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ABSTRACT

This work aimed to support the development of a new process for the production 

of lipids and carotenoids by oleaginous yeasts using both cellulosic and hemicellulosic 

fractions of biomass as feedstock for fermentation. The concept behind this idea is that 

this strategy could lead to a sustainable pathway to produce these valuable components 

with potential to reduce the production costs. For the experiments, six oleaginous yeasts 

were initially cultivated in synthetic media containing glucose or xylose as carbon 

sources and different carbon to nitrogen ratios in order to identify the top producers. 

Rhodosporidium toruloides NRRL Y-1091 and Lipomyces starkeyi NRRL Y-1389 

produced the highest amount of carotenoids and lipids, respectively. Then, the 

performance of these two strains when cultivated in wheat straw cellulosic and 

hemicellulosic hydrolysates was assessed. Detoxification of the cellulosic and 

hemicellulosic hydrolysates with activated charcoal removed 87.80% and 77.17% of 

inhibitors, respectively, and significantly improved the performance of the two yeasts. 

The highest concentration of lipids, 3.99 ± 0.35 g/L, was obtained by cultivating L. 

starkeyi in washed cellulosic hydrolysate; while the highest production of carotenoids, 

24.58 ± 1.88 mg/L, was obtained by cultivating R. toruloides in decolorized cellulosic 

hydrolysate. Increasing the tolerance of oleaginous yeasts to inhibitors resulting from 

biomass pretreatment and/or using cost-effective detoxification methods were identified 

as key parameters for further development of this process at commercial scale.

Keywords: Oleaginous yeasts; Lipids; Carotenoids; Wheat straw hydrolysate; 

Fermentation
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Abbreviation list

CH: Raw cellulosic hydrolysate

DCH: Decolorized cellulosic hydrolysate

CCH: Concentrated cellulosic hydrolysate

CDCH: Concentrated and decolorized cellulosic hydrolysate

WCH: Washed cellulosic hydrolysate

WCCH: Washed and concentrated cellulosic hydrolysate

SCM: Synthetic concentrated medium

HH: Hemicellulosic hydrolysate (after pretreatment)

PH: Post hydrolyzed hemicellulosic hydrolysate

C2H: Post hydrolyzed and 2-fold concentrated hemicellulosic hydrolysate

C2DH: Post hydrolyzed, 2-fold concentrated and decolorized hemicellulose hydrolysate

C4H: Post hydrolyzed and 4-fold concentrated hemicellulosic hydrolysate

C4DH: Post hydrolyzed, 4-fold concentrated and decolorized hemicellulosic 

hydrolysate 

1. Introduction

Biodiesel  has been drawing increased attention, as it is renewable, nontoxic, 

biodegradable, suitable for sensitive environments, and can be used in most diesel 

engines with no or only minor modifications (Alleman et al., 2016). In addition, 

utilizing biodiesel to displace petroleum-derived diesel fuel can reduce 60% carbon 

dioxide emissions (Chen et al., 2009). However, at present, biodiesel is mainly 

produced from transesterification of vegetable oils, animal fats and recycled cooking 

greases or oil (Alleman et al., 2016). These raw materials can pose a competition for 
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food production and have the risk of an unstable supply. Single cell oil produced by 

oleaginous microorganisms have the potential to be used as feedstock for the production 

of various fatty acids derived compounds with a wide range of applications 

(Vasconcelos et al., 2019). Compared to other microorganisms, oleaginous yeasts can 

accumulate up to 70% of lipids (dry cell mass basis) (Probst et al., 2016) with fast 

growth rates and high cell densities under nutrient deprivation conditions. Therefore, the 

production of lipids by such yeasts is expected to become a sustainable and significant 

source of biodiesel in the future. In addition, some oleaginous yeasts can accumulate 

carotenoids simultaneously with lipids. Carotenoids are valuable natural pigments, and 

normally act as vitamin A precursors. Moreover, due to their coloring, antioxidant and 

possible tumor-inhibiting activity, carotenoids have been widely used in 

pharmaceutical, chemical, food and feed industries (Frengova and Beshkova, 2009). 

Extraction from vegetables and chemical synthesis are currently the main ways to obtain 

commercial carotenoids. However, due to seasonal and geographic limitations for 

vegetable extraction and hazarder waste generated in chemical synthesis, microbial 

carotenoids produced from cheaper carbon sources are becoming appealing (Mata-

Gómez et al., 2014). At present, there is no commercial production of microbial lipid 

and carotenoid; thus, more efforts should be made to promote their industrialization.

Another merit of oleaginous yeasts is that they can metabolize different carbon 

sources, including hexose and pentose sugars. Various types of waste and low-cost 

carbon sources, including food processing wastewater, have been suggested as 

feedstock to produce microbial lipids by oleaginous yeasts and a significant pollution 

removal from these wastewaters has been observed (Arous et al., 2016). Lignocellulosic 

biomass is another attractive feedstock, since it is abundant, inexpensive and renewable. 
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Cellulose and hemicellulose, the polymers of glucose and xylose, respectively, are 

important components of lignocellulosic materials and cannot be directly utilized by 

yeasts. Fermentable sugars need to be released from these fractions by pretreatment and 

hydrolysis of biomass. However, some toxic compounds derived from the degradation 

of cellulose, hemicellulose and lignin are also obtained at this stage. 

Hydroxymethylfurfural, furfural and acetic acid are the most common inhibitors from 

degradation of cellulose and hemicellulose, respectively; while vanillin, vanillic acid, 4-

hydroxybenzoic acid, syringaldehyde are typical lignin degradation compounds (Fan et 

al., 2018). The poor endurance of yeasts to these inhibitors is an important barrier for 

using lignocellulosic biomass in a commercial scale. These compounds not only inhibit 

yeast´s growth but also affect the accumulation of lipids in oleaginous yeasts (Patel et 

al., 2016). Another barrier for efficient utilization of lignocellulosic biomass is that most 

of the industrial microorganisms are unable to assimilate pentose sugars, which are the 

main carbon sources in hemicellulosic hydrolysates. 

Some attempts have been made to assess the performance of oleaginous yeasts in 

lignocellulosic hydrolysates. In a recent study, Rhodotorula glutinis, Rhodosporidium 

toruloides, Saitoella coloradoensis, Lipomyces starkeyi and Yarrowia lipolytica have 

been reported as promising strains to utilize diluted corn stover and switchgrass 

hydrolysates (Slininger et al., 2016). Other attempts included the cultivation of L. 

starkeyi in diluted birch wood hemicellulosic hydrolysate (Brandenburg et al., 2016). 

A study on efficient utilization of both cellulosic and hemicellulosic fractions to 

produce microbial lipids and carotenoids could predict the production performance in 

industrial scale and generate knowledge to assess the economic and environmental 

benefits of a commercial production. Based on it, the present study was designed to 
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bridge this gap providing new data and information relevant for the development of a 

new process for the production of lipids and carotenoids at industrial scale. Briefly, six 

oleaginous yeasts, including R. glutinis, R. toruloides, S. coloradoensis, L. starkeyi and 

2 different strains of Y. lipolytica were tested in glucose or xylose media with carbon to 

nitrogen ratios ranging from 25 to 100 in order to identify the best lipid and carotenoid 

producers. The best candidates were then cultivated in cellulosic and hemicellulosic 

hydrolysates obtained from wheat straw and their performances were compared. Then, 

the hydrolysates were concentrated and detoxified in an attempt to improve the 

performance of the selected yeasts. Finally, the implication of our study on an industrial 

production scale was also discussed. 

 

2. Materials and methods

2.1. Microorganisms and inoculum preparation

Oleaginous yeasts R. glutinis NRRL Y-2502, R. toruloides NRRL Y-1091, S. 

coloradoensis NRRL YB-2330, L. starkeyi NRRL Y-1389, Y. lipolytica NRRL YB-392, 

and Y. lipolytica NRRL YB-567 were obtained from the Agricultural Research Culture 

Collection, USA. Yeasts were maintained in YPD agar plates at 4 °C, being transferred 

to new plates once a month. In the pre-cultivation step, one loop of yeast cell was 

transferred to 100 mL YPD media in 250 mL flasks and cultivated at 30 °C, 250 rpm for 

24 h. The pre-culture was then separated by centrifugation (5000 rpm, 5 min) and 

inoculated to the synthetic screening media.
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2.2. Yeast growth in synthetic media with different carbon to nitrogen (C:N) ratios

Yeasts were cultivated synthetic media containing glucose or xylose in order to 

compare their growth and ability to accumulate products from different carbon sources. 

Synthetic media contained 50 g/L glucose or xylose, 1.7 g/L yeast nitrogen base without 

amino acid, and ammonium sulfate (Sigma-Aldrich, Denmark). Different amount of 

ammonium chloride as nitrogen source was added to control the C:N ratio. C:N ratio 

was calculated as the ratio of moles of carbon available in sugars (glucose or xylose) to 

the moles of nitrogen (ammonium chloride). The pH of screening media was around 

4.5. All flasks were incubated at 30 °C, 250 rpm for 120 h. Samples were taken every 

24 h to determine yeast cell mass. After fermentation, lipids and carotenoids were also 

determined. 

2.3. Preparation of wheat straw hydrolysates

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

Dried wheat straw was milled to a size of about 180 - 1800 µm and pretreated by 

hydrothermal pretreatment. Briefly, 30 g wheat straw (dry matter) was mixed with 300 

mL distilled water in a 600 mL non-stirred pressure vessel (Parr Series 4760, Parr 

Instrument Company, Moline, IL) and held at 195 °C in a silicone oil bath (Lauda Eco 

Gold) for 45 min. After pretreatment, the pressure vessel was placed in an ice bath until 

reaching ambient temperature and the solid and liquid fractions were then separated 

(Figure 1).

The liquid fraction (hemicellulosic hydrolysate) was post-hydrolyzed with 2% 

sulfuric acid (w/w) in a pre-heated autoclave at 121 °C for 20 min. The reaction was 
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stopped by cooling with ice. Then, the pH was neutralized by the addition of CaCO3, 

and the precipitate was removed by centrifugation at 10,000 rpm for 20 min. 

The solid fraction (with about 76% moisture) used for production of cellulosic 

hydrolysates was divided into 2 parts. One part was directly used for enzymatic 

hydrolysis using an enzyme loading of 12.25 FPU/g dry pretreated wheat straw. For the 

experiments, the pretreated wheat straw (unwashed) was mixed was with a cellulase 

complex (Cellic C-Tec2, Novozymes – Denmark) in 0.05 M sodium citric buffer pH 

5.8. The final pH of the mixture was 5.3 as the solid material contained some acid 

coming from pretreatment, which lowered the final pH of the mixture to 5.3. The 

enzymatic hydrolysis was conducted in an incubator equipped a bottle roller at 50 °C, 

50 rpm for 72 h. The other solid part was washed with distilled water until °Brix (total 

soluble solids in aqueous solution) and pH reached 0 and 7, respectively. The washed 

wheat straw was hydrolyzed by cellulase at the same conditions mentioned above. In 

this case, the pH of the buffer was adjusted to 5.3, since acid was removed by washing 

of the solid material and did not affect the final pH of the mixture. After that, the 

remaining solid residue and hydrolysate were separated by centrifugation at 10,000 rpm, 

20 min. Concentration of hemicellulosic and cellulosic hydrolysates was carried out in a 

rotary evaporator (RV 10 control, IKA) at 50 °C, 10 rpm, 72 mbar and condensation at 

5 °C. Decolorization of hydrolysates was conducted by adding 2% (w/w) activated 

charcoal (Sigma- Aldrich, Denmark) and stirring magnetically for 30 min at room 

temperature. Used charcoal was removed by centrifugation (10,000 rpm, 20 min). The 

obtained liquids were sterilized by 0.22 µm membrane filtration and used for yeast 

cultivation. 
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2.4. Preparation of concentrated synthetic media

To study the influence of high sugar concentration on yeast growth, synthetic 

media with the same sugar concentration as that found in washed and concentrated 

cellulosic hydrolysate were used. Yeast nitrogen base without amino acid and 

ammonium sulfate (Sigma-Aldrich, Denmark) were added to provide necessary 

nutrients for yeasts growth. Ammonium chloride was the nitrogen source used to 

control C:N ratio to 100, as described above. 

2.5. Yeast cultivation in hemicellulosic and cellulosic hydrolysates

The oleaginous yeasts that produced the highest concentration of lipids and 

carotenoids in synthetic media were cultivated in hemicellulosic and cellulosic 

hydrolysates at 30 °C, 250 rpm for 120 h. Inoculum concentration was 1 g/L. Samples 

were harvested every 24 h, centrifuged and washed twice with distilled water. 

Fermentation supernatant was used for sugars analysis, while the cells were used for 

determination of biomass concentration, total lipid and carotenoid quantification. 

2.6. Analyses

Sugars, acetic acid, hydroxymethylfurfural (HMF) and furfural concentrations 

were determined using a Dionex Ultimate 3000 HPLC system (Dionex Softron GmbH, 

Germany) equipped with an Aminex HPX-87H column (3007.8 mm, Bio-Rad, USA) 

eluted with 0.005 M H2SO4, at 60 °C with 0.6 mL/min flow rate for 50 min. Phenolic 

compounds were analyzed by colorimetric method as described by Ballesteros et al. 

(2014).  
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Lipids concentration was quantified by sulfo-phospho-vanillin colorimetric assay 

(Izard and Limberger, 2003) adapted to a 96-well microplate for absorbance reading. 

Sunflower seeds oil (Sigma-Aldrich, Denmark) dissolved in chloroform was used as 

calibration standard. Dimethylsulfoxide (DMSO) was used to extract and dissolve 

carotenoids for quantification of carotene concentration. Briefly, cells from 1 mL 

fermentation broth were harvested by centrifugation in 2 mL tube and washed twice. 

Then, 1 mL DMSO was added and the mixture was vortexed at 30 °C, 2000 rpm for 15 

min. Extractives were collected by centrifugation at 10,000 rpm and 5 min. The 

extraction was repeated several times until cells became white. All extractives were 

combined and transferred to 96 well-plates. A microplate reader (BioTek Synergy Mx) 

was used to read extracted samples with full spectrum scan (230-900 nm) at 5 nm 

interval. 

The concentration of carotenoids was measured by the absorbance of orange 

solvent at 450 nm against DMSO. β-carotene dissolved in DMSO was used as standard. 

To analyze the lipid composition, the fermentation broth was centrifuged at 1000 

rpm for 5 min. The resultant pellet was washed twice and then suspended in distilled 

water.  The same volume of chloroform: methanol (2:1, v/v) mixture was added and 

vortexed during 15 min to extract lipids. The organic and water phases were separated 

by centrifugation (10,000 rpm, 5 min). The bottom phase (chloroform phase) was 

removed and dried under nitrogen atmosphere. The extracted lipids were converted to 

fatty acid methyl esters and then analyzed by an Agilent 7890A GC system equipped 

with a column X from Supelco according to the AOCS official methods (The American 

Oil Chemists’ Society, 1998a; The American Oil Chemists’ Society, 1998b).
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2.7. Accumulation, yield and productivity determinations

The accumulation of lipids and carotenoids was defined as the ratio of lipids or 

carotenoids produced to dry cell mass. Lipid accumulation was expressed as %, and 

carotenoid accumulation was expressed as mg/g. The yield of products refers to the 

amount of product generated divided by the amount of carbon source consumed. Lipid 

yield was expressed as g/g carbon, and carotenoid yield was expressed as mg/g carbon. 

Productivity was defined as the concentration of product generated per time of 

fermentation. Both lipid and carotenoid productivity were expressed as mg/L h. 

3. Results and discussion

3.1. Yeasts performance in synthetic media under different C:N ratios 

The six different oleaginous yeasts were initially cultivated in synthetic media 

containing glucose or xylose as sole carbon sources in order to compare their abilities to 

utilize both types of sugars. As oleaginous yeasts can switch their metabolism to lipid 

accumulation under nutrient starving conditions (Beopoulos et al., 2011), lipid and 

carotenoid production ability was measured and compared under different carbon to 

nitrogen ratios. Results showed that only R. toruloides, S. coloradoensis and L. starkeyi 

were able to metabolize both glucose and xylose as carbon sources for cell growth 

(Table 1). Among them, L. starkeyi presented the best growth performance in terms of 

final cell density, reaching a cell mass concentration of 11.73 ± 0.18 g/L in glucose 

media and 12.17 ± 0.08 g/L in xylose media, after 120 h. Alternatively, R. glutinis 

showed the lowest cell mass concentration (1.02 ± 0.19 g/L) in glucose media at the end 

of cultivation. 
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Lipid and carotenoid production varied to the different yeasts and C:N ratios. The 

highest lipid concentration (3.61 ± 0.40 g/L) was achieved by L. starkeyi cultivated in 

xylose media with a C:N ratio of 50. It was also found that Y. lipolytica (YB-392) 

presented the maximum lipid accumulation (39.51 ± 1.36%) when cultivated in glucose 

medium with a C:N ratio of 100, followed by Y. lipolytica (YB-567) (36.39 ± 2.08%) at 

the same cultivation conditions. However, both yeasts were unable to use xylose as 

carbon source (Table 1). 

Results from full wavelength scan of yeast extracts showed that only R. glutinis, 

R. toruloides and S. coloradoensis were able to produce carotenoids (data not shown). 

Most carotenoids have the maximum absorption under wavelength between 400 to 550 

nm (Rodriguez-amaya, 2001). The highest carotenoid concentration (9.23 ± 0.97 mg/L) 

was obtained by R. toruloides when using xylose as carbon source and a C:N ratio of 

50. This yeast also presented the highest carotenoid accumulation (2.99 ± 0.66 mg/g) in 

xylose media with a C:N ratio of 25. Based on the above, L. starkeyi and R. toruloides 

were selected as the best producers of lipids and carotenoids, respectively. It is worth 

noting that no significant differences in cell mass and lipid concentration of L. starkeyi 

were found when cultivated in glucose or xylose media with different C:N ratios, which 

may indicate that this yeast is not influenced by the ratio in the studied range (25 to 

100). Alternatively, lipid concentration of R. toruloides, Y. lipolytica (YB-392) and Y. 

lipolytica (YB-567) increased with higher C:N ratios.

3.2. Fatty acids composition

The major fatty acids produced by the six oleaginous yeasts were palmitic acid 

(C16:0), stearic acid (C18:0), oleic acid (C18:1) and linoleic acid (C18:2), which 
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accounted for more than 50% of the total fatty acids produced. Table 2 lists the main 

fatty acids produced by these yeasts in synthetic media with different C:N ratios. The 

most abundant fatty acids produced by R. glutinis, L. starkeyi, Y. lipolytica (Y-392) and 

Y. lipolytica (Y-567) were oleic acid (C18:1), followed by palmitic acid (C16:0) and 

linoleic acid (C18:2), which was consistent with previous studies (Yu et al., 2011). In 

addition, only R. glutinis was able to produce about 6.80% of C18:3 (n-6) (data not 

shown in Table 2), which may indicate that only R. glutinis contains an active Δ6 

desaturase. It is worthy to notice that the percentage of C18:1 in R. toruloides increased 

as the C:N ratio increased. Unlike the other oleaginous yeasts, linoleic acid was the 

predominant fatty acid found in S. coloradoensis. Fatty acids with 16 to 18 carbon 

atoms are optimal feedstock for biodiesel production due to similar fuel properties 

(Steen et al., 2010).

The different oleaginous yeasts tested in this study produced similar fatty acids 

due to common lipid biosynthetic pathways and the presence of similar enzyme 

complex. In oleaginous yeasts, acetyl-CoA and malonyl-CoA, the building blocks of 

lipid biosynthesis, are catalyzed by type I fatty acid synthases to form saturated acyl 

chains with 16 (C16:0) or 18 (C18:0) carbon atoms (Qadeer et al., 2017). These acyl 

chains are modified by desaturases to form unsaturated C16 and C18 fatty acids. The 

percentage of fatty acids differs among the different species and for the different 

synthetic media. 

3.3. Composition of cellulosic hydrolysates

The composition of the different cellulosic hydrolysates produced from wheat 

straw is shown in Table 3. The concentration of furfural and phenolic compounds in the 
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raw cellulosic hydrolysate (CH) were 0.19 ± 0.01 g/L and 1.45 ± 0.07 g/L, respectively. 

After the detoxification step, it was found that using either activated charcoal for 

obtaining decolorized cellulosic hydrolysate (DCH) or washing the pretreated wheat 

straw for production of washed cellulosic hydrolysate (WCH), was effective to remove 

furfural and phenolic compounds. Activated charcoal removed 87.80% of inhibitors 

while biomass washing removed 77.17% of inhibitors. Activated charcoal adsorption is 

a cost effective and efficient method for removal of inhibitors compounds from biomass 

hydrolysates (Mussatto et al., 2005). The high degree of porosity, extensive surface 

area, and high degree of surface reactivity allows activated charcoal to absorb small 

molecule compounds in liquids (Ansari and Mohammad-Khah, 2009; Mussatto et al., 

2010).  Biomass washing is another operation for production of clarified hydrolysates, 

widely used in commercial-scale ethanol production from lignocellulosic materials 

(Larsen et al., 2012). Since these inhibitors are water-soluble compounds generated 

during pretreatment, washing can remove these compounds keeping the insoluble 

structure unaltered. It is worth noting that the efficiency of saccharification of the 

washed wheat straw (81.99 ± 0.21%) was higher than that of unwashed wheat straw 

(74.01 ± 0.80%). According to Qin et al. (2016), phenolic compounds can inactivate 

cellulases and inhibit enzymatic hydrolysis. However, when compared to biomass 

washing, activated charcoal can work in the detoxification of both, cellulosic and 

hemicellulosic hydrolysates. After detoxification, the used charcoal can be easily 

removed by filtration. Moreover, according to Gupta et al (2016), used activated 

charcoal can be recycled after regeneration. 

When the raw cellulosic hydrolysate was concentrated 2-fold (CCH), the 

concentration of acetic acid increased to 2.15 ± 0.04 g/L. Although acetic acid (≥ 5 g/L) 
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has an inhibitory effect on the growth of oleaginous yeasts, it can also be metabolized as 

a carbon source by these microorganisms when present in lower concentrations (Chen et 

al., 2009). Alternatively, the furfural concentration was reduced from 0.19 ± 0.01 g/L in 

CH to 0.02 ± 0.00 g/L in CCH. In fact, it has been reported that the concentration of 

hydrolysates at 50 °C under vacuum condition results in removal of furfural since this 

compound is volatile under these conditions (Mussatto and Roberto, 2004).

3.4. Composition of hemicellulosic hydrolysates

Hydrothermal pretreatment can overcome the recalcitrance of lignocellulosic 

biomass by depolymerizing hemicellulose. However, the main carbohydrates released 

by this pretreatment to the liquid fraction are xylooligosaccharides that cannot be 

metabolized by yeast. Therefore, a post hydrolysis of xylooligosaccharides in the liquid 

fraction must be performed in order to increase xylose concentration in hemicellulosic 

hydrolysates. The concentration of xylose in the hemicellulosic hydrolysates obtained in 

this study after pretreatment of wheat straw and further post hydrolysis of the liquid 

fraction (PH) was 14.20 ± 0.04 g/L (Table 4).

When the post hydrolyzed hemicellulosic hydrolysate (PH) was concentrated 2-

fold (C2H), the concentration of xylose and acetic acid increased to 24.76 ± 0.16 g/L 

and 3.67 ± 0.05 g/L, respectively, while that of furfural was significantly reduced to 

0.07 ± 0.01 g/L (Table 4). After decolorization of C2H with activated charcoal (C2DH), 

the concentration of phenolic compounds decreased from 2.52 ± 0.06 g/L to 0.63 ± 

0.14 g/L, representing a reduction of 75% of inhibitors. Alternatively, the 4-fold 

concentration and decolorization of C2H (C4DH) resulted in 51.63 ± 0.20 g/L xylose, 

4.86 ± 0.11 g/L acetic acid and 0.83 ± 0.03 g/L phenolic compounds. These results 
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demonstrate that the concentration of main inhibitors, especially phenolic compounds 

and furfural, was reduced to relative low levels by applying concentration and 

decolorization methods. Activated charcoal absorption can be then considered as a 

promising detoxification method to be used at industrial scale.

3.5. Fermentation of cellulosic hydrolysates by selected yeasts

Fermentation assays revealed that the yeasts previously selected as best producers 

of lipids and carotenoids in synthetic media, L. starkeyi and R. toruloides respectively, 

were unable to grow in cellulosic hydrolysate (CH). Growth of these strains could have 

been affected by the presence of inhibitory compounds derived from lignocellulose 

degradation. The toxicity of phenolic compounds lies in the membrane permeation and 

increasing level of reactive oxygen species. The former can attenuate function of 

selective barriers and substrates exchanging of intercellular membrane of yeasts, and the 

latter causes cytoskeleton damage, DNA mutagenesis and programmed cell death 

(Wang et al., 2018).  

The sugars consumption performance of L. starkeyi and R. toruloides was similar 

after removing furfural and lowering the concentration of phenolic compounds to 0.19 ± 

0.02 g/L - DCH. When cultivated in DCH, both yeasts metabolized all carbon sources in 

72 h (Figure 2). It is worth noting that xylose uptake started only after most glucose (> 

60%) was consumed. The sequential consumption of sugars by oleaginous yeasts was in 

good accordance with previous study (Zhao et al., 2008) and has been attributed to 

glucose repression on xylose transport (Ounine et al., 1985). The highest biomass and 

lipid concentrations for R. toruloides were 17.95 g/L and 3.36 g/L (18.73% of dry cell 

mass), respectively, at 96 h. At that time, the highest carotenoid concentration (24.58 
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mg/L) was also obtained (Figure 2A). The maximum yield of cells, lipids and 

carotenoids for R. toruloides were 0.25 ± 0.02 g/g carbon, 0.05±0.01 g/g carbon and 

0.32±0.03 mg/g carbon, respectively. When considering the growth of L. starkeyi in 

DCH, it was observed that although the highest cell mass concentration was obtained at 

the end of the experiment (120 h), the maximum lipid concentration (3.23 ± 0.22 g/L) 

was found at 96 h (Figure 2B).

Cultivation of R. toruloides and L. starkeyi in washed cellulosic hydrolysate 

(WCH) with  a concentration of phenolic compounds of 0.42 ± 0.04 g/L, higher than 

that found in DCH (0.19 ± 0.02 g/L), resulted in different yeast´s performance (Figure 

3). The consumption of carbon sources by R. toruloides was negatively affected when 

WCH was used as fermentation medium. About 29% of initial glucose and 88% of 

initial xylose remained in the fermentation broth at the end of the fermentation (Figure 

3A). Maximum cell mass, lipid and carotenoid concentrations were also lower than 

those obtained with DCH (Figure 2A). However, the use of WCH leads to higher 

accumulation and yield of lipids and carotenoids. It is probable that some nitrogen 

sources have been removed during the washing step of the solid fraction, which resulted 

in increased C:N ratio in WCH in comparison to that in DCH. The screening experiment 

performed in synthetic media (section 3.1) indicated that R. toruloides had a better 

performance under higher C:N ratio. Alternatively, fermentation parameters of L. 

starkeyi cultivated in WCH (Figure 3B) did not present a significant difference when 

compared to those obtained in DCH. These results were also in good agreement with 

those found during the screening experiments in synthetic media described above where 

fermentation parameters were not influenced by the C:N ratio in the range of 25 to 100.
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Concentrated detoxified cellulosic hydrolysates (WCCH and CDCH) were also 

tested as culture media for the production of lipids and carotenoids by R. toruloides and 

L. starkeyi. Results showed that both yeasts were unable to grow in WCCH, probably 

due to synergistic effects between high sugar concentration and phenolic compounds. 

The use of a concentrated cellulosic hydrolysate (CDCH) with a content of phenolic 

compounds of 0.57±0.03 g/L, lower than that found in WCCH (0.96±0.03 g/L), enabled 

the cultivation of R. toruloides only. However, yeast growth was partially inhibited 

since biomass concentration increased up to 6.60±0.67 g/L after 120 h of cultivation 

(Figure 4A). In addition, about 63% of initial glucose concentration remained in the 

fermentation broth at the end of the experiment. The synergistic effects of inhibitors 

(i.e., phenolic compounds and acetic acid) may have also been responsible for the 

complete inhibition of L. starkeyi growth in CDCH. It has been reported that cell 

growth and lipid production by oleaginous yeasts are inhibited in a greater extent by the 

synergistic effect of inhibitors because the minimum critical inhibitory concentration for 

each inhibitor is reduced (Hu et al., 2009). Further, Zhao et al. (2012) found that 2 g/L 

acetic acid can completely inhibit the growth of L. starkeyi when inhibitors from 

lignocellulosic hydrolysates are present in the fermentation broth, while a concentration 

of 20 g/L acetic acid is needed for a complete inhibition of yeast cell growth when no 

other inhibitors are present in the medium. 

To investigate the effect of high sugar concentration on cell growth and 

production of lipids and carotenoids by R. toruloides and L. starkeyi, additional 

fermentation runs were carried out using synthetic medium without inhibitors and with 

the same sugar concentration as that found in the concentrated cellulosic hydrolysates. 

Although both yeasts were able to grow in the synthetic media, it was observed that L. 
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starkeyi (Figure 4C) showed better fermentation performance than R. toruloides 

(Figure 4B). The maximum cell mass and lipid concentration for L. starkeyi were 16.75 

± 0.28 g/L and 3.51 ± 0.37 g/L (20.95 ± 1.91% accumulation), respectively, at 120 h. It 

is also worth noting that the use of concentrated and decolorized cellulosic hydrolysate 

(CDCH) leds to a higher cell mass concentration of R. toruloides (6.60 ± 0.67 g/L, 

Figure 4A) when compared to that obtained with synthetic media (4.50 ± 0.40 g/L, 

Figure 4B). This result suggests that lignocellulosic hydrolysates can provide additional 

nutrients for yeast growth. Previous studies have reported that R. toruloides could reach 

up to 25% higher biomass concentration when bagasse hydrolysate was used as carbon 

source in comparison to that obtained with synthetic media (Zhao et al., 2012).

3.6. Fermentation of hemicellulosic hydrolysates by selected yeasts

Different hemicellulosic hydrolysates were also tested as carbon sources for the 

production of lipids and carotenoids by R. toruloides and L. starkeyi. Results showed 

that both yeasts were able to grow in medium (C2DH) containing 0.63 ± 0.14 g/L of 

phenolic compounds. However, they presented different fermentation performances 

(Figure 5). Glucose and acetic acid, for example, were completely metabolized by R. 

toruloides within 24 h (Figure 5A), while 96 h were needed for the consumption of 

both carbon sources by L. starkeyi (Figure 5B). Furthermore, a long lag phase (72 h) 

was observed during the growth of L. starkeyi in C2DH. 

A final comparison of the two strains revealed that, despite a sluggish onset of 

fermentation, cell mass and lipid productivity for L. starkeyi were in general higher than 

those obtained by R. toruloides at the end of the experiment (Table 5). In terms of 

hydrolysate medium, fermentation parameters such as accumulation, yield and 
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productivity of lipids resulting from L. starkeyi cultivation in C2DH, were lower than 

those obtained by this yeast in cellulosic hydrolysates (DCH and WCH, Table 5), 

suggesting that it is more challenging to utilize hemicellulosic hydrolysates than 

cellulosic hydrolysates as carbon source for fermentation.

3.7 Implications on cleaner industrial production

Several economic and environmental benefits can be achieved by promoting 

industrial production of microbial lipids and carotenoids from lignocellulosic biomass. 

Using cheap and renewable carbon sources to replace edible plants on the production of 

lipids and carotenoids can avoid the competition with food production. Alternatively, 

microbial lipids are a promising feedstock to produce biodiesel, which can help to 

reduce the relying on fossil resources. Moreover, in an industrial scale, the lignin 

residues from enzymatic hydrolysate can be used as high quality solid biofuels (Larsen 

et al., 2012), and the yeast cell residues obtained after lipid and carotenoid extraction 

can serve as nitrogen sources for yeast propagation or anaerobic digestion to produce 

biogas (Karlsson et al., 2016). Glycerol, the by-product of transesterification of fatty 

acids to produce biodiesel, can be added in the lipid accumulation stage to increase the 

carbon to nitrogen ratio (Karlsson et al., 2016). Therefore, the effective utilization of the 

hemicellulosic and cellulosic fractions of biomass is a key strategy to achieve a “zero 

waste” and self-sustaining production of lipids and carotenoids. 

To advance the industrial production of lignocellulosic biomass derived microbial 

lipids and carotenoids, more research should be focused on the fermentation and 

purification steps. Regarding to equipment and facilities, existing bioethanol production 

equipment, current fermentation facilities and petroleum refinery units can be used for 
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the production of lipids and carotenoids by oleaginous yeasts without extra investments 

(Chopra et al., 2019). Improving yeast performance could also be a relevant alternative 

to enhance the fermentation efficiency. In this sense, increasing the yeast tolerance to 

inhibitors derived from lignocellulosic biomass can simplify the operation and reduce 

the investment in the long term. Recently, adaptive laboratory evolution and genetically 

engineering of yeasts allowed to reach 0.334 g/L h lipid productivity and 0.179 g/g 

yield by R. toruloides cultivated in non-detoxified wheat straw hydrolysate (Díaz et al., 

2018). However, different pretreatment methods and different types of biomass may 

result in different inhibitor´s composition and synergistic effects, and it is difficult to 

build a super strain that could be used in all types of hydrolysates. The same approach 

can be found for the detoxification method, where there is no standardized and 

commercialized detoxification method available for different types of hydrolysates. 

Alternatively, fermentation strategies can also influence the performance of yeasts. For 

example, high cell density fermentation, fed-batch fermentation, and pre-adaptive 

fermentation can significantly improve the productivity and tolerance of yeasts (Amza 

et al., 2019; Fei et al., 2016). Other process steps, such as downstream processing to 

extract, recover and purify products, should also be studied to efficiently separate lipids 

and carotenoids. Further research on upstream to downstream are therefore needed to 

achieve the industrial production.

4. Conclusion

The feasibility of using cellulosic and hemicellulosic hydrolysates to produce 

lipids and carotenoids by oleaginous yeasts was demonstrated in this work. Besides 

being a more sustainable option for the production of these compounds, this is also 
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important because the substitution of expensive substrates by lignocellulosic 

hydrolysates may lead to a reduction in the production costs at industrial scale. L. 

starkeyi and R. toruloides were identified as strains with great ability to produce lipids 

and carotenoids, respectively, from lignocellulosic hydrolysates. However, an efficient 

utilization of both cellulosic and hemicellulosic hydrolysates was achieved when they 

were submitted to detoxification with activated charcoal, revealing that inhibitors have 

an important influence in the bioconversion process. It was demonstrated that lowering 

inhibitory levels improves the sustainable processing of biomass for lipids and 

carotenoids production. In this sense, the choice of the detoxification method is a 

relevant aspect to take into account in order to avoid extra costs for the overall process. 

Activated charcoal, as proposed here, is a low cost method that could be easily 

implemented on an industrial scale. The development of stronger strains by adaptive 

laboratory evolution and/or genetic modification could also be another possible way to 

overcome the inhibition caused by toxic compounds as well as their synergistic effects 

when in presence of high sugar concentration, without offering extra costs for the 

overall process. 
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Figure Captions

Fig. 1.  Schematic representation of the preparation of cellulosic and hemicellulosic 

hydrolysates from wheat straw.

Fig. 2. Fermentation of decolorized cellulosic hydrolysate (DCH) by (A) R. toruloides 

and (B) L. starkeyi at 30 °C and 250 rpm.

Fig. 3. Fermentation of washed cellulosic hydrolysate (WCH) by (A) R. toruloides and 

(B) L. starkeyi at 30 °C and 250 rpm.

Fig. 4. Fermentation of concentrated and decolorized cellulosic hydrolysate (CDCH) by 

R. toruloides (A) and synthetic concentrated medium (SCM) by R. toruloides (B) and L. 

starkeyi (C), at 30 °C and 250 rpm.

Fig. 5. Fermentation of post hydrolyzed, 2-fold concentrated and decolorized 

hemicellulosic hydrolysate (C2DH) by (A) R. toruloides and (B) L. starkeyi at 30 °C 

and 250 rpm.
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Highlights

 L. starkeyi and R. toruloides were the best producers of lipids and carotenoids 

 Performance of L. starkeyi was not significantly influenced by C:N ratios 25 to 100

 R. toruloides showed better fermentation performance under higher C:N ratios 

 Yeasts utilized cellulosic and hemicellulosic hydrolysates without nutrient addition 

 Phenolics and high sugars concentration (>115 g/L) affected the yeasts´ performance
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Table 1. Cell mass concentration, lipid and carotenoid production by different oleaginous yeasts cultivated in synthetic media at 30 °C, 250 
rpm for 120 h.

Yeast C:N

ratio

Cell mass
concentration
 (g/L)

Lipid
concentration
 (g/L)

Lipid 
accumulation
 (%)

Carotenoid
concentration 
(mg/L)

Carotenoid
accumulation
 (mg/g)

Glucose
R. glutinis                   25 1.23±0.23                0.10±0.04                       9.55±5.22                                   2.96±0.16                                  2.44±0.35

50 1.28±0.04                0.17±0.07                       8.12±4.00                                   1.81±0.07                                   2.85±0.08
100 1.02±0.19                0.10±0.04                         8.36±2.68                                   2.62±0.20                                  2.573±0.21                
25 3.90±0.23                0.42±0.08                       6.16±2.29                                  7.61±1.61                                   1.95±0.34
50 5.31±0.64                0.38±0.04                       6.61±1.80                                   0.94±0.22                                   2.06±0.04

R. toruloides            

100 5.98±0.38                1.20±0.16                       20.81±1.85                                 6.65±1.01                                   2.23±0.37
25 5.52±0.98                0.03±0.01                       6.43±0.23                                   6.66±0.70                                   1.24±0.28
50 8.30±2.26                0.69±0.19                       9.33±1.68                                   6.02±0.35                                   0.72±0.04

S. coloradoensis      

100 3.37±0.20                0.26±0.06                       6.49±3.06                                   2.89±0.53                                   1.72±0.35
25 11.73±0.18              3.11±0.24                       26.54±1.77
50 10.07±0.95              3.03±0.24                       30.10±1.61

L. starkeyi                 

100 11.12±0.33              3.24±0.25                       29.14±0.17
25 3.50±0.13                0.23±0.05                       7.44±3.00      
50 5.47±2.11                0.61±0.09                       10.05±2.71

Y. lipolytica (YB-392)               

100 6.22±0.28                2.46±0.25                       39.52±1.36                    
25 3.55±0.18                0.22±0.03                       8.85±2.82       
50 4.73±0.25                0.57±0.12                       12.00±0.88

Y. lipolytica (YB-567)           

100 6.18±0.16                2.25±0.21                       36.39±2.08
Xylose

25 2.85±0.53               0.14±0.02                         2.63±0.51                                  8.30±0.49                                  2.99±0.66           
50 3.42±0.20                0.26±0.07                        4.12±1.01                                   9.23±0.97                                  2.70±0.28

R. toruloides            

100 6.27±0.14                2.20±0.25                        35.01±3.54                                 6.21±0.07                                 2.88±0.15
25 5.83±0.45                0.45±0.16                         8.58±2.07                                  5.81±0.43                                  0.90±0.17            
50 6.12±0.85                0.69±0.11                         12.98±0.58                                6.55±0.41                                  1.07±0.07

S. coloradoensis      

100 5.88±0.60                0.53±0.07                         9.60±0.47                                  4.38±0.54                                  1.49±0.20
25 12.17±0.08              3.60±0.27                         29.62±1.40          
50 11.88±1.38              3.61±0.40                         30.38±3.87

L. starkeyi                 

100 11.78±0.08              3.49±0.46                         29.59±2.51
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Table 2. Main fatty acids produced by the different oleaginous yeasts cultivated in synthetic media at 30 °C, 250 rpm for 120 h. Values 
correspond to % of the total fatty acids produced.

C:N
ratio

Fatty acid R. glutinis        R. toruloides     S. coloradoensis     L. starkeyi        Y. lipolytica
(YB-392)          

Y. lipolytica
(YB-567)          

Glucose       
C16:0 18.44±0.10      17.81±0.15          16.94± 0.35          30.44±0.16       15.99±1.04       16.69±1.08
C18:0 7.10±0.05        9.56±0.05             6.64±0.32             7.94±0.23          7.64±0.35         7.73±0.33
C18:1(n-9) 20.29±0.40      14.17±0.08           17.00±0.24          37.10±1.63        32.88±0.76       30.17±1.44

25

C18:2(n-6) 17.12±0.21      12.91±0.05          28.94±0.69           5.34±0.13          10.63±0.51       10.42±0.29

C16:0 19.89±0.32      17.07±1.59         19.71±0.46             31.44±0.88        17.72±0.01       17.22±0.47                                 
C18:0 7.94±0.09        10.39±0.95          8.56±0.10               8.48±0.24          10.95±0.03       9.40±0.14
C18:1(n-9) 20.63±0.24      15.84±1.44         10.38±1.01             31.29±0.47         22.5±0.02        25.58±1.02     

50

C18:2(n-6) 15.35±0.01      10.57±0.94          21.47±0.88             5.82±0.13           8.77±0.05        10.57±0.27

C16:0 17.78±0.47      22.8±0.25            20.31±1.03            30.40±0.41          19.51±0.61      16.93±0.34        
C18:0 7.53±0.36        20.66±3.22          9.75±0.60              11.17±0.60          11.00±0.33      7.57±0.11
C18:1(n-9) 25.64±1.19      31.86±3.73          8.88±0.22              33.96±1.41           28.39±0.96      29.65±0.50

100

C18:2(n-6) 16.19±0.61      15.25±0.23          13.67±0.34            4.12±0.02            12.38±0.41       13.33±0.25
Xylose

C16:0 16.94±0.35         20.15±1.57            29.18±1.05
C18:0 7.54±2.47           5.29±0.76               9.71±0.26      
C18:1(n-9) 14.51±0.96         20.63±0.38            34.43±1.02

25

C18:2(n-6) 18.70±9.86        34.06±2.12             4.94±0.15   

C16:0 17.94±1.72         17.39±0.46            29.72±1.15
C18:0 10.88±1.12         5.45±0.10               10.21±0.16
C18:1(n-9) 18.90±2.03        13.24±1.01             34.42±1.69

50

C18:2(n-6) 10.08±1.03         40.57±0.88             4.33±0.28

C16:0 23.89±0.19        19.30±1.37             24.24±0.31
C18:0 16.60±2.99         7.36±0.35               19.93±0.14  
C18:1(n-9) 35.86±3.43        11.16±0.51              26.76±0.41

100

C18:2(n-6) 13.97±0.16         31.28±1.89             2.80±0.00          
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Table 3. Composition of different cellulosic hydrolysates used for cultivation of L. starkeyi and R. toruloides.
Concentration (g/L)Compound

CH DCH CCH CDCH WCH WCCH

Glucose 43.96±0.09 43.60±0.01 95.52±0.67 89.09±2.04 46.40±0.18 111.97±0.67

Xylose 12.51±0.03 12.34±0.03 28.64±0.51 26.36±0.16 11.36±0.02 23.88±0.82

Acetic acid 1.19±0.03 1.14±0.03 2.15±0.04 2.00±0.21 0.63±0.03 1.12±0.03

HMF - - 0.02±0.00 - - 0.02±0.00

Furfural 0.19±0.01 0.01±0.00 0.02±0.00 - - 0.01±0.00

Phenolic compounds 1.45±0.07 0.19±0.02 2.35±0.16 0.57±0.03 0.42±0.04 0.96±0.03

CH: Raw cellulosic hydrolysate; DCH: Decolorized cellulosic hydrolysate; CCH: Concentrated cellulosic hydrolysate; CDCH: Concentrated and decolorized cellulosic 

hydrolysate; WCH: Washed cellulosic hydrolysate; WCCH: Washed and concentrated cellulosic hydrolysate 

- Undetected
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Table 4.  Composition of different hemicellulosic hydrolysates used for cultivation of L. starkeyi and R. toruloides.
Concentration (g/L)Compound

HH PH C2H C2DH C4H C4DH

Glucose 0.08±0.03 2.91±0.45          4.72±0.58 4.10±0.63 13.15±0.77 11.53±0.20

Xylose 0.99±0.01 14.20±0.04       24.76±0.16 23.89±0.15 54.21±1.91 51.63±0.20

Acetic acid 1.40±0.01 2.05±0.08         3.67±0.05 3.57±0.15 6.30±0.04 4.86±0.11

HMF - 0.01±0.00              - - 0.34±0.01 0.02±0.00

Furfural 0.61±0.10 0.70±0.09        0.07±0.01 - - -

Phenolic 1.37±0.04 1.60±0.02        2.52±0.06 0.63±0.14 4.29±0.04 0.83±0.03

HH: Raw hemicellulosic hydrolysate; PH: Post hydrolyzed hemicellulosic hydrolysate; C2H: Post hydrolyzed and 2-fold concentrated hemicellulosic hydrolysate; C2DH: 

Post hydrolyzed, 2-fold concentrated and decolorized hemicellulosic hydrolysate; C4H: Post hydrolyzed and 4-fold concentrated hemicellulosic hydrolysate; C4DH: 

Post hydrolyzed, 4-fold concentrated and decolorized hemicellulosic hydrolysate

- Undetected
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Table 5. Comparison of fermentation parameters for R. toruloides and L. starkeyi cultivated in synthetic media and cellulosic / hemicellulosic 

hydrolysate
Media         Cell mass Lipid Carotenoid

Concentration

(g/L)

Concentration

(g/L)

Accumulation

(%)

Yield

(g/g)

Productivity

(mg/L h)

Concentration

(mg/L)

Accumulation

(mg/g)

Yield

(mg/g)

Productivity

(mg/L h)

R. toruloides  

DCH 17.95±0.42        3.36±0.29     18.73±1.02 0.05±0.01      34.98±3.00         24.58±1.88     1.37±0.07        0.32±0.03       0.26±0.02

WCH 8.37±0.23      2.09±0.30     24.95±3.01      0.06±0.01      17.42±2.52         21.42±2.04      2.57±0.32       0.62±0.06       0.18±0.02

CDCH 6.60±0.67      0.61±0.01     9.31±0.09         0.02±0.00      5.12±0.05           3.48±0.44        0.53±0.07       0.14±0.02       0.03±0.00

C2DH 10.73±0.56    1.01±0.02      9.44±0.42         0.03±0.00      8.43±0.20          15.80±0.56      1.48±0.52       0.52±0.02       0.13±0.00

SCM 4.50±0.40        0.36±0.04     8.09±0.41         0.01±0.00      3.03±0.30          8.14±1.16        1.82±0.34       0.24±0.03       0.07±0.01

L. starkeyi

DCH 12.57±0.20     3.23±0.22    25.67±1.85     0.05±0.04       33.59±2.25

WCH 17.32±0.12     3.99±0.35     23.02±1.93     0.07±0.01      33.22±2.93

C2DH 14.10±0.65    1.46±0.99     10.64±0.51      0.05±0.00      12.19±0.77

SCM 16.75±0.28     3.51±0.37     20.95±1.91      0.05±0.01      29.27±3.11       

DCH: Decolorized cellulosic hydrolysate; WCH: Washed cellulosic hydrolysate; CDCH: Concentrated and decolorized cellulosic hydrolysate; C2DH: Post hydrolyzed, 

2-fold concentrated and decolorized hemicellulose hydrolysate; SCM: Synthetic concentrated medium.

 

 

 

Journal Pre-proof


