in this thesis reached around 10 mg/g, 

and there is still room to improve its productivity during fermentation. Accordingly, improving the 

production and recovery of carotenoids are two potential strategies to support the industrialization of 

microbial biodiesel. 

Considering all the aspects discussed above and to further promote the industrialization of a 

sustainable process for microbial production of lipids and carotenoids from lignocellulosic biomass, the 

following future research work are suggested: 

In Chapter II, the evolved strains obtained by adaptive laboratory evolution in hydrolysate-based 

medium showed shorter lag phase and better tolerance to the inhibitors derived from biomass 

pretreatment. The genomic variations of the strains were also analyzed. Since the function of mutant 

genes is still unknown, constructing deletion mutation strains and verifying gene functions integrating 

to phenotype information could potentially bring additional information on the mutant genes 

responsible for the improved tolerance to inhibitors. Transcriptome analysis could also help to identify 

the expression levels of relevant genes.   

In Chapter V, the conditions of temperature and inoculum load able to simultaneously maximize 

the production of lipids and carotenoids by the evolved strain of R. toruloides were identified. In a next 

step, more efforts should be done to improve the fermentation performance. In this sense, performing a 
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two-stage fermentation process where the first stage is directed to cell mass formation, while the second 

one is directed towards the product accumulation, would be an interesting strategy to be evaluated. 

Another option would be evaluating the possibility of using higher inoculum load for fermentation since 

the amount of cells used for fermentation have an important impact on product formation. Additional 

efforts could also be done to increase the carotenoid accumulation during the fermentation, as this 

product can improve the profits of the overall process.  
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8. Conclusion 

The work presented in this thesis contributes with new knowledge and information able to 

support the development of a more sustainable process for the production of lipids and carotenoids from 

lignocellulosic biomass. During the development of the work plan, important aspects affecting the 

establishment of an efficient bioprocess have been addressed such as the microbial strain to be used, 

the presence of inhibitors in the hydrolysate, as well as the fermentation and downstream process 

conditions. At the end, the main conclusions and contributions of this thesis to advance the research 

area can be summarized as follow: 

 Rhodosporidium toruloides is an oleaginous yeast with great ability to consume glucose and 

xylose for the production of lipids and carotenoids, being a potential candidate for cultivation in 

lignocellulosic hydrolysates.  

  The inhibitory compounds present in biomass hydrolysates have a strong negative effect on the 

growth performance of R. toruloides; furfural being the most potent inhibitor.  

 A new strategy of adaptive laboratory evolution in hydrolysate-based medium was established. 

This strategy allowed to obtain evolved strains of R. toruloides with improved ability to grow in 

the presence of inhibitors and also favored the accumulation of lipids and carotenoids by the 

yeast.  

 By performing the whole genome sequencing analysis, the fully annotated genome for the wild-

type strain was provided. 

 The mutations occurred in the evolved strains, which potentially led to a better tolerance to the 

inhibitors, were identified on genes encoding for major facilitator superfamily transporters, stress 

response proteins, ATP-binding cassette transporters and oxidoreductases, indicating that the 

improved tolerance of the evolved strains may be related to efficiency of transporters, stress 

response and anti-oxidation capacity. 

 A new downstream method based on the saponification of yeast cells with alcoholic KOH and 

further extraction with hexane was established. This method allowed to extract lipids and 

carotenoids from yeast cells with high efficiency and purity, and with extra recovery of proteins.   

 Temperature and inoculum load are important variables affecting the accumulation of lipids and 

carotenoids in  R. toruloides. Statistical analysis allowed to establish conditions of these variables 

able to simultaneously maximize the production of lipids and carotenoids during the fermentation. 

Altogether, these findings contribute with important solutions to the challenges currently 

hindering the industrial implementation of a sustainable process for microbial production of lipids and 

carotenoids. In addition, 1) using an evolved strain instead of applying a detoxification step to overcome 

the inhibition of the hydrolysates, as well as, 2) producing both, lipids and carotenoids, in high amount 

during the fermentation, and 3) recovering lipids, carotenoids and protein during the downstream step, 
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as proposed in this thesis, can potentially impact the economy of the global process since less processing 

steps, less time and less equipment will be required.  
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10. Appendix 

This section contains supplementary material of the manuscripts included in the thesis. 
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Figure S.1.  Gene function classification of wild-type R. toruloides in COG, GO, KEGG, KOG and NOG database 
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Figure S.2.  Structure of assembled genome of wild-type R. toruloides 
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Table S.1. Gene annotation statistics of wild-type R. toruloides 

 

 

 

 

 

  

 

 

 

 

 

 

Match numbers Percentage (%) Database 

418 4.98 P450 

42 0.5 VFDB 

0 0 ARDB 

346 4.12 TF 

110 1.31 CAZY 

121 1.44 KINASE 

2226 26.54 SWISSPROT 

3979 47.44 NOG 

945 11.26 COG 

6 0.07 CARD 

12 0.14 CWDE 

8174 97.46 NR 

74 0.88 KEYWORD 

225 2.68 DBCAN 

329 3.92 TCDB 

3478 41.46 T3SS 

8194 97.69 TREMBL 

6349 75.7 IPR 

457 5.44 PHI 

2999 35.71 KEGG 

4640 55.32 GO 

34 0.4 PHOSPHATASE 

1865 22.23 KOG 

8291 98.85 Over all 
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Table S.2. Resistance genes found in wild-type R. toruloides 

Gene symbol  Annotation 

RHTO_07550        NAD(P)-dependent dehydrogenase, short-chain alcohol dehydrogenase family 

RHTO_02519 alcohol dehydrogenase 

RHTO_04558         short-chain dehydrogenase/reductase SDR family protein 

RHTO_05962      aryl-alcohol dehydrogenase 

RHTO_04635      zinc alcohol dehydrogenase 

RHTO_04708 iron-containing alcohol dehydrogenase 

RHTO_00513    alcohol dehydrogenase 

RHTO_00517   alcohol dehydrogenase 

RHTO_03559    S-(hydroxymethyl)glutathione dehydrogenase / alcohol dehydrogenase 

RHTO_05600    zinc-binding alcohol dehydrogenase domain-containing protein 

RHTO_01930    alcohol dehydrogenase (NADP+) 

RHTO_01922   alcohol dehydrogenase (NADP+) 

RHTO_04424    zinc-binding alcohol dehydrogenase 

RHTO_03075    aryl-alcohol dehydrogenase 

RHTO_03062 alcohol dehydrogenase 

RHTO_02673   benzyl alcohol dehydrogenase 

RHTO_04635 zinc alcohol dehydrogenase 

RHTO_04685    alcohol dehydrogenase 

RHTO_00263   iron-containing alcohol dehydrogenase 

RHTO_06892 WD repeat protein, Quinonprotein alcohol dehydrogenase-like protein 

RHTO_03847    zinc-binding alcohol dehydrogenase/oxidoreductase 

RHTO_03880   zinc-binding alcohol dehydrogenase 

RHTO_01725   alcohol dehydrogenase 

RHTO_01633 zinc-binding alcohol dehydrogenase 

RHTO_07889 zinc-type alcohol dehydrogenase 

RHTO_03032      indole-3-acetaldehyde reductase (NADPH) 

RHTO_00641 aldo/keto reductase 

RHTO_06555              aldo/keto reductase 

RHTO_03710    aldehyde dehydrogenase 

RHTO_04425   aldehyde dehydrogenase, mitochondrial 

RHTO_05680   aldehyde dehydrogenase family 3 member B1 

RHTO_00119    aldehyde dehydrogenase family 7 member A1 

RHTO_06724 aldehyde dehydrogenase 

RHTO_06811    aspartate-semialdehyde dehydrogenase 

RHTO_01654   aldehyde Dehydrogenase 

RHTO_01494 L-aminoadipate-semialdehyde dehydrogenase 

RHTO_04310   aldehyde dehydrogenase 
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RHTO_02062   succinate-semialdehyde dehydrogenase (NADP+) 

RHTO_05993   glutamate-5-semialdehyde dehydrogenase 

RHTO_05838   aldehyde dehydrogenase (NAD) 

RHTO_04543    aldehyde dehydrogenase 

RHTO_03406 D-lactaldehyde dehydrogenase 

RHTO_06090   aldehyde dehydrogenase 

RHTO_01165  alcohol oxidase 

RHTO_06879   long chain fatty alcohol oxidase 

RHTO_02441   alcohol oxidase 

RHTO_01714 long-chain fatty alcohol oxidase, FAO1 

RHTO_07606    organic hydroperoxide resistance protein 

RHTO_07836 putative stress response protein Rds2p 

RHTO_07782 putative stress response protein Rds1p 

RHTO_01739   stress-induced-phosphoprotein 1 (Heat shock protein 

RHTO_07119 stress responsive alpha beta barrel domain protein 

RHTO_05274   stress-inducible protein Sti1-like protein 

RHTO_03636   stress response protein nst1 

RHTO_04231 stress response RCI peptide, putative 

RHTO_04154 oxidative-stress responsive protein 1 

RHTO_08083    stress responsive A/B barrel domain containing protein 

RHTO_04231 stress response RCI peptide, putative 

RHTO_04027 stress activated MAP kinase interacting protein Sin1 

RHTO_07884 Usp (universal stress protein) family protein 

RHTO_05770 Usp (universal stress protein) family protein 

RHTO_07037 ABC-2 type transporter, pleiotropic drug resistance  (PDR1) 

RHTO_07952 bZIP transcription factor  (YAP1) 
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