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Abstract 15 

Background: Crude glycerol (CG) and hemicellulose hydrolysate (HH) are low- value side-products 16 

of biodiesel transesterification and pulp- and paper industry, respectively, which can be converted 17 

to microbial lipids by oleaginous yeasts. This study aimed to test the ability of oleaginous yeasts 18 

to utilise CG and HH and mixtures of them as carbon source.  19 

Results: Eleven out of 27 tested strains of oleaginous yeast species were able to grow in plate 20 

tests on CG as sole carbon source. Among them, only one ascomycetous strain, belonging to 21 

Lipomyces starkeyi, was identified, the other 10 strains were Rhodotorula spec. When yeasts were 22 

cultivated in mixed CG/ HH medium, we observed an activation of glycerol conversion in the 23 

Rhodotorula strains, but not in L. starkeyi. Two strains - Rhodotorula toruloides CBS 14 and 24 

Rhodotorula glutinis CBS 3044 were further tested in controlled fermentations in bioreactors in 25 

different mixtures of CG and HH. The highest measured average biomass and lipid concentration 26 

were achieved with R. toruloides in 40% HH medium mixed with 60 g/L CG - 19.4 g/L and 10.6 g/L, 27 

respectively, with a lipid yield of 0.22 g lipids per consumed g of carbon source.  Fatty acid 28 

composition was similar to other R. toruloides strains and comparable to that of vegetable oils. 29 

Conclusions: There were big strain differences in the ability to convert CG to lipids, as only few of 30 

the tested strains were able to grow.  Lipid production rates and yields showed that mixing GC 31 

and HH have a stimulating effect on lipid accumulation resulting in shortened fermentation time 32 

to reach maximum lipid concentration, which provides a new perspective on converting these 33 

low- value compounds to biolipids.  34 

Keywords: oleaginous yeast, hemicelluloses, crude glycerol, lipids, R. torouloides 35 
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1. Background 36 

Crude glycerol (CG) is a side product of biodiesel production, which is released during 37 

transesterification of vegetable oils. CG is a highly problematic side product; it contains methanol, 38 

soap and ash. Industrial application of CG requires extensive purification, making its application 39 

quite expensive [1-4].  40 

Hemicellulose hydrolysate (HH) is a side product of pulp and paper industry. It is used for steam 41 

generation; however, it is rather inefficient for this application, due to its low heating value (13.5 42 

MJ/ kg) [5]. The hemicellulose fraction may also be separated from lignocellulosic biomass after 43 

steam explosion of the biomass at low pH, as the majority of hemicellulose sugars are present in 44 

the liquid phase after this treatment [6]. Separating the hemicellulose fraction from the cellulose 45 

fraction can be advantageous when converting lignocellulose to biofuels, since the cellulose 46 

fraction will release mainly glucose monomers, when hydrolysed enzymatically, which can be 47 

easier converted to ethanol compared to the pentoses that are the major sugar monomers of 48 

hemicellulose [7, 8]. Hemicellulose hydrolysates contain, in addition to released sugars,  a variety 49 

of inhibitors such as furaldehydes, weak organic acids and phenolic compounds [9], and 50 

frequently it is necessary to remove those inhibitors or to dilute hemicellulose hydrolysate to 51 

enable bioconversion of hemicellulose hydrolysates [6, 10]. 52 

Many oleaginous yeasts, i.e. yeasts that can accumulate more than 20% of their biomass as lipids, 53 

can convert both glycerol as well as sugars and organic acids derived from hemicellulose to oil. 54 

This oil has a similar composition as some vegetable oils [11]. Production of vegetable oil can have 55 

considerable greenhouse gas potential [12] and thus, replacement of vegetable oil by yeast oil 56 

may result in more sustainable biodiesel [13, 14] or animal feed production [15]. 57 
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Converting a mixture of CG and HH to yeast oil may provide a possibility of simultaneously 58 

converting these side streams to a higher-value product. At the same time, inhibitors present in 59 

only one of these side streams might be diluted and thus less inhibitory. It was our aim to get a 60 

survey about the diversity of strains when converting CG and HH to lipids. We also intended to 61 

investigate effects of mixing these two problematic substrates. We tested a variety of strains 62 

belonging to the genera Lipomyces (ascomyceteous oleaginous yeasts) and Rhodotorula 63 

(basidiomycetous oleaginous yeasts) for their ability to grow and synthetise lipids on a mixture of 64 

CG and HH. 65 

2. Results  66 

Plate test 67 

The ability of 27 yeast strains to utilise CG as sole carbon source and their resistance against 68 

inhibitors in CG was tested on solid media. A  droplet of undiluted crude glycerol or a filter soaked 69 

with CG was placed at the centre of YNB plates inoculated with the tested strains. Out of the 27 70 

tested strains, 11 strains showed visible growth close to the droplet/filter and thus were able to 71 

tolerate CG, and to utilise it as carbon source. Those strains were: Rhodotorula glutinis CBS 2203, 72 

R. glutinis CBS 2889, R. glutinis CBS 2890, R. glutinis CBS 3044, R. glutinis CBS 5182, R. glutinis CBS 73 

7538, Rhodotorula minuta CBS 8013, Rhodotorula mucolaginosa CFSQE 63, Rhodotorula  babjevae 74 

CBS 7809, Rhodotorula toruloides CBS 14 and Lipomyces starkeyi CBS 7786. Interestingly, only 75 

one ascomycetous strain (L. starkeyi 7786) showed substantial growth on the plates with 76 

crude glycerol. 77 
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Crude glycerol and hemicellulose growth tests 78 

The 11 identified strains (see above) were tested further in shake flask cultivations for their ability 79 

to grow in different CG concentrations (sCG30, sCG60, sCG90, sCG120 media; for all media see 80 

media section in Materials and Methods), and to utilise HH (sHemi media) as carbon source (Table 81 

1). After 96 hours of cultivation almost all red yeast strains grew well in HH and in 120 g/L CG. R. 82 

minuta CBS 8013 grew slower than other Rhodotorula strains in CG concentrations higher than 83 

60 g/L. L. starkeyi CBS 7786 grew comparatively well on control, HH medium and 30 g/L CG 84 

medium, but had lower growth compared to the tested red yeast strains in higher concentrations 85 

of CG. 86 

Table 1; OD600 measurements of 11 cultures in glucose medium (Control), hemicellulose hydrolysate 87 

(sHemi) or four concentrations of crude glycerol (CG) (sCG30, sCG60, sCG90, sCG120 media) after 96 hours 88 

of growth (“-“ no growth, “+” OD = 1-20, “++” OD = 21-40, “+++” OD > 40). 89 

  Media 

      Crude Glycerol 

Strain Control Hemicellulose 30 g/L 60 g/L 90 g/L 120 g/L 

R. glutinis CBS 2203 + ++ ++ +++ +++ +++ 

R. glutinis CBS 2889 ++ + +++ +++ +++ +++ 

R. glutinis CBS 2890 + +++ +++ +++ +++ +++ 

R. glutinis CBS 3044 + + +++ +++ +++ +++ 

R. glutinis CBS 5182 ++ + ++ +++ +++ +++ 

R. glutinis CBS 7538 + +++ +++ +++ +++ +++ 

R. minuta CBS 8013 ++ + ++ +++ ++ + 

R. mucolaginosa CFSQE 63 ++ +++ +++ +++ +++ +++ 

R. babjeave CBS 7809 + ++ ++ +++ +++ +++ 

R. toruloides CBS 14 + + ++ +++ +++ +++ 

L. starkeyi CBS 7786 ++ ++ ++ + + + 

              

      - + ++ +++ 

    OD 0 1 - 20 21-40 >40 

  90 



 
6 

Testing of growth in a mixture of crude glycerol and hemicellulose. 91 

To evaluate the effect of mixing CG and HH in the cultivation media we tested five strains for their 92 

growth on these mixed substrates and compared it to cultivations with either glucose (positive 93 

control) or crude glycerol as sole carbon source (Table 2, Figures 1-3). The five strains were 94 

selected according to their growth performance in HH and CG media (see above). There were 95 

varying responses of the strains to the different carbon sources. In the glucose control medium 96 

(Control media), R. toruloides CBS 14 had the lowest OD600 after 96 h of cultivation (21), while R. 97 

mucolaginosa CFSQE 63 reached an OD600 more than twice as high as R. toruloides after 96 h. In 98 

mixed media (sHH40CG60 media), results were almost the opposite. R. toruloides had the second 99 

highest OD600 after R. glutinis CBS 3044. Out of red yeast, R. mucolaginosa CFSQE 63 had the 100 

lowest OD600. In media with crude glycerol (sCG60 media) only, R. glutinis CBS 2889 had the 101 

highest OD600 and R. glutinis CBS 3044 reached the second highest OD600. Interestingly, faster 102 

growth was observed for the red yeasts when cultivated using a mixed medium, compared to 103 

cultivations using pure CG. 104 

L. starkeyi CBS 7786 showed slow growth on both CG alone and the mixture of CG and HH (Table 105 

2). In contrast to the red yeasts, mixing CG with HH had no stimulating effect but was rather 106 

inhibiting the growth.  In sHH40CG60 media, from starting glycerol concentration of 107 

approximately 50 g/L, Lipomyces starkeyi CBS 7786 consumed only around 25% of this, with 38.2 108 

g/L glycerol still remaining after 72 hours cultivation (Figure 1). It was also only able to assimilate 109 

a small proportion of the xylose, which was consumed by the other tested strains within 30 hours.  110 

Table 2; OD600 of five strains tested in control medium, hemicellulose hydrolysate mixed with crude glycerol  111 

and crude glycerol + YNB media in shake flask cultures. 60g/L Crude Glycerol, and 40% Hemicellulose 112 

hydrolysate. 113 
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Media Yeast 
Time 

0 24 30 48 54 72 

Glucose control 

(Control) 

L. starkeyi CBS 7786 
0.35 ± 

0.05 

10.70 ± 

1.90 

25.00 ± 

1.00 

36.00 ± 

2.00 

35.00 ± 

0.00 

37.50 ± 

0.5. 

R. mucolaginosa 

CFSQE 63 

0.20 ± 

0.00 

17.40 ± 

0.20 

30.00 ± 

2.00 

49.00 ± 

1.00 

46.50 ± 

0.50 

53.50 ± 

0.50 

R. toruloides CBS 14 
0.50 ± 

0.00 

10.20 ± 

0.60 

16.50 ± 

2.50 

20.50 ± 

0.50 

21.50 ± 

1.50 

21.00 ± 

1.00 

R. glutinis CBS 3044 
0.35 ± 

0.05 

13.00 ± 

1.40 

27.50 ± 

0.50 

33.00 ± 

0.00 

36.50 ± 

2.50 

39.50 ± 

0.50 

R. glutinis  CBS 2889 
0.50 ± 

0.00 

13.60 ± 

0.80 

26.00 ± 

1.00 

35.50 ± 

1.50 

37.50 ± 

0.50 

43.00 ± 

1.00 

Crude glycerol (60 

g/L) with 

hemicellulose 

hydrolysate (40%) 

(sHH40CG60) 

 

L. starkeyi CBS 7786 
0.35 ± 

0.05 

0.50 ± 

0.10 

1.50 ± 

0.50 

2.00 ± 

0.00 

3.00 ± 

0.00 

5.50 ± 

2.50 

R. mucolaginosa 

CFSQE 63 

0.30 ± 

0.00 

11.20 ± 

0.00 

22.00 ± 

1.00 

48.50 ± 

1.50 

52.50 ± 

2.50 

55.50 ± 

0.50 

R. toruloides CBS 14 
0.40 ± 

0.00 

3.00 ± 

1.00 

12.00 ± 

0.00 

34.50 ± 

0.50 

45.00 ± 

0.00 

69.00 ± 

3.00 

R. glutinis CBS 3044 
0.30 ± 

0.00 

9.80 ± 

1.00 

19.50 ± 

0.50 

45.50 ± 

0.50 

53.50 ± 

2.50 

76.00 ± 

2.00 

R. glutinis  CBS 2889 
0.50 ± 

0.00 

3.80 ± 

1.00 

14.50 ± 

0.50 

34.00 ± 

2.00 

41.50 ± 

2.50 

66.00 ± 

0.00 

Crude glycerol (60 

g/L) (sCG60) 

L. starkeyi CBS 7786 
0.60 ± 

0.05 

1.60 ± 

0.25 

2.00 ± 

0.00 

4.00 ± 

1.00 

5.00 ± 

2.00 

15.50 ± 

6.50 

R. mucolaginosa 

CFSQE 63 

0.30 ± 

0.00 

5.00 ± 

2.60 

10.00 ± 

0.00 

26.50 ± 

0.50 

33.50 ± 

2.50 

47.50 ± 

3.50 

R. toruloides CBS 14 
0.70 ± 

0.00 

3.00 ± 

0.60 

7.00 ± 

0.00 

23.50 ± 

0.50 

28.50 ± 

0.50 

42.00 ± 

1.00 

R. glutinis CBS 3044 
0.35 ± 

0.05 

4.40 ± 

0.00 

7.00 ± 

1.00 

23.50 ± 

0.50 

32.50 ± 

1.50 

49.50 ± 

1.50 

R. glutinis  CBS 2889 
0.55 ± 

0.05 

8.40 ± 

0.00 

13.50 ± 

0.50 

43.50 ± 

0.50 

53.00 ± 

1.00 

61.50 ± 

1.50 

 114 

 115 

Figure 1; Concentration of glucose, xylose, glycerol and acetic acid in a L. starkeyi CBS 7786 duplicate 116 

culture in sHH40CG60 media. Xylose had a final concentration of 6.8 g/L; final concentration of glycerol 117 

was 38.2 g/L. 118 

 119 
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Figure 2 R. toruloides CBS 14 in duplicates; concentrations of glucose, xylose, glycerol, acetic acid in mixed 120 

media; xylose was consumed after 30 hours of cultivation, glycerol levels were dropping to a final 121 

concentration of 26.0 g/L after 70 hours of cultivation. 122 

In R. toruloides cultivations, the remaining glycerol concentration was 26 g/L after 70 hours of 123 

cultivation. Xylose consumption started after 30 hours (Figure 2). R. glutinis CBS 3044 (Figure 3), 124 

also consumed xylose between the 30 and 48-hour measurement. The remaining concentration 125 

of glycerol was 28.3 g/L 126 

Figure 3 R. glutinis CBS 3044; measured concentration of glucose, xylose, glycerol and acetic acid in 127 

sHH40CG60 media; xylose was consumed after 30 hours of cultivation, glycerol levels dropped to a final 128 

concentration of 28.3 g/L after 70 hours. 129 

For R. mucolaginosa CFSQE 63 and R. glutinis CBS 2889 it turned out to be difficult to measure the 130 

concentration of carbon sources in the medium, because during filtration of all samples taken 131 

after inoculation, filter membranes rapidly got clogged. Filtering the medium was in principle not 132 

possible and for the little amount of liquid that passed through the filter, results were not 133 

reproducible (results not shown). Rhodotorula spec. are known to produce exopolysaccharides 134 

[16-18], which may have caused the clogging of the filters. Due to the difficulties in analysing the 135 

metabolites in the fermentations, we did not further investigate these strains in this study.  136 

Fermentation in bioreactors 137 

Two of the investigated strains, R. toruloides CBS 14 and R. glutinis CBS 3044, were tested under 138 

controlled conditions in 500 ml fermenters for their abilities to utilise crude glycerol and 139 

hemicellulose hydrolysate and mixtures of them.  140 
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R. toruloides CBS 14 (cultivated in HH40CG60) firstly assimilated glucose and acetic acid, i.e. at the 141 

first measuring point after 20 h cultivation, these compounds were no longer detectable. 142 

Subsequently xylose was rapidly consumed. However, it was co-consumed with glycerol, although 143 

the latter was consumed at a slower rate (Figure 4). When all xylose was consumed after 144 

aproximately 42 h cultivation, the calculated glycerol volumetric rate of consumption increased 145 

seven-fold from 0.13 g/h to 0.91 g/h. The extra carbon source in form of glucose, acetic acid and 146 

xylose had obviously a positive effect on the growth. Absence of hemicellulose hydrolysate 147 

supplement resulted in a slower glycerol consumption (0.23 g/L/h < 0.35 g/L/h), and cell growth 148 

rate when compared to the cultures in mixed substrate (Figure 5A).  149 

 150 

Figure 4; R. toruloides CBS 14, HH40CG60 media grown in duplicates, dry weight and change of compounds 151 

concentration in media over time, average lipid concentration was 10.57 g/L after 70h.  152 

To verify the positive effect of adding hemicellulose hydrolysate to the cultivation media on 153 

glycerol consumption, R. toruloides CBS 14 was tested in a similar medium with less crude glycerol 154 

and HH added (HH10CG50 and CG50). All cultivations were carried out for over 144 hours to 155 

obtain complete consumption of all carbon sources, and the lipid content was measured after 96 156 

and 144 hours of cultivation. 157 

As expected, the lower amount of carbon source resulted in lower dry weight compared with the 158 

previous cultivations (Figures 5A; 5B). However, it allowed cells to consume the remaining glycerol 159 

within 96- 144 h. Total lipid yield was 0.23 g lipid/g carbon source after 144h. 160 

 161 

 162 
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Figure 5; Bioreactor cultivation of R. toruloides CBS 14 in triplicates, (A) CG50 medium, (B) HH10CG50 163 

medium. 164 

Cultures in media with a supply of 10% HH in addition to CG had a faster increase in dry weight 165 

than the cultures in media without an addition of it (see Figure 5A,B). All different carbon sources 166 

from HH were consumed within 24 hours and glycerol was consumed within 96 hours. The dry 167 

weight and lipid content were higher compared to cultivation in 50 g/l  CG  but it was lower than 168 

in the HH40CG60 medium  (Figure 4, 5A). The decrease in both dry matter and lipid content 169 

between the two final measurements is also noteworthy and most likely caused by cell starvation 170 

and thus consumption of the stored lipids for maintenance of metabolic processes.  171 

One more cultivation was performed with 55 g/L of CG (CG55) as sole carbon source for the 172 

control and in a mixture with 10% HH (HH10CG55). This was carried out to achieve a more optimal 173 

C/N ratio [19]. To obtain an impression on the lipid accumulation kinetics, the intracellular lipid 174 

content during fermentation was checked over the whole fermentation time using our recently 175 

established FT-NIR- based method for intracellular lipid determination [20]. In the cultivation of 176 

R. toruloides CBS 14 with HH the highest cell dry weight (21.2 g/L) and lipid concentration (12.5 177 

g/L) were reached after 96 h cultivation (Figure 6B). In the culture with CG as sole carbon source, 178 

the maximum dry weight (19.1 g/L) and lipid concentration (8.81 g/L) were detected after 140 h 179 

cultivation (Figure 6B). 180 

 181 

Figure 6;  Dry weight, lipid concentration and change of concentration of compounds in media over time 182 

in YNB media. (A) R. toruloides CBS 14 bioreactor cultivation CG55. (B) R. toruloides CBS 14 bioreactor 183 

cultivation in HH10CG55; (C) R. glutinis CBS 3044 bioreactor cultivation in CG55. (D) R. glutinis CBS 3044 184 

bioreactor cultivation in HH10CG55;  185 
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Lipid content, concentration, yield and specific lipid production at the end of fermentation times 186 

are presented in Table 3. The highest lipid content was measured in R. toruloides CBS 14 grown 187 

in “HC/CG” media. Lowest lipid content and yield were measured in R. glutinis CBS 3044 grown in  188 

CG60 media. However, it had a higher lipid concentration than R. toruloides in CG50 media after 189 

96 hours. The cells had higher lipid content in media supplemented with hemicelluloses than cells 190 

in media containing just CG. An interesting observation is a decrease of both lipid content and 191 

total lipid concentration in the cultivations using the mixed media, and after 144 hours of growth 192 

(Figures 5B, 6B, 6D).  The calculated lipid yields were between 0.15 and 0.25 (Table 3). 193 

Table 3; Endpoint lipid content, concentration, yield and specific lipid production in  Rhodotorula 194 

toruloides CBS 14 and Rhodotorula glutinis CBS 3044 at the end of fermentation on different media.  195 

(* - based on final measurement, † - average over whole fermentation)  196 

Strain Media carbon source 

Cell lipid 

content 

(%) 

Max. lipid 

concentration 

(g/L) 

Lipid 

yield 

(g lipid/ g 

carbon ) 

Specific lipid  

production 

rates (p1) 

R. toruloides 

CBS 14 

40% HH  

60 g/l CG 
54.6 ± 1.5 10.6 ± 0.3 0.23 ± 0.01 

*0.008 ± 

0.000 

R. toruloides 

CBS 14 
60 g/L CG 

40.5 ± 2.7 5.7 ± 0.4 0.17 ± 0.00 
*0.002 ± 

0.000 

R. glutinis CBS 

3044 
29.9 ± 1.3 4.6 ± 0.2 0.17 ± 0.00 

*0.002 ± 

0.000 

R. toruloides 

CBS 14 

50 g/L CG 46.3 ± 1.7 6.3 ± 0.2 0.19 ± 0.01 
*0.001 ± 

0.000 

10% HH  

50 g/L CG 
45.8 ± 3.5 6.5 ± 0.5 0.18 ± 0.02 

*0.002 ± 

0.000 

R. toruloides 

CBS 14 

55 g/L CG 46.2 ± 5.6 8.8 ± 0.1 0.20 ± 0.01 
†0.005 ± 

0.005 

10% HH  

55 g/L CG 
46.8 ± 1.0 12.5 ± 0.5 0.25 ± 0.02 

†0.004 ± 

0.008 

R. glutinis CBS 

3044 

55 g/L  CG 37.3 ± 1.9 7.1 ± 0.1 0.16 ± 0.01 
†0.007 ± 

0.004 

10% HH  

55 g/L CG 
36.4 ± 0.6 7.6 ± 0.5 0.15 ± 0.01 

†0.003 ± 

0.004 

  p1 - 

∆𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 𝑳𝑳𝒑𝒑𝒑𝒑𝑳𝑳𝒑𝒑𝒑𝒑𝒑𝒑𝑳𝑳𝑩𝑩𝑳𝑳𝒑𝒑𝑩𝑩𝑩𝑩𝑳𝑳𝑳𝑳 𝟐𝟐𝟐𝟐𝟐𝟐 ; lipid yield =
𝑻𝑻𝒑𝒑𝑻𝑻𝑩𝑩𝑻𝑻 𝑻𝑻𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 𝒑𝒑𝒑𝒑𝒄𝒄𝒑𝒑𝒑𝒑𝒄𝒄𝑻𝑻𝒑𝒑𝑩𝑩𝑻𝑻𝑳𝑳𝒑𝒑𝒄𝒄𝑻𝑻𝒑𝒑𝑻𝑻𝑩𝑩𝑻𝑻 𝒑𝒑𝑩𝑩𝒑𝒑𝒄𝒄𝒑𝒑𝒄𝒄 𝒑𝒑𝒑𝒑𝒄𝒄𝑳𝑳𝒑𝒑𝑩𝑩𝒑𝒑𝑳𝑳  197 

 198 
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Additionally, we analysed the specific lipid production rates in 55 g/L CG media (Figure 7). The 199 

lipid accumulation was highest in both red yeast strains in media containing HH. A noticeable 200 

trend was that R toruloides had higher specific lipid production rates compared to R. glutinis, but 201 

growth was delayed by 24 hours. According to a fixed effect linear model the hemicellulose 202 

hydrolysate additive had a significant impact on R. toruloides lipid accumulation (p <0.001) but 203 

not on R. glutinis (p = 0.0625). 204 

 205 

Figure 7; Change of specific lipid production rates of R. toruloides CBS 14 and R. glutinis CBS 3044 in 55 g/L 206 

crude glycerol media and 55 g/L crude glycerol media with 10% hemicellulose hydrolysate;  207 

Fatty acid analysis 208 

The average fatty acid composition for R. toruloides CBS 14 is presented in Figure 8. In all cases, 209 

there were four dominant fatty acids; oleic acid, palmitic acid, linoleic acid and stearic acid. Oleic 210 

acid (C18:1) was the most common fatty acid with the highest proportion of 46.0% of total 211 

identified fatty acids. The second major compound was palmitic acid (C16:0) with its highest 212 

proportion of 28.0%. The third major fatty acid was linoleic acid (C18:2), the highest proportion 213 

of which was 16.3% of total identified fatty acids. The last major fatty acid was stearic acid (C18:0). 214 

Its highest proportion was 12.6% of total identified fatty acids. Proportions of the remaining fatty 215 

acids can be seen in Table 4. The difference in proportion of the fatty acid concentration in 216 

samples that were taken from same cultures at 96 h and 144 h was not larger than four percent. 217 

The biggest changes were oleic acid for palmitic acid in HH10CG50 media and the opposite for 218 

CG50 after 48 hours. It should also be noted that behenic acid (C22:0) was above detectable levels 219 

only in cultivations using CG60 or HH10CG50, after  90 h cultivation. 220 
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Table 4; Average fatty acid composition of R. toruloides CBS 14 (n=2) in different media and time points 221 

(percent of total identified ± stDev ). 222 

Fatty acid HH40CG60 CG60  HH10CG50 CG50 

C14:0 1.1 ± 0.1 0.9% ± 0.1 1.0% ± 0.1 1.2% ± 0.0 

C16:0 25.6 ± 0.0 22.2% ± 0.1 26.0% ± 0.4 28.0% ± 0.6 

C16:1 0.8 ± 0.1 0.9% ± 0.1 0.9% ± 0.1 0.8% ± 0.0 

C18:0 11.3 ± 0.3 12.6% ± 0.1 12.1% ± 1.5 12.2% ± 0.0 

C18:1 45.6 ± 0.0 46.0% ± 0.1 40.7% ± 0.3 39.6% ± 0.5 

C18:2 12.0 ± 0.0 12.1% ± 0.1 14.0% ± 1.2 13.8% ± 0.0 

C18:3 2.1 ± 0.1 3.2% ± 0.1 2.9% ± 0.3 2.5% ± 0.0 

C22:0 N/D 0.6% ± 0.0 0.5% ± 0.0 N/D 

C24:0 0.6 ± 0.1 1.4% ± 0.1 1.4% ± 0.3 0.8% ± 0.0 

 223 

3. Discussion 224 

Crude glycerol proved to be a problematic substrate for oleaginous yeasts. Only one third of all 225 

tested strains showed substantial growth in plate- cultivation tests with CG as sole carbon source, 226 

all except one being basidiomycetes. All positively tested yeast strains were able to grow in 227 

medium containing up to 120 g/L CG, although there were differences in growth rates between 228 

the strains. All strains showed comparatively good growth up to CG concentrations of 60 g/L, 229 

which is in accordance with results presented by Chatzifragou et al. [21]. 230 

Only one of the tested Lipomyces strains showed substantial growth on crude glycerol, but  231 

considerably slower than the tested red yeasts, in fact, its growth was already retarded at CG 232 

concentrations of 60 g/L. The reason for low tolerance of Lipomyces strains to crude glycerol in 233 

all cases is unknown as the literature clearly shows that they can utilise glycerol effectively [22]. 234 
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Most likely our samples contained some inhibitors due to differences in purification processes of 235 

each biodiesel production plant. Another observation is that mixing both CG and HH had a 236 

negative effect on both growth and assimilation of glycerol and xylose for L. starkeyi. 237 

In contrast, for the two in detail tested red yeast strains, we found a considerable activating effect 238 

of mixing HH with CG. Cells started consuming glycerol and producing lipids much earlier than in 239 

culture without HH. At least for R. toruloides CBS 14 there was a clear effect on specific lipid 240 

production after the additional carbon sources were consumed. Thus, the higher glycerol 241 

conversion was not only due to an increased biomass because of the additional carbon sources 242 

but to an increased metabolic activity. The impact on specific lipid production was less 243 

pronounced in R. glutinis CBS 3044, still, the activating effect of adding HH was clearly visible for 244 

this strain as well.  245 

From the results it can be concluded, that an addition of HH to the culture media has a positive 246 

effect on lipid production rate for Rhodotorula species. The addition of HH also had an improving 247 

effect on biomass production. An addition of just 10% of HH (approximately 2.6 g/L xylose, 0.6 g/L 248 

glucose, 0.8 g/L acetic acid) resulted in consumption of all available carbon sources within 96 249 

hours of cultivation. Cultures without HH needed at least 24 hours more to consume all glycerol 250 

in the media. The addition of HH did not impact specific glycerol uptake significantly but it 251 

accelerated reaching maximum lipid production rate in R. toruloides. This increased rate of lipid 252 

production by supplementing media with hydrolysate has not been reported before for yeast, and 253 

this is worth further investigations. The 40% HH supplement to the culture media used to grow R. 254 

toruloides also resulted in the highest average lipid content. 10% HH supplement apparently 255 

decreased the time in which lipid contents of >40% were achieved. Without HH addition, lipid 256 

content in CG media (CG50 and CG60) was similar to that in experiments with other R. toruloides 257 

strains grown using glycerol as carbon source [23]. It is possible that with proper adjustment of 258 
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the ratio between HH and CG an even higher lipid concentrations could be achieved in less than 259 

96 hours. Fermentation time has been described as a crucial aspect of an efficient process, as 260 

aerobic fermentations require substantial energy input for aeration [13]. The calculated yields of 261 

lipids in R. toruloides in mixed media were higher or comparable (0.18-0.25) to previously 262 

reported ones using glucose, which were ~ 0.2 g/g [24]. 263 

The activating effect by the addition of HH seems to be specific for red yeasts, as in L. starkeyi CBS 264 

7786 the addition of HH had a rather inhibiting effect. The metabolism of xylose and glycerol are 265 

both generating glyceraldehyde- 3- phosphate (G-3-P).  In red yeasts, glycerol assimilation is 266 

possibly activated due to an increased amount of G-3-P. Glycerol is also required to form 267 

triacylglycerol (TAG), the major storage lipid in oleaginous yeasts. It is possible that the cell 268 

activates glycerol uptake to produce TAG from the additional carbon sources. Acetic acid could 269 

also play an important role in this process, as it is converted to acetyl- CoA, the precursor of fatty 270 

acid production [25]. Nevertheless, for the moment we can only speculate on the mechanism of 271 

the activation of the lipid metabolism by HH in Rhodotorula- species. Further investigations are 272 

required to understand this phenomenon, for instance studies of the transcriptome of the yeasts. 273 

The fatty acid profiles achieved for R. toruloides in this study are similar to those of vegetable oils 274 

like palm oil, and match biodiesel profile requirements [11, 26, 27]. Interestingly, the fatty acid 275 

profile did not vary much despite that different cultivation media were used and the time of 276 

cultivations had varied. Moreover, the yeast oil can also be used in other applications, such as for 277 

the replacement of vegetable oil in fish feed [15]. 278 



 
16 

4. Conclusions 279 

This study proved that the low- value side products CG and hemicellulose can be used for 280 

production of lipids. Addition of HH to CG considerably increased lipid production rate in R. 281 

toruloides and to some extent in R. glutinis. Based on the results of our study it seems to be 282 

possible to add value to side streams of biodiesel production and pulp and paper industry. 283 

Glycerol utilisation and shorter cultivation times are crucial factors to improve the efficiency of 284 

biodiesel production based on oleaginous yeasts [13]. Additionally, this study has proven that 285 

R. toruloides CBS 14 has a good potential for biolipid production utilising CG and HH as carbon 286 

sources during cultivation. 287 

5.  Materials and methods 288 

Yeast strains 289 

Strains used are presented in Table 5.   290 

Table 5; List of oleaginous yeast strains tested for the capability to utilise crude glycerol and hemicellulose 291 

hydrolysate as carbon source.  292 

Species Strain 

Lipomyces 

lipofer CBS 944 

lipofer CBS 5842 

starkeyi CBS 1807 

starkeyi CBS 2512 

starkeyi CBS 6047 

starkeyi CBS 7536 

starkeyi CBS 7544 

starkeyi CBS 7545 

starkeyi CBS 7786 

starkeyi CBS 7851 

starkeyi CBS 7852 

Rhodotorula babjevae CBS 7808 
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babjevae CBS 7809 

glutinis CBS 20 

glutinis CBS 2203 

glutinis CBS 2367 

glutinis CBS 2889 

glutinis CBS 2890 

glutinis CBS 3044 

glutinis CBS 5182 

glutinis CBS 5805 

glutinis CBS 7538 

glutinis CBS 9477 

graminis CBS 3043 

minuta CBS 8013 

mucolaginosa CFSQE 63 

toruloides CBS 14 

CBS - Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands , CFSQE - The Center for Food Safety and Quality Enhancement, Griffin, Georgia, USA; 293 

All strains were stored at -80 °C in 50% v/v glycerol and pre-grown on YPD plates (glucose 20 g/L 294 

( ≥ 99%, Fluka Analytical, France), yeast extract 10 g/L (BactoTM Yeast Extract, BD, France), 295 

peptone 20 g/L (from casein, Merck KGaA, Germany), agar powder 20 g/L (VWR chemicals, 296 

Belgium, pH=6,) in 4°C and were re-streaked every 4 weeks. 297 

All cultivation media were sterilised by autoclaving for 20 min at 121°C and 4 bars unless stated 298 

otherwise. Fragile media components were sterile filtered using 0.2 µm syringe filters (Sarstedt, 299 

Germany). Hemicellulose hydrolysate was filtered using 0.45 µm bottle top unit filters followed 300 

by 0.2 µm bottle top unit filters (VWR, Belgium).  301 

To prepare a pre-culture, three types of media were used: a) YPD - Glucose 20 g/L ( ≥ 99%, Fluka 302 

Analytical, France), Yeast extract 10 g/L (BactoTM Yeast Extract, BD, France), Peptone 20 g/L (from 303 

casein, Merck KGaA, Germany), pH=6; b)YPG - Glycerol 30 g/L, Yeast extract 10 g/L, Peptone 20 304 

g/L, pH=6; and c) YPXG – Xylose 10 g/L, Glycerol 20 g/L, Yeast extract 10 g/L, Peptone 20 g/L, pH=6 305 
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All pre - cultures were started from yeast colonies grown on YPD plates and run in 500 mL baffled 306 

flasks in 100 mL of media, except the pre-cultures for the plate screening tests, which were done 307 

in 100 mL shake flasks with 10 mL of media. All starter cultures were incubated at 25°C, for 72 h. 308 

For preparation of inoculum, cultures were collected into sterile 50 mL falcon tubes and 309 

centrifuged at 3000 x g for 5 min. The supernatant was discarded and the pellet washed with a 310 

solution of sterile filtered NaCl (9 g/L). This process was repeated once. After refilling with the 311 

NaCl solution, OD600 was measured to calculate inoculation volume to reach a starting OD600 of ~ 312 

1. 313 

Media used in growth tests contained - 1.7 g/L Yeast Nitrogen Base (YNB) w/o amino acids and 314 

ammonium sulphate (DifcoTM, Becton-Dickinson and Company, USA), 2 g/L ammonium sulphate 315 

with different concentrations of crude glycerol, hemicellulose hydrolysate or combinations of 316 

both, together with 0.1 M Potassium phosphate buffer pH 6. Tests were performed in 100 mL 317 

Erlenmeyer flasks, incubated at 25°C on a rotary shaker at 120 rpm. In all shake flask tests, OD600 318 

measurement was used to quantify cell growth. All media used are presented in Table 6. 319 

Table 6;  Media used in this study; HH – hemicellulose hydrolysate, CG – Crude glycerol, s – shake flask culture  320 

Name Media components 

Control 20 g/L glucose, YNB 1.7 g/L, 2g/L NH4SO4, 0.1M Potassium phosphate buffer pH 6, YE 0.75 g/L 

sHemi 40 % HH 

+ YNB 1.7 g/L, 2g/L NH4SO4, 0.1M Potassium phosphate buffer pH 6, YE 0.75 g/L 

sCG30 30 g/L CG 

sCG60 60 g/L CG 

sCG90 90 g/L CG 

sCG120 120 g/L CG 

sHH40CG60 
40 % HH + 

60 g/L CG 

HH40CG60 40 % HH + 60 g/L CG 

+ YNB 1.7 g/L, 2g/L NH4SO4, YE 0.75 g/L, 1 g/L MgCl2 
HH10CG50 10 % HH + 60 g/L CG 

CG50 50 g/L CG 

CG60 60 g/L CG 
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HH10CG55 10 % HH + 55 g/L CG 

CG55 55 g/L CG 

 321 

Hemicellulose hydrolysate was based on wheat-straw subjected to acid-based steam explosion 322 

which was processed by the Department of Biochemical Process Engineering Luleå University of 323 

Technology, Sweden, as described previously [28]. According to HPLC-measurements, HH 324 

contained 26.2 g/L xylose, 7 g/L glucose, 6.6 g/L acetic acid and trace amounts of arabinose (<0.5 325 

g/L). The pH of the HH was set to 6 by addition of 5M NaOH. In the experiments, the HH was 326 

diluted with water. 327 

Crude glycerol was provided by Perstorp Holding AB. The composition was 80% glycerol, 5% Ash, 328 

15% water, 0.5% methanol and trace amounts of organic matter (not glycerol). 329 

Growth experiments 330 

 Plate test 331 

Plates with YNB and agar (16 g/L) were used without carbon source. The inoculation cultures were 332 

diluted to reach a density of ~ 0.5 McFarland and plated on the testing plates. Testing plates were 333 

(I) a CG drop was placed in the centre of the plate, (II) a sterile disk soaked in 50% CG was placed 334 

in the centre of the plate and (III) negative control without any carbon source. All the plates were 335 

incubated for 72 h in 25°C.  336 

 Crude glycerol and hemicellulose growth test 337 

Six liquid media were used: Control, sCG3, sCG6, sCG9, sCG12 and sHemi (Table 6). 20 ml of media 338 

was used in 100 ml Erlenmeyer flasks. Cultures were grown for 96 h at 25°C on a rotary shaker at 339 

120 rpm, with OD600 measurements after 72 h and 96 h. 340 
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Mixture of CG and HH (sHH40CG60, C/N ratio ~78)  was compared to CG alone (sCG60, C/N ratio 341 

~58) or Control (Table 6). All samples were set up in duplicates. Cultures were grown for 72 h with 342 

OD600 measurements each 24h and subsequently every 6 h. 343 

Bioreactor cultivations 344 

Fermentations were performed in 500 mL bioreactors Multifors 2 (Infors HT, Switzerland) 345 

containing 350 ml medium. The fermentation conditions were 25°C, pH=6 (acid 3M H3PO4, base 346 

5M NaOH), stirrer at 200 rpm and aeration 0.3 L/min. Polypropylene glycol 2000 was added as 347 

antifoaming agent, when needed. Each tested strain was cultivated in triplicate, except the 348 

additional test of R. toruloides CBS 14 in modified HH/CG (Table 6), which was done in duplicate. 349 

The media tested are stated in Table 6. Fermentations were performed for 120 or 144h depending 350 

on strain and carbon consumption. Biomass concentrations were determined by cell dry weight 351 

determination. 352 

Analytical methods 353 

The optical density (OD600) was measured at a wavelength of λ=600 nm using CO8000 Cell density 354 

meter (Nordic Biolabs). HPLC and cell dry weight measurements were performed as described 355 

before [6]. To prepare samples for lipid extraction, harvested cells were freeze dried for 72h in -356 

100°C (CoolSafe Scanvac, LaboGene ApS, Denmark). Lipid concentration and fatty acid profile 357 

were determined as described earlier [6]. For rapid determination of lipid content we used our 358 

recently described FT-NIR method [20]. 359 
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Figures

Figure 1

Concentration of glucose, xylose, glycerol and acetic acid in a L. starkeyi CBS 7786 duplicate culture in
sHH40CG60 media. Xylose had a �nal concentration of 6.8 g/L; �nal concentration of glycerol was 38.2
g/L.



Figure 2

R. toruloides CBS 14 in duplicates; concentrations of glucose, xylose, glycerol, acetic acid in mixed media;
xylose was consumed after 30 hours of cultivation, glycerol levels were dropping to a �nal concentration
of 26.0 g/L after 70 hours of cultivation.



Figure 3

R. glutinis CBS 3044; measured concentration of glucose, xylose, glycerol and acetic acid in sHH40CG60
media; xylose was consumed after 30 hours of cultivation, glycerol levels dropped to a �nal concentration
of 28.3 g/L after 70 hours.



Figure 4

R. toruloides CBS 14, HH40CG60 media grown in duplicates, dry weight and change of compounds
concentration in media over time, average lipid concentration was 10.57 g/L after 70h.



Figure 5

Bioreactor cultivation of R. toruloides CBS 14 in triplicates, (A) CG50 medium, (B) HH10CG50 medium.



Figure 6

Dry weight, lipid concentration and change of concentration of compounds in media over time in YNB
media. (A) R. toruloides CBS 14 bioreactor cultivation CG55. (B) R. toruloides CBS 14 bioreactor
cultivation in HH10CG55; (C) R. glutinis CBS 3044 bioreactor cultivation in CG55. (D) R. glutinis CBS 3044
bioreactor cultivation in HH10CG55;



Figure 7

Change of speci�c lipid production rates of R. toruloides CBS 14 and R. glutinis CBS 3044 in 55 g/L crude
glycerol media and 55 g/L crude glycerol media with 10% hemicellulose hydrolysate;
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