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Abstract. Due to the rising energy demand of our modern society and the finite amounts of 

petroleum-based fuels, renewable forms of energy have become extremely important. Bio-based 

fuels like bioethanol and biodiesel represent an already applied and accepted alternative. 

Biodiesel is currently mainly produced from plant oils. A new and promising alternative, which 

avoids the use of food crops, is the cultivation of the oleaginous yeast Yarrowia lipolytica, which 

possesses the capacity to accumulate up to 40% of its biomass in form of lipids. Moreover, this 

non-conventional yeast is able to metabolize a broad range of carbon-sources, presenting a 

sustainable alternative to reutilize a wide spectrum of waste substrates. This makes it an 

auspicious candidate for the generation of non-edible oils for biodiesel production. In this work, 

we aimed to generate a Y. lipolytica mutant strain with enhanced lipid production when grown on 

wheat straw hydrolysate as sole carbon source. Therefore, UV mutagenesis was applied and 

mutants with a high-lipid content were selected by their ability to grow in the presence of the 

fatty acid inhibitor cerulenin. Further, growth of the mutants on wheat straw hydrolysate was 

evaluated. The fatty acid composition was analysed by GC-FID and the calculated total lipid 

content revealed an up to 33% increase compared to the wild type strain. Fermentation 

optimisation and the combination of various waste substrates as carbon sources are expected to 

further increase the total lipid yield by the Y. lipolytica mutant strain and serve as initial point for 

its industrial scale evaluation. 
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INTRODUCTION 

 

Fossil fuels are a finite resource unable to cover the rising energy demand of our 

modern society. Thus, sustainable and renewable energy sources have gained great 

interest during the last years and are considered key players to combat climate change 

and other environmental issues. After the first success of converting crops into bio-fuels, 

like bioethanol or biodiesel, second generation biofuels are currently being investigated 

due to their environmentally-friendly and sustainable character. Several waste materials 

are currently used as feed for biorefineries in order to produce different types of bio-

based fuels. Normally, biodiesel, which is defined as the alkyl- (normally methyl- or 

ethyl-) esters of long chain fatty acids, is produced out of plant oil. Alternatively, 
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production of biodiesel from the fatty acids accumulated by microorganisms like yeast 

represents a novel possibility in this field. 

The oleaginous yeast Yarrowia lipolytica is a promising candidate for biodiesel 

production due to its capacity to accumulate up to 40% of its biomass in form of lipids 

(Beopoulos et al., 2009; Ageitos et al., 2011; Huang et al., 2013; Groenewald et al., 2014). 

Additionally, it possesses several advantages compared to plants or microalgae, which 

are also under investigation for this purpose (Xie, 2017). It grows much faster than 

microalgae and is not affected by seasonal or climate changes like plants. Furthermore, 

Y. lipolytica is able to metabolize a very broad range of different carbon-sources, which 

enables them to be cultivated on different waste raw materials (Ageitos et al., 2011; 

Groenewald et al., 2014). Y. lipolytica was stated as ‘safe-to-use’ by Groenewald et al. 

(2014) and is, therefore, a good candidate for economic, environmentally friendly and 

ethically acceptable lipid production and biodiesel generation. 

Lignocellulose materials, like wheat straw, corncobs, sugar cane or rice hulls are a 

widely used feedstock for biorefineries worldwide (Saha, 2003; Maitan-Alfenas et al., 

2015; Jönsson & Martín, 2016). Wheat straw represents the major crop residue in Europe 

and is only used as animal litter to a certain extent (Dias et al., 2010; Mühlenhoff, 2013). 

In order to utilize wheat straw as a substrate for yeast growth, two steps are required 

before its use: 1) Pre-treatment and 2) Hydrolysis. A detailed review about these steps is 

described in Cristobal-Sarramian & Atzmüller (2018). 

Steam explosion is a chemical-free and very efficient type of pre-treatment to 

disrupt the fibre structure of wheat straw. As a result of this, the accessibility of the long 

chain carbon polymers, like hemicellulose, for enzymes during the hydrolysis step is 

improved and, thereby, the degradation of those carbon polymers into sugars is increased 

(mainly: glucose, galactose, xylose and mannose) (Eisenhuber et al., 2013; Marcos et 

al., 2013). The obtained sugar-rich solution is then further used as a carbon source during 

the fermentation step. 

UV mutagenesis is an easy and effective method to introduce random mutations 

into a microorganism´s genome. The mechanisms underlying this technique have been 

previously described and are a suitable way to be used to generate Y. lipolytica mutant 

strains (Ikehata & Ono, 2011; Lindquist et al., 2015). For each organism and application, 

an optimization step is needed in order to determine the best ratio of UV-intensity and 

irradiation period. Additionally, the development of an adequate screening method is a 

critical factor for obtaining the desired strain. 

For the screening of strains with enhanced fatty acid content, the fatty acid (FA) 

biosynthesis inhibitor cerulenin, has been shown to be an effective agent (Omura, 1976; 

Tapia et al., 2012; Katre et al., 2017). As cerulenin inhibits FA synthesis, it is speculated 

that only mutants with an enhanced FA synthesis activity will survive a lethal dose of 

this agent. In line with this hypothesis, Katre et al. (2017) showed, that the colony size 

of strains correlates with their lipid content when they are plated on cerulenin-containing 

media plates. 

In this study, we combined the agricultural waste wheat straw as a feedstock with 

the capability of Y. lipolytica to grow on a wide range of carbon sources to produce fatty 

acids for biodiesel generation. Furthermore, we show, that UV mutagenesis can be used 

to enhance the fatty acid production and generate even more efficient strains for this 

purpose. 
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MATERIALS AND METHODS 

 

Strains, media and growth conditions 

The Y. lipolytica H222 strain (YlWT; MATa wild-type) (Barth & Gaillardin, 1996) 

was used as the parental strain for the UV-mutagenesis to generate the YlUV10 and 

YlUV12 strains. Yeast cultures were grown in YPD (yeast extract 10 g L-1, peptone  

20 g L-1, glucose 20 g L-1) or YNB medium (yeast nitrogen base without amino acids  

6.7 g L-1, Sigma, glucose 20 g L-1). Hydrolysate (HL) medium was prepared by adding 

20% wheat straw hydrolysate to YNB (6.7 g L-1). Solid media was prepared by adding 

2% agar to the corresponding medium. Yeast solid cultures were grown at 28 °C for up 

to 72 h and stored at 4 °C. For liquid cultures, precultures were prepared in 5 mL YPD 

and grown overnight at 28 °C on a rotary shaker (170 rpm). Prior to inoculation, 

precultures were washed with deionized water. Main cultures were performed in shaking 

flasks containing 50 mL HL-medium, inoculated with a starting OD600 of 0.1 and grown 

for 24–72 h on a rotary shaker (170 rpm). For growth characterization, this was 

performed three times for each strain. For lipid determination, strains were harvested 

after 24, 48 and 72 h by centrifugation (3,000 rpm, 10 min), washed twice with water 

and the cell pellets were stored at -80 °C. 
 

UV mutagenesis and selection of strains with a high lipid content 

For the UV mutagenesis, cells were grown overnight in YPD and 10 OD units were 

harvested, washed and resuspended in deionized water to a final volume of 10 mL. This 

was irradiated with UV light (254 nm) from a distance of 9 cm for 1.5 min while stirring. 

The killing rate was determined by harvesting cells every 30–60 s and determining their 

viable cell count on YPD plates in two independent experiments. Mutants with a high 

lipid content were selected on HL-medium plates containing 6 µg mL-1 cerulenin 

(Sigma-Aldrich, ≥ 98%). Mutants showing the biggest colonies after 48 h of incubation 

were further characterized. 
 

Preparation and characterisation of wheat straw hydrolysate 

Dried wheat straw was chopped to a particle size of 2–3 cm and further 

disintegrated by steam explosion as previously described (Eisenhuber et al., 2013). 

Briefly, straw was mixed with water in a 1:1 ratio and steam explosion was performed 

at 200 °C for 10 min. The dry weight of the steam exploded wheat straw was detected 

using an IR-scale (Ohaus MB45), which was immediately used for enzymatic 

hydrolysis. For this, wheat straw was mixed in a 1:10 (dryweight : buffer) ratio with 

0.1 M citric acid buffer (pH 5.0) and 0.3 mL Accellerase 1500 (Genercor) per g dry 

weight. After incubation at 50 °C, 120 rpm for 72 h, big particles were removed by 

filtration and the liquid hydrolysate was sterile filtered and stored at 4 °C. 

Saccharides, organic acids and furans from the sterile-filtered hydrolysate were 

quantified by HPLC, using a Jasco HPLC (2000 plus series) with an Aminex hpx 87 h 

column at 65 °C. H2SO4 (c = 5 mmol L-1) as an eluent and an isocratic flow rate of 

0.8 mL min-1 was used. Data acquisition was performed with a refractive index detection 

and UV-detection at 210 nm from three independently prepared samples. Data were 

analysed with CromPass (Version 1.8.6.1). 
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Fatty acid determination 

Prior to analytical quantification of the fatty acid content, the washed yeast-pellets 

were lyophilized. Therefore a BenchTop Pro with Omnitronics (SP Scientific) freeze 

dryer at -50 °C (± 1) was used to dry pre-deepfreezed samples (-80 °C) for 24 h.Two 

times 5 mg of lyophilized yeast were resuspended and methylated separately with 5 ml 

of methanol : acetyl chloride (ChemLab, Sigma-Aldrich, both p.a. ≥ 99%) with a 

volumetric ratio of 50:2 for 8 h at 60 °C in a drying cabinet. Afterwards, the reactions 

were stopped by slowly adding 2.5 mL of potassium carbonate solution (VWR, ≥ 98%) 

with a concentration of 60 g L-1. The resulting fatty acid methyl esters were extracted by 

adding 2 mL of hexane (Honeywell, HPLC grade) and vortexing for 1 minute. 1 mL of 

the supernatant phase, containing the methyl esters, was transferred in a 1.5 mL vial with 

a crimp cap and stored at -18 °C until measurement.  

The hexane - extract was injected in a Thermo Trace 1300GC, equipped with an 

autosampler AS 1310 and an SSL injector. The detection was carried out by FID. The 

chromatographic conditions were as follows: The injection volume was 1 µL, the 

injector temperature was set at 240 °C. Helium was used as a carrier (constant flow) with 

1.5 mL min-1 and a split flow at 30 mL min-1. An Agilent J&W capillary column DB23 

60 m, 0.25 mm ID and 0.25 µm film thickness was used for analytical separation. The 

oven temperature gradient was: 0–3 min 130 °C; 6.5 °C min-1 to 170 °C. 2.8 °C min-1 to 

214 °C held 12 minutes. 3 °C min-1 to 240 °C held for 15 minutes. The FID was set at a 

temperature of 280 °C, 450 mL min-1 air flow, 45 mL min-1 hydrogen flow and nitrogen 

as make up gas at 40 mL min-1 were the torch conditions. Data analysis was performed 

with Chromeleon (Version 7.2). For calibration, the external standard method was used. 

 

RESULTS AND DISCUSSION 

 

Generation and selection of Y. lipolytica H222 mutant strains 

In order to introduce mutations 

that lead to an improved 

accumulation of lipids, Y. lipolytica 

was irradiated with UV light. Prior to 

this mutagenesis, the optimal 

duration and distance for the 

irradiation treatment was determined. 

When using a lamp with a 

wavelength of 254 nm and a distance 

of 9 cm between the lamp and the 

cells, an exposure of 3.5 min or more 

lead to a kill rate greater than 90%. 

Sampling at 0.5, 1.5 and 2.5 min 

revealed kill rates of 22%, 54% and 

78%, respectively (Fig. 1). Therefore, 

Y. lipolytica cultures were irradiated  

 

 
 

Figure 1. Determination of the kill-rate of 

Y. lipolytica H222 with UV radiation at 254 nm 

from a distance of 9 cm, (n = 2). 

 

with UV light for 1.5 minutes to generate mutant strains. 

The fatty acid inhibitor cerulenin has previously been shown to be an effective 

selective agent to isolate yeast strains with an increased lipid content (Katre et al., 2017). 

Specifically, cerulenin inhibits the FA synthesis and the strains with an increased FA 
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content tolerate a higher concentration of this agent. In order to find the appropriate 

cerulenin concentration for the selection of the mutants after UV treatment, growth on 

solid media with different cerulenin concentrations was investigated. YlWT revealed 

clearly inhibited growth at concentrations of 4 µg mL-1 and higher (Fig. 2, A). To ensure 

a clear selection of mutants with higher lipid content, the cells were spread onto solid 

HL-media containing 6 µg mL-1 cerulenin. The colonies with the biggest diameter were  

picked from the plate after 48 h 

incubation and transferred to a 

new cerulenin selection plate. 

After a second selection step 

on the same media, the mutants 

YlUV10 and YlUV12 were 

chosen as potential candidates 

with an increased lipid content, 

based on their growth and 

colony morphology (Fig. 2, B). 

Usually, UV-mutagenesis 

experiments are associated 

with the development of  

so-called petite phenotypes, 

which are linked to 

mitochondrial dysfunction and  

pos. control 
 

 

 

2 µg mL-1 
 

4 µg mL-1 
 

 

Figure 2. A: Evaluation of the toxic concentration of 

cerulenin for YlWT after 48 h, pos. control = YPD; B: 

Second selection step of Y. lipolytica mutants after UV 

mutagenesis on HL-media plates containing 6 µg mL-1 

cerulenin, selected mutants (YlUV10 and YlUV12) are 

highlighted with arrows. 

delayed growth (Chanet & Heude, 1974). Thus, in order to avoid the selection of strains 

with possible growth defects, which would result in a decrease fermentation 

productivity, we assumed that the strains with the biggest colony sizes would not have a 

growth defect and were further characterized in this study. 

 

Characterisation of wheat straw hydrolysate and growth evaluation 
In order to use wheat straw as carbon source for Y. lipolytica cultivation, a  

pre-treatment step of this raw material is required to obtain a fermentable sugar solution. 

This was achieved by steam-explosion and enzymatic hydrolysis. Several  

steam-explosion  parameters  were  tested in order to  achieve the highest sugar  content  

after enzymatic hydrolysis 

(unpublished data). HPLC 

analysis of the wheat straw 

hydrolysate revealed that 

steam explosion performed  

at 200 °C for 10 minutes 

resulted in the highest  

sugar concentration (Table 1). 

Although there are growth 

inhibitors released during this 

process,  their  concentrations  

 

Table 1. Sugar and inhibitor concentrations of wheat straw 

hydrolysate obtained after steam explosion (200 °C, 10 

mins) and enzymatic hydrolysis, (n = 3) 

Sugars 
Concentration, 

g L-1 
Inhibitors 

Concentration,  

g L-1 

Cellobiose 1.82 (± 0.27) Formic acid 4.28 (± 0.16) 

Glucose 32.48 (± 0.59) Acetic acid 4.09 (± 0.21) 

Xylose/ 

Mannose 

13.02 (± 1.25) Furfural 0.27 (± 0.27) 

 

were not sufficient to impair Y. lipolytica growth (unpublished data), which is also 

comparable with the findings of Niehus et al. (2018). 

B. A. 
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Growth of the mutants was 

evaluated in HL-medium and compared 

with the YlWT strain to ensure that the 

UV treatment did not affect the strain’s 

ability to grow on wheat straw 

hydrolysate as the sole carbon source. 

The growth evaluation shows a similar 

growth behaviour in all three strains 

(Fig. 3). This indicates that wheat 

straw is a suitable raw material to use 

as a media to grow Y. lipolytica, and 

the introduced mutations did not 

compromise any essential pathway 

affecting yeast growth. Therefore, the 

mutants were further characterized for  

 

 
 

 

Figure 3. Growth evaluation of YlWT (u) and 

the two mutants YlUV10 (n) and YlUV12 (p) 

in HL-media, (n = 3). 

FA production in HL-medium. 

 

Fatty acid production 

For the comparison of the FA production of the generated mutant strains, YlUV10 

and YlUV12, with YlWT, all strains were grown in HL-media and harvested after 24 h, 

48 h and 72 h. Samples were freeze dried and fatty acid methylation was performed prior  

to GC analysis. Interestingly, the total 

FA content of all three analysed strains 

was clearly different (Fig. 4). On the 

one hand, YLUV10, in comparison 

with YlWT, showed lower values after 

24 h and 72 h (-16% and -8%, 

respectively), but an about 33% higher 

content after 48 h. On the other hand, 

YlUV12 showed the opposite 

behaviour, here after 24 h and 72 h the 

total FA content is slightly higher (9% 

each) than for YlWT, but lower  

(-9%) after 48 h. 

The fact that the YlUV10 strain 

showed an increased FA-content after 

48 h,  which then  decreases after 72 h, 

 

 
 

Figure 4. Fatty acid content of YlUV10 and 

YlUV12 after 24 h, 48 h and 72 h cultivation in 

shaking flasks with HL-media compared to the 

YlWT (set to 100%), (n = 2). 

indicates that the activity of the FA synthesis enzymes is higher during the first 48 h, 

which correlates with the enhanced cerulenin resistance of this strain. In case of the 

YlUV12, the FA content is slightly increased after 72 h in comparison to YlWT. 

Interestingly, this strain did not show any growth defect in comparison to YlWT. Thus, 

one may speculate that the differences within this time frame are caused by intensive 

lipid remodelling events, which are a major event influencing overall yeast physiology 

(Henry et al., 2012; Renne et al., 2015; Sarria et al., 2017). Another possibility could be 

associated to an altered sugar uptake or utilization in the mutants, which even if a direct 

impact on cellular growth was not observed, could have an influence on the total lipid 

content of these strains (Hapeta et al., 2017; Tanimura et al., 2018). Further investigation 
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exploring these hypotheses, as well as other possible molecular mechanism behind the 

lipid accumulation in these mutants strains will be conducted. 

 

CONCLUSIONS 

 

In the present study, we generated Y. lipolytica strains with an enhanced lipid 

content when grown on wheat straw hydrolysate. This was achieved by combining 

UV-mutagenesis, cerulenin screening and adaptation to wheat straw hydrolysate 

experiments. Nowadays, metabolic engineering is a widely accepted technology to 

increase Y. lipolytica lipid content (Bhutada et al., 2017). Thus, it will be interesting to 

apply this approach to further increase the lipid content of the Yl10UV and Yl12UV 

strains, for instance by modulation the activity of the FA synthesis and neutral lipid 

hydrolysing enzymes. Furthermore, the ability of Y. lipolytica to metabolize different 

carbon sources provides a great opportunity to use this yeast in biorefineries (Kavšček 

et al., 2015). Further growth characterization of this yeast on substrates commonly used 

in biorefineries as well as the optimization of the fermentation parameters will serve as 

a starting point to evaluate the use of these strains in an industrial scale level. 
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