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ABSTRAKT 
 

Pro zpracování a nakládání s odpadními substráty lze použít řadu postupů a možností. 

Stále se rozšiřující spektrum metod a technologií umožňuje další využití materiálů a energie 

ve formě obnovitelných zdrojů. Jedním z řešení pro zpětné získávání některých odpadních 

materiálů je využití tzv. bílé (průmyslové) biotechnologie, která zahrnuje praktickou aplikaci 

metabolických aktivit celé řady různých mikroorganizmů včetně jejich specifických 

biologických drah k produkci látek s vysokou přidanou hodnotou. V předložené práci 

screeningového typu bylo pro zhodnocení odpadních surovin využito několik druhů 

mikroorganizmů kultivovaných za různých specifických podmínek včetně kultivace na 

odpadních materiálech získaných zejména ze zemědělství a potravinářství. Cílem bylo získání 

vybraných typů průmyslově cenných metabolitů, případně energie. 

Předložená studie byla zaměřena na srovnání růstu a produkčních vlastností několika 

kmenů karotenogenních kvasinek rodu Rhodotorula, Sporobolomyces a Cystofilobasidium, 

kultivovaných v médiích s obsahem glycerolu (technický a odpadní glycerol), dále v médiích 

obsahujících pšeničnou slámu, hydrolyzovanou slámu zpracovanou v hydrotermálním 

procesu při vysoké teplotě a zbytky po filtraci hydrolyzátu. Dalším testovaným odpadním 

substrátem byla syrovátka.  

Všechny testované kvasinky byly schopny využít glycerol jako jediný zdroj uhlíku. 

Produkce biomasy při kultivaci na technickém glycerolu se více či méně přibližovala kontrole 

(cca 7 - 10 g∙l
-1

), zatímco při kultivaci na odpadním glycerolu byla produkce vyšší (10.9 -

 14.5 g∙l
-1

). Produkce karotenoidů a ergosterolu byla vyšší v glukózovém médiu než v médiu 

s obsahem glycerolu. Všechny testované kvasinky byly rovněž schopny produkovat neutrální 

lipidy, a to v rozmezí 11 - 15 %, s výjimkou C. capitatum, kde produkce dosahovala více než 

22 % obsahu neutrálních lipidů. 

Pšeničná sláma a produkty z ní připravené se ukázaly být využitelnými substráty 

s vysokým potenciálem pro produkci biomasy i metabolitů, a to zejména u kmene S. roseus. 

Syrovátka, jako odpadní produkt mlékarenství, byla účinně využita jako substrát pro 

kokultivaci karotenogenních kvasinek a bakterií mléčného kvašení. Kokultivační proces může 

vyvolat nadprodukci pigmentů a ergosterolu, přičemž získaná biomasa díky obohacení o 

bakterie L. casei dosahovala vyšší kvality. 

 Za účelem energetického využití mikrobiálního metabolismu formou mikrobiálních 

palivových článků, tzv. „Microbial Fuel Cell“ byla aplikována směsná kultura bakterií 

získaných z čistírny odpadních vod. Tyto mikroorganizmy hrají významnou roli při výrobě 

elektrické energie a současně také při čištění odpadních vod. Elektřina je generována přímo 

z organických látek přítomných v kultivačním médiu a lze ji použít pro provoz čistírny 

samotné a případně i pro další aplikace. 

 

KLÍČOVÁ SLOVA 
Odpadní substráty, červený kvasinky, pigmenty, Mikrobiální palivové články, energetické 

využití 
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ABSTRACT 
 

Wide spectrum of different options available for the treatment and management of 

waste substrates can be used. Variety of methods and technologies available to carry out 

material and energy recovery originates a number of “recovery paths”. One of the solutions 

for recovering some waste materials lies in white (or industrial) biotechnology, which 

involves metabolic activities of a wide range of different microorganisms and their specific 

biological conversion. In this work several waste materials (mainly obtained from agro-

industry) were used in a comparative screening study to evaluate their potential recovery to a 

valuable metabolites or energy by various microorganisms applied under specific conditions 

and circumstances.  

Presented study was focused on a comparison of growth and production properties of 

several red yeast strains of the genus Rhodotorula, Sporobolomyces and Cystofilobasidium, 

when cultivated on glycerol media (technical and waste glycerol), on wheat straw media and 

residues gained after hydrothermal pretreatment and on media enriched with whey. 

All tested red yeast strains were able to utilize glycerol as the only carbon source. 

The biomass production, when cultivated on pure technical glycerol, are less or more equal 

with control (about 7 - 10 g∙l
-1

) while in waste glycerol is even higher (10.9 - 14.5 g∙l
-1

). 

Production of carotenoids and ergosterol was better in glucose medium than in medium with 

glycerol only. All tested red yeast strains were able to produce also neutral lipids, in range of 

11 - 15 % except C. capitatum, which produced more than 22 % of neutral lipids. 

Further waste products - both fraction after hydrothermal wheat pretreatment process 

(filter cake and hydrolysate) and untreated wheat straw were utilized for red yeast cultivation. 

Wheat straw (as well as pretreated materials) has proved to be promise substrate with a bigger 

potential for biomass and metabolite production, especially in S. roseus strain. 

Whey, as a surplus product from dairy, can be effectively utilized by synergic 

activities of carotenogenic yeasts and lactic acid bacteria. Co-cultivation process could lead to 

overproduction of pigments and ergosterol and, therefore, obtained biomass (enriched also 

with L. casei bacteria) will increase overall quality. 

In this thesis, the operating microbe which shall be involved in the process of energy 

recovery represents a mixture of bacteria obtained from the waste water plant. 

Those microbes played main role in Microbial Fuel Cell (MFC), producing electrical energy 

and cleaning waste water at once. Electricity is being generated in a direct way from organic 

matter and can be used for operation of the waste treatment plant, or sold to the energy 

market. 
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1. INTRODUCTION 

 

All organisms consist of cells, which fall into one of two types: prokaryotic (bacteria) 

or eukaryotic (unicellular, e.g., yeasts and multicellular organisms). Understanding structure 

function relationships of cell biomolecules is crucially important for the industrial 

exploitation of cells. The useful physiological properties of yeast have led to their use in the 

field of biotechnology and they are also one of the most widely used model organisms. 

Yeasts are of major economic, social and health significance in human culture. 

They have been often described as mankind‟s oldest “domesticated” organisms, having been 

used to produce alcoholic beverages and leaven bread dough for millennia. In fact, the 

brewing of beer probably represented the world‟s first biotechnology. In modern times, yeasts 

have found numerous other roles besides traditional food fermentations [1]. 

The overproduction of some metabolites as a part of cell stress response can be of 

interest to the biotechnology. For instance carotenogenic yeasts are well known producers of 

biotechnologically significant carotenoids pigments, namely astaxanthin, β-carotene, torulene, 

torularhodin and under stress conditions this carotenoids accumulation was reported to be 

increased. Red yeasts are able to accumulate not only carotenoids, but also ergosterol, 

unsaturated fatty acids, coenzyme Q10 and other compounds, which can contribute to the 

biomass enrichment. The use of this stressed biomass in feed industry could have positive 

effect not only in animal and fish feeds because of high content of physiologically active 

substances, but it could influence nutritional value and organoleptic properties of final 

products for human nutrition. Knowledge of molecular mechanism of the carotenoids 

production stimulation can then lead to improvement of such biotechnological process. 

Carotenogenic yeasts are considered to be ubiquitous due to its world-wide distribution in 

terrestrial, freshwater and marine habitats, and to its ability to colonize a large variety of 

substrates. They can assimilate various carbon sources, such as glucose, xylose, cellobiose, 

sucrose, glycerol, sorbitol, etc. For this reason, various waste materials can be used as cheap 

substrates for its cultivation [2].  

Waste glycerol as a co-product in the production of biodiesel as cheap wastes could 

have many beneficial properties. At the current annual production capacity (9.8 billion litters 

of biodiesel), 980 million litters of glycerol/year are produced compared to a demand of only 

216 million litters/year [3]. This fact implies that waste glycerol after transesterification can 

be used as medium component, which can induce carotenoid-rich biomass production and 

influence its final quality. On the other hand, glycerol can be utilized for energy production 

and simultaneously wastewater cleaning in the microbial fuel cell. In the microbial fuel cell 

reactor, mixed bacterial culture converts chemical energy from wastewater (available in bio-

convertible substrate) directly into electricity. That energy collection is directly proportional 

to the capacity of the substrate, which was used as an additional carbon source spiked into 

waste water.  

Beside waste glycerol, other wastes derived from different sphere of agro-industry 

(such as wheat straw and the wastes from dairy) could be also significant substrates for 

cultivating red yeasts, sole as well as in the association with other microbes. Over the past 
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100 years, the yields of wheat have been increased and annual global production of dry wheat 

in 2008 was estimated to be over 650 million tonnes [4]. Today, wheat straw is mostly 

utilized in bioethanol production by simultaneous enzymatic saccharification of cellulose to 

glucose (simultaneous saccharification and fermentation process, SSF) and yeasts 

fermentation of presented glucose to ethanol as a terminal product. Prior to SSF process, of 

paramount importance it to release cellulose from plant matrix, using hydrothermally 

pretreatment method (physical hydrolysis under high pressure and high temperature 

condition). Obtained solid fraction (defined as a filter cake or water insoluble substrate) is 

furthermore utilized for bioethanol production, while liquid fraction (defined as a “waste of 

waste” and containing dissolved pentoses and hexoses) can be used in different sphere of 

biotechnology and also as a nutrition media for yeasts cultivation.  

Similar situation was also found in whey production. Dairy industry all over the world 

generates huge amount of whey per liter of milk processed. About 50 % of total world cheese-

whey production is treated and transformed into various food products, of which 45 % is used 

directly in liquid form, 30 % in the form of powdered cheese whey, 15 % as lactose and 

byproducts from its removal, and the rest as cheese-whey-protein concentrates. The remaining 

50 % is disposed as a waste [5]. This potentially danger waste can be used for production of 

various biotechnological products via microbial fermentation.  
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2. THEORETICAL PART 

 

2.1. Waste substrates used in biotechnology 

 

The recovery of useful materials and the recovery of energy are the two means that can 

turn waste materials from a fearsome concern into a valuable asset. The variety of methods 

and technologies available to carry out material and energy recovery originates a number of 

“recovery paths” [6]. 

Over 1.8 billion tonnes of wastes are generated each year in Europe. This equals to 

3.5 tonnes per person. This is mainly made up of waste coming from households, commercial 

activities (e.g., shops, restaurants, hospitals etc.), industry (e.g., pharmaceutical companies, 

clothes manufacturers etc.), agriculture (e.g., slurry), construction and demolition projects, 

mining and quarrying activities and from the generation of energy. With such vast quantities 

of waste being produced, it is of vital importance that it is managed in such a way that it does 

not cause any harm to either human health or to the environment [7].  

There are a number of different options available for the treatment and management of 

waste including prevention, minimization, re-use, recycling, energy recovery and disposal. 

Under EU policy, land filling is seen as the last resort and should only be used when all the 

other options have been exhausted, i.e., only material that cannot be prevented, re-used, 

recycled or otherwise treated should be land filled [7]. One of the solutions for recovering 

some waste materials lies in white (or industrial) biotechnology, and its utilization involves a 

wide range of different microorganisms and their specific biological conversion. In this thesis, 

the operating microbe which shall be involved in the process of energy recovery represents a 

mixture of bacteria obtained from the waste water plant. Those microbes played main role in 

Microbial fuel cell, producing electrical energy and cleaning waste water at once. Also, 

several carotenogenic yeasts will be enrolled into a comparative screening study for 

recovering waste substrates (gained mainly form agro-industry) for producing enriched red 

yeast biomass. Here it will be discussed mostly about the recovery of the wastes obtained 

from the biodiesel plant, accurately waste glycerol. Furthermore, it will be deal with the 

possibility of using wheat straw, especially substrates after hydrothermal pre-treatment – 

hydrolysate (liquid fraction) and filter cake (defined as water insoluble material). Beside of 

bioethanol production, as a one kind of energy recovery, pretreated wheat straw could be also 

useful for production of various compounds formed by isoprenoid metabolic pathway. 

At the end, possibility of co-cultivation of lactic acid bacteria and red yeasts puts the whey as 

a promise waste for metabolite production and a useful medium for cultivating various 

microbial associations.  

 

 

 

http://scp.eionet.europa.eu/themes/waste/prevention
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2.1.1. Waste glycerol obtained after process of transesterification  

 

Glycerol or glycerine (propane - 1, 2, 3-triol in IUPAC nomenclature) is a polyol 

compound with a three hydroxyl groups, which further defines the physical and chemical 

properties. It is a colourless, odourless, sweet-tasting, viscous liquid with a low toxicity. 

Moreover, those three-hydroxyl groups are responsible for glycerol‟s highly hygroscopic 

nature and solubility in water and ethanol. The Table 1 presents other physical properties of 

glycerine. 

Table 1:  Physical properties of technical grade glycerol [8, 9] 

Molecular 

formula 

Molar 

mass, 

(g∙mol
-1

) 

Density, 

(g∙cm
-3

) 

Melting 

point, 

(ºC) 

Boiling point 

(760 mm Hg), 

(ºC) 

Refractive 

index 

Viscosity at 

20 °C, 

(Pa
.
s) 

C3H8O3 92.09 1.261 17.8 290 1.4746 1.412 

 

Technical glycerol has a wide range of applications and usage in various field of 

industry such as:   

 Food industry. Glycerol has undergone review and approval for use as a direct food 

additive, indirect food additive and is recognized as generally safe for use in food 

(GRAS). The use in food has been subject to review by expert assessment by 

organizations such as WHO, JEFCA and the European SCF. (Joint FAO/WHO Expert 

Committee on Food Additives, 19
th

 report. WHO Food Additive Series.8 1975.) [10]. 

Glycerol serves as a solvent and sweetener and can help to preserve food. It is used 

also in low-fat foods as filler (for example cookies), and thickening agent in some 

sorts of liqueurs. It was also found as a sugar substitute, and has approximately 27 cal 

per teaspoon and is 60 % as sweet as sucrose. Glycerol is labelled as E-number, E 422. 

 Pharmaceutical industry. It is used in medical, pharmaceutical and personal care 

preparations; found in allergen immunotherapy, cough syrups, elixirs 

and expectorants, toothpaste, mouthwashes, skin care products, shaving cream, hair 

care products, soaps and water-based personal lubricants. In solid dosage forms like 

tablets, glycerol is used as a tablet-holding agent. Glycerol is a component of glycerine 

soap, which is made from denatured alcohol, glycerol, sodium castorate 

(saponified Castor bean oil), saponified cocoa butter, saponified tallow, sucrose, 

water, and sometimes sodium lauryl ether sulfate. Essential oils are added 

for fragrance. People with sensitive, easily irritated skin use this kind of soap because 

it prevents skin dryness with its moisturizing properties. It draws moisture up through 

skin layers and slows or prevents excessive drying and evaporation. In addition, it is 

used as antifreeze in the same way as propylene glycol [11]. Table 2 presents the 

potential use of glycerol for human purposes. 
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Table 2:  Use of technical glycerol-overview [10] 

Type of end use % of production volume 

(approximately) 

specific applications 

Pharmaceuticals <10 Excipient and formulation aid. 

Chemical intermediate, nitration  

and esters 

15 Chemical synthesis 

 

Cosmetic and Toiletries 

 

20 

Cosmetics including fragrances, 

bath and 

hair preparations, eye makeup, 

soaps and 

skin care preparations. 

Resins, polyols and 

polyurethanes 

20 Intermediate and monomer 

Industrial Fluids <10 Antifreezes, lubricants and 

hydraulic fluids 

Tobacco <10 Humectants 

Cellulose films <10 Intermediate. 

Food <10 Food additive 

Other chemical uses <10 - 

 

In nature, glycerol is present in the form of its esters (glycerides) in all animal and 

vegetable fats and oils. It is obtained commercially as a by-product when fats and oils are 

hydrolysed to yield fatty acids or their metal salts (soaps). Glycerol is also synthesized on a 

commercial scale from propylene, obtained by cracking petroleum. [12]. 

Otherwise, in the process of transesterification, as a by-product, it is obtained crude 

glycerol which is often dark in appearance with a dense, syrup-like consistency. 

The transesterification process is the reaction of a triglyceride (fat/oil) with an alcohol to form 

esters and glycerol. In this transesterification reaction, one mole of triglyceride reacts with 

3 moles of alcohol (methanol) to produce 3 moles of fatty esters (biodiesel) and one mole of 

glycerol (see Figure 1).  The characteristics of the fat are determined by the nature of the fatty 

acids attached to the glycerine. The nature of the fatty acids can in turn affect the 

characteristic of the biodiesel. During the reaction, the triglyceride is reacted with alcohol in 

the presence of a catalyst, usually a strong alkaline, for instance 30% sodium methylate 

solution in methanol. The alcohol reacts with the fatty acids to form mono-alkyl esters, or 

biodiesel, and crude glycerol. The alcohol, which is used, is often methanol, due to low price 

and widespread availability on the market [13]. 
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Figure 1:  Reaction of transesterification [14] 

 

Figure 2:  Schematic review of biodiesel plant and waste glycerol production (by Lurgi, [13]) 

 

After two-step separation, obtained glycerine phases are concentrated and separated 

from the methyl ester fraction. Glycerine phase still contains traces of methanol, catalyst and 

soaps that arise during the process of transesterification (see Figure 2). These substances are 

transformed in the later stages of the crude glycerol treatment. For instance, methanol is 

recovered from glycerine phase using a big column for recovery. There are two phases of 

glycerol processing: pre-treatment of glycerol water, which was obtained immediately after 

transesterification (during washing-out the methyl esters), and glycerol water evaporation. 

In the first step, it is needed to adjust pH value around 7 by adding sodium hydroxide. After, 

in the second step, concentration of glycerine must be achieved to approximately 80 - 85 % 

reducing the water in the three stage evaporation system. At the end, from the last third 

evaporator, a crude glycerol is pumped to the tank and stored for further use. 

During the treatment of crude glycerol, it is of essential importance to monitor composition 

all the time. The sample must be taken from the plant itself and from the tank farm too. 

Those samples are further analysed in the laboratory using GC/FID device. The results are 

evaluated and compared with previous samples. Typical content of waste glycerol is: glycerol 

(80 - 85 % wt), water (8 - 13 % wt), and salt/ash (≤ 5 % wt), matter organic non-glycerine or 

MONG (max. 2 % wt). However, the rising demand for and growth of biodiesel production 

has created a surplus of glycerol, resulting in a dramatic decrease in the price of crude 

glycerol over the past few years [13]. 

Due to the potential exhaustion of conventional fuels and to various environmental 

issues (CO2 emission, global warming), the application of biofuels on a large commercial 
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scale is strongly recommended (e. g. EU directive 2003/30/EC). Given that biodiesel derives 

from triacylglycerol transesterification yielding both fatty esters and the side-production of 

glycerol, the significant expansion of biodiesel would result in the generation of large 

quantities of glycerol. Already in 2007, an over-capacity of more than 6.6 million tonnes of 

glycerol occurred in Europe, while in the same year in Germany (one of the principal 

biodiesel - producing countries) crude glycerol was treated as a typical “industrial waste -

water” [15]. Therefore, glycerol over-production is likely to cause serious environmental 

problems in the future, and thus conversion of this by-product to added-value materials 

currently attracts increasing interest [15, 16, 17]. The most obvious target of glycerol 

conversion and valorisation by the means of fermentation technology is its biotransformation 

into 1, 3-propanediol, a compound of significant importance for the textile and chemical 

industry. The microbial conversion of glycerol into metabolites other than 1, 3-propanediol 

has also been reported. Nevertheless, in spite of the increasing supply of crude glycerol only a 

few reports of the production of added-value microbial metabolites from this substrate have 

been published so far [15]. Also one of possible biotechnological ways of crude glycerol 

valorisation is its conversion into microbial lipids (“single-cell oil – SCO”) and citric acid 

[16]. Once considered an advantageous co-product, glycerol used to increase the economic 

viability of biodiesel production; however, crude glycerol is now regarded as a „„waste 

stream‟‟ with a disposal cost associated with it. At current low prices, glycerol is a 

competitive alternative to the use of sugars in the production of chemicals and fuels via 

microbial fermentation. Given the highly-reduced nature of the carbon atoms in glycerol, 

additional advantages can be realized by using glycerol instead of sugars such as glucose and 

xylose as carbon source [18]. 

Beside this enormous benefit in almost all sphere of industry, waste (crude glycerol) 

can be used also in biotechnology as a carbon source for cultivating different types of 

microorganisms. The scope of this Ph.D. study describes two different ways of utilization of 

waste glycerol that were obtained after process of transesterification. One potential usage of 

waste glycerol as a carbon source are in the microbial production of different metabolites 

cultivating various red yeasts strains, and secondly using waste glycerol as additional carbon 

source for producing electrical energy in microbial fuel cell. 

 

2.1.2. Lignocellulosic biomass 

 

Lignocellulosic materials are natural, abundant and renewable resource essential to the 

functioning of industrial societies and critical to the development of a sustainable global 

economy. As wood and paper products, they have played an important role in the evolution of 

civilization. Improvement of the quality and manufacturing efficiency of such products has 

often been hampered by the lack of understanding of the complex structures and chemical 

compositions of the materials [19].  
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Due to increasing economic and environmental issues concerning the use of 

petrochemicals, lignocellulosic materials will be relied upon as feedstock for the production 

of chemicals, fuels and biocompatible materials. Significant progress has been made to use 

lignocellulosic materials for the production of fuel ethanol and as a reinforcing component in 

polymer composites. Effective and economical methods for such uses, however, remain 

underdeveloped, partly due to the difficulties encountered in the characterization of the 

structures of native lignocelluloses and lignocelluloses-based materials. Improved methods 

for the characterization of lignocellulosic materials are needed [19]. 

 

Table 3:  The contents of cellulose, hemicellulose, and lignin in common agricultural residues 

and wastes [20] 

Lignocellulosic materials Cellulose (%) Hemicelluloses (%) Lignin (%) 

hardwoods stems 40-55 24-40 18-25 

softwood stems 45-50 25-35 25-35 

nut shells 25-30 25-30 30-40 

corn cobs 45 35 15 

grasses 25-40 35-50 10-30 

paper 85-99 0 0-15 

wheat straw 30 50 15 

sorted refuse 60 20 20 

leaves 15-20 80-85 0 

cotton seed hairs 80-95 5-20 0 

newspaper 40-55 25-40 18-30 

wastepaper from chemical pulps 60-70 10-20 5-10 

primary wastewater solids 8-15 N.A. 24-29 

swine waste 6 28 N.A. 

switch grass 45 31,4 12 

 

 

The term “lignocellulosic biomass” is used when referring to higher plants, softwood 

or hardwood. The composition of lignocellulose highly depends on its source (see Table 3). 

There is a significant variation of the lignin and (hemi) cellulose content of lignocellulose 

depending on whether it is derived from hard-wood, softwood, or grasses.  

Lignocellulosic biomass has a complex internal structure. It is comprised of a number 

of major components that have, in their turn, also complex structures (see Figure 3). 

Also addressed are the physical properties of each of the components of lignocellulose, and 

how each of these components contributes to the behaviour of the complex structure as a 

whole [19]. This Ph.D. study is oriented towards breaking down the complex of lignocellulose 

and utilizing the obtained components for producing various valuable products for mankind. 
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Figure 3:  Structure of lignocellulosic material [21] 

 

The abundance and renewability of lignocellulosic materials from agricultural residues 

renders them a promising feedstock for production of biofuels such as ethanol. To enable 

ethanol fermentation, release of the sugars from the lignocelluloses is necessary. That can be 

done by enzymatic hydrolysis after treatment at high pressure and temperature [22]. 

In addition to glucose, the treatment results in formation of degradation products such as 

xylose, acetate, and phenolic compounds from decomposition of hemicellulose and lignin 

[23]. These compounds cannot be utilized for production of bioethanol with baker‟s yeast. 

Electricity production seems therefore to be an attractive alternative for additional energy 

production from these organic compounds in microbial fuel cell [24]. Furthermore, gained 

hydrolysate and filter cake that remains after hydrothermal pre-treatment of wheat straw can 

be also utilized by carotenogenic yeasts as a carbon source for production different vitamers 

such as: carotenoids, ergosterol, CoQ10, polyunsaturated fatty acids, etc. 

 

2.1.2.1.  Straw (Triticum spp.) 

                                  

       Wheat (Triticum aestivum L.) is the world‟s most widely grown crop, cultivated in over 

115 nations under a wide range of environmental conditions. Over the past 100 years, the 

yields of wheat have been increased and annual global production of dry wheat in 2008 was 

estimated to be over 650 million tonnes [4].                  
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Figure 4:  Straw before harvesting-mature (left picture), and wheat straw derived after 

harvesting (right picture) 

 

Assuming residue/crop ratio of 1:3, about 850 million tonnes of wheat residues are 

annually produced. The straw produced might be left on the field, plowed back into the soil, 

burned or even removed from the land depending on the decision made by landowner 

(Figure 4). Disposal of wheat straw by burning has been practiced for a long time. In recent 

years, however, this practice has been challenged due to increased concern over the health 

effects of smoke from burning fields [25]. Burning of wheat straw results in large amounts of 

air pollutants including: particulate matter (PM10), CO and NO2 [26]. Thus, finding an 

alternative way for disposal of surplus wheat straw is of high interest and an immediate 

necessity. 

 

2.1.2.2.  Hydrothermal pre-treatment of wheat straw 

 

Wheat straw contains approximately 30 - 40 % of cellulose, 20 - 30 % hemicellulose 

and 15 - 20 % lignin [27]. Their molecular structure consists of cellulose microfibrils bound 

to each other with hemicellulose and lignin [27, 28]. The hemicellulose content consists of 

branched and acetylated molecules. These molecules consist of 90 % xylan and 10 % 

arabinose [22, 29]. The lignin content of the straw consists of polymerized molecules with a 

phenolic structure. The ethanol production process is conducted by simultaneous 

saccharification of cellulose with cellulose enzymes and fermentation of the produced glucose 

with baker‟s yeast (SSF) [22]. Optimal hydrothermal treatment conditions are temperatures 

from 190 - 200 °C and process time of 5 - 15 minutes. The thermal stability of lignocellulose 

components is highest for the cellulose and lowest for the lignin and the hemicellulose parts 

(see Figures 5 and 6). 
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Figure 5:  The raw wheat straw (left) and the pretreated wheat straw (right) after 

hydrothermal treatment [30] 

 

The hydrolysate produced by hydrothermal treatment of straw contains oligomers of 

xylose, arabinose and glucose (5 - 25 g∙l
-1

). The residual contents include acetic acid (1 –

 5 g∙l
-1

), formic acid (1 - 3 g∙l
-1

) and polyphenolics (2 - 5 g∙l
-1

) from extracted and partly 

degraded hemicellulose and lignin [31, 32]. The phenolic compounds are intermediate 

products and occur in monomer and polymer form and can become further degraded into 

acetic acid [32]. The monomeric phenolics include alcohols, aldehydes, ketones and 

carboxylic acids and are substituted with 0 to 2 of –OCH3 groups on the aromatic 

ring [31, 32]. 

 

 

 

 

 
 
 
 
 
 
 
 

 
 
 

Figure 6:  Microstructure of wheat straw (1000 - 8000 μm) untreated (a) and pretreated (b) 

during 15 min at 700 kPa (magnification 1 000 times) [33] 
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Table 4:  Putative yields from wheat straw expressed as dry matter after hydrothermal 

treatment processes [28] 

compound Wheat straw (g∙kg
-1

) After HT (g∙kg
-1

) 

solid   

cellulose 335 313 

hemicellulose 224 73 

lignin 164 147 

soluble   

C6 sugar (glucose)  15 

C5 sugar (xylose+arabinose)  125 

Polyphenolics  19 

Monophenolics  0,7 

Fatty acids (formic and acetic acids)  20 

 

From the Table 4, it is clearly that beside energy potential (in the form of electricity 

and bioethanol) these treated wastes also have potential to be significant carbon reservoir for 

cultivating microorganisms, e.g. carotenogenic yeast. Red yeasts are capable to ferment also 

“wood sugars” (xylose and arabinose) from hydrolysate like other sugars and to effectively 

transform, employing complex enzyme system, into various important molecules with large 

benefits for humans. Also acetic acid and other compounds derived from monomeric 

phenolics (alcohols, aldehydes, ketones, and other carboxylic acids) could be important 

source of carbon atoms for incorporation into red yeasts metabolism and finally to yeasts 

biomass. 

 

2.1.3. Wastes obtained from dairy  

 

Whey is an important surplus product of dairy industry. Based on the point of view, 

huge quantities of whey produced worldwide can represent an environmental problem with its 

disposal, or, due to the fact that whey is rich in fermentable nutrients, it can be considered as 

an attractive substrate for microbial production of various industrially interesting 

products [34].  

Cheese whey is a by-product of dairy industry; particularly, it represents the watery 

portion which is formed during coagulation of major cheese proteins – casein – in cheese 

manufacturing or caseins production. Because cheese whey constitutes approximately 80 -

 90 % (v/v) of the total milk used and, moreover, whey retains about 55 % of total milk 

nutrients, huge amounts of liquid waste with high organic compounds content are formed. 

Apart from lactose, which is predominantly responsible for high BOD5 and COD values, 

cheese whey also contains soluble proteins, lipids and mineral salts [34]. 

The precise whey composition is dependent on the method of cheese or caseins 

manufacturing and it also varies during the season of milk production (Table 5). Generally, 

whey is often classified as “sweet” if derived from precipitation of caseins by rennin, or as 

“acid”, when casein coagulation was carried out by acidification of milk either by partial 
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fermentation of lactose to lactic acid or by the addition of mineral acids (HCl, H2SO4, 

etc.) [35]. 

 

Table 5:   Typical composition of sweet and acid whey [36] 

Component Sweet whey (g∙l
-1

) Acid whey (g∙l
-1

) 

Total solids 63-70 63-70 

Lactose 46-52 44-46 

Protein 6-10 6-8 

Calcium 0.4-0.6 1.2-1.6 

Phosphate 1.3 2.4 

Lactate 2 6.4 

Chloride 1.1 1.1 

  

Generally, the processes based on microbial cultures on cheese whey are considered as 

the most profitable alternatives for the transformation of cheese whey surplus [37]. However, 

there are many potential facts and risks that should be taken into account prior utilization of 

cheese whey as a fermentation medium. Since most of biotechnological productions employ 

microbial monoculture, it is necessary to overcome any possible contaminations of 

fermentation medium by undesired microorganisms. Hence, the medium must be sterilized 

prior cultivation. Sterilization of whole cheese whey is problematic, because heating of whey 

to as high temperature as 121 °C results in precipitation of whey proteins. The protein 

precipitate seriously complicates the fermentation as well as recovery of the biomass or the 

down-stream processing of the fermentations products. Therefore, it is usually needed to 

remove the excessive proteins prior sterilization [34]. 

Utilization of whey in biotechnology is mainly focused on the production of high 

value substances and materials which find applications especially in the fields of health care, 

medicine and pharmacy. At first, many biologically active substances such as vitamins, 

carotenoids, antibiotics and organic acids can be produced from whey employing various 

microorganisms (bacteria, yeasts as well as fungi) and cultivation strategies. Moreover, also 

number of biopolymers which can be used in form of drug carriers, scaffolds, sutures, 

adhesives etc. can be produced by using whey as a cheap complex substrate [34].  

 

Table 6:  Market prices of several substances obtained from whey by various processes [34] 

Substance Price ($∙kg
-1

) 

Vitamin B12 10 - 30 

β-carotene 10 - 200 

Nisin 50 - 600 

Xanthan (food grade) 1.8 - 3 

Dextran 1 - 200 

Pullulan 15 - 30 

Hyaluronic acid 5000 - 7500 

PHB 3 - 10 
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Because the cost of fermentation medium is one of the most important operating costs 

for biotechnological production (representing up to 40 % of the process cost), there is always 

an effort to reduce it as much as possible. Among cheap substrates, whey is one of the most 

promising candidates [34]. 

The process of whey conversion into the high valuable products can not only be 

economically feasible but it would also provide very efficient solution of surplus whey 

disposal (see Table 6).  

 

2.2. Bioelectrochemical systems (BESs) 

 

Environmental protection and energy crisis are two recent challenges to us. 

Future economic growth crucially depends on the long-term availability of energy from 

sources that are affordable, accessible and eco-friendly [38]. Alternative sources of energy are 

in high demand because developed as well as developing countries are facing serious energy 

crisis [39]. In addition, due to global environmental concerns and energy insecurity, there is 

emergent interest to find out sustainable and clean energy source with minimal or zero use of 

hydrocarbons [40]. Bioelectrochemical systems (BESs) have recently emerged as an exciting 

technology. 

 

2.2.1. Microbial fuel cell – operating principle 

 

Microbial fuel cells (MFCs) are the major type of bioelectrochemical systems (BESs) 

which convert biomass spontaneously into electricity through the metabolic activity of the 

microorganisms [41]. A microbial fuel cell converts chemical energy, available in a bio-

convertible substrate, directly into electricity by oxidation of organic matter. To achieve this, 

different microbe (especially mixture of bacteria from waste water plant) is used as a catalyst 

to convert substrate into electrons. A typical two chamber microbial fuel cell consists 

of anode and cathode compartments separated by a cation exchange (positively charged ion) 

membrane (see Figure 7). Anodic material must be conductive, biocompatible, and 

chemically stable with substrate. Metal anodes consisting of noncorrosive stainless steel mesh 

can be utilized, but copper is not useful due to the toxicity of even trace copper ions to 

bacteria. The simplest materials for anode electrodes are graphite plates or rods as they are 

relatively inexpensive, easy to handle, and have a defined surface area. Much larger surface 

areas are achieved with graphite felt electrodes. The most versatile electrode material is 

carbon, available as compact graphite plates, rods, or granules, as fibrous material (felt, cloth, 

paper, fibbers, foam), and as glassy carbon. Proton exchange membrane (PEM) is usually 

made up of NAFION [42]. 

 In the anode compartment with anaerobic condition, microorganisms oxidize a fuel 

and produce electrons and protons. Electrons are transferred to the cathode compartment 

through an external electric circuit and through resistor with known value, while protons are 

transferred to the cathode compartment through the membrane. Electrons and protons are 
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consumed in the cathode compartment that is aerobic, combining with oxygen or some other 

electron acceptor to produce water. Due to its good performance, ferricyanide (K3[Fe (CN)6]) 

is very popular as an experimental electron acceptor in microbial fuel cells [43]. The greatest 

advantage of ferricyanide is the low over-potential using a plain carbon cathode, resulting in a 

cathode working potential close to its open circuit potential (UOCV). The greatest 

disadvantage, however, is the insufficient reoxidation by oxygen, which requires the catholyte 

to be regularly replaced.  In addition, the long term performance of the system can be affected 

by diffusion of ferricyanide across the CEM and into the anode chamber. Oxygen is the most 

suitable electron acceptor for an MFC due to its high oxidation potential, availability, low cost 

(it is free), sustainability and the lack of a chemical waste product (water is formed as the only 

end product). The choice of the cathode material greatly affects performance and is varied 

based on application [44].  

The reaction which is carried out in the MFC reactor, if glycerol or acetate is used as 

an additional substrate, is following: 

 

Anodic reaction: 

         CH2OH – CHOH - CH2OH + 3H2O                        3CO2  + 14H
+
 +14e

- 

              
CH3COO

-
 +  H2O       2CO2  + 2H

+
 +8e

- 
 

Cathodic reaction: 

          O2  + 4e
-
  + 4H

+  
       2H2O 

 

The other form of BESs is Microbial electrolysis cell (MEC), where both 

compartments, anode and cathode, work under anaerobic condition. The principle of the MEC 

is that H3O
+
 becomes reduced to H2(g) on graphite electrodes by addition of power from an 

electrical source [45, 46]. 

  

  
Figure 7:  Microbial fuel cell: H-shaped two chamber MFC with Anode (A), Cathode (C), 

Nafion membrane (M) and Resistor with resistance (R) [47] 
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2.2.2. Microbial fuel cell design  

 

 There are many types of Microbial fuel cells that are widely used for producing energy 

(in the form of electricity or hydrogen). Even, every laboratory design own reactor. Here, it 

will be discussed of several models and designs which found application in the laboratory 

scale, but also in the pilot scale. 

 

 Double chambered fuel cell 

 

A widely used, inexpensive design is a two chamber MFC built in a traditional “H” 

shape (Figure 7), consisting usually of two bottles connected by a tube containing separator 

which is usually a cation or proton exchange membrane (CEM or PEM) such as Nafion or 

Ultrex [48, 49]. The key to this design is to choose a membrane that allows protons to pass 

between the chambers (the CEM is also called a proton exchange membrane, PEM) but 

optimally, not the substrate or electron acceptor (typically oxygen) in the cathode chamber. 

In the H-configuration, the membrane is clamped in the middle of the tubes connecting the 

bottle. H-shape systems are acceptable for basic parameter research, such as examining power 

production using new materials or types of microbial communities that arise during the 

degradation of specific compounds but they typically produce low power densities [38]. 

 Model variation of double chambered fuel cell is MFC - frame type, which is 

composed of two frames where between is situated proton exchange membrane (Figure 8). 

Electrodes, anodes and cathodes are made of graphite rods which are immersed into anode 

and cathode solutions, respectively. The spaces between frames are filling with graphite 

granules, approximately 90 % of maximally capacity of the compartments volume. 

The electrodes are in the direct contact with graphite granules and appropriate solutions. 

This design of MFC is very practical due to big available surface area where microorganisms 

can be attached on to form a biofilm. 

The amount of power that is generated in these systems is affected by the surface area 

of the cathode relative to that of the anode and the surface of the membrane. The power 

density produced by these systems is typically limited by high internal resistance and 

electrode-based losses. When comparing power produced by these systems, it makes the most 

sense to compare them on the basis of equally sized anodes, cathodes and membranes. 

Using ferricyanide as the electron acceptor in the cathode chamber increases the power 

density due to the availability of a good electron acceptor at high concentrations. 

Ferricyanide increased power by 1.5 to 1.8 times compare to a Pt-catalyst cathode and 

dissolved oxygen (H-design reactor with a Nafion CEM) [38, 50].  
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Figure 8:   Continual Microbial fuel cell - Frame type  

 

The highest power densities so far reported for MFC systems have been low internal 

resistance systems with ferricyanide at the cathode [38]. While ferricyanide is an excellent 

catholyte in terms of system performance, it must be chemically regenerated and its use is not 

sustainable in practice. Thus, the use of ferricyanide is restricted to fundamental laboratory 

studies. 

 

 Single chamber fuel cell 

 

They are simple anode compartments where there is no definitive cathode 

compartment and may not contain proton exchange membranes as shown in Fig. 7 [51]. 

Porous cathodes form one side of the wall of the cathode chamber utilizing oxygen from 

atmosphere and letting protons diffuse through them. They are quite simple to scale up than 

the double chambered fuel cells and, thus, have found extensive utilization and research 

interests lately. The anodes are normal carbon electrodes, but the cathodes are either porous 

carbon electrodes or PEM bonded with flexible carbon cloth electrodes. Cathodes are often 

covered with graphite in which electrolytes are poured in steady fashion which behaves as 

catholytes and prevent the membrane and cathode from drying. Thus, water management or 

better fluid management is an important issue in such single chambered fuel cells [51]. 
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 Sediment MFCs 

 

By placing one electrode into a marine sediment rich in organic matter and sulphides 

and the other in the overlying oxic water, electricity can be generated at sufficient levels to 

power some marine devices. Protons conducted by the seawater can produce a power density 

of up to 28 mW∙m
-2

. Graphite disks can be used for the electrodes, although platinum mesh 

electrodes have also been used. “Bottle brush” cathodes used for seawater batteries may hold 

the most promise for long-term operation of unattended systems as these electrodes provide a 

high surface area and are made of non-corrosive materials. Sediments have also been placed 

into H-tube configured two chamber systems to allow investigation of the bacterial 

community [38]. 

 

 Modifications for Hydrogen Production (MEC) 

 

By “assisting” the potential generated by the bacteria at the anode with a small 

potential by an external power source (> 0.25 V), it is possible to generate hydrogen at the 

cathode. These reactors are called bioelectrochemically assisted microbial reactors 

(BEAMRs) or microbial electrolysis cell (MEC) systems. These are not true fuel cells, 

however, as they are operated to produce hydrogen, not electricity. Through modifications of 

the MFC designs described above (to contain a second chamber for capturing the hydrogen 

gas), it should be possible to develop many new systems for hydrogen production [38]. 

 

2.2.3. Applications of MFC 

 

Microbial fuel cell is a promising sustainable technology from which is expected to 

use especially wastewaters as substrates, which can generate electricity and accomplish 

wastewater treatment simultaneously, thus may offset the operational costs of wastewater 

treatment plant. Those plants are very costly to operate nowadays due to fact that use high 

amounts of energy for running and operating. Organic material in wastewater contains energy 

that can be harvested. It can be proposed to biologically harvest this energy in the form of 

electricity from wastewater. Besides capturing energy in the form of electricity, one could use 

that electricity to power the wastewater treatment plant and clean the water at once [41].  

Beyond, MFC technology is considered as a promising strategy to fulfil the increasing 

demand for energy, especially in conjunction with the use of substrates such as glucose, 

sucrose, cellobiose, acetate, propionate, butyrate, lactate, ethanol and glycerol, as well as from 

biodegradable organic substances in food, swine and domestic wastewater [52, 53]. 

 Presently, MFC research is highly focused on wastewater treatment to produce 

electricity at the same time to clean wastewater [54, 55]. The organic sludge is used as the 

carbon source for organisms to oxidation. To date, different organisms have been 

experimented in MFCs and depending on the need for presence or absence of mediators to 

complete the redox reactions, two main types of fuel cells have been documented:  
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 Fuel cells with mediated electron transfer and  

 

 Fuel cells with direct electron transfer [56].   

 

In fuel cells with mediated electron transfer, an intermediate molecule, preferably a 

dye, will shuttle electrons between the microbe and the electrode. The staining ability of a dye 

helps it to stick to the cellular membrane and helps transfer of electrons and protons. 

Direct electron transfer is now a research interest where organisms possess metal complexes 

on its membrane making exogenous mediators unnecessary. Endogenous mediators reduce the 

risk of poisoning the medium, which is considered a serious drawback of the exogenous 

mediators. Commonly used organisms in direct electron transfer fuel cells are Shewanella 

putrefaciens, Geobacter sulfurreducens, Geobacter metallireducens and Rhodoferax 

ferrireducens [57, 58, 59]. However, for instance in baker‟s yeast-based fuel cells, exogenous 

mediators are a necessity since S. cerevisiae is not known to produce such mediators 

endogenously. Tests with organisms capable of generating mediators have proved higher 

conversion efficiencies compared to other MFCs with mediators which transport electrons 

between the species and the electrode. However, the conversion efficiency itself is inadequate 

to determine the fuel cell behaviour as it does not sufficiently explain the energy generation 

mechanisms in the cell. Therefore, additional parameters such as: metabolism of the bacterial 

species, electron transfer rate of the microorganisms, the effectiveness of the proton exchange 

membrane, and internal resistance have to be considered for effective performance analysis of 

a fuel cell [59, 60]. 

A comprehensive review on the various substrates which have been used and can 

possibly be used in MFCs is still lacking. Substrate is important for any biological process as 

it serves as carbon (nutrient) and energy source. The efficiency and economic viability of 

converting organic wastes to bioenergy depends on the characteristics and components of the 

waste material. Especially the chemical composition and the concentrations of the 

components that can be converted into products or fuels are of major interest while 

considering the potential substrates in BES systems [59]. It is possible to achieve near 

stoichiometric conversion of a substrate to electricity by MFCs, and MFCs are especially 

useful when the substrate originates from waste products. However, the abundant availability 

of glycerol as a side product of biodiesel and bioethanol production and the need for its 

treatment instigated its use as a substrate in this study. Waste glycerol is an attractive fuel for 

use in fuel cells and a versatile and abundant chemical due to the fact that it is a by-product of 

biodiesel production processes able to produce higher-value products using chemical 

transformation and biotransformation [61]. Other valuable substrates that are applied in MFC 

are: cellulose particles, corn stover biomass, farm manure, landfill leachate, artificial and 

domestic wastewater. Many wastewaters obtained after different process industry can 

effectively serve as inoculums in fuel cell such as: waste water in meat processing, paper 

recycling, chocolate industry, beer brewery, starch processing and swine wastewater [62]. 

In addition to the influence of different substrate the potential of the anode will also 

determine the bacterial metabolism. Increasing MFC current will decrease the potential of the 

anode, forcing the bacteria to deliver the electrons through more-reduced complexes. 
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The potential of the anode will therefore determine the redox potential of the final bacterial 

electron shuttle, and, therefore, the metabolism. Several different metabolism routes can be 

distinguished based on the anode potential: high redox oxidative metabolism; medium to low 

redox oxidative metabolism; and fermentation. Hence, the organisms reported to date in 

MFCs vary from aerobes and facultative anaerobes towards strict anaerobes [63]. 

Microbial fuel cells (MFC), if used for wastewater treatment, can provide clean energy 

for people, beside effective treatment of wastewater. The benefits of using MFC for 

wastewater treatment include clean, safe, quiet performance, low emissions, high efficiency, 

and direct electricity recovery. 

 Furthermore, in order to maintain a high standard of public health in a population, the 

drinking water must be of good quality. In order to ensure consistently high standards, water 

companies and authorities must frequently test the quality of the water. The most readily 

available and commonly used tools used to detect toxic events are biosensors. These can be 

used in-line and in real-time, and can be used to detect generic toxicity. Bacteria show lower 

metabolic activity when inhibited by toxic compounds. This will cause a lower electron 

transfer towards an electrode. Bio-sensors could be constructed, in which bacteria are 

immobilized onto an electrode and protected behind a membrane. If a toxic component 

diffuses through the membrane, this can be measured by the change in potential over the 

sensor. Such sensors could be extremely useful as indicators of toxicants in rivers, at the 

entrance of wastewater treatment plants, to detect pollution or illegal dumping, or to perform 

research on polluted site [64]. 

 There are many challenges remaining to fully exploit the maximum power production 

possible by MFCs, to find ways to make the systems economical, and to create wastewater 

treatment systems based on MFC bioreactor. Discovery of new organisms that can directly 

transfer electrons to or from an electrode might be exploited to remediate polluted waters or 

soils while concurrently generating electrical power. More fundamental studies might lead to 

an understanding of which proteins and cellular structures are responsible for electron 

transport across the cell membrane. Perhaps the most intriguing question of all is how these 

microorganisms “sense” the electron sink, be it metal oxide or electrode, when deprived of 

oxygen. Answers to questions such as these will have implications across many disciplines in 

science and engineering and hold promise for a wide range of exciting new discoveries and 

technologies [38]. 

 

2.2.4. Advantages and bottlenecks of MFC 

 

Microbial fuel cells present several advantages, both operational and functional, in 

comparison to the currently used technologies for generation of energy out of organic matter 

or treatment of waste streams. One of advantages is already mentioned above and it is energy 

generation from biowaste. This feature is certainly the most “green” aspect of microbial fuel 

cells. Electricity is being generated in a direct way from organic matter. This energy can be 

used for operation of the waste treatment plant, or sold to the energy market. Furthermore, the 

generated current can be used to produce hydrogen gas. Another important aspect is the fact 
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that a fuel cell does not (as is the case for a conventional battery) need to be charged during 

several hours before being operational, but can operate within a very short time after feeding, 

unless the starvation period before use was too long to sustain active biomass. Next advantage 

of MFC is omission of gas treatment. Generally, off-gases of anaerobic processes contain 

high concentrations of nitrogen gas, hydrogen sulphide and carbon dioxide next to the desired 

hydrogen or methane gas. The off-gases of MFCs have generally no economic value, since 

the energy contained in the substrate was prior directed towards the anode. The separation has 

been done by the bacteria, draining off the energy of the compounds towards the anode in the 

form of electrons. The gas generated by the anode compartment can hence be discharged, 

provided that no large quantities of H2S or other odorous compounds are present in the gas, 

and no aerosols with undesired bacteria are liberated into the environment [65].  

The main disadvantages of MFC reactor counting various losses (potential, activation 

and ohmic) are mainly the problem of efficiently transporting charge and ions in the 

electrolyte. For a good operation of the MFC, both protons and electrons need to migrate from 

the anode to the cathode, be it through another medium, at the highest possible rate. 

Diffusion is not sufficient to reach acceptable levels of current and cell potential. Moreover, 

lacking proton transport could decrease the pH of the anode to undesired levels for bacteria. 

Therefore, turbulent conditions need to be introduced to the anode and the cathode. 

Both shaking and recirculation of the influent can be applied to solve this problem. 

Both methods cost energy, depleting the overall efficiency of the MFC system. It has to be 

noted that in a realistic MFC system, this will be the largest energy cost by far. Also, 

the selection of a membrane, which separates anode and cathode, could be of main interest for 

MFC to work properly. The main problem mainly lies in the process of up scaling the MFC 

system. Several features were founded to be obstacle for eventually scaling up the reactor: the 

influent needs to reach the whole anode matrix sufficiently, protons need rapid diffusion 

towards the membrane, sufficient electrical contact needs to be established between bacteria 

in suspension and the anode, also, sufficient voltage needs to be reached over the MFC to 

have a useful power and finally instatement of an aeration device should be avoided [65, 66]. 

 

 

2.3. Microbial metabolism and utilization of waste substrates 

 

2.3.1. Microorganisms 

 

Microorganisms have colonized the planet Earth long before humans. They play an 

important role in the all habitats: land, seas and oceans. Cyclic movement of nearly all matter 

on Earth is under the influence of microbial processes and the climate and atmosphere of our 

planet is largely dependent of these processes [67]. 

The huge diversity of microorganisms and the complexity of the environment in which 

they live is a challenge for the scientists. Ecology of these communities is not described as 

well as for example plants and animals due to fact that only 1 % of microorganisms is 
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founded and defined for now. And one of the important tasks in the future would be the 

development of better methods for study and description of these species, the study of their 

eco-physiology and their functional roles they play in the natural interaction between 

organisms. Furthermore, scientists believe that microbial populations could be helpful in 

stabilizing the ecosystem which is nowadays out of balance and control [67]. 

As it was said before, it is described quite a descent number of different kind of 

microorganisms. However, in industrial production, it is applied a small number of species 

and strains which, in the process of metabolism, create different compounds of special 

significance for mankind. Thereby, of great importance are microorganisms that produce 

alcohols, ketones and acids, as a kind of products of biological oxide-reductions processes, 

and furthermore, the microorganisms that produce antibiotics, vitamins and amino acids, as a 

kind of products of biological biosynthesis processes [68].  

The microbes are generally divided into two large groups, eukaryotes and prokaryotes, 

depending on differentiation of cells organelles. The prokaryotes are a group 

of organisms that lack a cell nucleus (= karyon), or any other membrane-bound organelles. 

Most prokaryotes are unicellular, but a few such as myxobacteria have multicellular stages in 

their life cycles [69]. Prokaryotes do not have a nucleus, mitochondria, or any other 

membrane-bound organelles. Prokaryotes belong to two taxonomic domains: the bacteria and 

the archaea. From the other side, eukaryotic is an organism whose cells contain complex 

structures enclosed within membranes. The defining membrane-bound structure that sets 

eukaryotic cells apart from prokaryotic cells is the nucleus, or nuclear envelope, within which 

the genetic material is carried [70]. Yeasts are also a member of this large group.  

 

2.3.2. Yeasts 

 

The word “yeast” is not easily defined, but basically yeasts are recognized as being 

unicellular fungi. More definitively: “Yeasts are ascomycetous or basidiomycetous fungi that 

reproduce vegetatively by budding or fission, and that form sexual states which are not 

enclosed in a fruiting body” [71]. To date, around 700 species of yeast have been described, 

but this represents only a fraction of yeast biodiversity on this planet. For ascomycetes in 

general, the numbers of undescribed genera and species have been calculated at 62 000 and 

669 000, respectively [72]. It is important for yeast biologists not only to appreciate the 

immense untapped yeast biodiversity, but also to develop ways of characterizing and 

preserving remaining species, especially those of biotechnological potential [73].  

The useful physiological properties of yeast have led to their use in the field of 

biotechnology and they are also one of the most widely used model organisms for genetic and 

cell biology [1]. As a group of microorganisms, yeasts have an enormous impact on food and 

beverage production. Scientific and technological understanding of their roles in this 

production began to emerge in the mid-1800s, starting with the pioneering studies of Pasteur 

in France and Hansen in Denmark on the microbiology of beer and wine fermentations. 

Since that time, researchers throughout the world have been engaged in a fascinating journey 

of discovery and development – learning about the great diversity of food and beverage 
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commodities that are produced or impacted by yeast activity, about the diversity of yeast 

species associated with these activities, and about the diversity of biochemical, physiological 

and molecular mechanisms that underpin the many roles of yeasts in food and beverage 

production [74].  In particular, genetically manipulated yeasts can now be exploited to 

produce many different biopharmaceutical agents for preventing and treating human disease. 

In the future, yeast exploitation is likely to make significant impacts in relation to renewable 

energy supply, environmental biotechnology including biological control and in health-care 

issues, particularly the study of human genetic disorders and cancer [1]. 

 

2.3.3. Red yeast strains 

 

Carotenogenic yeasts are a diverse group of unrelated organisms (mostly 

Basidiomycota) and the majority of the known species are distributed in four taxonomic 

groups: the Sporidiobolales and Erythrobasidium clade of the class Urediniomycetes, and 

Cystofilobasidiales and Tremellales of the class Hymenomycetes [75]. Those species 

accumulates carotenoid pigments as secondary metabolites, such as -carotene, torulene, and 

torularhodin which cause their yellow, orange and red colours and are therefore called red 

yeasts. 

 

Rhodotorula species 

In 1928, Harrison first established the genera Rhodotorula for the asporogenous, 

pigment-forming yeasts [76]. The genus Rhodotorula includes three active species; 

Rhodotorula glutinis, Rhodotorula minuta and Rhodotorula mucilaginosa (formerly known as 

Rhodotorula rubra) [77]. Colonies are rapid growing, smooth, glistening or dull, sometimes 

roughened, soft and mucoid. They are cream to pink, coral red, orange or yellow in color. 

Ballistoconidia that are unicellular, and globose to elongate in shape are observed. 

These ballistoconidia may be encapsulated. Pseudohyphae are absent or rudimentary. Hyphae 

are absent [77]. Rhodotorula glutinis is a free living, non-fermenting, unicellular yeast found 

commonly in nature. Rhodotorula is well known for its characteristic carotenoids “torulene, 

torularhodin and β-carotene”. Rhodotorula glutinis is also reported to accumulate 

considerable amount of lipid [78], as single oil cell. 

 

Sporobolomyces species 

 The genus Sporobolomyces contains about 20 species. The most common one is 

Sporobolomyces roseus and Sporobolomyces salmonicolor. Sporobolomyces colonies grow 

rapidly and mature in about 5 days. The optimal growth temperature is 25 - 30 °C. 

The colonies are smooth, often wrinkled, and glistening to dull. The bright red to orange color 

of the colonies is typical and may resemble Rhodotorula spp. [77]. 

Sporobolomyces produces yeast-like cells, pseudohyphae, true hyphae, and 

ballistoconidia. The yeast-like cells (ballistoconidia, 2 - 12 x 3 - 35 μm) are the most common 

type of conidia and are oval to elongate in shape. Pseudohyphae and true hyphae are often 

abundant and well-developed. Ballistoconidia are one-celled, usually reniform (kidney-
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shaped), and are forcibly discharged from denticles located on ovoid to elongate vegetative 

cells [77]. 

2.3.4. Yeast metabolism and selected metabolites 

 

Metabolism is the sum of cellular chemical and physical activities. It involves 

chemical changes to reactants and the release of products using well-established pathways 

regulated at many levels. Knowledge of such regulation in yeasts is crucial for exploitation of 

yeast cell physiology in biotechnology [79]. At controlled cultivation conditions oleaginous 

red yeasts could be a good source (producer) of lipidic primary metabolites as neutral lipids, 

phospholipids and fatty acids and ergosterol, which is integrate part of yeast biomembranes.  

Secondary metabolism is a term for pathways of metabolism that are not absolutely 

required for the survival of the organism. Examples of the products include antibiotics and 

pigments. The induction of secondary metabolism is linked to particular environmental 

conditions or developmental stages. When nutrients are depleted, microorganisms start 

producing an array of secondary metabolites in order to promote survival [80]. Filamentous 

fungi and yeasts show a relatively low degree of cellular differentiation, but still they express 

a complex metabolism resulting in the production of a broad range of secondary metabolites 

and extracellular enzymes. This very high metabolic diversity has been actively exploited for 

many years.  Yeasts have been used for fermentation of food and beverages since ancient 

times and are today widely used for industrial production of chemicals, pharmaceuticals, and 

proteins. Some strains are used for biotechnological production of selected secondary 

metabolites – mainly pigments and antibiotics. In terms of biotechnological application, fungi 

and yeast have the advantage of being relatively easy to grow in fermenters and they are 

therefore well-suited for large-scale industrial production. Biomass enriched by suitable 

mixture of primary and secondary metabolites can be used too, mainly in feed and food 

applications [80, 1]. 

In general, biosynthesis of individual metabolites is governed by the levels and 

activities of enzymes employed to the total carbon flux through the metabolic system. 

Efficiency of that flow depends on the cooperation of individual pathways engaged in this 

process and which pathway is suppressed or activated varies with the growth medium 

composition, cultivation conditions, microbial species and their developmental stage. 

Because overall yield of metabolites is directly related to the total biomass yield, to keep both 

high growth rates and high flow carbon efficiency to carotenoids by optimal cultivation 

conditions is essential in order to achieve the maximal metabolite productivity [2]. 

  

2.3.4.1. Carotenoids 

 

Carotenoids are the most pronounced, naturally occurring pigments. They are of great 

interest in many scientific disciplines because of wide distribution and diverse functions (over 

600 defined structures). Owing to their ubiquitous occurrence, diverse functions and 

http://en.wikipedia.org/wiki/Metabolism
http://en.wikipedia.org/wiki/Organism
http://en.wikipedia.org/wiki/Antibiotics
http://en.wikipedia.org/wiki/Pigment
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interesting properties, carotenoids are subject of interdisciplinary research in biochemistry, 

biology, chemistry, medicine, microbiology, physics and many other branches of science [81].  

Carotenoids are divided into two large groups depending on their molecule structure. 

First subgroup makes hydrocarbon carotenoids or carotenes, which are built with only two 

kinds of atoms, carbon and hydrogen. Typical and well known representative is β-carotene 

(Figure 10). Some of the other examples of carotenes are: α-carotene (Figure 11), γ-carotene, 

δ-carotene, lycopene (Figure 9). As it can be noticed, the names of carotenes are formed by 

using root name carotene and adding a letter of Greek alphabet in front. It can be further 

divided into acyclic (lycopene, phytoene) and cyclic form (α-carotene, γ-carotene). 

Cyclic forms have specific, nearly symmetric shape, with the polyene system in the middle 

and ionone rings at the end from both sides [81].  

 

 

    

 
Figure 9:  Lycopene (ψ, ψ-carotene) 

 

 

 

  
Figure 10:  β-carotene (β, β-carotene) 
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Figure 11:   α-carotene 

  

Next group of carotenoids are oxygenated derivates of carotenes named xanthophylls. 

Beside carbon and hydrogen atoms they have also atom of oxygen in their structure, as the 

part of different functional groups:  hydroxy, methoxy, carboxy, oxo, aldehyde and epoxy. 

The common examples are zeaxanthin (Figure 12), spirilloxanthin, echinenone, 

antheranxanthin, and also ketocarotenoids like astaxanthin and canthaxanthin 

(Figure 13) [81]. 

 

Figure 12:  Zeaxanthin  

 

Figure 13:  Canthaxanthin 

 

Their structure keeps them more polar molecules than carotenes, which are 

exclusively non polar. Other important thing that is connected with carotenoids structure and 

it is common for both groups are conjugated polyene chain which is found in the middle of 

molecules, consisting of 8 isoprenoids units joined in such a manner that the arrangement of 

isoprenoids units is reversed in the centre of the molecule. The two central methyl groups are 

in 1, 6-relationship and the remaining non-terminal methyl groups are in a 1, 5-position 

relationship. Both, carotenes and xanthophylls, due to that specific form of conjugated double 

bonds, have specific properties that marked them as antioxidants [82]. 

Carotenoids have characteristic absorption spectra because of presence of conjugated 

polyene system in the molecule and distinct functional groups (see Figure 14 and Table 7). 

The number of double bonds largely determines the spectral properties of a given carotenoid, 

which typically absorbs light between 400 and 500 nm. The increase in the position of the 

absorption maxima due to an additional conjugated double bond varies from 7 to 35 nm. 
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Insertion of other functional group twists the chromophore out of plane and reduces both fine 

structure and intensity of spectra (hypochromic effect) [83]. 

 

               
 Figure 14:  Absorption spectra and molecular structures of the three major pigments of 

Sporobolomyces roseus [84] 

 

Table 7:  Absorption spectrum of some well-known carotenoids in petroleum ether [83] 

carotenoids  Absorption maxima (nm)  

canthaxanthin - 467 - 

α carotene 422 444 473 

β carotene 427 452 477 

γ carotene 435 461 491 

lycopene 446 472 505 

phytoene 276 286 298 

phytofluene 331 347 367 

zeaxanthin 429 451 479 

 

There are several mechanisms by which carotenoids can act as antioxidants. 

These mechanisms can be summarized in the abilities of these molecules to act either as 

photoprotective agents against the harmful effects of light and oxygen or as compounds 

reactive against chemical species generated within cells and able to induce oxidative damage. 

The ability of carotenoids to quench singlet oxygen is related to number of conjugated double 

bonds with a maximum protection offered by pigments having nine or more conjugated 

double bonds [81]. The system of conjugated double bonds easily takes electrons from 

harmful source in environment, delocalizing them inside of molecules giving bigger area of 

movement though polyene chain and also minimum energy, which implies to the stability of 

whole system.  

Free radicals are by-products of metabolic process and originate from environmental 

pollutants such as nitrogen dioxide and ozone in polluted air, heavy metals, and halogenated 

hydrocarbons, ionizing radiation and cigarette smoke. Free radicals can damage both structure 

and function of cell membranes, nucleic acids and electron dense regions of proteins. Peroxy 

radical, owing to its selectivity of reaction and ability to diffuse in biological system is 
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potentially more dangerous than many other types of radicals and is reported to cause heart 

disease, cancer and process of aging [85]. Carotenoids also have ability to quench these free 

radicals. 

Epidemiological evidence and experimental results suggest that dietary carotenoids 

inhibit onset of many diseases like arteriosclerosis, cataracts, age related macular 

degeneration (AMD), multiple sclerosis and most importantly cancer, all of which are mainly 

initiated by free radicals [86]. There is a spectrum of different cancer diseases that carotenoids 

effectively neutralize, such as lung and liver cancer, stomach and bronchus cancer, head and 

neck cancer, prostate, breast and skin cancer. Carotenoids have significant benefits in 

medicinal application as defensive wall for age-related macular degeneration which is the 

most common cause of blindness at old age. This disease affects the macula densa, the small 

central part of the retina, responsible for the most acute vision. Carotenoids like lutein and 

zeaxanthin were found to be associated with reduced risk of AMD. These two carotenoids are 

obtained primarily from dark green leafy vegetables such as spinach and collard greens [87]. 

Pigments also find use in pharmaceutical (cosmetics) preparations to be effective in 

preventing various kinds of damage resulting from oxidation and exposure to UV light [88]. 

Their utility is also being proven as skin-care cosmetics, foundations and sunscreens capable 

to inhibit skin aging due to sunburn [89]. In food and feed applications carotenoids play very 

important role as provitamins and also as colourants. Carotenoids, mainly β-carotene, 

astaxanthin, α-carotene, fucoxanthin, halocynthaxanthin and peridinin, are used as food 

colourants owing to their antioxidant nature and provitamin A activity. Carotenoids are 

usually fortified in the food preparations (mainly in baby and infant food) to improve their 

vitamin content [90, 91]. Pure carotenoids or carotenoid-containing preparations are also 

playing important role as feed additives for pigmentation in aquaculture [92]. Astaxanthin is 

the major carotenoid used for pigmentation of fishes and salmons. 

In the past, commercially viable processes for carotenoid production were based on 

results obtained by researchers in the laboratory. For example, the production of β-carotene 

from a hyper-producing fungus (Blakeslea trispora) was reported by [93]. However, this 

approach was later abandoned because it could not compete with synthetic manufacturing. 

Yet, after several decades, carotenoid production from microbial sources is again receiving 

attention owing to public sensitivity regarding “synthetic food additives” and the availability 

of alternative, microalgae carotenoid sources. Several types of microbes, such as algae, fungi, 

and bacteria, have been reported to produce carotenoids; but only a few of them have been 

exploited commercially [94]. 

Carotenoids are synthesized in nature by plants and many different microorganisms. 

It is well known that colourful flower, roots, fruits and seeds are full of various kind of 

carotenoids which determinate their color and can be easily isolated from these biological 

matrices. Also green plant foliage have considerable amount of carotenoids, but their 

visibility are quite hindered by chlorophyll. Beside method of extraction from the plants (fruit 

and vegetables), carotenoids can be also synthesized in laboratory and this method, for now, is 

the most widespread in carotenoids production. However, the application of chemical 

synthetic methods to prepare carotenoids compounds as food additives has been strictly 

regulated in recent years. Therefore attention is paid on the finding of suitable natural 
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methods for its production. One possibility lies on biotechnological techniques employing 

potential of microorganisms that are able to convert various substrates into carotenoids 

pigments. Despite the availability of a variety of natural and synthetic carotenoids, there is 

currently renewed interest in microbial sources [94]. 

  Microorganisms accumulate several types of carotenoids as a part of their response to 

various environmental stresses. Microbial production of carotenoids, when compared with 

extraction from vegetables or chemical synthesis, seems to be of paramount interest mainly 

because of the problems of seasonal and geographic variability in the production and 

marketing of several of the colorants of plant origin. Previous production of carotenoids using 

microorganisms was later abandoned because it could not compete with synthetic 

manufacturing. Yet, carotenoids production from microbial sources is now again getting 

renewed interest owing to public awareness against “synthetic food additives” [81]. 

 Carotenoids pigments are synthesized in all of the photosynthetic and some non-

photosynthetic bacteria (Streptomyces, Flavobacterium, Mycobacterium, Brevibacterium, 

Rhodomicrobium, and Erwinia) and cyanobacteria. Also algae can produce significant 

amount of carotenoids, especially β-carotenoids and astaxanthin (Dunaliela sp., 

Haematococcus pluvialis and Chlorella zofingiensis). Although algae are found to be rich in 

carotenoids, their production on commercial scale is found to be quite difficult due to several 

factors: 

 

1. A production pigment by microalgae, particularly Dunaliela sp., requires maintenance 

of stress conditions of salt concentrations and intense light. 

2. Algae are photosynthetic autotrophs and need light for their growth and pigment 

accumulations. 

3. They have very strange requirement of CO2 and oxygen during day and night cycles of 

growth. 

4. The growth rate of algae is low and it takes long time (often a few weeks) for 

sufficient quantity of the cell mass growth and pigment accumulations. 

5. The algal cultures are prone to contamination by bacteria and protozoa that can cause 

serious problems in their cultivation on a larger scale. 

6. A microalga doesn‟t have rigid cell wall and thus need special care during handling 

and growth. In addition, the cultures cannot be agitated and this can cause non-

uniform conditions in the larger cultures [81]. 

 

Looking the negative side of cultivation algae for pigment production it is obvious that 

it is very hard to maintain and obtain a decent amount of desired molecules in compare to 

artificial production synthesized using basic chemical compounds. Also fungi (for instance 

Blakeslea trispora) are capable to produce carotenes, especially β-carotene, but in addition to 

that, the growth of that microorganism in fermenters becomes very viscose and needs 

considerable energy input to keep it aerobic and well mixed [81]. 

All these disadvantages and difficulties during cultivation can be partly avoided using 

yeast cells, especially when process of production is in large quantum. Production of 

carotenoids by yeasts has several advantages over to algae and fungus as follows:   
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1. They are unicellular microorganisms and can be grown in bulk quantity. 

2. Their growth rate is very high and production of large quantities of biomass is 

relatively   easy. 

3. The cells are tough and can be grown in conventional fermenters to desire cell 

densities. 

4. The biomass in dry form can be for various pharmaceutical products and feed 

additives [81]. 

 

Thus, large-scale production of the carotenoids using microorganisms might be highly 

efficient because they are easily manipulated in the processing schemes. The high cost 

involved in the practical implementation of modern technologies is the major limiting factor 

for scale-up of fermentation processes for carotenoid production. There is a need to improve 

fermentation strategies such that the intracellular accumulation of carotenoid from 

microorganism is feasible on an industrial scale. Manipulation of external and cultural 

stimulants, as detailed in this review, will allow carotenoid production to be scaled-up for 

commercialization. Furthermore, various statistical methods for optimizing the amount of 

stimulant, combined with locating inexpensive sources of these agents will allow carotenoid 

biosynthesis by microbes to become more efficient and more economical [95]. 

Improving the efficiency of carotenoid biosynthesis can increase carotenoid 

production by microbes. Carotenoid biosynthesis is governed by the level and activity of 

carotenoids biosynthetic enzymes and the total carbon flux through the synthesizing system. 

Thus, hyper production can be achieved by altering the level and the activity of these enzymes 

either by mutation or by use of recombinant DNA technology [96, 97]. 

Biochemical analysis of carotenoid biosynthesis, classical genetics and more recently 

molecular genetics resulted in the elucidation of the main routes for the synthesis of acyclic 

and cyclic carotenoids at a molecular level [97]. Little is known, however, about the 

biosynthesis of carotenoids containing additional modifications of the end groups, the polyene 

chain, the methyl groups or molecular rearrangements that contribute to the tremendous 

structural diversity of carotenoids. At present, hundreds of individual carotenoids have been 

characterized [98] and novel carotenoids continue to be isolated.  

All carotenoids are derived from the isoprenoid or terpenoid pathway and their 

biosynthesis pathway commonly involves three steps (see Figure 15): 

 

1) Formation of isopentyl pyrophosphate (IPP) 

2) Formation of phytoene 

3) Cyclization and other reactions of lycopene [99]. 

 

First step of carotenoids synthesis involves conversion of Acetyl-CoA to 3-hydroxy-3-

methyl glutaryl CoA catalyzed by HMG-CoA synthase. HMG CoA gets converted into a C6 

compound mevalonic acid (MVA), the first specific precursor on the terpenoid biosynthetic 

route [100].  MVA gets converted into isopentyl pyrophosphate (IPP) by a series of reactions 

involving phosphorylation by MVA kinase followed by decarboxylation [83]. Next phase of 
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synthesis considers isomerisation of IPP to dimethylallyl pyrophosphate (DMAPP) and 

sequential addition of three IPP molecules to DMAPP. These reactions are catalyzed by 

prenyl transferase to yield the C20 compound geranyl geranyl pyrophosphate (GGPP). This 

pathway is shared with the sterol pathway up to the C15 stage (farnesyl pyrophosphate, FPP).  

FPP branches off to form squalene, the C30 acyclic precursor of sterols. 

In carotenogenic system two molecules of GGPP condense head to head to form phytoene 

which undergoes desaturation to form lycopene [99].  As lycopene is an all-trans compound, 

the isomerisation of the 1
st
 or 2

nd
 double bond of the phytoene must occur at same stage in the 

desaturation process [99]. Lycopene acts as precursor of cyclic carotenoids and undergoes 

number of metabolic reactions like cyclization (initiated by H
+
 attack) to form β ionone ring 

(Figure 16). However, it undergoes also reactions other than cyclization, such as hydration 

and hydrogenation across the 1
st
 and 2

nd
 double bond. 

 

 
Figure 15:   General part of isoprenoid pathway [101] 
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Figure 16:   Carotenoids biosynthesis pathway [96] 

 

2.3.4.2. Ergosterol  

  

 Ergosterol (IUPAC name: ergosta-5, 7, 22-trien-3β-ol) is a sterol, that is commonly 

found in fungi as important constituent of cell membranes. Furthermore, ergosterol is 

involved in numerous biological functions, such as, membrane fluidity regulation, activity and 

distribution of integral proteins and control of the cellular cycle. These facts make ergosterol 

and its biosynthetic pathway essential for fungal growth [102]. 

   

 
Figure 17:   Ergosterol and cholesterol 
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 Ergosterol is fat-soluble vitamin with a typical steroid structure. It is consist of 4 rings 

and a side chain, in all 28 carbon atoms. By the way, ergosterol differs from cholesterol, the 

best known sterol of animal origin, only in additional carbon (methyl group) at C24, as well as 

in additional double bonds between carbons 7:8 and 22:23 (Figure 17). Ergosterol is a 

biological precursor of ergocalciferol or vitamin D2. It is turned into viosterol 

by ultraviolet light, and is then converted into ergocalciferol, a form of vitamin D also known 

as D2. For this reason, when yeast (such as brewer's yeast) and fungi (such as mushrooms), 

are exposed to ultraviolet light, significant amounts of vitamin D2 are produced [103]. 

Sterol production by yeast (in this case by red yeast) is greatly affected by 

environmental conditions. High concentration of assimilable carbohydrates promotes the 

production of ergosterol, while nitrogen rich media usually lead to decreased levels of sterol 

biosynthesis. Non-sugar carbon sources have also been examined for the productions of 

sterols (for instance adding acetate to the medium with sucrose or exposure yeast cell to 

vapours of ethanol). But the most important environmental factor in yeast growth and sterol 

production is, however, the availability of oxygen [104]. It was established that sterols, as 

well as unsaturated fatty acids, cannot be synthesized under anaerobic condition and only if 

added to the media may they replace in part oxygen for growth under these conditions. 

Growth under semi-anaerobic conditions yielded only 1/10 of sterols in comparison to fully 

aerated yeasts [105]. There seems to be a linear relationship between oxygen availability and 

sterol biosynthesis. However, there appear to be no detailed studies describing such a 

relationship and whether are any detrimental effects on sterol production due to 

overaeration [104].   

Biosynthesis pathway of ergosterol is very similar to the production of carotenoids, 

even if these metabolites were formed in competitive branches of isoprenoids metabolic 

pathway (Figure 18). The intermediate molecule which have main role in ergosterol synthesis 

and is also branching point from carotenoid biosynthesis pathway is squalene. Specifically, 

from 3-hydroxy-3-methylglutaric acid (HMG), isopentenyl pyrophosphate (IPP) and 

dimethylallylpyrophosphate (DPP) it is formed squalene. A stepwise addition of C5 units 

leads eventually to the formation of farensylpyrophosphate (FPP), which is molecule with 

C15. Two molecule of FPP (by tail-to-tail condensation) form squalene (the open chain C30) 

which represents first specific molecule in ergosterol synthesis (see Figure 18). The 

cyclization of squalene is the second major step in sterol biosynthesis. This is a complex 

reaction involving an oxygenated intermediate; 2, 3 - oxydosqualene which is formed in 

presence of oxygen only. Forming squalene and cyclization of squalene epoxide, initiated by 

specific enzyme (squalene cyclase) lanosterol is formed, which is also found in animal tissues. 

In order to become ergosterol, it is obligatory to form first true sterol compound, zymosterol. 

It is formed from lanosterol under extensive aerobic conditions in the demethylation process. 

Regulation mechanism for forming ergosterol has not been sufficiently studied. Of the many 

enzymatic reactions potentially capable of a regulatory function, hydroxy-methyl-glutaryl-

CoA (HMG-CoA) reductase is probably the rate-controlling enzyme of sterol 

biosynthesis [104]. 
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Carotenoids act as antioxidants and may prevent cells or cell membranes against 

negative effects of increased oxidative stress. Ergosterol is an integral component of yeast cell 

membranes, which are very sensitive to external stress. Recently, it has been found that the 

major changes in intact cells of red yeast Rhodotorula minuta irradiated by UV-B were 

interpreted as combination of changes observed in the cell wall and membrane, while the 

changes observed in the membrane preparations were attributed to ergosterol [106, 107]. 

The basic structure of a natural membrane is a bilayer of polar lipids, 

e.g. phosphatidylcholine. The acyl chains of the lipids constitute the fluid hydrophobic core of 

the membrane and the polar head groups on the outer surfaces of the membrane interact with 

the aqueous medium. Living organisms use a variety of polar lipids with different 

hydrocarbon chain lengths and levels of unsaturation, and different polar head groups. 

Natural membranes are not just simple bilayer. However, they contain other lipid components 

such as cholesterol, and proteins, which may be integral or peripheral. Carotenoids are also 

common components, detected often in low concentration [108]. 

 

 
Figure 18:  Linear model of the ergosterol biosynthetic pathway adapted 

from Saccharomyces cerevisiae [109] 
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2.3.4.3. Ubiquinone (Coenzyme Q10)  

 

Coenzyme Q10 (CoQ10, ubiquinone) is an important biochemical compound receiving 

increased attention as a nutraceutical dietary supplement for its known benefits in the 

prevention of aging and cardiovascular problems [110, 111, 112]. It is vitamin like compound 

which is presented in all eukaryotic cells, especially in mitochondria.  

 Coenzyme Q10 represents 1, 4-benzoquinone, where letter Q define quinine chemical 

group, and number 10 refers to the number of isoprenyl chemical subunits in its tail. It is built 

up by a chinonic ring and an isoprene side chain (see Figure 19).  It is a component of 

the electron transport chain and participates in aerobic cellular respiration generating energy 

in the form of ATP. Ninety-five percent of the human body‟s energy is generated this 

way [110, 113]. 

Ubiquinone was first isolated in the 1950 from the group of prof. Green (Wisconsin). 

The function was investigated by Prof. Mitchel, who received the Nobel Prize for his research 

on the oxidative phosphorylation pathway. Ubiquinone is a coenzyme which is represented in 

every cell and the whole metabolism. In humans ubiquinone can be synthesized and taken up 

by nutrition. Ubiquinone has two different physiological functions: 

 

1.) Component of the energy metabolism 

2.) Radical scavenger 

 

 
Figure 19:  Ubiquinone (structure formula) 

 

During the reduction of oxygen in the oxidative phosphorylation, 3 mol ATP are 

generated. In this reduction electrons are transferred from NADPH to oxygen via 6 different 

redox systems. Ubiquinone is the less abundant redox system in the membrane of the 

mitochondria. Normally the amount of ubiquinone is sufficient, but with growing age and 

exposure to sunlight it is reduced to 50 %. Ubiquinone has a high amount of carbon double 

bonds and therefore a higher potential of reduction than vitamin C or vitamin E. Thereby it is 

the first line of defence against free radicals. Therefore ubiquinone is an optimal stabilizer of 

the ion channels of the membranes [114]. 
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It is well known that coenzyme is interesting for scientist for preventing some diseases 

such as: cardiovascular disease, carcinogenesis, aging, burnout syndrome. Anyway, 

coenzyme Q10 helps to maintain a healthy cardiovascular system. There is evidence of CoQ10 

deficiency in heart failure. From the other hand, supplementation of coenzyme Q10 has been 

found to have a beneficial effect on the condition of some sufferers of migraine headaches. 

Long list of CoQ10 benefits is the main reason of high cost of product [115].  

As it can be noticed from the Figure 20 and 21, metabolic pathway of ubiquinone 

(general isoprenoid pathway) has the same intermediates as the pathway of cholesterol and 

carotenoids. Thus, initial molecule for production of all three molecules (carotenoids, sterols 

and ubiquinone) is acetyl-CoA, which is produced during the second step of aerobic cellular 

respiration, pyruvate decarboxylation, occurred in the matrix of the mitochondria. 

Farnesylpyrophosphate (FPP) is a ubiquinone precursor as well as an intermediate in other 

isoprenoid-dependent metabolic pathways, such as carotenoids and ergosterol. 

 

 
Figure 20:  Common biochemical pathway of ubiquinone, carotenoids and ergosterol [116] 
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Figure 21:  Biosynthesis pathway of ubiquinone [117] 

 

2.3.5.  Single cell oil  

 

A major sector of lipid biotechnology focuses on the ability of microorganisms to 

convert various natural substances into reserve lipid. This lipid, namely single-cell oil (SCO), 

produced by the so-called oleaginous microorganisms, is mainly composed of neutral 

fractions (principally triacylglycerols (TAG) and, to a lesser extent, steryl esters) [118]. 

Storage lipids, unable to integrate into phospholipid bilayers, cluster to form the hydrophobic 

core of the lipid bodies or oil bodies [108]. Production of SCO in large-scale operations is of 

particular interest due to the capacity of various microorganisms to synthesize lipids 

containing medically and dietetically important polyunsaturated fatty acids (PUFA) such as 

linolenic, dihomo-γ-linolenic, arachidonic, and eicosapentaenoic acid [119, 120, 121]. 

Moreover, the continuously increasing demand and utilization of first-generation biodiesel 

(fatty acid methyl esters deriving principally from the transesterification of plant oils) has 

increased the cost of various foodstuffs, and this situation has led to the necessity of 

discovering „„novel/non-conventional‟‟ sources of oils that could be subsequently converted 

into biodiesel. The oleaginous microorganisms are considered as candidates for the massive 
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production of these types of lipids Finally, the potential of large-scale utilization of 

oleaginous microorganisms refers to the ability of yeasts to produce lipids that present 

compositions similar to those of exotic fats and especially to that of cocoa 

butter [118, 122, 123]. 

Numerous microorganisms are capable of consuming soaps as well as free fatty acids, 

regardless of their lipolytic capacities. In contrast, the microorganisms that are able to proceed 

with TAG or fatty ester breakdown should obligatorily possess an active lipase system in their 

enzymatic arsenal [118, 119]. The free fatty acids (existing as initial substrate or produced 

after lipase-catalyzed hydrolysis of the employed TAG or fatty esters) will be incorporated by 

active transport inside the cells or the fungal mycelia. It is interesting to state that the various 

individual substrate fatty acids will be removed from the medium (and hence incorporated 

inside the microbial cell) with different rates; the fatty acid composition of the medium fat can 

therefore be significantly altered as a function of the fermentation time [118]. Then fatty acids 

either will be dissimilated for growth needs (by virtue of the process of β-oxidation, into 

smaller-chain acyl- CoA and finally acetyl-CoA (see Figure 22). 

 

 
Figure 22:  Fate of extracellular and intracellular fatty acids during growth of oleaginous 

yeasts on a fatty mixture [124] 

 

2.3.6. Isolation and analysis of selected yeast metabolites  

 

Although the methods for extraction and isolation of carotenoids and other secondary 

metabolites have not changed significantly in the past 20 years or so, the techniques for 

analysis and identification have improved greatly. In the past two decades, technological 

advances in high-performance liquid chromatography (HPLC) have provided analysts with 

powerful, sensitive tools to separate carotenoids and low levels of their metabolites and 

analyze them quantitatively with great precision. Even in laboratories with good HPLC 

facilities, the traditional, classical methods thin layer and column chromatography (TLC and 

CC) are still widely used, for rapid preliminary screening of extracts, for isolating and 

purifying metabolites for further study, for comparison of samples with standards, and for 
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monitoring the course of reactions [125]. Also, gas chromatography is applied for accurate 

determination fatty acids in red yeast strains after previous treatment of biomass. 

Firstly, in the process of isolation, it is very important to liberate aimed molecule from 

the rest of the yeast cell. Usually, that process can be very hard due to specific bonds between 

carotenoids, for instance, and cell membrane where the molecules are incorporate in.   

Existing approaches for cell disintegration include chemical, enzymatic and 

mechanical methods. Chemical methods rely on selective interaction of a chemical with 

components of the membrane, which allows intracellular material to seep through the cell 

wall [126]. On the other hand, enzyme digestion allows for the enzymes to attack and degrade 

specific components of the cell wall to release the product [127]. While gentle and specific 

disruption of cells could be achieved chemically or enzymatically, the applicability of these 

methods for industrial production remains questionable due mainly to the high processing 

costs and limited yields. A spectrum of mechanical approaches has also been reported in the 

literature for recovering cellular metabolites after fermentation, including sonication, freezing 

and thawing, bead milling and high-pressure homogenization [128]. Sonication has the 

advantage that the solvent (usually water) used for extraction becomes part of the disruption 

process themselves [129]. Freezing and thawing has long been accepted as a way to disrupt 

cells. Cell rupture is usually prompted by damage to the plasma membrane as a result of 

intracellular ice crystal growth during the freezing process [130]. Grinding is a simple and 

classical approach, where frozen-lyophilized cells are broken by grinding cell paste or by 

using an agate mortar and pestle [129]. All of the mechanical approaches appeared to be 

attractive alternatives to chemical treatment, yet their effectiveness in recovering carotenoids 

and other metabolites remained unreported in the literature.  

Carotenoids and other secondary metabolites are generally extracted using chemical 

methods, utilizing wide spectrum of organic solvents because of their hydrophobic nature and 

limited solubility in water.  Separation of active ingredients in form of secondary metabolites 

has attracted much attention in food, cosmetics and pharmaceutical industries. Currently, the 

most common way for extraction is liquid solvent extraction using toluene, hexane, petroleum 

ether, chloroform, acetone etc. Decomposition or degradation of thermolabile compounds 

cannot be avoided in a conventional separation method, since relatively high temperatures are 

required for these processes. The production is limited by safety and regulatory constraints to 

the concentration of toxic residues of conventional organic solvents [131]. Organic solvents 

are also harmful to human health as well as the environment.  

Because we are working with products that are ingested by humans, the extraction of 

these metabolites used in food products has been of great interest. Commonly used solvents in 

most extraction processes have adverse effects on human health and cannot be removed 

completely. These solvents, therefore, are not acceptable. Most nonpolar solvents that have 

high extraction efficiencies are considered to be toxic [23]. One of possible non-poison and 

environmental friendly solvent is ethyl lactate. Ethyl lactate has a relatively high flashpoint 

and is colorless, environmentally benign, and completely biodegradable into CO2 and water. 

Because of its miscibility with both hydrophilic and hydrophobic compounds, it is considered 

as a possible solvent for a diverse range of carotenoids and their stereoisomeric forms [132].  
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Other possibilities of extracting carotenoids, ergosterol and ubiquinone are under 

supercritical fluid extraction (SFE). SFE has been widely employed as alternative of organic 

solvent extraction. CO2 is probably the most widely used supercritical fluid because it is 

nontoxic, nonflammable, and noncorrosive, inert to most materials, cheap, and readily 

available in bulk quantity with high purity [133]. Carbon dioxide is the most commonly used 

mainly because of its moderate critical temperature (31.3 °C) and pressure (72.9 bar) and it is 

very important boast due to large temperature sensitivity of extracted molecules. 

Carbon dioxide is a gas at room temperature, so once the extraction is completed, and the 

system decompressed, a substantial elimination of CO2 is achieved without residues, yielding 

a solvent-free extract. On an industrial scale, when carbon dioxide consumption is high, the 

operation can be controlled to recycle it [134]. 

Due to their low viscosity and relatively high diffusivity, supercritical fluids have 

better transport properties than liquids, can diffuse easily through solid materials and can 

therefore give faster extraction yields. One of the main characteristics of a supercritical fluid 

is the possibility of modifying the density of the fluid by changing its pressure and/or its 

temperature [135, 136].  Other advantages, compared to other extraction techniques, are the 

use of solvents generally recognized as safe (GRAS), the higher efficiency of the extraction 

process (in terms of increasing yields and lower extraction times), and the possibility of direct 

coupling with analytical chromatographic techniques [137]. 

 

2.4. Yeasts and environment  

 

Although not as ubiquitous as bacteria, yeasts are widespread in the natural 

environment, occurring in soil, fresh and marine water, animals, on plants and also in foods.  

Yeast cells lack chlorophyll (non-photosynthetic organism) and are strictly 

chemoorganotrophs, meaning that they require fixed, organic forms of carbon for growth. 

Sources of carbon for yeast metabolism are quite diverse and include: simple sugars, polyols, 

organic and fatty acids, aliphatic alcohols, hydrocarbons and various heterocyclic and 

polymeric compounds. Different yeasts are able to utilize different carbon sources and 

nutritional selectivity determines yeast species diversity in particular niches. In other words, 

yeasts exhibit great specialization for habitat [138]. 

The environment presents for yeast a source of nutrients and forms space for their 

growth and metabolism. On the other hand, yeast cells are continuously exposed to a myriad 

of changes in environmental conditions. These conditions determine the metabolic activity, 

growth and survival of yeasts. Basic knowledge of the effect of environmental factors on 

yeast is important for understanding the ecology and biodiversity of yeasts as well as for 

control the yeast physiology in order to enhance the exploitation of yeasts or to inhibit or stop 

their harmful and deleterious activity. The overproduction of some metabolites as part of cell 

stress response can be of interest to the biotechnology [106]. 

 If one microorganism is capable to live, grow and replicate, inside of cell must be 

present large number of chemicals reactions catalyzed with group of various enzymes.  

Metabolism of microbe cells can be divided into two types of processes: catabolism (process 
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of degrading complex compound into simple one simultaneously producing energy) and, in 

contrary, anabolism which represents processes of synthesis complex compounds starting 

from simple molecules  for which is needed energy. In the cell, both processes are 

synchronized by metabolic regulation mechanisms. And if it is important to cell to work 

properly, inside the cell must be synthesized different types of enzymes that are capable to 

catalyze the processes of metabolism. So, one typical microbe cell has a genetic potential to 

acquire more than 1 000 enzymes, but metabolic regulation in the concrete moment gives only 

necessary enzymes that are important for further activity. When those enzymes are created, 

their activities are now regulated and under control of regulation mechanism and 

inhibition [68]. 

Primary metabolism of microorganism represents overall biochemical reaction (both 

catabolic and anabolic) which is connected with cell growth. Oppositely, secondary 

metabolism (also called special or alternative metabolism) is a term for biochemical pathways 

in which are formed “small molecules”, products of metabolism, that are not absolutely 

required for cell growth. Examples of the products include antibiotics and pigments. 

The induction of secondary metabolism is linked to particular environmental conditions or 

developmental stages. For example, when grown in a nutrient-rich medium, most microbes 

employ almost solely basic metabolism in order to grow and reproduce. However, when 

nutrients are depleted, they start producing an array of secondary metabolites in order to 

promote survival [80].  

Many microorganisms, at the end of exponential growth phase and in the beginning of 

stationary phase, start to accumulate and extract into environment different compounds for 

which synthesis must be liberated some quantum of energy, mainly in the form of ATP. 

Until today, it is not clearly solved an enigma why microbes produce those substances. 

Some scientists before thought that secondary metabolites are simply errors in metabolism or 

in the metabolism regulation and that don‟t have any important function. But, today, scientists 

think that secondary metabolites have some utility [68].  

One of possible function is avoiding an aggregation of compounds of small molecular 

mass in the cell. During slow and inhibition microbe growth, many different compounds of 

low molecular mass has been produced inside the cell, which can furthermore induct 

increasing value of osmotic pressure and the death of cell at the end. Also, there are 

assumptions that secondary metabolites can regulate a transport of certain molecules through 

cell membrane, or can serve as a “weapon” in the struggle for existence, or for suppressing 

growth of other microorganisms. Secondary metabolites are gained as intermediary or final 

products of primary metabolite. While the biochemical pathways of primary metabolites are 

in common for plenty of microbes, pathways of secondary metabolites are very diverse. 

Products of secondary metabolites have found big industrial importance, and can be found in 

form such as: oligosaccharides and derivates, alkaloids and other heterocyclic compounds, 

polyketides, terpenes, aromatically compounds, antibiotics, inhibitors of enzymes, vitamins, 

growth factors [68]. As an important member of microorganisms, yeasts also accumulates 

wide spectrum of secondary metabolites. Carotenogenic yeasts are one of them. 
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2.4.1. Environmental and nutritional stress as stimulant for improved production of 

enriched   biomass 

 

Environmental conditions that threaten the survival of a cell, or at least prevent it from 

performing optimally, are commonly referred to as cell stress. Environmental stress causes 

damage to many cellular components which stimulates the corresponding cell stress response. 

The molecular responses elicited by the cells dictate whether the organism adapts, survives, 

or, if injured beyond repair, undergoes death. An important aspect of each cellular response to 

environmental changes is the reorganization of genomic expression to the program required 

for growth in new environment. Indeed, many of the changes in environmental stress response 

transcript levels correlate with changes in protein synthesis [139].  

Changes in gene expression may help the cell to rapidly adjust the concentrations of 

the corresponding gene products to the levels required for growth at the new conditions. 

Functional analysis of the genome provides the tools for understanding the roles of gene 

products, their expression patterns, and how they interact to create a eukaryotic organism 

capable of complex processes like growth, cell division, and the response to extracellular 

signals. The overproduction of some metabolites as well as produced biomass (as part of cell 

stress response) can be of interest to the biotechnology. For instance carotenogenic yeasts are 

well known producers of biotechnologically significant carotenoids pigments, namely 

astaxanthin, β-carotene, torulene, torularhodin and under stress conditions this carotenoids 

accumulation was reported to be increased. The use of this stressed biomass in feed industry 

could have positive effect not only in animal and fish feeds because of high content of 

physiologically active substances, but it could influence nutritional value and organoleptic 

properties of final products for human nutrition. Knowledge of molecular mechanism of the 

carotenoids production stimulation can then lead to improvement of such biotechnological 

process [2]. 

 In order to improve the yields of metabolites, particularly carotenoids pigments, and 

subsequently decrease the cost of this biotechnological process, diverse studies have been 

performed by optimizing the culture conditions including nutritional and physical factors. 

Factors such as nature and concentration of carbon and nitrogen sources, minerals, vitamins, 

pH, aeration, temperature, electro shocks and light stress have a major influence on cell 

growth and yield of carotenoids [140, 141]. Because carotenoids biosynthesis is governed by 

the levels and activities of enzymes employed to the total carbon flux through the carotenoids 

synthesizing system, the efficient formation of carotenoids can also be achieved by 

construction of hyperproducing strains with mutagenesis and genetic/metabolic engineering. 

The flow of carbon source to carotenoids comprises several metabolic steps. Efficiency of that 

flow depends on the cooperation of individual pathways engaged in this process and which 

pathway is suppressed or activated varies with the growth medium composition, cultivation 

conditions, microbial species and their developmental stage. Since overall yield of carotenoids 

is directly related to the total biomass yield, to keep both high growth rates and high flow 

carbon efficiency to carotenoids by optimal cultivation conditions is essential in order to 

achieve the maximal pigment productivity [142]. Several different environment factors exist 

that can tremendously affect on metabolism of microorganisms and prepare them to resist and 
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neutral that shock. One of these stress factors are carbon and nitrogen sources. The efficiency 

of the carbon source conversion into pigments, and the optimization of the growth medium 

with respect to its availability and price has been subject of intensive studies. Numerous 

sources including pentoses and hexoses, various disaccharides, glycerol, ethanol, methanol, 

oils, n-alkanes, or wide variety of wastes derived from agricultural production (e.g. molasses, 

bananas, starch wastes, grape must, sugar cane molasses, whey permeate, hydrolysates of 

wood and peat, potatoes extract, raw coconut milk, vegetable oils) have been considered as 

potential carbon sources for biotechnological production of carotenoids [140, 141, 142].  

In all experiments with Rhodotorula strains, the major carotenoids as torularhodin, 

torulene, β-carotene and γ-carotene were quantified in different proportions depending on the 

medium composition. On the other hand, astaxanthin was almost synthesized as the main 

pigment in Phaffia strains. Work of [143] demonstrates the effectiveness of using a widely 

available agro-industrial waste product as substrate and the importance of the sequential 

simplex optimization method in obtaining high carotenoid and ergosterol yields. 

 In order to achieve rapid carotenoid overproduction and enriched biomass, various 

stimulants can be added to the culture broth. One group of such enhancers is based on 

intermediates of the tricarboxylic acid cycle which play an important role in metabolic 

reactions under aerobic conditions, forming a carbon skeleton for carotenoid and lipid 

biosynthesis in microbes. Because pigment increase is paralleled by decreased protein 

synthesis, restriction of protein synthesis is an important how to shift carbon flow to 

carotenoid synthesis [144]. 

The chemical composition and concentration of nitrogen source in medium might also 

be means of physiological control and regulation of pigment metabolism in microorganisms. 

Several inorganic and organic nitrogen sources as well as flour extracts and protein 

hydrolysates have been studied for improvement of carotenoid production [145, 146, 147]. 

For example, combination of (NH4)2SO4
 
with yeast extract or soy protein hydrolysates 

favoured astaxanthin production in Phaffia strain. However, it seems that variation in carotene 

content in yeasts with regard to N-source used in a medium and the rate of pigment 

production is influenced by the products of catabolism nitrogen source rather than being the 

results of direct stimulation by the nitrogen compound itself.  

Exposure of some microorganism (for instance Rhodotorula gracilis) to the electric 

field (1 kW∙cm
-1

 frequency) enhanced growth and produced a higher biomass yield than 

control cultures. The carotenoid content of the cells that were resistant to electric field at any 

frequency (1-7 kW∙cm
-1

) was 30 % higher than that of control cells, suggesting a protective 

role of carotenoids not only against visible light but also against the electric 

field [148]. In addition, profile of carotenoid pigments depends on exposure time during 

microbial life cycle. Among yeasts, Rhodotorula glutinis has been very well studied for 

growth and carotenoid production under the influence of white light. It was shown that 

torularhodin biosynthesis increased by exposure to weak white light [149], whereas β-

carotene production was significantly higher when R. glutinis was subjected to white light in 

the late exponential growth phase [150].   

It was proposed that ergosterol may induce changes in the cell membrane that 

potentiated the response to the light stimulus [130]. Temperature was reported to control 
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changes in enzyme activities that regulate carotenoid production in microorganisms. 

For example, Rhodotorula glutinis biosynthesized β-carotene more efficiently at lower 

temperature, whereas increased torulene formation was accompanied by higher temperature 

[150]. It is widely accepted that availability of oxygen determines the pigments amount and 

their profile since molecular oxygen participates in the desaturation mechanisms for carotene 

biosynthesis. Studies on the effect of aeration on Rhodotorula spp. have revealed minor 

effects on the composition of carotenoids, although the overall synthesis was often stimulated 

by aeration [151]. In presented work some types of external stress, mainly nutritional stress 

and influence of waste substrates will be studied in selected strains of non-traditional red 

yeasts. 
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3. THE AIMS OF THE STUDY  

 

The main goals of this Ph.D. thesis were based on the principles of using different kind 

of cheap waste materials, mainly obtained from food industry, to produce valuable products 

(vitamers) that can easily find suitable market. As a production strains mainly carotenogenic 

yeasts will be tested. Also, some waste materials found applications in fuel cell, especially 

Microbial Fuel Cell as additional carbon source, for producing electrical energy and 

wastewater treatment at once.  

To solve these goals following partial problems will be studied: 

 utilization of waste glycerol obtained as a side product from biodiesel production as a 

carbon and/or nitrogen source for cultivating several carotenogenic yeasts and 

producing biomass enriched with valuable compounds, such as carotenoids (carotene 

and xanthophylls), polyunsaturated fatty acids (PUFA), and ergosterol 

 scaling up the cultivation process of red yeasts in the bioreactor – optimization of 

cultivation parameters on glycerol substrate and characterization the morphologic and 

metabolic properties of yeasts growing under stress conditions 

 use of wheat straw and slurry which was gained after hydrothermal pretreatment 

(liquid phase -hydrolysate, and solid phase - filter cake) to growth of carotenogenic 

yeasts and production of metabolites 

 utilization of whey (waste from dairy industry) for a potential co-cultivation and 

symbiotic growing of lactic acid bacteria and red yeasts strains 

 application of waste substrates as energy recovery potential in the form of electrical 

energy, clarification of the fuel cell design, changing the anode electrodes area in the 

reactor and comparing the efficiency of re-used electrodes will be studied. 
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4. EXPERIMENTAL PART 

 

4.1. Materials 

 

4.1.1.  Microorganisms 

 

Rhodotorula glutinis (RG) - CCY 20-2-33  

Rhodotorula aurantiaca (RA) - CCY 20-9-7 

Rhodotorula mucilaginosa (former name Rhodotorula rubra, RR) CCY 20-7-31 

Cystofilobasidium capitatum (CC) - CCY 10-1-1 

Sporobolomyces roseus (SR) - CCY 19-6-4 

Sporobolomyces shibatanus (SSh) - CCY 19-20-3 

Sporobolomyces salmonicolor (SSa) - CCY 19-4-6 

 

Carotenogenic yeasts were obtained from the Culture Collection of Yeast (CCY), 

Bratislava, Slovakia. (see web page: http://www.chem.sk/activities/yeast/ccy/ ) 

Lactobacillus casei subs. casei CCM 7088
T 

 

The lactic acid bacteria was obtained from the Czech Collection of Microorganisms, 

Brno, Czech Republic (see web page: http://www.sci.muni.cz/ccm/index.html)  

 

Mixed anaerobic bacteria strains used for Microbial fuel cell experiment was obtained 

from Lyngby wastewater plant (see web page:  http://www.ltfh.dk/ ) 

 

4.1.2. Waste substrates and materials  

 

Waste glycerol, VictoriaOil a.d., Šid (Serbia) 

Wheat straw, Risø DTU (Denmark) 

Hydrolysate and filter cake after hydrothermal pre-treatment of wheat straw, Risø DTU 

(Denmark) 

Sweet whey, Pribina a.s., Přibyslav (Czech Republic) 

Waste water, Lyngby wastewater plant (Denmark) 

 

 

 

http://www.chem.sk/activities/yeast/ccy/
http://www.sci.muni.cz/ccm/index.html
http://www.ltfh.dk/
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4.1.3. Media 

 

Yeast autolysate, Himedia (India) 

MRS bouillon, Carl Roth GmbH + Co. KG (Germany) 

Agar powder, bacteriological, Himedia (India) 

 

4.1.4. Special chemicals and standards 

 

Propidium iodide staining solution, Ebioscience (USA) 

Sodium arsenate heptahydrate, Sigma-Aldrich (Germany) 

Ethanol for UV-VIS, Lachema (Czech Republic) 

Methanol for HPLC, Sigma-Aldrich (Germany) 

Acetonitrile for HPLC, Sigma-Aldrich (Germany)  

Sulphuric acid solution, 49-51% for HPLC, Sigma-Aldrich (Germany) 

Standards: 

- β-carotene (β, β-carotene), Type I, synthetic, >95%, Sigma Aldrich (Germany) 

- ergosterol, >95%, Sigma Aldrich (Germany) 

Potassium hexacyanoferrate (III), Sigma-Aldrich (Germany) 

Sodium dihydrogen phosphate monohydrate, Sigma Aldrich (Germany) 

Disodium hydrogen phosphate, Sigma Aldrich (Germany) 

Sodium acetate trihydrate, Sigma-Aldrich (Germany) 

Nitrogen 5.0, Messer Group GmbH (Denmark) 

Millipore water 

Sulphuric acid solution, 72%, Sigma-Aldrich (Germany) 

 

Other used chemicals were of p.a. purity and were obtained from local producers and 

distributors (Lach-Ner, Chemapol, Lachema - Czech Republic). 

 

4.1.5. Diagnostic kits 

 

Free glycerol reagent, Sigma Aldrich (Germany) 

Triglycerides assay TR210, Randox (USA) 

LCK514, kit for determinations COD, Hach Lange (Germany) 

 

4.1.6. Equipment  

  

Analytical balance AND HR 120 (United Kingdom)  

Vertical autoclave, Systec V-95 (Germany) 

BioFlo/CelliGen 115 fermentor 2 l, New Brunswicks (USA) 

Biocommand Software, New Brunswicks (USA) 
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Laminar flow box Aura Mini, Bio Air Instruments (Italy) 

Shaker LT 2, Kavalier Glass Works (Czech Republic) 

Shaking incubator Heidolph, Promax 1020 (Germany) 

System for light microscopy:  

-  Light microscope, LII00a (Germany) 

-  GKB Color digital CCD Camera (Taiwan) 

-  Software Lucia Image Active 5.0., Laboratory Imaging Ltd. (Czech Republic) 

Spectrophotometer VIS Helios δ (UNICAM, United Kingdom)  

Spectrophotometr UV-VIS Helios  (UNICAM, United Kingdom) 

NanoPhotometer, P 300, Implen (Germany) 

Vortex TK 3s, Kartell (Italy) 

Centrifuge 3-15, Sigma Laborzentrifugen (Germany) 

Refrigerated centrifuge, MLW K24 (Germany) 

Rotary vacuum evaporator RVO-64 (Czech Republic) 

Flow cytometer, A50-Univesal, Apogee (United Kingdom) 

HPLC system from ECOM Ltd. (Czech Republic)  

-  Gradient programer GP 5 

-  Pump P 4020 

-  Analytical Injection Loop Valve D 

-  Column oven LCO 101 

-  UV-VIS detector LCD 2084, Czech Republic 

-  RI detector, RIDK 102, Czech Republic 

-  Clarity (DataApex) SW and HW for HPLC data collection and evaluation 

-  column Kinetex C18, 2.6 µm, 4.6x150 mm, Phenomenex (USA) 

-  column Kinetex C18, 2.6 µm, 4.6x100 mm, Phenomenex (USA) 

-  column SUPELCOSIL
TM 

LC-NH2, 5 µm, 4.6x250 mm, Supelco Analytical (USA) 

-  precolumn KJO-4282, Supelco (USA) 

HPLC/PDA/ESI-MS from Thermo Finnigan (USA) 

-  Gradient Surveyor MS Pump Plus, Thermo Finnigan (USA) 

-  Photo Diode Array detector PDA Surveyor Plus, Thermo Finnigan (USA) 

-  Analytical Injection Loop Valve D, ECOM (Czech Republic) 

-  Column oven LCO 101, ECOM (Czech Republic) 

-  Vacuum pump, Thermo Finnigan (USA) 

-  LS-MA SW Xcalibur 1.3., Thermo Finnigan (USA) 

HPLC system, Shimadzu (Japan) 

-  Rezex Roa column, Phenomenex (USA) 

-  Precolumn, Security guard (H
+
), Phenomenex (USA) 

-  Aminex HPX-87P Column, Bio-Rad (USA) 

-  Precolumn, Cation H Refiled, Bio-Rad (USA) 

-  RI detector, Shimadzu Corp., Kyoto (Japan)  

Microbial fuel cell reactor (Risø DTU, Denmark) 

- anode and cathode compartment 

- proton exchange membrane, Nafion 
TM

 N117, Dupont Co. (USA) 
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- electrodes, Toray carbon paper TGPH-120, Pemeas, Inc., E-TEK division (USA) 

- clamps 

- silicones  

- copper wires 

- magnet for stirring 

- different resistors of: 1kΩ, 500Ω, 247Ω 

- wire connection point 

Ultra-flat magnetic stirrer, Variomag Poly-15, Thermo Scientific (Germany) 

Fluka 189 true-rms multimeter (The Netherlands) 

High temperature-controlled oven with air splitters, PSelecta, Digitronic (USA) 

Keithley 2700 DMM Meters/ Precision Data Acquisition System (USA) 

1067 Precision Decade Resistance Box, Time electronics (United Kingdom) 

Software programme for examination of MFC response, Riso DTU (Denmark) 

HT 200 S, high temperature thermostat, Dr. Bruno Lange GmbH &KG (Germany) 

DR 2800™ Portable Spectrophotometer with Lithium-Ion Battery, Hach Lange (Germany) 

Cutting mill, CM 2000 Retsch GmbH (Germany) 

Technical mill, IKA-MF 10 laboratory grinder, IKA-Werke GmbH & Co. KG, (Germany) 

Moisture analyzer, Mettler Toledo HR83 (USA) 

Loop reactor for wheat straw pretreatment, Risø DTU (Denmark) 

Salt bath (blend nitrite and nitrate salts), KNO3:NaNO2=1:1, Risø DTU (Denmark) 

Water cooling bath 

Water vacuum pump, VacSafe 15, Scanvac (Denmark)  

Falcon tubes, Crucibles, filter papers 

Pyrex glass tubes (Germany) 

Laboratory autoclave AU701-35 

 

 

 

 

4.2. Methods 

 

4.2.1. Red yeasts cultivation 

 

All red yeasts strains (see chapter 4.1.1.) were cultivated, at the same cultivation 

conditions, using basic glucose liquid media (which was hereinafter referred to as a control). 

Several cultivations were performed using different waste materials instead of main carbon 

source, glucose. The cultivations were carried out in Erlenmeyer flasks (from 250 ml to 

1 000 ml), as well as in fermentor with work capacity of 2 l. 
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4.2.1.1. Maintenance of carotenogenic yeasts 

 

 Cultures of each carotenogenic yeast strain were maintained on malt agar slopes and 

YPD agar plates at 4 °C. Every two weeks, the culture were re-inoculated and transferred on 

the new series of 2% malt extract agar slants. 

 

4.2.1.2. Cultivation medium and cultivation conditions (Erlenmeyer flasks) 

 

Each carotenogenic yeast strain was cultivated under optimal growth conditions: 

aerobically at 28 °C, with permanent lighting and shaking at 120 rpm. In all experiments, 

carotenogenic yeasts were grown in the basic glucose liquid media referred as a control 

media. For yeasts cultivation, two types of simple glucose media were used: inoculation 

media and production media. It was used two-step inoculation method. Yeasts were firstly 

inoculated into inoculum I (INO I) using bacteriological loop (see Table 8) and transferring 

yeasts from agar plates directly in liquid media. The yeasts were cultivated for 24 hours and 

then 20 % (v/v) of INO I was transferred into inoculum II (INO II). Cultivation in INO II 

underwent for 24 hours and culture broth (again 20 % (v/v)) was then poured into minimal 

production media (see Table 9). Cultivation in production media was done for 96 hours or 

4 days. During the experiments it was maintained constant ratio in volume (1:5) between 

INO I and INO II and also between INO II and production media (PROD). Furthermore, it 

was also adjusted the same volume of available oxygen in flasks in comparison with present 

volume of culture broth, and it was 3.33 (calculated as a quotient between overall volume of 

the Erlenmeyer flasks used for yeast cultivation and overall volume of culture broth presented 

in the Erlenmeyer flasks). All media were sterilized in autoclave at the temperature of 121 °C 

for 30 min, and cooled down before inoculation. 

 

 

            Table 8:   Composition of basic glucose media (INO I and INO II) 

COMPONENTS g∙l
-1

 OF TAP WATER 

glucose 40 

(NH4)2SO4 5 

KH2PO4 5 

MgSO4 0.34 

yeast autolysate 7 

 

Table 9:   Composition of basic glucose media (PRODUCTION MEDIUM) 

COMPONENTS g∙l
-1

 OF TAP WATER 

glucose 30 

(NH4)2SO4 4 

KH2PO4 4 

MgSO4 0.34 
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4.2.1.3. Cultivation on waste substrates  

 

Carotenogenic yeasts were cultivated at optimal growth conditions (used basic glucose 

media as a control media) and also in media with modified carbon and/or nitrogen sources. 

For studies on the effect of other carbon sources, glucose was replaced by the indicated 

carbon sources: technical glycerol, waste glycerol, wheat straw, hydrolysate and filter cake 

obtained after hydrothermal pretreatment of wheat straw and acidified deproteinated whey.  

 

4.2.1.4. Cultivation on technical and waste glycerol 

 

Both technical and waste glycerol were used in the experiments as a carbon source 

substitutes instead of glucose as a main carbon source. It was used pure technical glycerol as 

well as waste glycerol and also a mixture of technical / waste glycerol and glucose in some 

specific ratio which is presented in the table below. Technical glycerol, with a purity of 

≥99.5%, was added into both inoculum media (INO I, INO II) and production media 

(Table 10 a, b). Waste glycerol, used in these experiments, was obtained from the oil mill 

company “VictoriaOil” a.d., Šid, Serbia (Figure 23). The sample, defined as a side product of 

biodiesel production, was previously analyzed on GC/FID as a part of regular control of 

biodiesel quality. It was found that the composition of crude waste glycerol was: glycerol 

(83.72 %), water (6.77 %), ash/NaCl (6.5 %) and MONG (1.58 %). MONG symbolize an 

abbreviation of a variety of other different organic matter which are defined as non-glycerol 

and found in a crude glycerol. The pH value of waste glycerol was 6.77. Waste glycerol was 

used in experiments without further processing, directly from tank farm, stored at 4 °C. 

For cultivation experiments on technical/waste glycerol following carotenogenic yeasts were 

used: Rhodotorula glutinis, Rhodotorula aurantiaca, Rhodotorula mucilaginosa (former name 

Rhodotorula rubra), Cystofilobasidium capitatum, Sporobolomyces roseus, Sporobolomyces 

shibatanus and Sporobolomyces salmonicolor (see chapter 4.1.1.) 

 

 
Figure 23:   Waste glycerol 
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Table 10:   Composition of inoculums (a) and production media (b) with glycerol 

a) 

Inoculum 

media 

(INO I and 

INO II) 

technical

/waste 

glycerol 

(100%) 

technical/

waste 

glycerol 

(75%) 

technical/

waste 

glycerol 

(50%) 

technical/

waste 

glycerol 

(25%) 

technical/

waste 

glycerol 

(0%) 

technical/waste 

glycerol 

(g∙l
-1

 tap water) 

 

40 

 

30 

 

20 

 

 

10 

 

0 

glucose 

(g∙l
-1

 tap water) 

 

0 

 

10 

 

20 

 

30 

 

40 

(NH4)2SO4 

(g∙l
-1

 tap water) 

 

5 

 

5 

 

5 

 

5 

 

5 

KH2PO4 

(g∙l
-1

 tap water) 

 

5 

 

5 

 

5 

 

5 

 

5 

MgSO4 

(g∙l
-1

 tap water) 

 

0.34 

 

0.34 

 

0.34 

 

0.34 

 

0.34 

yeast autolysate 

(g∙l
-1

 tap water)  

 

7 

 

7 

 

7 

 

7 

 

7 

 

b) 

PRODUCTION 

MEDIA 

technical/

waste 

glycerol 

(100%) 

technical

/waste 

glycerol 

(75%) 

technical/

waste 

glycerol 

(50%) 

technical/

waste 

glycerol 

(25%) 

technical/

waste 

glycerol 

(0%) 

technical/waste 

glycerol 

(g∙l
-1

 tap water) 

 

30 

 

22.5 

 

15 

 

7.5 

 

0 

glucose 

(g∙l
-1

 tap water) 

 

0 

 

7.5 

 

15 

 

22.5 

 

30 

(NH4)2SO4 

(g∙l
-1

 tap water) 

 

4 

 

4 

 

4 

 

4 

 

4 

KH2PO4 

(g∙l
-1

 tap water) 

 

4 

 

4 

 

4 

 

4 

 

4 

MgSO4 

(g∙l
-1

 tap water)  

 

0.34 

 

0.34 

 

0.34 

 

0.34 

 

0.34 

 

4.2.2. Pretreatment of wheat straw 

 

Wheat (Triticum aestivum L.) was grown in Roskilde (Denmark) during dry season, in 

summer 2008. After maturation for grain production in August, the straw and the grain were 

harvested and separated using modern agricultural machinery. Dry and baled wheat straw 

(500 kg) was stored at room temperature in storehouse. Before the process of hydrothermal 

pretreatment, wheat straw was firstly milled using cutting mill, with a sieve of 2 mm aperture. 

Particle size was further reduced to 1 mm using a technical mill (see chapter 4.1.6.).   
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 After measuring the dry matter content of the wheat straw it was calculated exactly 

weight that will be applied in the pretreatment process. In the Table 11 it is shown the scopes 

of the experiment. 

 

Table 11:  Wheat straw pretreatment process 

No. of 

experiments 

cwheat straw 

(gwheat straw/ltap water) 

process 

temperature (°C) 

time 

(min) 

added catalyst 

(acetic acid) 

1 60 190 10 - 

2 60 195 10 - 

3 60 200 10 - 

4 60 190 10 + 

5 60 195 10 + 

6 60 200 10 + 

 

Firstly, measured and minced wheat straw was divided into two partitions and tap 

water was added inside the loop reactor. First partition of wheat straw was carefully added 

and stirred with a paddle, after that it was added second partition and once again mixed well 

to homogenous consistency. Before starting up the loop reactor, the reaction condition was 

adjusted anaerobically by introduction of nitrogen in the system, and setting pressure on 

22 bar. Several times the valve, which connects nitrogen bottle and reactor, was opened and 

closed, first to release the free oxygen, and at the end to stuck in nitrogen. Setting the 

anaerobic condition in the system, the reactor was hermetically closed and ready for usage. 

During the hydrothermal pretreatment slurry of milled wheat straw, water and added catalyst 

(or without catalyst) were continuously mixed and warm up in the salt bath which was made 

of nitrate and nitrite salts (KNO3:NaNO2 = 1:1). The temperature of salt bath was around 

250 °C, and was high enough to warm up the slurry. When the desire temperature was 

reached, the stirrer was turn off and temperature was maintained on constant value for precise 

time. After 10 min, the reactor was removed from the salt bath and sank into water cooling 

bath, until the temperature dropped below 30 - 40 °C. When the reactor was cooled down, 

central part was open and hot pretreated suspension was sucked out from the loop by water 

vacuum pump. That suspension was then filtrated through vacuum filter and hydrolysate were 

separated from the filter cake which was remained on the filter paper. Hydrolysate and filter 

cake were then stored in the freezer until further use. All pretreatments were performed in 

duplicates. For further investigations the mixture of duplicates were used as a feedstock for 

fermentation studies. 

 

4.2.2.1. Analysis of materials obtained after hydrothermal pretreatment 

 

Material which was obtained after hydrothermal pretreatment was needed to be 

examined in order to get information of its composition, especially of content of 

carbohydrates and their potential and capacity for eventually ethanol or other metabolite 

production. There are two possible procedures, depending on material which was examined, 
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either for solid (in this case, filter cake or water insoluble substrate), or for liquid (wheat straw 

hydrolysate) substrate. 

 

4.2.2.2. Strong acid hydrolysis 

 

This method was used for sample processing to determine the total carbohydrate 

content in lignocellulose biomass like straw and wood before and after pre-treatment. 

The composition of the raw and pre-treated wheat straw was analyzed in sample prepared by 

strong acid hydrolysis of the carbohydrates. Dried and milled samples (160 mg) were treated 

with 72% (w/w) H2SO4 (1.5 ml) at 30 °C for 1 h. The solutions were diluted with 42 ml 

Millipore water and autoclaved at 121 °C for 1 h. The hydrolysates were filtered, and the 

Klason lignin content was determined as a difference of the weights of the insoluble residue 

and ash content. The procedures were done in duplicates for all samples. The sugar content 

was determined after separation on high-performance liquid chromatography (HPLC) system 

(Shimadzu) with an Aminex HPX-87H column (BioRAD) at 63 °C using 4 mM H2SO4 as 

eluent and a flow rate of 0.6 ml∙min
-1

. Detection was done by a refractive index detector 

(Shimadzu Corp., Japan, RID-10A) [152]. 

 

4.2.2.3. Weak acid hydrolysis 

 

The method was used for sample preparation to analyze the total carbohydrate content 

in the hydrolysate from the pretreatment of straw biomass. The principle of used method lies 

in the acid hydrolysis of carbohydrate polymers, using 4% H2SO4 and heating to 121 ºC for 

10 minutes. Wheat straw hydrolysate (10 ml) was added in the test tube (25 ml) alongside 

with 10 ml of 4%  H2SO4. The test tube was then supplemented with 200 µl of deionised 

water and autoclaved for 10 min on 121 °C. Then samples were centrifuged at 4 000 rpm for 

5 min. Obtained supernatant (2 ml) was then placed in the new reagent tube, 2 ml of eluent 

(4 mM H2SO4) were added adjusting pH value to approximately 2 or 3. Like in strong acid 

hydrolysis the procedure was done in duplicates. The sugar content was determined using 

HPLC in the same way as in strong acid hydrolysis (see above). 

 For HPLC analysis, in both acid hydrolysis procedures, spike standard was used, 

which was added alongside with the sample. For strong acid hydrolysis the spike standard 

was consisted of D – xylose (3.0 g), L-arabinose (3.0 g) and D-glucose monohydrate (3.3 g). 

All components were dissolved in 100 ml of Millipore water. For weak acid hydrolysis, the 

spike standard was prepared dissolving D-xylose (8.0 g), L-arabinose (3.0 g) and D-glucose 

monohydrate (3.3 g) into 100 ml of Millipore water. For strong acid hydrolysis the spike was 

added in the samples in amount of 41 ml, and in the weak acid hydrolysis the spike standard 

was introduced with 200 µl. Samples with spike standards were analyzed in duplicates [153]. 

 

 



62 

 

4.2.3. Cultivation of red yeasts on wheat straw  

 

 In a comparative study two fraction of wheat straw (liquid and solid) obtained after 

hydrothermal pretreatment have been utilized. Also unpretretaed wheat straw has been used in 

following sets of experiments as a control sample. 

 

4.2.3.1. Wheat straw hydrolysates (liquid fraction) 

 

Wheat straw hydrolysates obtained in the process of hydrothermal pretreatment were 

used as a complex carbon/nitrogen source for cultivating carotenogenic yeasts. Three different 

batches of pretreated wheat straw hydrolysates were used without added acetic acid as catalyst 

during the pretreatment (Figure 24). The temperatures for hydrolysate preparation were 

190 °C (sample 1), 195 °C (sample 2) and 200 °C (sample 3).  Without further processing of 

these substrates, fermentation experiments on pretreated wheat straw hydrolysates were 

performed in two series (A and B). 

 

 
Figure 24:   Wheat straw hydrolysates obtained on different process temperatures  

(1 - 190 °C, 2 - 195 °C and 3 - 200 °C) without addition of catalyst  

 

 In series A, culture was grown on glucose containing media (INO I and 

INO II, Table 8) and the fermentation was carried out on production media where, instead of 

glucose (Table 9), hydrolysate was added. In the series B, carotenogenic yeasts were adapted 

on hydrolysate. The difference between two series was made only in INO II medium, where 

instead of 100 % of glucose, the main carbon source was composed from hydrolysate and 

glucose in the same weight ratio (see Table 12). 

The same, as in the series A, production media in the series B were consisting only of 

hydrolysate without any glucose. For cultivation on hydrolysates, three different 

carotenogenic yeasts were used: Rhodotorula glutinis, Cystofilobasidium capitatum and 

Sporobolomyces roseus. 

 

1 2 3 
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Table 12:   Composition of inoculum and production media with  

hydrothermally pretreated wheat straw material 

MEDIUM WITH 

HYDROLYSATE 

CONTROL serie A 

(with no adaption on 

hydrolysate) 

              serie B 

(with adaption on 

hydrolysate) 

inoculum I (INO I) glucose 100% 

(see Tab. 8) 

glucose 100% 

(see Tab. 8) 

glucose 100% 

(see Tab. 8) 

inoculum II (INO II) glucose 100% 

(see Tab. 8) 

glucose 100% 

(see Tab. 8) 

glucose : hydrolysate 

50:50 (see Tab. 8) 

production medium glucose 100% 

(see Tab. 9) 

hydrolysate 100% 

(see Tab. 9) 

hydrolysate 100% 

(see Tab. 9) 

MEDIUM WITH 

FILTER CAKE 

CONTROL  Series with filter 

cake addition 

inoculum I (INO I) glucose 100% 

(see Tab. 8) 

 glucose 100% 

(see Tab. 8) 

inoculum II (INO II) glucose 100% 

(see Tab. 8) 

 glucose : filter cake 

50:50 (see Tab. 8) 

production medium glucose 100% 

(see Tab. 9) 

 filter cake 100% 

(see Tab. 9) 

 

4.2.3.2. Untreated wheat straw and filter cake (solid fraction) 

 

Beside wheat straw hydrolysates as a liquid fraction, in the process of hydrothermal 

pretreatment, it was also obtained solid fraction, water insoluble substrate or filter cake. 

Filter cake was predominantly used as a substrate for SSF process (saccharification and 

simultaneous fermentation) for producing bioethanol of second generation. Moreover, the 

capacity of filter cake can be focused also in the direction of vitamer production, using as a 

potential substrate for cultivating red yeasts. 

In this study the possibility of using filter cake and untreated wheat straw as a 

substrate for vitamers production by red yeasts were tested in our orientational experiments. 

A solid fraction was utilized without any further changing in the present composition (either 

thermically or enzymatically processed) in order to examine if there were any available 

components that red yeasts could exploit during growth process. Experiment on filter cake 

was done in one series with previous adaption at INO II media (see Table 12). Untreated solid 

fraction contains the carbohydrates in polymeric form (cellulose and hemicellulose). 

For red yeasts cultivation, 7 different samples were prearranged. Six of them were 

gained by hydrothermal pretreatment in loop reactor and the seventh sample was just milled 

wheat straw. This sample was used as a control sample. Three samples of pretreated wheat 

straw were obtained without addition of catalyst, as mentioned in Table 11. The other three 

samples were prepared with addition of acetic acid as catalyst and used with the concentration 

of 2.29 ml∙l
-1

 wheat straw slurry. For screening the quality of the substrate two carotenogenic 

yeasts were cultivated, Rhodotorula glutinis and Sporobolomyces roseus.  
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4.2.4. Cultivation on whey and co-cultivation of carotenogenic yeasts with L. casei 

 

Acidified and deproteinated whey, prepared from liquid sweet whey, have been used 

for co-cultivation experiments. It was obtained from Pribina TPK dairy, Přibyslav (Czech 

Republic) after producing special Czech trademark cheese named „Hermelín“. Hermelín 

represents a special type of cheese with a white mould on its surface which reminds to French 

cheese „Camembert“.  

 

4.2.4.1. Substrate pretreatment 

 

Prior to use, whey substrate was firstly processed. The pH of liquid whey was adjusted 

to 4.6 with 0.1 M H2SO4 and it was held in boiling water bath for 20 min for protein 

denaturation. After denaturation, the solution was cooled to laboratory temperature and the 

precipitate was removed by centrifugation. The supernatant was further used as a nutrient 

source for cultivating carotenogenic yeasts and/or lactic acid bacteria. In the experiment two 

carotenogenic yeasts were applied: Rhodotorula glutinis and Cystofilobasidium capitatum, 

and from other side, Lactobacillus casei subs. casei was utilized as lactic acid bacteria. 

 

4.2.4.2. Lactic acid bacteria cultivation  

 

Freeze-dried bacterial strain Lactobacillus casei subs. casei was firstly revived on 

liquid MRS culture medium, under optimal growing condition (T = 37 °C, semi-aerobically at 

50 rpm, 48 h of cultivation). Simultaneously, L. casei subs. casei was inoculated also onto 

agar plate containing MRS medium and on agar plate alongside with deproteinated whey. 

Every two weeks, the culture were re-inoculated and transferred on the new series of MRS 

agar medium, as well on whey agar medium. The bacterial culture which was maintained and 

adapted on whey agar medium has been utilized for co-cultivation experiments.  

 

4.2.4.3. Co-cultivation experiments 

 

Carotenogenic yeasts were cultivated likewise as in previous experiments 

(see 4.2.1.2.) using two step inoculations. Four types of production media can be 

distinguished: basic glucose media (see Table 9), whey production media (acidified and 

deproteinated whey supplemented with salts without added glucose), whey production media 

with addition of glucose (10 or 20 g∙l
-1 

of glucose dissolved in acidified and deproteinated 

whey, Table 13). 

 In the co-cultivation experiments, the production media were additionally inoculated 

with L. casei (1 % (v/v)) and yeasts inoculum (10 % (v/v)). In order to compare efficiency of 
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microbial strains association, series of experiment were prepared in which into the production 

media only yeast inoculum was added (Figure 25). 

 

Table 13:  Whey media composition for yeasts cultivation and  

yeasts/lactic acid bacteria co-cultivation  

carotenogenic yeasts/carotenogenic yeasts co-cultivated with L. casei 

PRODUCTION 

MEDIA 

control whey whey + 10 g∙l
-1

 

glucose 

whey + 20 g∙l
-1  

glucose 

 glucose 

(30 g∙l
-1

) 

/ glucose 

(10 g∙l
-1

) 

glucose 

(20 g∙l
-1

) 

 (NH4)2SO4 

(4 g∙l
-1

) 

(NH4)2SO4 

(4 g∙l
-1

) 

(NH4)2SO4 

(4 g∙l
-1

) 

(NH4)2SO4 

(4 g∙l
-1

) 

 KH2PO4 

(4 g∙l
-1

) 

KH2PO4 

(4 g∙l
-1

) 

KH2PO4 

(4 g∙l
-1

) 

KH2PO4 

(4 g∙l
-1

) 

 MgSO4 

(0.34 g∙l
-1

) 

MgSO4 

(0.34 g∙l
-1

) 

MgSO4 

(0.34 g∙l
-1

) 

MgSO4 

(0.34 g∙l
-1

) 

 tap water whey whey whey 

 

 

R. glutinis / C. capitatum                                                     L. casei subs. casei 

 

 

             INO I 
  (basic glucose media, see Tab. 8.)                  
          28 °C,  120 rpm, 24 h 

                       

                      20% (v/v)                                                      

             INO II                                                                        INOCULUM 
          (basic glucose media, see Tab.8.)                                                                      (MRS media, 37 °C, pH = 6.2, 48 h, 50 rpm)                                               

            28 °C, 120 rpm, 24 h                                                                                      

           

                                10 % (v/v)                        1 % (v/v) 

 

                                          PRODUCTION MEDIA 
                                             (four different media, see Tab. 13.)  
                                                    28 °C, 120 rpm, 72 h                                                                                      

Figure 25:  Scheme of co-cultivation R. glutinis / C. capitatum and L. casei subs. casei  

on processed whey (method adapted according to [151]) 

 

4.2.5. Cultivation of red yeasts in laboratory fermentor 

 

Carotenogenic yeasts (Rhodotorula glutinis, Cystofilobasidium capitatum and 

Sporobolomyces roseus) were grown in laboratory fermentor with maximally working volume 

of 2 l. The yeasts were cultivated on media with glucose as the only carbon source (control 

media), and with 100% technical glycerol instead of glucose (glycerol media). 
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Figure 26:  Red yeasts cultivations in bio-fermentor New Brunswick 

 

The cultivations of inoculum media were made in Erlenmeyer flasks under the same 

cultivation conditions as described before (see chapter 4.2.1.). The whole volume of INO I 

media (50 ml) was poured into 240 ml of INO II media. After 24 h, whole INO II was sterile 

transferred into 1 200 ml of production media. Before starting of the new batch, in the 

Biocommand software conditions of cultivation were adjusted (see Figure 26). The same 

conditions were maintained for all batches. Only was changed the number of agitation during 

the time, in order to get appropriate concentration of dissolved oxygen important for yeast 

cells during growing. Each batch was monitored by Biocommand Software observing several 

parameters, such as: agitation, temperature, pH value of culture broth and dissolved oxygen. 

One batch was performed for 75 h, at the temperature of 28 °C, pH value of 4.5 and air flow 

of 5 l∙min
-1

, with stirring from 150 - 450 rpm. The pH value was adjusted with peristaltic 

pumps containing in one flask base (pump No. 1 - 0.5 mol∙l
-1

 sodium hydroxide) and in the 

other acid (pump No. 2 - 0.5 mol∙l
-1

 sulphuric acid). 

Also, several time during the cultivation, the samples was taken (around 1 - 2 ml) for 

measuring biomass and constructing growth curve, and for flow cytometry measurements of 

cell viability. In approximately 30 minutes, 50 minutes and 75 minutes from the beginning the 

batch, it was taken 50  ml of yeasts broth for measuring biomass, produced metabolites and 

rest of carbon source, either glucose or glycerol.  
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4.2.6. Flow cytometry measurements  

 

 In this study, for monitoring physical and chemical changes of cells during cultivation 

in bioreactor, flow cytometry was introduced for red yeast analysis. Flow cytometry is a 

technique that simultaneously measures and then analyzes multiple physical characteristics of 

single particles, usually cells, as they flow in a fluid stream through a beam of light 

(see Figure 27). The properties measured include a particle‟s relative size, relative granularity 

or internal complexity, and relative fluorescence intensity. These characteristics are 

determined using an optical-to-electronic coupling system that records how the cell or particle 

scatters incident laser light and emits fluorescence [154]. For following experiments 

propidium iodide was utilized to stain the yeasts DNA which emits appropriate fluorescence 

response. 

  

   
Figure 27:  Flow cytometry (A50-Univesal, Apogee, United Kingdom) 

 

After sampling from bioreactor on defined time (at the beginning and after approx. 

30 h, 50 h and 75 h), 1 ml of yeasts cell cultures have been used for flow cytometry 

measurements. Sample volume of 1 ml of culture was firstly diluted 10 times with distilled 

water. Diluted yeasts solution was used for analysis of i) series of control measurements 

(without addition of dye -propidium iodide), and ii) series with addition of propidium iodide. 

Before each measurement distilled water was firstly used to avoid monitoring of small 

particles founded in water which could influence the quality of future measurement with 

yeasts cells. Second step was consisting of measurements of diluted yeasts cell solution 

without addition of dye with the aim to find area of living cells, and therefore to make 

reference area. Third step, and the most important, was measurement with propidium iodide 

solution and monitoring influence of autofluorescence of the yeasts cells. Propidium iodide 

solution (10 µl) with concentration of 1 mg∙ml
-1

 was spiked into 1 ml of 10 times diluted yeast 

culture broth and incubated at laboratory temperature for 10 min. Flow cytometry possessed 

4 canals for colour response identification (dark red, red, green and blue). Propidium iodide 

was mostly used in red canal, having the best response. The experiments were done in 

triplicates for all samples obtained from bioreactor during the cultivation.  
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4.2.7. Biomass and metabolite determinations  

 

4.2.7.1. Biomass and cell morphology determinations  

 

   Cell density was determined by measuring turbidity using a spectrophotometer at 

wavelength 630 nm and correlated to dry cell weight (CDW). The dry cell mass concentration 

was determined from the optical density reading by using the equation for different strains. 

   Biomass was collected after cultivation by two step centrifugation at 5 000 rpm for 

10 min at room temperature. It was used defined volume of culture broth (from 50 ml to 

150 ml, dependent on analyzed parameter). After second centrifugation, cell pellet was either 

dissolved in 30 ml of physiological solution (0.9% NaCl) and stored in freezer until further 

use, or directly exploited for extraction and further metabolites analysis. For co-cultivation 

experiments and for cultivation in fermentor, biomass was determined by measuring dry 

matter content, drying biomass in the oven overnight at 65 °C to the constant changes in 

weight.   

The cell cultures were afterwards utilized for observing morphological characteristics 

in light microscope. The morphological changes were documented with photomicrographs, 

using 640-times magnification. A Nikon Microphot-SA microscope equipped with a UFX-

DX metering system was used for all photomicrographs. 

 

4.2.7.2. Extraction of metabolites from yeasts cell 

 

 Isolation of individual analyzed metabolites from the yeasts biomass was done always 

at the same conditions. Yeast cells collected by centrifugation were disintegrated using a 

mechanical disruption by shaking in a grinding mortar. A mixture of pigments, lipids and 

other organic compounds was extracted from the cell homogenate using 50 ml of acetone. 

In the process of saponification of the extract by 10% ethanolic KOH (45 min. at 90 °C) 

pigments and sterol lipids were extracted thrice with diethyl ether. The diethyl ether extracts 

were collected and evaporated under vacuum to dryness. After evaporation, the solid residue 

was dissolved in absolute ethanol and analyzed either by RP–HPLC/PDA or RP-HPLC/UV-

VIS device. 

 

4.2.7.3. Analysis of selected metabolites 

 

Several metabolites were analysed, either from red yeasts biomass (carotenoids, 

ergosterol, lipids, intracellular glycerol) or from culture supernatant obtained after 

centrifugation (residual carbon sources – individual and total reducing sugars and remained 

glycerol). 



69 

 

a)  Analysis of carotenoids and ergosterol  

 

 Carotenoids pigments and ergosterol extracted from yeast cells were individually 

identified and quantified by RP-HPLC/UV-VIS using a chromatographic system ECOM Ltd. 

(Czech Republic) or RP-HPLC/PDA from Thermo Finnigan (USA), as mentioned before 

(see Materials). Samples were filtered through PTFE filters, centrifuged and injected directly 

onto column. The column used for separation was either Kinetex C18, 2.6 µm, 4.6 x 150 mm, 

Phenomenex (USA) or Kinetex C18, 2.6 µm, 4.6 x 100 mm, Phenomenex (USA). Separation 

was carried out by isocratic elution at 45 °C. As a mobile phase, 100% methanol was used at a 

flow rate of 1.0 ml∙min
-1

. Detection of β-carotene and lycopene was achieved 

spectrophotometrically at 450 nm. Data processing (integration) of analyses was assessed 

using a CSW Integrator v.1.7 and Clarity SW (Data Apex Co.), or Xcalibur 1.3 (for Thermo 

Finnigan HPLC equipment). The concentration of β-carotene and lycopene was quantified 

using external standards, constructing appropriate calibration curves. Total carotenoids have 

been calculated and determined approximately as a sum of peaks area of other known 

carotenoids, scanned with PDA detector and evaluated using calibration curve for β-carotene 

[155]. Ergosterol was analyzed in the same filtered extract as carotenoids. Separation was 

carried out in the same column as carotenoids using 100% methanol as a mobile phase and 

UV detection at 285 nm for identification. Data processing was assessed using Clarity 

(DataApex) software or Xcalibur 1.3 software. The concentration of ergosterol was quantified 

using external calibration.  

 

b)  Analysis of individual sugars and total reducing sugars  

 

 Determination of individual sugars in supernatant, obtained after centrifugation of the 

culture broth, was done using HPLC-RI device. Supernatant which was used for analysis of 

reducing sugars was obtained after co-cultivation experiments and during the experiments in 

bioreactor. Concentrations of glucose, galactose and lactose were calculated using external 

standards.  

 The samples were first filtered through PTFE filters and injected directly on column 

SUPELCOSIL
TM 

 LC-NH2, 5 µm, 4.6 x 250 mm, Supelco Analytical (USA). As a mobile 

phase mixture of acetonitrile and deionized water in ratio 3:1 was used. Glucose, galactose 

and lactose were detected within of 10 min after sample injecting with flow rate of 1 ml∙min
-1

 

and under isocratic condition at 30 °C. Concentration of individual sugars was calculated 

from calibration curves constructed as a dependence of peak area and concentration of 

appropriate sugar. 

 For determination of total reducing sugars, the Somogyi-Nelson method was 

used [156]. The composition of reaction solutions is presented in the Table 14. 
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Table 14: Solutions used for sugar determinations by Nelson-Somogyi method 

COMPONENTS FOR 1
st 

SOLUTION 

g/100 ml of distilled 

water 

Na2CO3 anhydrous 3.00 

NaHCO3 2.00 

Na2SO4 anhydrous 18.00 

KNaC4H4O6 tetrahydrate 1.50 

 

COMPONENTS FOR 2
nd

 

SOLUTION 

g/100 ml of distilled 

water 

CuSO4∙5H20 2.00 

Na2SO4 anhydrous 12.00 

 

COMPONENTS FOR 3
rd

 

SOLUTION 

amount 

(NH4)6Mo7O24∙4H2O 5.00g in 90 ml DH20 

H2SO4 conc 4.2 ml 

Na2HAsO4 ∙7H2O 0.60 g in 5 ml DH2O 

 

 All three solutions were prepared fresh and placed on dark before used. Third solution 

was prepared minimum two days prior to analysis, keeping on room temperature. 

The procedure was next: in test tube was added 1 ml of sample, 0.5 ml of first solution 

and 0.5 ml of second solution. Test tube was then placed in the temperature controlling bath 

and boiled for 10 min. After boiling, test tube was cooled down with cold water and then 

0.5 ml of third solution was added. When last solution was added, test tube was mixed by 

inversion in order to avoid formations of Cu2O crystals. Thereafter, obtained blue solution 

was complemented by distilled water to 10 ml in total and was further used for measuring 

absorbance at 720 nm. The experiments were done in triplicate.  

  

c)  Analysis of glycerol after cultivation in bioreactor  

 

Concentrations of residual glycerol in supernatant and intracellular glycerol in yeast 

biomass were determined using special kit for glycerol determination [157]. 

The Free Glycerol Reagent measures free as well as endogenous glycerol using the same 

coupled enzyme reactions without the initial lipase hydrolysis at 540 nm. The increase in 

absorbance at 540 nm is directly proportional to the free glycerol concentration of the sample. 

A glycerol assay enzymatic reaction is displayed below. 

 

Glycerol + ATP 
GK

 G-1-P + ADP 

 

Glycerol was firstly phosphorylated by adenosine-5‟-triphosphate (ATP) forming glycerol-1-

phosphate (G-1-P) and adenosine-5'-diphosphate (ADP) in the reaction catalyzed by glycerol 

kinase (GK).  
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G-1-P + O2 
GPO

 DAP + H2O2 

 

G-1-P is then oxidized by glycerol phosphate oxidase (GPO) to dihydroxyacetone phosphate 

(DAP) and hydrogen peroxide (H2O2).  

 

 H202 + 4-AAP + ESPA 
POD

 Quinoneimine Dye + H2O  

 

Peroxidase (POD) catalyzes the coupling of H2O2 with 4-aminoantipyrine (4-AAP) and 

sodium N-ethyl-N-(3-sulfopropyl) m-anisidine (ESPA) to produce a quinoneimine dye that 

shows an absorbance maximum at 540 nm. 

Two independent series for determining of free glycerol were performed: i) in the 

culture supernatant and ii) directly in yeast cells. Culture supernatants were obtained after 

28 hours, 50 hours and 75 hours from the beginning of the cultivation. After reconstruction of 

the free glycerol reagent, prior to use, it was warmed up to 37 °C. Standard solution of 

glycerol at concentration of 0.2602 mg glycerol/ml was prepared too. Into each series 

standard and blank were enrolled: into each test tube it was added 10 µl of the supernatant, 

glycerol standard and water, respectively and 0.8 ml of free glycerol reagent. After incubation 

at 37 °C for 5 min glycerol concentration in the samples was detected measuring absorbance 

on 540 nm and using following formula. The analysis was done in triplicates. 

 

    .)(
)(

)(
)(

.

stdc
AA

AA
glycerolc

blankstd

blanksample
 (mg∙ml

-1
) 

 

Determination of glycerol in R. glutinis, C. capitatum, and S. roseus cells was 

performed after 75 hours of cultivation. 50 ml of culture broth was centrifuged (5 000 rpm, 

10 min) and cell sediment was used for further analysis. Biomass was rubbed in a mortar with 

50 ml of acetone and sea sand. After separation from solid precipitation, liquid acetone 

fraction was evaporated on rotary vacuum evaporator until dryness and dissolved in 1 ml of 

Millipore water. The obtained sample was further filtered and centrifuged. The free glycerol 

content was measured in triplicate using procedure described above. 

 

d)  Analysis of lipids in red yeasts biomass 

 

Triglycerides (or single cell oil) accumulated in the red yeasts cells were analysed 

using special Randox Triglycerides kit (TRIGS; see Materials). The principle is similar to the 

previously described determination of glycerol.  

For lipids isolation yeast cells were centrifuged (5 000 rpm, 10 min) and disintegrated 

with acetone and sea sand. That step is important for liberation of accumulated lipid droplets 

founded inside the cell. After liberation of lipids, it is obligatory to evaporate remained 

acetone from biomass at 80 °C to the dry residue. Dry residue was furthermore dissolved in 

phosphate buffer (pH 7) and used for analysis. It has been hypothetically assumed the fact that 
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mass of yeasts cell after centrifugation and evaporation was the same, and the amount of 

lipids stayed constant during the evaporation.  

As it was stated before the principle of triglycerides determination was similar as in 

the case of residual glycerol. First reactions were hydrolysis of triglycerides to glycerol and 

free fatty acids by lipoprotein lipase. 

 

Triglycerides + 3H20 
LPL

 Glycerol + 3R-COOH 

 

Next reactions were practically the same as in the glycerol assay, wherein the last 

reaction have been changed a little bit. 

 

2H202 + 4-aminophenazone + ADPS
POD

 Dye + 2H2O + HCl 

Dye = 4-(p-benzoquinone-monoimino)-phenazone 

 

The oxidative condensation of ADPS and 4-aminophenazone in the presence of 

peroxidase (POD) and hydrogen peroxide produces a rose colour dye which is measured at 

550 nm. The intensity of the colour formed is directly proportional to the triglycerides 

concentration in the sample. For the determination of lipid content it was prepared blank 

sample (which represents 1 ml of reagents), standard sample (1 ml of reagents + 10 µl of 

standard, concentration 0.2 g∙ml
-1

) and sample which have to be analysed (1 ml of reagents + 

10 µl of sample). After the incubation for 10 minutes at 20 - 25 °C, or 5 minutes on 37 °C the 

final colour was stable for at least 30 minutes. 

 

.)(
)(

)(
)(

.

stdc
AA

AA
destrygliceric

blankstd

blanksample
 (mg∙dl

-1
) or in (mmol) 

 

4.2.8. Microbial fuel cell reactor – general description 

 

These experiments have been performed in Denmark, during Erasmus student 

exchange program at Technical University of Denmark (DTU, web page: 

http://www.dtu.dk/english.aspx). All measurements were done at the Department of Chemical 

and Biochemical Engineering, Centre for BioProcess Engineering (former Risø National 

Laboratory for Sustainable Energy, Biosystems division) in Roskilde, Denmark. 

Microbial fuel cell reactor (H-type) is composed of two identical cylindrical plastic 

bottles of 0.3 dm
3
 volume each. Two chambers were connected with a plastic tube which is 

located on the lower part of reactor, with an inner diameter of 3 cm (see Figure 28). 

The proton exchange membrane with an area of 7.1 cm
2
 (PEM; Nafion 

TM
 N117, Dupont Co., 

http://www.dtu.dk/english.aspx
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USA) was placed between the chambers. The connection between chambers was tightened 

using silicone and clamps. Each chamber also contained electrodes (anode and cathode) 

which were completely immersed in both anode and a cathode solution, connected with 

copper wires and resistor with defined value. The electrodes were made from carbon paper 

(Toray carbon paper TGPH-120, Pemeas USA, Inc., E-TEK), dimension 8 x 3 cm with a 

thickness of 0.35 mm [24]. It means that overall available area for one single electrode was 

48 cm
3
 (there are two side of electrode, and one side has active area of 24 cm

3
). 

Electrodes were then screwed and set on stein steel rod and with copper wires were connected 

to resistor with well-known value. The electrode distance was 6 cm divided into 3 cm in 

anode solution and 3 cm in cathode solution.  

 

 
Figure 28:  Microbial fuel cell - assembling the apparatus 

 

4.2.8.1. Anode and cathode solutions 

 

Domestic wastewater was collected at the location just after the fine separation 

process from a full-scale waste water treatment plant in Lyngby, Taarbæk Comunity, 

Denmark. The experiments were not performed with waste water from the same batch 

because that would require freezing and change the properties of the waste water. The effect 

of different waste water batch was also found to be low [24].  

Wastewater was first filtrated to remove solid particles, then sparged with nitrogen gas 

for 10 min to remove oxygen and was thereafter stored at 5 °C until further use. 

Wastewater was used as inoculum and medium in the anode chamber [24]. 

Filtered wastewater (0.22 dm
3
) was first filled into the anode chamber and then substrate was 

added. The concentrations tested were 20 mM (1.64 g∙l
-1

) for Na-acetate, 21.7 mM (2 g∙l
-1

) for 

technical glycerol and 2.34 g∙l
-1

 for waste glycerol (the contribution of glycerol in waste 

glycerol was approx. 83.22 %, (chapter 4.2.1.4.)). At the end 20 mM of phosphate buffer was 

added to maintain pH at approximately 6.7. The solution was made anaerobic with nitrogen 

gas sparging for 2 min. The anode chamber was sealed using a rubber stopper and silicone. 

The cathode chamber was filled with 0.2 dm
3
 solution of 100 mM K3Fe(CN)6 and 100 mM 
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phosphate buffer (7.25 g∙l
-1

 NaH2PO4 and 6.6 g∙l
-1

 Na2HPO4; pH = 6.7). The incubation was 

conducted at 30 °C with air bubbling in the cathode chamber and magnetic stirring in the 

anode chamber (130 rpm). Oxygen supply has been provided through the splitter valve 

situated inside the oven from the upper side, which was further connected with oxygen 

bottle (see Figure 29).  

Samples (around 15 ml) of anode solution were taken after approximately 2, 22, 48, 

70, 96, 180 and 260 hours from the beginning of the MFC operation for analysis of residual 

added substrate. After 250 hours the experiments were stopped by removing the rubber 

stopper, emptying the MFC anode chamber and adding fresh wastewater containing the 

substrate if a new experiment should be performed. 

 

 
Figure 29:  Microbial fuel cell-running the experiment 

 

 

4.2.8.2. Chemical Oxygen Demand (COD) determination in  wastewater 

 

In this study two batch of wastewater were used obtained at different date of sampling 

from the same water treatment plant mentioned above. Each batch of wastewater was first 

filtered through vacuum filter and then used for COD determination. For COD determination 

special LCK 514 cuvette test was used measuring in the range of 100 - 2 000 mg∙l
-1

. First, 

single cuvette with solution has been shaken for 1 - 2 min, then 2 ml of filtered wastewater 

was added and then, once again, the cuvette with wastewater was shaken for 1 - 2 min. 

During the shaking the solution inside the cuvette was warmed up. After several minutes the 

cuvette with solution and wastewater was put inside the thermostat (HT 200 S) and adjusted 

for 15 min on the temperature of 170 °C. After cooling to the temperature around 70 °C, it 

was obligatory to shake the sample well once again and to put on room temperature. Finally, 



75 

 

COD determination was performed using DR 2800™ Portable Spectrophotometer. The result 

of COD was expressed in mg∙l
-1

 O2. 

 

4.2.8.3. Internal resistance of MFC  

 

Internal resistance is the main parameter which was used in measuring the MFC 

system response. As other real batteries, MFC reactors are made of materials which posses 

non-zero resistances. Furthermore, it is obvious that MFC systems are not just pure voltage 

source, having their own resistance, called internal resistance. Incidentally, a pure voltage 

source is usually referred to as an emf (which stands for electromotive force, ε). Of course, 

emf is measured in units of volts [158]. MFC can be modelled as an emf connected in series 

with a resistor Ri, which represents its internal resistance. A schematic draw of the electrical 

circuit is presented in the Figure 30.                                     

 

                                                                                               

                            I 

 

 

 

 

 

 

 

 

 

              Vout= V - I·RL                                                                   

Figure 30:  Internal resistance as the main parameter for MFC quality [158]  

 

The internal resistance of the MFC was determined changing the load resistor (R) and 

measuring the voltage drop. The current flowing through the system was calculated according 

to the Ohms law (I=U/R). Then the power was determined as P=U
2
/R. The internal resistance 

of the system was determined as a maximum of the power density vs. current density 

dependence. At that point the internal resistance is equal to the load resistance.  

 

 

Rinternal 

A 

  
RL V 
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Procedure of the experiment 

 

The first step was to remove the fixed resistor which was used during the running of 

the MFC. The resistor was removed from the wire connection point located between the 

temperature oven and data acquisition system. Cable colours form the MFC reactor need to 

correspond with colours on the wire connection point. After removing the resistor it was 

attached resistance box prior adjusted on the same value as the used fixed resistor. Parallelly, 

with the resistance box, it was attached multimeter to measure the potential. It was tested the 

voltage obtained by changing the value of resistance on the resistance box. During the 

changing of the resistance it is obligatory to wait a little bit until the new value of voltage is 

stable, and before shifting to a new resistance. The resistance needs to be changed from the 

biggest to the smallest values. It was tested voltage response of the system using following 

value of resistance and order: 50 kΩ, 20 kΩ, 8 kΩ, 5 kΩ, 3 kΩ, 2 kΩ, 1 kΩ, 700 Ω, 500 Ω, 

400 Ω, 300 Ω, 250 Ω, 200 Ω, 150 Ω, 120 Ω, 70 Ω and 30 Ω. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

4.2.8.4. Collecting data and calculations  

 

MFC reactor, as mentioned above, was connected to the data acquisition system 

(DAQ), gathering and filtering data important for further calculations. The software, which 

was operated in Red hat Linux operating system have been developed in Risø DTU. 

The program was made for constantly measuring and collecting voltage data during MFC 

running. After completion of the process, from evaluated voltage (V) and using Ohms law, it 

was calculated current (I, (A)), power (P, (W)), current density (C.D., (A∙m
-2

)), power density 

(P.D., (W∙m
-2

)) and charge (Q, (C)). Charge is defined as integrated value of current during 

the time, and represents real number of produced electrons during the time (see Table 15). 

Next table below contains all used formulas. Also Coulombic efficiency, as a reliable 

parameter for determining MFC quality, was calculated in those experiments. It was 

calculated by integrating the measured current during the time (referred to charge) relative to 

the theoretical current based on the consumed carbon source [24]. 

 

Table 15:  Basic formulas used in electrotechnics  

  

Ohm law I(A) = U(V) / R(Ω) 

Power P(W) = I(A)∙U(V) = I
2
∙R = U

2 
/ R 

Current density  C.D.( A∙m
-2

) = I(A) / A(m
2
) 

Power density P.D.( W∙m
-2

) = P(W) / A(m
2
) 

Charge Q(C) = I(A) / t(s) 

Coulombic efficiency  CEff(%) = Cexperimental/Ctheoretical  
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 Cexperimental is equivalent with obtained charge for each individual batch. Ctheortical 

represents theoretically the maximal amount of electrons, which can be produced after 

substrate consumption. It was calculated using following equation: 

 

Ctheoretical = c(substrate)∙V∙F∙ν, [C]  

 

In this equation, c(substrate) is a concentration of additional substrate (acetate, waste or 

technical glycerol – (mol∙l
-1

), V represents volume in anode compartment (V = 0.22 l), F is 

Faraday‟s constant of 96 485 C∙mol
-1

 of e
-
, and finally ν is a number of produced electrons 

after degradation of 1 mol of substrate. For experiments with acetate, value of ν is 8 e- per 

mol of substrate, and for technical glycerol this value is 14 e
-
 (see reactions in chapter 2.2.1.). 

It was assumed that for experiments with waste glycerol ν was the same as in the case of 

technical glycerol. Other compounds present in waste glycerol that could potentially influence 

the total value of Coulombic efficiency were not taken in consideration.  

 

4.2.8.5. Measuring the amount of residual substrate during the MFC running 

 

It is of enormous importance to measure residual substrate (acetate, glycerol) in the 

anode solution during the experiment. From that point, it can be clearly expected gradually 

decreasing the concentration of additional substrate in MFC. At defined time (when internal 

resistance of the system was measured) the samples were taken from the MFC reactor and 

freezed until further analysis.  

First, the pH value of the anode sample was adjusted to 2 - 2.3 with H2SO4. 

Thereafter, the solution was centrifuged with 3 000 min
-1

 for 10 min. Obtained supernatant 

was separated and analyzed for acetic acid, glycerol, propionic acid, glycolic acid, formic acid 

and ethanol using external calibration with standard solutions. The HPLC-system with 

refractive index detector (Shimadzu Corp., Kyoto, Japan) was used. The Rezex ROA column 

(Phenomenex, USA) was heated to 63 °C and equilibrated, using 4 mM H2SO4 as eluent with 

a flow rate of 0.6 ml∙min
-1

.  
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5. RESULTS AND DISCUSSION  

 

 

All tested red yeasts strains (except cultivations in fermentor and co-cultivation 

experiments) were grown in 500 ml Erlenmeyer flasks for 96 h with permanent lighting and 

shaking. The growth curve of R. glutinis as well as other studied red yeast exhibited similarly 

typical two-phase character with prolonged stationary phase probably due to the ability of the 

yeast cells to utilize lipid storages formed during growth as an additional energy source [2], 

when limited substrate were depleted or vanished from culture broth. 

The production of carotenoids during growth fluctuated and some local maxima and 

minima were observed. The maximum of β-carotene production was obtained in all strains in 

stationary phase after about 80 hours of cultivation. Cultivation in production media in the 

presence of some stress factors or using waste substrates (e.g. waste glycerol) is 

recommended to carry out to first production maximum (about 80 - 90 hours) to eliminate 

potential growth inhibition caused by nutrient starvation or some toxic effects of stress [2]. 

 Carotenoid pigments and ergosterol extracted from yeast cells cultivated on technical 

and waste glycerol were individually identified and quantified by RP-HPLC/UV-VIS. 

The concentration of β-carotene was quantified using external standard, constructing 

appropriate calibration curve with well-known concentration of β-carotene standard, and 

using following formula: A (mV∙s) = 6.742 ∙ cβ-carotene (µg∙ml
-1

) (R
2 

= 0.995).  

Total carotenoids have been calculated and determined approximately as a sum of 

peaks area of other known carotenoids (torulene, torularhodin, lycopene and β-carotene) 

within 20 min of sample elution and using calibration curve for β-carotene. Ergosterol was 

analyzed in the same filtered extract as carotenoids using appropriate external standard of 

ergosterol and constructing calibration curve: A (mV∙s) = 36.63 ∙ cergosterol (µg∙ml
-1

) 

(R
2 

= 0.998).   

 Amounts of carotenoids and ergosterol obtained after cultivation of red yeasts on 

wheat straw, liquid and solid fraction after hydrothermal pre-treatment of straw, in bioreactor 

and in experiments with co-cultivations have been identified by RP-HPLC/PDA. 

The beta carotene concentration as well as total carotenoids concentration was determined 

from next formula defined as a slope founded by linear regression, A (mV∙s) = 17 480 ∙ cβ-

carotene (µg∙ml
-1

) (R
2
 = 0.996). Also, ergosterol was determined similarly using following 

formula extracted from calibration curve, A (mV∙s) = 76 993 ∙ cβ-carotene (µg∙ml
-1

) (R
2 
= 0.994). 
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5.1. Cultivation on technical glycerol (in Erlenmeyer flasks) 

 

5.1.1. Biomass production and cell morphology  

 

   After 96 h of cultivation, the culture was further used for determing the biomass 

(expressed as g∙l
-1

; see Methods). Cell density was determined by measuring turbidity using a 

spectrophotometer at wavelength 630 nm and correlated to dry cell weight (CDW). The dry 

cell mass concentration was determined from the optical density reading by using the 

following equation for different strains:  

 

 Rhodotorula glutinis: A630 = 0.1974∙CDW (g∙l
-1

) – 0.0234  

 Rhodotorula aurantiaca: A630 = 0.2047∙CDW (g∙l
-1

) – 0.0184 

 Rhodotorula mucilaginosa: A630 = 0.229∙CDW (g∙l
-1

) – 0.0000   

 Cystofilobasidium capitatum: A630 = 0.1669∙CDW (g∙l
-1

) – 0.1884  

 Sporobolomyces roseus: A630 = 0.2421∙CDW (g∙l
-1

) – 0.0488   

 Sporobolomyces shibatanus: A630 = 0.2047∙CDW (g∙l
-1

) – 0.0184   

 Sporobolomyces salmonicolor: A630 = 0.2047∙CDW (g∙l
-1

) – 0.0184    

 

Biomass yields in glucose medium (control) were in most of the strains relatively 

similar (from 7.5 to 9.5 g∙l
-1

), the highest biomass production was observed in C. capitatum 

(13.07 g∙l
-1

). Substantially lower biomass was repeatedly found in S. roseus.  

 All tested strains were able to utilize technical glycerol as the only carbon source. 

The biomass production, when cultivated on pure technical glycerol, was less or more equal 

with control. R. glutinis and C. capitatum produced the highest biomass amount in medium 

with pure technical glycerol, 10.18 g∙l
-1

 and 10.02 g∙l
-1

, respectively (Table 16 and Figure 31). 

Those strains as well as S. salmonicolor and R. aurantiaca also produced relatively high 

biomass amount using other ratio of glycerol and glucose concentration in the medium. 

Cultivating in presence of 25 % w/w (75 % was formed by glucose) of technical glycerol as a 

carbon source, the highest amount of biomass was produced in R. glutinis followed by 

R. aurantiaca and S. salmonicolor, 9.72 g∙l
-1

, 9.09 g∙l
-1

, 8.87 g∙l
-1

. It can be concluded that the 

average yield of biomass cultivated on technical glycerol in all combined glycerol/glucose 

media didn‟t passed above 10 g∙l
-1

. From other side, S. roseus has been represented as a strain 

that produced the smallest amount of biomass. 

Similar yields of biomass in glycerol, mixed glycerol/glucose as well as glucose 

medium were observed in all studied strains, thus, glycerol could be considered as valuable 

carbon source usable to replacement of glucose in yeast cultivation media. 
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Table 16:  Biomass production by several carotenogenic yeasts cultivated on medium 

enriched with technical glycerol as carbon source 

dry 

biomass 

(g∙l
-1

) 

100% 

technical 

glycerol 

75% 

technical 

glycerol 

50% 

technical 

glycerol 

25% 

technical 

glycerol 

0% technical glycerol –

control 

RG 10.18 9.72 9.68 9.72 9.33 

RA 9.09 9.05 9.04 9.09 8.77 

RR (RM) 9.00 8.49 8.58 7.83 8.05 

CC 10.02 9.39 9.06 7.49 9.93 

SR 4.20 4.87 5.40 5.50 5.49 

SSh 7.33 7.84 8.09 7.10 7.31 

SSa 9.37 9.21 8.67 8.87 9.20 

 

 

 
Figure 31:  Biomass production by several carotenogenic yeasts cultivated on medium 

enriched with technical glycerol as carbon source 

 

From the microscopic photographs below (see Figure 32) it is evident that cell 

morphology of R. glutinis, S. salmonicolor and S. shibatanus was not substantially influenced. 

The cells are more round-shaped and bigger using glycerol as a sole carbon source. 

Furthermore, it can be noticed that during the cultivation in basic glucose medium, after 4 day 

of cultivation all red yeasts cells were (less or more) entered into a phase of dying.  

Gradual addition of glycerol in the medium (25%, 50%, 75% and 100% pure technical 

glycerol as unique carbon source) led to some cell adaption effects, e.g. prolongation of 

stationary phase, avoiding premature extinction of yeasts cell. In S. roseus, cultivated on basic 

control medium, it could be observed elongated shape of cells which started to form 

ballistoconidia. This strain also indicates dimorphism, having yeast like cells and cells with 
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elongated or hyphal forms depending on growth conditions. When cultivated on glucose for 

96 h, dead cells cannot be observed like in other carotenogenic yeasts. Using glycerol as a 

carbon source, much longer asexual ballistoconidia than in basic glucose medium were 

formed, but cells were much reduced and spindly shaped. It can be also concluded that 

S. roseus relatively slowly utilized carbon source in comparison to other red yeast strains, 

where dead cells were predominant.  

 

 

                            
                                                                                RG   TECH. GLYCEROL 100%            RG    TECH.GLYCEROL 50%            RG TECH.GLYCEROL 25%                   RG CONTROL 

                 
                                           SR   TECH.GLYCEROL 100%              SR TECH.GLYCEROL 75%                SR TECH.GLYCEROL 50%                   SR TECH.GLYCEROL 25%                          SR CONTROL 

                 
                                          SSa   TECH. GLYCEROL 100%            SSa TECH. GLYCEROL 75%                 SSa TECH. GLYCEROL 50%            SSa TECH.  GLYCEROL 25%                 SSa  CONTROL 

                                          

                                           SSh   TECH. GLYCEROL 100%        SSh  TECH.  GLYCEROL 75%               SSh  TECH.  GLYCEROL 50%          SSh  TECH. GLYCEROL 25%                      SSh CONTROL 

Figure 32:  Microscopic pictures of several carotenogenic yeasts cultivated on technical 

glycerol 
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5.1.2. Carotenoids and ergosterol production 

 

5.1.2.1. Optimization of cultivation time for carotenoid and ergosterol production 

 

In order to compare the production of β-carotene, ergosterol and total carotenoids 

during 3 and 4 days of cultivations, R. glutinis was used as an example and model for 

cultivation either on pure technical glycerol or on glycerol/glucose mixture of different mass 

ratio. From chromatograms (Figure 33) and data in Table 17, it is clear that higher production 

of total carotenoids as well β-carotene was gained when R. glutinis was cultivated for 

96 hours, instead of 72 hours. In 4-days period 4 times higher amount of total carotenoids and 

β-carotene was produced when compared with the yields of 3 day cultivation on pure 

technical glycerol. Similar increase was found in case of ergosterol. With respect to the 

obtained results, all further cultivations of carotenogenic yeasts in production media were held 

for 96 h. 

 

Table 17:  Metabolite production during 72 h and 96 h  

cultivated on technical glycerol (R. glutinis) 

 glycerol 100% glycerol 50% glycerol 25% 

72 h 96 h 72 h 96 h 72 h 96 h 

ergosterol (mg∙g
-1

 biomass) 

 

 

2.16 

 

3.10 

 

1.68 

 

0.77 

 

1.26 

 

2.96 

β-carotene (mg∙g
-1

 biomass) 

 

 

0.11 

 

0.43 

 

0.12 

 

0.78 

 

0.09 

 

1.20 

total carotenoids (mg∙g
-1

 biomass)   

0.23 

 

 

0.87 

 

0.22 

 

1.10 

 

0.13 

 

1.94 

 

 

 

a 
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Figure 33:  Overproduction of carotenoids (a, b) and ergosterol (c) cultivating R. glutinis  

on technical glycerol for 72 h and 96 h  

 

In the figure above (scheme (a)) pure technical glycerol was used as a carbon source. 

It is clear that production of carotenoids was much greater when R. glutinis was cultivated for 

96 hours. Similar results were obtained in medium containing glucose: glycerol mixture 1:1 

(scheme (b)).  Ergosterol production (scheme (c)) was also higher when cultivated for 

96 hours compared with the yield after 72 hours.  

According to the previous results of a comparative stress study obtained using several 

carotenogenic yeasts [142], especially strains of the genus Rhodotorula (mainly R. glutinis) 

were shown as good producers of carotenoids, sterols and biomass in optimal conditions as 

well as under exogenous stress. Thus, in this work the influence of nutrition/osmotic stress on 

biomass, pigment and ergosterol production using both traditional and non-traditional red 

yeast strain was studied in detail.  

Typical HPLC chromatograms of carotenoids present in yeast cell extract (96-hour 

cultivation in the production medium) is presented in Figure 33. The main pigment produced 

by stationary cells was identified as β, β-carotene; further pigments were identified as 

torularhodin alcohol, torularhodin, torulene and lycopene [159]. Quantitative analysis was 

done for β-carotene only and total carotenoids were expressed using β-carotene calibration 

b 

c 
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curve (see Methods). Ergosterol was observed partly as the additional parameter of biomass 

quality and also to monitor the competition of two specialized branches of isoprenoid 

pathway, which is used for the biosynthesis of both carotenoids and sterols. Production of 

ergosterol was influenced externally by similar way to the production of beta-carotene – 

increased production of pigments was in all red yeasts accompanied with increased 

production of ergosterol [160]. Both metabolites are probably involved in red yeast stress 

response. Carotenoids act as antioxidants and may prevent cells or cell membranes against 

negative effects of increased oxidative stress, while ergosterol as an integral component of 

yeast cell membranes could contribute to stress-induced membrane rearrangement [161]. 

 

5.1.3. Ergosterol production 

 

Ergosterol, one of the most crucial components in fungal membranes, is involved in 

numerous biological functions, such as membrane fluidity regulation, activity and distribution 

of integral proteins and control of the cellular cycle [161]. 

Ergosterol production in most of strains increased when cultivated on technical 

glycerol in comparison with control. The biggest amount of provitamine D, cultivated on pure 

technical glycerol, was found in S. roseus strain, 5.21 mg∙g
-1

 CDW. In other combination of 

technical glycerol and glucose, the S. roseus strain, accompanied with S. shibatanus exhibited 

higher yield of ergosterol in comparison with control. In the glucose/glycerol ratio 3:1 the 

best ergosterol producer was S. salmonicolor (9.86 mg∙g
-1

), followed by S. roseus and 

C. capitatum (3.78 mg∙g
-1

 3.89 mg∙g
-1

, respectively). In Table 18 values of ergosterol 

production in individual strains cultivated on glycerol are documented.  
 

 

Table 18:  Ergosterol production by several carotenogenic yeasts cultivated on medium 

enriched with technical glycerol as carbon source 

ergosterol 

(mg∙g
-1

 biomass) 

100% 

technical 

glycerol 

75% 

technical 

glycerol 

50% 

technical 

glycerol 

25% 

technical 

glycerol 

0% technical 

glycerol -control 

RG 0.44 3.39 0.67 2.69 1.71 

RA 1.32 2.02 1.03 2.54 2.34 

RR (RM) 1.16 1.45 1.48 1.87 1.68 

CC 0.95 2.70 1.68 3.89 2.42 

SR 5.21 2.12 2.68 3.78 2.08 

SSh 1.32 2.37 2.24 2.91 1.31 

SSa 1.25 2.59 3.06 9.86 5.70 

 

In general, considering composition of utilized carbon source, as the best 1:3 ratio of 

technical glycerol and glucose (in advance to glucose) was found. Mixtures with 

glycerol/glucose of 3:1 ratio in advance to pure glycerol exhibited also descent yields of 

ergosterol (see Figure 34). 
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Figure 34:  Ergosterol production by several carotenogenic yeasts cultivated on medium 

enriched with technical glycerol as carbon source 

 

 

5.1.4. Carotenoids production 

 

Pigments production was accompanied with biomass production in all strains except 

in S. roseus, where invert relationship was found. The main pigments (the sum is defined as 

total carotenoids) found in the yeasts extracts include several representative carotenoids such 

as torularhodin, torulene, lycopene and β-carotene. Beta carotene was determined individually 

by RP-HPLC using external standard, total carotenoids were expressed according to Methods 

(see chapter 4.2.7.3.). 

The main pigment produced by red yeasts is beta-carotene. In S. roseus, R. glutinis 

and S. salmonicolor cultivated on glycerol, β-carotene yield more than 1 mg∙g
-1

 CDW was 

found. All other analyzed strains including controls exhibited lower values, around 0.5 mg∙g
-1

 

of beta carotene or less. The highest beta carotene producer was S. roseus, with 2.63 mg∙g
-1

 

cultivated in medium with 25 % w/w of technical glycerol (see Table 19).  
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Table 19:  Production of β-carotene by several carotenogenic yeasts cultivated on medium 

enriched with technical glycerol as carbon source 

β- carotene 

(mg∙g
-1 

biomass) 

100% 

technical 

glycerol 

75% 

technical 

glycerol 

50% 

technical 

glycerol 

25% 

technical 

glycerol 

0% technical 

glycerol –control 

RG 0.43 1.34 0.78 1.20 1.54 

RA 0.03 0.14 0.22 0.18 0.17 

RR (RM) 0.04 0.11 0.48 0.44 0.36 

CC 0.08 0.12 0.16 0.31 0.23 

SR 0.56 0.27 1.52 2.63 1.72 

SSh 0.04 0.18 0.41 0.53 0.27 

Ssa 0.14 0.16 0.17 1.09 0.44 

 

 

 
Figure 35:  Production of β-carotene by several carotenogenic yeasts cultivated on medium 

enriched with technical glycerol as carbon source 

 

Some strains (mainly Rhodotorula sp. and C. capitatum) can further change about 

50 % of beta-carotene to more oxidized derivatives as torulene and torularhodin, while 

Sporobolomyces strains (except S. roseus) form probably other types of pigments. 

Production of beta-carotene exhibited similar trends as production of total pigments. 

Using pure technical glycerol substrate some changes in pigment distribution were observed. 

In Rhodotorula sp. these changes were only marginal, while substantial increase of beta-

carotene ratio in total pigments was observed in S. roseus – practically the whole mass of total 

pigments is represented by beta-carotene. In C. capitatum and S. shibatanus some decrease in 

beta-carotene content in comparison to total pigments was observed (see Figures 35 and 36).  
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Table 20:  Total carotenoids production by several carotenogenic yeasts cultivated on 

medium enriched with technical glycerol as carbon source 

total carotenoids 

(mg∙g
-1 

biomass) 

100% 

technical 

glycerol 

75% 

technical 

glycerol 

50% 

technical 

glycerol 

25% 

technical 

glycerol 

0% technical 

glycerol -control 

RG 0.87 2.08 1.10 1.94 2.34 

RA 0.05 0.20 0.25 0.23 0.22 

RR (RM) 0.10 0.27 1.14 0.94 0.69 

CC 0.32 0.60 0.48 0.78 0.54 

SR 0.56 0.32 2.13 3.60 2.34 

SSh 0.06 0.27 0.54 0.78 0.40 

SSa 0.59 0.45 0.49 2.85 1.17 

 

R. glutinis and S. roseus gave highest total pigments content, giving 3.60 mg∙g
-1

 in 

S. roseus and using medium containing 25 % w/w of technical glycerol (Table 20). 

Also glucose/glycerol medium 3:1 can be considered as well-balanced carbon source for 

carotenoids and ergosterol production. 

 

 
Figure 36:  Total carotenoids production by several carotenogenic yeasts cultivated 

on medium enriched with technical glycerol as carbon source 

 

5.2. Cultivation on waste glycerol 

 

Experiments performed in previous part of this thesis were focused on potential use of 

pure glycerol as a potential carbon source for red yeasts. The obtained results could be used as 

a comparison to following experimental part, in which waste (= crude) glycerol from 
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biodiesel production was used as an additional carbon source for red yeast cultivation. 

After evaporation and concentrating of glycerine water, crude glycerol in the form of 

yellowish liquid was obtained. This preparative was less viscous than technical glycerol and 

exhibited characteristic odour corresponding to grain from which the biodiesel was produced. 

Without further treatment (for instance pH adjustment), waste glycerol obtained from tank-

farm in biodiesel plant was directly used to several series of cultivation. As in the series with 

technical glycerol, red yeasts were cultivated using the same cultivation scheme as in the case 

of technical glycerol (see Methods, Chapter 4.2.1.4.). Beside glycerol (83.72 %), waste 

glycerol contained also water (6.77 %), ash/NaCl (6.5 %) and MONG (1.58 %). 

As mentioned before, MONG symbolizes an abbreviation of a variety of other different 

organic matters which are defined as non-glycerol and can be found in crude glycerol: catalyst 

residue (sodium-methylate in methanol), free fatty acids, mono-, di- and triglycerides, 

methyl esters or biodiesel residues and methanol residues.  

Further study was focused on a comparison of growth and production properties of 

selected red yeast strains (including non-traditional ones) when cultivated on waste glycerol 

substrate. Crude/waste glycerol is generated as a high-volume co-product of biodiesel 

production. There has been a recent worldwide increase in the production of biodiesel, which 

has resulted in an abundance of crude glycerol. This has turned a once valuable by-product for 

biodiesel producers into a waste stream and has negatively impacted the economic viability of 

current biodiesel production processes. 

The aim of this work was to find strains suitable for industrial use of cheap simple 

medium with waste glycerol as a carbon source for production of enriched yeast biomass (e.g. 

for feed industry) and specific yeast metabolites – mainly carotenoids. 

 

5.2.1. Biomass production and cell morphology  

 

Biomass obtained during cultivation on waste glycerol is in general greater than on 

technical glycerol using all combinations of glycerol and glucose in the medium. Once again, 

as cultivated on technical glycerol, S. roseus was demonstrated low amount of biomass in 

comparison to the other carotenogenic strains. Oppositely, Rhodotorula sp. and 

Cystofilobasidium sp. confirmed the biggest amount of dry biomass. From Rhodotorula 

strains, the highest yield (14.6 g∙l
-1

) was obtained in R. mucilaginosa when cultivated on 

waste glycerol as the main carbon source. C. capitatum produced in all media the highest 

quantity of biomass (Table 21 and Figure 37). From data presented in Table 21 it can be 

assumed that each mixture of glucose/waste glycerol in growing medium led to higher 

biomass production in comparison with glucose/ technical glycerol (see above). This effect 

could be probably associated with presence of some other nutrition sources and factors in 

waste glycerol, which can influence growth and metabolic activity of red yeasts. Differences 

in utilization of glycerol and glucose are probably interconnected with different yeast 

transport systems for glucose and glycerol as well as with some stress role of glycerol in red 

yeast metabolism [142].  
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Table 21:  Biomass production by several carotenogenic yeasts cultivated on medium 

enriched with waste glycerol obtained as by product form biodiesel plant 

dry biomass 

(g∙l
-1

) 

100% 

waste 

glycerol 

75% 

waste 

glycerol 

50% waste 

glycerol 

25% waste 

glycerol 

0% waste glycerol –

control 

RG 13.36 13.42 12.83 12.38 9.71 

RA 13.28 13.50 11.59 11.30 13.35 

RR (RM) 14.61 10.98 10.83 10.37 12.01 

CC 12.98 14.58 14.04 10.81 15.80 

SR 1.42 3.62 6.37 7.61 8.32 

SSh 10.90 10.44 10.16 10.92 11.74 

SSa 9.75 9.15 9.40 9.76 11.55 

 

 

In this study, 4 % glucose and glycerol medium, respectively, was used for cultivation 

in flasks. In some studies higher crude glycerol concentrations were used, mainly when 

cultivations were performed in fermentor – e.g. 8.5 % [162]. In other studies lower glycerol 

amounts (3–5 %) were applied [163] and biomass production was similar or lower than in this 

work. As a nitrogen source 0.5% ammonium sulphate was used according to cultivation 

procedure in cheap mineral medium optimized previously [142]. Amonium sulphate in range 

of 0.2 to 0.8% was used for R. glutinis and S. roseus cultivation. We observed that production 

of biomass and pigments increased with growing amonium sulphate content up to 0.5 %; 

higher concentration in medium exhibited no further influence on production properties of 

red yeasts.  

The molar ratio of C/N in mineral glucose medium was 57, in technical and waste 

glycerol about 56. Lower concentration of glycerol in waste preparative (83,2 %) did not 

influence final C/N molar ratio in waste glycerol medium because of presence of additional 

nitrogen (0.04 g∙kg
-1

; analysed by Kjeldahl method). In fact, all cultivations (on glucose and 

both glycerol types) were performed in media with very similar C/N ratio. The reason why 

production of biomass was the highest in waste glycerol medium could be associated with 

presence of some additional organic activators in waste glycerol, or, more probably, with the 

content of NaCl in ash portion of crude glycerol (about 6.5 %; see previous chapter). 

Previously was described a positively influence of mild salt stress on biomass and metabolite 

production in red yeasts [142, 161].  

Similar type of crude glycerol (a by-product of biodiesel plants) as the sole carbon 

source for concomitant production of lipids and carotenoids by oleaginous red yeast 

Rhodotorula glutinis TISTR 5159 was used in another study too [162]. Addition of 

ammonium sulfate as a nitrogen source and Tween 20 as a surfactant increased the 

accumulation of lipids and carotenoids. Among the factors investigated using response 

surface methodology, the C/N ratio contributed a significant effect on biomass, lipid content 

and production of carotenoids. The optimum conditions for biomass production were: 

glycerol concentration of 8.5 % and C/N ratio of 60, which is quite similar as in presented 

study.  
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Figure 37:  Biomass production by several carotenogenic yeasts cultivated on medium 

enriched with waste glycerol obtained as by product form biodiesel plant 

 

Carotenogenic yeasts exhibited better growth properties on waste glycerol, in general, 

than on technical glycerol. It seems that specific composition of waste glycerol played 

probably a key role in the yeasts metabolism. Also different batch of produced waste glycerol 

in the same biodiesel plant could give different ratio of presented glycerol and other 

accompanying compounds and, hence, different cultivation conditions for enriched biomass 

production. Furthermore, various biodiesel technologies could also give also wide spectrum 

of different types of “waste glycerol” which indirectly affect for red yeasts cultivation.   

 In experiments with waste glycerol morphological changes of carotenogenic yeasts 

have been also observed (Figure 38). Like in the experiments with technical glycerol, control 

cells, and in some cases cells cultivated for 96 hours in medium with 25 % of waste glycerol, 

were less or more in late stationary phase, with visible colonies of dead cells in microscopy 

preparatives. After 96 h cultivation on waste glycerol alone and in medium containing 75 % 

of waste glycerol dead cells were not found like in control. It seems that adaptation to waste 

glycerol as alternative carbon source did not launched mechanisms for cell dying or apoptosis, 

and nutrients were not exhausted yet. The cells have become more rounded and bigger, 

especially in R. glutinis and R. aurantiaca. Once again in S. roseus, formation of 

blastoconidia was noticed in all media except control media. 
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       RG  WASTE GLYCEROL 100%              RG WASTE GLYCEROL 75%              RG WASTE GLYCEROL 50%                RG WASTE GLYCEROL 25%                       RG  CONTROL 

     
          RA WASTE GLYCEROL 100%             RA WASTE GLYCEROL 75%            RA WASTE GLYCEROL 50%                   RA WASTE GLYCEROL 25%                   RA CONTROL 

     
      RR WASTE GLYCEROL 100%               RR WASTE GLYCEROL 75%             RR WASTE GLYCEROL 50%                  RR WASTE GLYCEROL 25%                     RR CONTROL 

     
 CC WASTE GLYCEROL 100%                    CC WASTE GLYCEROL 75%               CC WASTE GLYCEROL 50%                 CC WASTE GLYCEROL 25%                    CC CONTROL 

     
   SR WASTE GLYCEROL 100%                  SR WASTE GLYCEROL 75%           SR WASTE GLYCEROL 50%                      SR WASTE GLYCEROL 25%                    SR CONTROL 

     
   SSh WASTE GLYCEROL 100%                SSh WASTE GLYCEROL 75%          SSh WASTE GLYCEROL 50%                    SSh WASTE GLYCEROL 25%                    SSh CONTROL 
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   SSa WASTE GLYCEROL 100%              SSa WASTE GLYCEROL 75%             SSa WASTE GLYCEROL 50%                 SSa WASTE GLYCEROL 25%                   SSa CONTROL 

 

Figure 38:  Microscopic pictures of several carotenogenic yeasts  

cultivated on waste (crude) glycerol 

 

5.2.2. Ergosterol production  

 

In some strains production of ergosterol was better on glucose when compared with 

both technical and waste glycerol medium, the other strains (S. roseus, R. aurantiaca and 

S. salmonicolor) produced increased amounts of ergosterol. Sterols production, like in the 

case of utilizing technical glycerol, was increased in S. roseus. Even 15 times increase of 

ergosterol concentration was found cultivating this yeast in medium containing 75 % of waste 

glycerol (see Table 22 and Figure 39). Utilizing the medium with waste glycerol/glucose ratio 

1:1 the yield was 12.01 mg∙g
-1

 which is quite higher than on technical glycerol, where 

maximum yield of ergosterol was obtained in 25% technical glycerol medium 

(S. salmonicolor, 9.86 mg∙g
-1

). In other strains ergosterol was also overproduced depending of 

carbon source composition. Using medium enriched with the same concentration of glycerol 

and glucose the best yield of ergosterol was obtained in R. mucilaginosa and S. salmonicolor, 

accompanied with 25 % of waste glycerol. Considering both glycerol media, the best 

glycerol/glucose ratio 1:3 was found. Also media with glycerol/glucose 1:1 and 3:1 in were 

found as better for sterol production than using pure glycerol, either technical or waste.  

 

Table 22:  Ergosterol production by several carotenogenic yeasts cultivated on medium 

enriched with waste glycerol obtained as by product form biodiesel plant 

ergosterol 

(mg∙g
-1

 biomass) 

100% waste 

glycerol 

75% waste 

glycerol 

50% waste 

glycerol 

25% waste 

glycerol 

0% waste glycerol -

control 

RG 1.82 1.38 1.83 2.76 7.18 

RA 3.72 4.47 2.02 1.88 0.44 

RR (RM) 0.76 3.16 3.59 1.86 2.86 

CC 1.43 2.31 2.70 4.63 2.92 

SR 6.08 15.00 12.01 7.77 0.95 

SSh 1.45 2.77 2.69 3.73 2.84 

SSa 1.63 4.38 6.15 4.74 2.91 

 

In some strains technical glycerol was noticed as better carbon source for ergosterol 

production than waste glycerol. It seems that ergosterol production is directly interconnected 

with its important role in stress response. In our previous studies we have found that 

depending on strain and stress type some stress factors led to changes of carotenoid and 
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ergosterol production [142, 155, 161]. While carotenoids are produced mainly as antioxidants, 

ergosterol could participate in stress exposed membrane remodeling. Glycerol is also 

considered as one of yeast stress metabolites. Because of potential cross-protection 

mechanisms some competition between individual stress metabolites production and/or their 

presence in cultivation medium (including activation of membrane transport mechanisms) 

could occur.  This is probably the reason why tested strains utilize glycerol by different way 

and why pure glycerol led to different response than crude (waste) glycerol containing 

additional substances. 

 

 
Figure 39:  Ergosterol production by several carotenogenic yeasts cultivated on medium 

enriched with waste glycerol obtained as by product form biodiesel plant 

 

5.2.3. Carotenoids production  

 

Overall yield of carotenoids is directly related to the total biomass yield [2]. 

In presented study, pigments production was accompanied with biomass production in all 

strains except in S. roseus, where invert relationship between production of biomass and 

carotenoids was found. The main pigments that were found and isolated were torularhodin, 

torulene, lycopene and beta-carotene, which were defined and expressed as total carotenoids 

[161]. Beta-carotene was evaluated individually and compared with total carotenoid 

production. Waste glycerol was found as very promising substrate for carotenoids production. 

Beta carotene overproduction was also found, once again, in S. roseus strain, obtaining more 

than 2 mg∙g
-1 

(Table 23). Unfortunately, S. roseus is typical by extremely low biomass 

production; so, this strain could not be recommended for industrial applications. Similarly to 

biomass production, also in this case further detailed study is needed for understanding effects 
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of simultaneous presence of glucose and glycerol in medium on induction of pigment 

production. Because of potential cross-linked function of glycerol and carotenoids in stress 

response of red yeasts probably more stress mechanisms are involved in this processes 

[95, 142].  

Also other strains such as R. aurantiaca and S. shibatanus passed the yield of beta-

carotene 1 mg/g of CDW when 25% waste glycerol was used (see Figure 40). 

Observing individual medium composition, as the best waste glycerol portion for beta 

carotene as well as total carotenoids production 25% was found. In the Table 23 obtained 

concentrations of beta carotene in red yeasts biomass are presented. 

 

Table 23:  Production of β-carotene by several carotenogenic yeasts cultivated on medium 

enriched with waste glycerol obtained as by product form biodiesel plant 

β- carotene 

(mg∙g
-1 

biomass) 

100% waste 

glycerol 

75% waste 

glycerol 

50% waste 

glycerol 

25% waste 

glycerol 

0% waste glycerol –

control 

RG 0.39 0.34 0.30 0.52 1.01 

RA 0.26 0.46 0.84 1.08 0.49 

RR (RM) 0.15 0.56 0.51 0.38 0.58 

CC 0.20 0.40 0.52 0.10 0.27 

SR 0.69 1.66 2.05 2.07 0.59 

SSh 0.25 0.44 0.78 1.16 0.52 

Ssa 0.24 0.21 0.55 0.35 0.64 

 

The amounts of total carotenoids represented as approximately value of all other 

pigments (see Methods) were less or more 1.5 - 2 times higher than beta carotene 

concentration. Production of total carotenoids on glucose was in most of tested strains higher 

than on both technical and waste glycerol. Waste glycerol was probably better carbon source 

for pigment production than technical glycerol. Addition of glucose to glycerol medium led in 

some strains and ratios to increased production of pigments than in control – mainly in 

medium with glucose/waste glycerol 1:1, in which about 2x higher total pigment production 

was observed in R. aurantiaca and C. capitatum. In medium with glucose/waste glycerol 3:1 

about 3x higher pigment production was observed in S. roseus (Table 24). 

 

Table 24:  Total carotenoids production by several carotenogenic yeasts cultivated on 

medium enriched with waste glycerol obtained as by product form biodiesel plant 

total carotenoids 

(mg∙g
-1 

biomass) 

100% waste 

glycerol 

75% waste 

glycerol 

50% waste 

glycerol 

25% waste 

glycerol 

0% waste glycerol -

control 

RG 0.58 0.73 0.56 1.08 2.09 

RA 0.38 0.62 1.20 1.80 0.86 

RR (RM) 0.24 1.47 1.02 0.94 1.44 

CC 0.64 1.07 1.35 0.25 0.77 

SR 0.69 1.66 2.05 2.56 0.71 

SSh 0.40 0.62 1.11 1.68 0.90 

SSa 0.90 0.59 1.71 1.15 1.77 
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Figure 40:   Production of β-carotene by several carotenogenic yeasts cultivated on  

medium enriched with waste glycerol obtained as by product form biodiesel plant 

 

Using waste glycerol, more intensive changes in individual pigment distribution were 

observed mainly in Rhodotorula strains and in C.capitatum. In these strains increased content 

of beta-carotene (to 60 - 70 % of total pigments) was found, while ratio of beta-carotene in 

Sporobolomyces strains was similar to technical glycerol (Figure 40 and 41). The highest 

yield of beta-carotene in medium with mixture of waste glycerol/glucose was obtained in 

S.roseus (2.07 mg∙g
-1 

CDW, 2.05 mg∙g
-1 

CDW and 1.66 mg∙g
-1 

CDW, in 25%, 50% and 75% 

waste glycerol medium, respectively). Relatively high production of pigments was observed 

also in S. shibatanus (1.16 mg∙g
-1

CDW, in medium 1:3) and R.aurantiaca (1.08 mg∙g
-1 

CDW, 

in medium 1:3).  

 

 
Figure 41:  Total carotenoids production by several carotenogenic yeasts cultivated on 

medium enriched with waste glycerol obtained as by product form biodiesel plant 
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Generally, glucose is described as the best carbon source for red yeasts [95, 2]. 

Relatively good production of carotenoids  was described in R. mucilaginosa grown on waste 

sugar molasse substrate activated by cotton seed oil in a batch system [164]. Cotton seed oil 

enhanced the carotenoid productivity at a lower glucose concentration. In general, the 

increase in sugar concentration increased the growth of yeasts and total carotenoids 

production. The highest carotenoid concentration (89.0 mg total carotenoids per liter of 

fermentation broth) was obtained when 20 g∙l
-1

 molasses sucrose was used as the carbon 

source [164]. In another study [162], the addition of ammonium sulfate as a nitrogen source 

and Tween 20 as a surfactant increased the accumulation of carotenoids. The highest 

carotenoid production of 135.25 mg∙l
-1

 was obtained in batch culture.  

In this study, in fact addition of waste glycerol to glucose led to increased pigment 

production at relatively the same biomass formation (except of S. roseus).  It could be 

explained by some activation of carotenoid stress pathways by glycerol at lower glycerol 

concentration (increased pigment production) followed by changes of carbon source 

utilization at higher glucose concentration and more dramatic metabolic changes accompanied 

by lower pigment production (see Table 24, Figure 41). It can be not excluded that non-

glycerol components founded in waste glycerol could affect on further red yeasts cultivation, 

and consequently influence biomass quality. 

 

5.3. Red yeasts as single cell oil (SCO) 

 

All tested red yeast strains belong to oleaginous yeasts. In these strains in particular 

conditions intensive accumulation of lipids up to 60 % of biomass was described [2]. 

In presented thesis, poor cheap mineral medium optimized mainly for biomass and carotenoid 

production was used for lipid production testing. As mentioned above, C/N ratio used was 

about 57.   

 

Table 25: Acumulation of lipids by some carotenogenic yeasts  

cultivated on basic glucose medium 

Carotenogenic yeasts Cell mass (mg) Lipids (mg) Lipids (% of mass cell) 

RG control 44.36 6.77 15.25 

RA control 48.40 6.42 13.27 

RR control 49.08 6.83 13.91 

CC control 47.80 10.29 21.52 

SR control 38.80 4.30 11.07 

SSc control 49.80 6.25 12.55 

SSa control 48.74 5.78 11.86 

 

All studied strains were able to accumulate triacylglycerols. Under control conditions 

most of tested strains produced lipids in range of 11–15 % except C.capitatum, which 

produced more than 22 % of neutral lipids (Table 25). Production of lipids in all strains was 

about 10–30 % better in glycerol medium (Tables 26 and 27). In glycerol medium not only 

C. capitatum (the best producer of lipids among studied strains), but also R. aurantiaca and 
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S.shibatanus reached lipid production up to 20 % of biomass when compared with glucose 

medium (see Figure 42). As described previously, in red yeasts unsaturated fatty acids formed 

about one half of total cell lipids [2]. 

 

Table 26:  Acumulation of lipids by some carotenogenic yeasts  

cultivated on technical glycerol 

Carotenogenic yeasts Cell mass (mg) Lipids (mg) Lipids (% of mass cell) 

RG tech. glycerol 42.28 7.61 17.99 

RA tech. glycerol 42.04 8.90 21.16 

RR tech. glycerol 47.56 6.87 14.45 

CC tech. glycerol 52.40 11.80 22.53 

SR tech. glycerol 46.88 5.99 12.78 

SSc tech. glycerol 42.44 8.45 19.90 

SSa tech. glycerol 42.92 6.07 14.15 

 

In other studies similar or higher lipid production (30–58 %) was observed according 

to the aim of particular studies. Some of them were focused on production of yeast lipids as a 

biofuel of second generation. In Thailand study [165], in 23 strains, identified as potential 

lipid producers or oleaginous yeasts, lipid productions were compared in crude glycerol based 

medium. It was found that strain BY4-523 accumulated highest lipid content - up to 53.28 % 

while JU4-57 grew fastest and gave comparable high lipid content 41.50 %. These strains 

were identified as Kodamaea ohmeri and Trichosporonoides spathulata, respectively. 

Among organic nitrogen sources tested, a mixture of yeast extract and peptone (1:1) gave the 

best biomass (17.05 g∙l
-1

 for T. spathulata and 11.1 g∙l
-1

 for K. ohmeri) and the maximum 

lipid production (10.43   g∙l
-1 

for T. spathulata and 4.53 g∙l
-1

 for K. ohmeri). Using inorganic 

nitrogen source - ammonium sulfate, the best biomass (10.40 g∙l
-1

 for T. spathulata and 

10.50 g∙l
-1

 for K. ohmeri) and the maximum lipid production (4.45 g∙l
-1

 for T. spathulata and 

3.22 g∙l
-1

 for K. ohmeri) was obtained.   

 

 
Figure 42:  Production of lipids by several carotenogenic yeasts (SCO) 
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Table 27:  Acumulation of lipids by some carotenogenic yeasts  

cultivated on waste glycerol 

Carotenogenic yeasts Cell mass (mg) Lipids (mg) Lipids (% of mass cell) 

RG waste glycerol 46.04 7.94 17.25 

RA waste glycerol 42.64 8.49 19.92 

RR waste glycerol 46.20 7.38 15.97 

CC waste glycerol 46.76 10.18 21.76 

SR waste glycerol 46.00 7.69 16.71 

SSc waste glycerol 42.56 8.73 20.52 

SSa waste glycerol 46.60 7.79 16.71 

 

The oleaginous yeast Rhodotorula graminis was also studied as bioproducer of lipidic 

compounds using some wastes including crude glycerol as carbon sources. During 

a preliminary experiment performed in a 1 000 ml fermentor on crude glycerol, a biomass 

about 48 g∙l
-1

 was produced, rich in lipids representing 54 % of its weight. This result was 

very close to the one obtained with pure glycerol, where almost the same yield (0.26 g∙g
-1

) 

and productivity (0.15 g/(l∙h)
-1

) were obtained [166]. 

As mentioned above, possible use of crude glycerol as the sole carbon source for 

production of lipids and carotenoids by oleaginous yeast Rhodotorula glutinis TISTR 5159 

was tested [162]. The synergic effects of the C/N ratio with glycerol concentration and Tween 

20 concentration on lipid accumulation were observed. The optimum conditions for lipid 

content and carotenoids production were: glycerol concentration of 9.5% and C/N ratio of 85. 

In fed-batch fermentation, the highest lipid production of 6.05 g∙l
-1

 with a cellular lipid 

content of 60.7 % was reached. Moreover, the yeast lipids obtained have shown the favorable 

properties for being used as feedstock in the production of biodiesel. 

In other study [163] fifteen eukaryotic microorganisms were tested for their ability to 

assimilate biodiesel derived waste glycerol and to convert it into value-added metabolic 

products. For this purpose yeasts and Zygomycetes strains were cultivated in nitrogen-limited 

raw glycerol-based media (initial glycerol concentration 30 g∙l
-1

). Yeasts tested accumulated 

restricted lipid quantities (up to 22 % (w/w), in the case of Rhodotorula sp.), while differences 

in their fatty acid composition were recorded in relation to the yeast strains employed and the 

fermentation time. It should be noted that in all yeast strains, regardless of the quantity of 

lipid accumulated into the cells, lipids were mainly composed of C16 and C18 fatty acids [2]. 

This fat is not suitable for food applications, but it could be perfectly used as starting material 

for the synthesis of “2nd generation” biodiesel [163]. The continuously increasing demand 

and utilization of the “1
st
 generation biodiesel” (biodiesel deriving from trans-esterification of 

plant oils) has increased the cost of various foodstuffs. This situation has led to the necessity 

of discovery of novel sources of oils, that could be subsequently converted into biodiesel, 

with the oleaginous yeasts (due to their easy handling and good large-scale cultivation 

potentialities) being considered as perfect candidates for this purpose. 
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5.4. Cultivation on wheat straw hydrolysates 

 

After hydrothermal pretreatment of wheat straw (see chapter 4.2.2.), obtained slurries 

were separated into solid and liquid fractions by filtration. Wheat straw hydrolysate (liquid 

fraction) was further used as a complex carbon source for cultivating carotenogenic yeasts. 

In next experiment, three different hydrolysates (pretreated at 190, 195 and 200 °C and 

without added catalyst – see Methods) were utilized. 

 

5.4.1. Biomass production and cell morphology 

 

In each of carotenogenic yeasts tested and using each of three hydrolysates analyzed, 

the yeast biomass production was generally decreased, when cultivated on hydrolysates in 

comparison with control glucose medium. Using basic control medium, the highest biomass 

production was found in C. capitatum and R. glutinis, 16.34 g∙l
-1

 and 13.26 g∙l
-1

, respectively. 

Otherwise, the biggest amount of biomass, using hydrolysate as a complex carbon source, was 

detected in R. glutinis cultivated in non-adapted hydrolysate medium (see Table 29). 

Using hydrolysate obtained on 195 °C – series A 10.09 g∙l
-1

 of biomass was obtained. 

Oppositely, the smallest biomass was found in S. roseus, not exceeding 2.06 g∙l
-1

 (T = 

195 °C, series A).  

In general, biomass production, as expected, was greatest in the control medium, then 

in medium without adaptation to hydrolysate (series A) and finally, the smallest obtained 

biomass was observed when yeasts were previously exposed (= adapted) to hydrolysate 

medium. The decrease of biomass production in general can be explained by effect of possible 

inhibitors present in the hydrolysate, such as furfural, HMF (hydroxymethylfurfural), acids 

(acetic, levulinic) or other phenolic compounds mainly derived from lignine gained in the 

process of pretreatment. In series B hydrolysate was added in the production medium as well 

in the INO II medium, while in the series A waste substrate was introduced only in production 

medium (see Table 12). Exposition of yeasts to wheat straw hydrolysate as a complex carbon 

source gave possibility to utilize additional amounts of pentoses (xylose and arabinose) and 

glucose from one side (Table 28) and from the other side to grow in presence of increased 

amounts of inhibitors present in hydrolysate. It is probably the main reason, why the produced 

biomass in series B was drastically decreased. 

 

Table 28:   Carbohydrate composition of wheat straw hydrolysate  

 Carbohydrates (g∙l
-1

)  

Sample glucose xylose arabinose total carbohydrates 

1 2.72 13.58 2.72 19.02 

2 2.95 16.43 2.73 22.11 

3 4.13 22.25 3.11 29.49 
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After 96 h of cultivation, changes in colours of the culture broth were monitored 

(see Figure 43). Considering the colour shade of the yeast culture it can be concluded, that 

compared with control visible colour changes of cultures could not be realized in series A, 

while a bit brighter colour was visualized in series B (in culture broth with adaptation to 

hydrolysate). Lower colour intensity was mainly due to reduced biomass production and 

probably changed carotenoids composition in the yeast cells. 

 

 
                  RG control                         RG series B (195°C)                 RG series A (195°C)                 RG series A (190°C)                  RG series B (190°C)                  RG series A (200°C)              RG series B (200°C) 

 
                  CC control                              CC series B (195°C)                   CC series A (195°C)                        CC series A (190°C)              CC series B (190°C)                 CC series A (200°C)          CC series B (200°C) 

 
                  SR control                                 SR series B (195°C)                       SR series A (195°C)                 SR series A (190°C)               SR series B (190°C)                  SR series A (200°C)         SR series B (200°C)            

Figure 43:  Colour of culture broth cultivated on wheat straw hydrolysates 

 

Reaction of yeast cell on medium with added hydrolysate (both series) affected 

slightly on the cell morphology. The biggest changes in morphology and visible accumulation 

of pigments inside the cytoplasmic membrane can be found in the strain S. roseus. In the 

pictures below also formation of ballistoconidia could be observed as a characteristic feature 

for S. roseus strain. Ballistoconidia were formed probably as a stress response mainly 

cultivating S. roseus on waste materials and in medium with reduced carbon/nitrogen sources. 

In other strains (R. glutinis and C. capitatum) more round shape and more minuscule can be 

detected in medium with added hydrolysate in comparison with lemon shape found in basic 

glucose medium. Using hydrolysates instead of glucose, regrouping of the yeasts cells in both 

series (mostly dual cells were detected, see Figure 44) can be observed. 

 

 

   
      RG CONTROL                        RG series A (190ºC)               RG series B (190ºC)                   RG series A (195ºC)              RG series B (195ºC)               RG series A (200ºC)                  RG series B (200ºC)                                                
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  CC CONTROL                         CC series A (190ºC)              CC series B (190ºC)                   CC series A (195ºC)               CC series B (195ºC)                   CC series A (200ºC)                  CC series B (200ºC)                     

    
       SR CONTROL                      SR series A (190ºC)                SR series B (190ºC)                    SR series A (195ºC)                 SR series B (195ºC)                        SR series A (200ºC)                  SR series B (200ºC)             

                                                                                                                                                                                          

Figure 44:  Microscopic images of several carotenogenic yeasts cultivated on  

wheat straw hydrolysates 

 

5.4.2. Ergosterol production  

 

Cultivation of carotenogenic yeasts in medium with hydrolysates affected very much 

on the ergosterol production. Oppositely to the biomass, ergosterol concentration was 

increased mostly in series B (exposition to hydrolysate in INO II) than in non-adapted 

hydrolysate medium (series A). The lowest concentration of produced ergosterol was detected 

in all control media. In Figure 45 the average increase of ergosterol production is presented 

counted from the control values as a reference (see Methods).  

 

 
Figure 45:  Unit enhancement of ergosterol compared to the control 
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The biggest ergosterol increase was observed using hydrolysate obtained after 

hydrothermal pretreatment of wheat straw at 195 °C. In series B, ergosterol production in 

C. capitatum was increased 23.3 folds and in S. roseus 19.2 folds. Ergosterol formation was 

substantially slightly increased only in Rhodotorula glutinis. Generally, in series B better 

ergosterol production was observed in all experiments in comparison with series A, except in 

S. roseus (sample 1, hydrolysate obtained at 190 °C). Looking individually, the highest 

concentration of ergosterol was obtained in S. roseus (sample 2, with adaptation; 4.12 mg∙g
-1

). 

  

5.4.3. Carotenoids production  

 

Finally, pigments production was also observed, in the form of β-carotene and total 

carotenoids (including β-carotene, torulene, torularhodin and lycopene). Total carotenoids 

have been calculated and determined approximately as a sum of peaks area of other known 

carotenoids within 20 min of HPLC analysis, scanned with PDA detector and evaluated using 

calibration curve for β-carotene (see Methods). The most frequent carotenoids, beside β-

carotene, was torulene (Amax= 453, 489, 518 nm). Growing on all types of hydrolysates 

carotenoids production was significantly decreased in R. glutinis and C. capitatum strains. 

Very low concentration of carotenoids was obtained using all types of hydrolysates 

independently on adaptation (Table 29). In contrary, wheat straw hydrolysates have shown to 

be a very good carbon source for carotenoids production in S. roseus, especially using 

hydrolysate obtained at 190 °C (Figure 46). The maximum concentration was observed in the 

series A, with production of 1.56 mg∙g
-1

. Furthermore, good conditions of wheat straw 

pretreatment at 195 °C gave hydrolysates of high quality, that, beside very good production of 

other metabolites, are able to give satisfactory β-carotene amounts. When cultivated in 

medium with no adaption on hydrolysates, the yield of β-carotene 1.22 mg∙g
-1 

CDW was 

obtained (see Figures 47). 

 

 
Figure 46:  Biomass and metabolite production of several carotenogenic yeasts cultivated on 

pretreated wheat straw obtained on 190 °C (liquid fraction) 
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Figure 47:  Biomass and metabolite production of several carotenogenic yeasts cultivated on 

pretreated wheat straw obtained on 195 °C (liquid fraction) 

 

 

 

 
Figure 48:   Biomass and metabolite production of several carotenogenic yeasts cultivated on 

pretreated wheat straw obtained on 200 °C (liquid fraction) 
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Table 29: Biomass and metabolites production using pretreated wheat straw hydrolysates 

(obtained on 190°C, 195°C and 200°C) for cultivation different carotenogenic yeasts 

 

 

 

control 

 

 

 

Biomass (g∙l
-1

) 

 

 

Ergosterol 

(mg∙g
-1

 biomass) 

 

 

β-carotene 

(µg∙g
-1

 biomass) 

 

 

Total carotenoids 

(µg∙g
-1

 biomass) 

RG 13.26 0.22 208.48 455.35 

CC 16.34 0.14 334.23 531.94 

SR 8.26 0.22 531.07 786.34 

Sample 1     

RG series A 4.26 0.38 10.71 15.16 

RG series B 2.95 0.58 24.65 29.61 

CC series A 3.52 0.70 15.16 48.13 

CC series B 1.80 1.40 2.04 15.70 

SR series A 1.67 1.75 1556.33 1737.34 

SR series B 1.17 1.41 194.44 239.72 

Sample 2    

 

 

RG series A 10.09 0.20 4.44 9.76 

RG series B 4.66 0.37 13.73 17.12 

CC series A 3.18 0.60 2.84 6.62 

CC series B 0.70 3.40 17.51 144.36 

SR series A 2.06 1.58 756.23 853.95 

SR series B 0.84 4.17 1216.25 1534.73 

Sample 3     

RG series A 4.16 0.44 8.58 37.45 

RG series B 2.80 0.52 7.81 22.67 

CC series A 3.21 0.65 16.63 25.16 

CC series B 1.85 0.80 9.92 20.19 

SR series A 1.81 1.15 427.95 460.56 

SR series B 0.98 1.87 680.06 781.06 

 

In our studies, using hydrothermally pretreated wheat straw hydrolysates as the only 

carbon source, the best biomass producers were R. glutinis, C. capitatum and S. roseus 

respectively. In control series higher amounts of biomass were produced in comparison with 

series cultivated on hydrolysates. Even though high β-carotene production was reported in 

R. glutinis cultivated on different agro-industrial materials, such as whey, potato extract, 

cereal wastes [155], pretreated wheat straw hydrolysate probably would not be a suitable 

substrate for this strain. Carotenoids production was detected with lower concentration 

cultivating R. glutinis and C. capitatum on hydrolysates, while S. roseus produced high 

amount of β-carotene (1.56 and 1.22 mg∙g
-1

 biomass) on samples pretreated at 190 and 

195 °C, respectively. Hydrolysate originating from harsher pretreatment conditions (200 °C) 

resulted in already significantly lower carotenoids production (see Figure 48 and Table 29).  
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Table 30:   Biomass and metabolite production of S. roseus cultivated on pretreated wheat 

straw hydrolysates 

process 

temperature 

Sporobolomyces 

roseus 

ergosterol  

(mg∙g
-1

 biomass) 

β-carotene 

(mg∙g
-1

 

biomass) 

Total 

carotenoids 

(mg∙g
-1

 biomass) 

biomass 

(g∙l
-1

) 

  SR CONTROL 0.22 0.53 0.79 8.26 

190°C SR SERIES A 1.75 1.56 1.74 1.67 

190°C SR SERIES B 1.41 0.19 0.24 1.17 

195°C SR SERIES A 1.58 0.76 0.85 2.06 

195°C SR SERIES B 4.17 1.22 1.53 0.84 

200°C SR SERIES A 1.15 0.43 0.46 1.81 

200°C SR SERIES B 1.87 0.68 0.78 0.98 

 

Due to the fact, that even though S. roseus gives the best results in metabolite 

production, similarly to previous cultivation the small amount of obtained biomass can be the 

main reason why this strain couldn‟t be explored for eventually scale up process and 

cultivating in bioreactor with big capacity (Table 30). 

A range of products such as glucose (mainly from cellulose and hemicellulose), 

xylose, mannose, galactose and acetic acid (from hemicellulose) and different phenolic 

compounds (from lignin) are produced during the pretreatment process [20]. The major 

disadvantage of hydrothermally pretreated lignocellulosic materials is the reduction of 

available monosaccharides and production of their derivates (furans, hydroxymethylfurfurals 

and other phenolic toxic compounds) which are microbial growth inhibitors and hinder further 

biotransformation. The type and concentration of microbial fermentative inhibitory 

compounds mainly depend on raw material as well as the operational parameters. 

Microbial toxicity is also associated with fermentation variables like microbial physiological 

growth conditions, dissolved oxygen concentration and pH of the medium [167]. 

In order to obtain even better properties of enriched red yeasts biomass, prior to 

cultivation pretreated wheat straw substrate should be subjected to the detoxification 

treatments. The effectiveness of the detoxification methodology depends on raw material, 

types of hydrolysis process and microorganism employed, and it has been developed physical, 

chemical or biological methods [168]. Since detoxification increases the cost of the process, it 

is important either to overcome detoxification steps or to develop cheap and efficient 

methods. 

For instance, vacuum evaporation is the best physical detoxification method with limited 

scope and helps to reduce volatile toxic compounds that include acetic acid, furfural, 

hydroxymethylfurfural and vanillin. Adjustment of pH is simple and most cost-effective 

chemical detoxification method among available treatments. Calcium hydroxide and sulphuric 

acid are commonly used for treatment for of hemicellulosic hydrolysates for removal of 

phenolic compounds, ketones, furfurals and hydroxymethylfurfurals [169, 170]. 

But in summary, each detoxification method is specific to certain types of compound. 

Choosing detoxifications methods (more than one) is important for improved yields; however, 

identification of inhibitory compounds and their concentrations in the hydrolysates could be 

necessary [168]. 
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5.5. Cultivation on filter cake 

 

In the process of wheat straw hydrothermal pretreatment beside hydrolysates also 

water insoluble fraction or filter cake was obtained (Figure 49; see Methods, chapter 4.2.3.). 

Filter cake was predominantly used as a substrate for biofuel production, especially 

bioethanol of the second generation. During SSF process (saccharification and simultaneous 

fermentation) specific yeast strain of Saccharomyces cerevisiae carried out fermentation 

process leading to bioethanol production.  

For orientation comparison, carotenogenic (red) yeasts were cultivated on filter cake, 

on processed wheat straw and in glucose medium (control experiments).  

 

 
 

 

 
Figure 49:  Solid fraction obtained after hydrothermal pretreatment of wheat straw 

under different process conditions (1 - 190 °C, 2 - 195 °C, 3 - 200 °C, 4 - 190 °C + catalyst, 

5 -195 °C + catalyst, 6 - 200 °C + catalyst, 7 - untreated wheat straw) 

 

Filter cake as a complex carbon source was prearranged to seven different samples 

(six of them were gained by hydrothermal pretreatment in loop reactor, the seventh sample 

were just milled wheat straw used as a control). Three samples of pretreated wheat straw were 

gained without added catalyst (samples 1, 2, 3), and corresponded to the hydrolysates used in 

previous set of experiments (see chapter 5.4.). The rest three samples of filter cakes (4, 5 

and 6) were prepared with addition of acetic acid as catalyst during the pretreatment process 

(2.29 ml of acetic acid/l of wheat straw slurry). For screening the quality of the substrate two 

carotenogenic yeasts, Rhodotorula glutinis and Sporobolomyces roseus were used for 

cultivation. 

 

5.5.1. Biomass production and cell morphology 

 

During cultivation on filter cake no morphologic changes were detected in R. glutinis. 

Cell shape remained the same, only regrouping of yeasts was detected similarly to cultivation 

on hydrolysate. On filter cake, yeast cells formed clusters, oppositely to doublets found in 
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hydrolysate media. S. roseus, cultivated in medium with filter cake exhibited cells of very 

voluminous and elongated shape and with slightly developed ballistoconidia (Figure 50). 

In media with untreated wheat straw as a nutrition source, S. roseus cell were minor and small 

intracellular vacuoles were formed. 

 

    
           RG CONTROL                                 RG sample 1                        RG sample 2                                 RG sample 3                          RG sample 4                                 RG sample 5                           RG sample 6 

             
           RG sample 7                            SR CONTROL                                  SR sample 1                                    SR sample 2                                        SR sample 3                                 SR sample 4 

                                         
                                                                                          SR sample 5                            SR sample 6                                 SR sample 7 

Figure 50:  Microscopic images of several carotenogenic yeasts  

cultivated on filter cake 

 

After cultivation on the filter cake and before further biomass processing, culture was 

first filtered twice through gauze to separate yeast cells from the remained filter cake and to 

avoid interferences in biomass determinations. Some yeasts cells were probably attached on 

the surface of the filter cake residues, stayed on it, but they can be neglected for further 

calculations. The colour of biomass was unmasked (dark red to black; see Figure 51) in 

comparison to control, which was commonly orange to pink. The colour of both red yeast 

cultures when cultivated on milled wheat straw was also orange to red. Thus, specific colour 

of culture broth with filter cake was mainly due to lignin formed during hydrothermal 

pretreatment at very high process temperature. 

 

 

           
                              RG CONTROL                    SR CONTROL                                 SR sample 7                    RG sample 7                                     SR sample 1                                RG sample 1 
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                                     SR sample 2                            RG sample 2                            SR sample 3                                RG sample 3                                 RG sample 4                              SR sample 4 

                               
                                                                                   RG sample 5                         SR sample 5                                  RG sample 6                       SR sample 6 

Figure 51:  Colour of culture broth obtained after fermentation on filter cake  

 

 Produced biomass was decreased, but not such intensively as in the case of cultivation 

on hydrolysates. Biomass production by R. glutinis was relatively constant (from 3.15 g∙l
-1

 to 

nearly 4.0 g∙l
-1

). Using filter cake S. roseus strain produced much smaller amount of dry 

matter per litre of medium when compared to control and R. glutinis. It can be concluded that 

overall highest biomass was found for both red yeasts strains using wheat straw prepared at 

200 °C for 5 min and without addition of catalyst (Figure 52, Table 31).  

 

 
Figure 52: Biomass and metabolite production of R. glutinis cultivated on  

untreated wheat straw (7) and filer cakes (1-6) 

 

 

In S. roseus (samples 2 and 7) biomass production was more than 5 times decreased, 

especially in sample 2 in comparison to control media. As well as in the S. roseus strain, 

similar small biomass production was also observed in R. glutinis sample 2. The highest 

production of biomass was found in both strains on filter cake prepared at following the same 

conditions (T = 200 °C, τ = 5 min, without addition of catalyst). Vice versa, filter cake 

obtained under T = 195 °C for τ = 5 min and without addition of catalyst exhibited very low 

capacity for biomass production in both strains (Table 31). 
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Table 31: Biomass and metabolites production using pretreated wheat straw filter cake 

(obtained on 190°C, 195°C and 200°C with and without utilization of catalyst)  

for cultivation different carotenogenic yeasts 

 Biomass     

(g∙l
-1

) 

Ergosterol 

(mg∙g
-1

 biomass) 

β-carotene 

(µg∙g
-1

  biomass) 

Total carotenoids 

(µg∙g
-1

 biomass) 

Control 

RG 9.81 0.67 388.75 1532.72 

SR 6.98 0.66 1887.41 2464.07 

Filter cake 

RG sample 1 3.96 0.78 12.62 35.30 

RG sample 2 3.15 1.07 28.67 46.28 

RG sample 3 3.64 1.22 8.19 8.19 

RG sample 4 3.66 1.32 51.33 66.86 

RG sample 5 3.50 0.88 84.46 87.61 

RG sample 6 3.38 0.83 4.24 16.77 

RG sample 7 3.70 1.02 37.30 81.59 

SR sample 1 2.05 1.94 366.34 485.74 

SR sample 2 1.34 2.22 461.05 566.49 

SR sample 3 2.68 2.01 171.67 287.26 

SR sample 4 1,98 1.73 80.35 115.94 

SR sample 5 2.10 1.90 103.31 140.01 

SR sample 6 2.25 1.61 112.49 158.03 

SR sample 7 1.36 4.17 1246.00 1697.54 

 

5.5.2. Ergosterol production  

 

 Ergosterol production on filter cake was, like in medium with addition of hydrolysate, 

enlarged. The yields were increased in almost all samples and both yeasts strains, especially 

in S. roseus. Unusually, the highest ergosterol production was observed on untreated wheat 

straw, using S. roseus as a working strain (4.17 mg∙g
-1

). In other cultivations ergosterol 

amount obtained utilizing S. roseus was around 2 mg∙g
-1

 and it was more than 3 times 

enlarged in comparison to control. In contrary, R. glutinis exhibited very low yields of 

ergosterol, with a maximum of 1.32 mg∙g
-1 

using wheat straw pre-treated at 190 °C and with 

addition of catalyst. 

5.5.3. Carotenoids production  

 

 Pigments produced on filter cake and untreated wheat straw as carbon sources 

exhibited very low values when R. glutinis was used as a working strain. The produced β-

carotene was expressively reduced. In general, as a better producer of β-carotene S. roseus 

strain was found. Similarly to ergosterol production, as the best medium for pigments 

production untreated wheat straw was found (1.25 mg∙g
-1

 biomass, see Table 31). 

The abundance of other carotenoids within the total carotenoids content increased. The most 

frequent carotenoid, beside β-carotene, was torulene (Amax= 453, 489, 518 nm; in methanol). 
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In R. glutinis strain cultivated on filter cake, contribution of torulene and other minor 

carotenoids was insignificant and did not passed the amount of β-carotene except of sample 2 

(45 % of torulene). In S. roseus all samples exhibited similar and lower amount of other 

carotenoids when compared with beta carotene. Total carotenoids amounts were from 1.3 to 

1.7 times higher than in β-carotene (Figure 53).  

 

 

 
Figure 53:  Biomass and metabolite production of S. roseus cultivated on  

untreated wheat straw (7) and filer cakes (1-6) 

 

The aim of presented part of this Ph.D. study was to investigate the possibility to use 

hydrothermally pretreated wheat straw for conversion into carotene enriched biomass by red 

yeast strains. Different wastes or by-products have been previously studied for production of 

carotenoids and ergosterol [140, 145, 155, 161], but residues from second generation 

bioethanol production were not included yet. Moreover, in this study not only the liquid 

fraction used as a feed now was included, but also the solid fraction of straw pretreatment 

used for ethanol production. Three different red yeast strains (R. glutinis, C. capitatum, 

S. roseus) were applied for bioproduction. The efficiency of hydrothermal pretreatment was 

proved by ethanol fermentation studies, which results were similar to data obtained by other 

authors [22, 31].  

 Beta-carotene and total carotenoid production on the solid fraction remained lower 

when compared to control experiments, although S. roseus was still able to produce around 

400 µg∙g
-1

 of β-carotene growing on filter cakes pretreated without acetic acid (Table 31). 

In addition, carotenogenic yeasts cultivated on filter cake produced also some unknown 

compound (assumed to be some of carotenoids), with characteristic absorption maximum of 

296 nm and 306 nm. In chromatograms two peaks with these absorption maxima were 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

SR (C) SR (1) SR (2) SR (3) SR (4) SR (5) SR (6) SR (7)

Sporobolomyces roseus  
ERGOSTEROL (ug/g
biomass)

BETA CAROTENE (ug/g
biomass)

TOTAL CAROTENOIDS
(ug/g biomass)

BIOMASS*100 (g/l)



111 

 

observed. Those peaks were found in both red yeasts (S. roseus and R. glutinis) cultivating on 

all filter cake samples with or without added enzymes. Only in control medium and sample 7 

these specific peaks were not present. Characteristic spectra with maximum at 283 nm which 

correspondent to phytoene were obtained in culture grown on milled straw. This peak has not 

been identified in media with liquid straw fraction (hydrolysate). That might indicate that 

unknown compounds can be probably degradation products originating from the pre-

treatment. This possibility should be examined in future studies. 

Most carotenoids absorb maximally at three wavelengths, resulting in characteristic 

three-peak spectra. The greater the number of conjugated double bonds, the higher the λmax 

values [171]. The two carotenoids that precede δ-carotene in the desaturation biosynthetic 

pathway, phytoene (3 conjugated double bonds) and phytofluene (5 conjugated double 

bonds), are colorless and absorb maximally at 276, 286, and 297 nm and at 331, 348, and 

367 nm, respectively, using hexane or petroleum ether as a solvent (Figure 54). From that 

point of view and keeping similarity of three-peak spectra, it is possible that unknown 

compound (with maximum absorption of 306 nm) could be carotenoid with structure very 

close to phytoene or some isomer with extra double bond inside the molecule (see Figure 55). 

 

Table 32: Composition of filter cake obtained after strong acid hydrolysis  

No. of samples Glucan 

(%) 

Xylan 

(%) 

Arabinan 

(%) 

Lignin 

(%) 

Dry matter content 

(%) 

Ash 

(%) 

sample 1 55.56 16.84 1.16 21.21 15.92 2.70 

sample 2 59.21 12.38 0.52 21.54 13.81 2.41 

sample 3 62.98 9.96 0.26 23.89 17.59 2.63 

sample 4 58.20 14.20 0.80 23.50 16.14 3.10 

sample 5 59.41 9.43 0.23 24.94 15.77 2.06 

sample 6 65.09 6.88 0.14 26.99 20.12 2.49 

sample 7 40.19 22.32 3.30 18.55 94.59 5.16 

 

 It can be concluded that such complex substrate as filter cake (see Table 32) could 

contain some inhibitors with strong influence on enzymatic systems involved in isoprenoid 

metabolic pathway. These inhibitors could influence the process of isomerisation and further 

desaturation, accumulating carotenoids with small number of isoprenoid units, such as that 

with maximum absorption of 306 nm. Respecting that fact, further process of coloured 

carotenoids formation with higher number of conjugated double bond, especially β-carotene, 

would lead to small or neglectable amounts of these derivatives. This compound is probably 

more polar than β-carotene, using the same reversed mode of separation on the 

column. Finally, previous statements could give the reason of very low concentration of β-

carotene and other “higher carotenoids” using filter cake as nutrition source. 
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Figure 54:  Maximum absorption spectra of unknown compound (RG, sample 6) - a,  

and (RG, sample 7) – b 

 

 
Figure 55: HPLC chromatogram and absorption spectrum of phytoene [172] 

 

5.6. Carotenogenic yeasts in assosiation with Lactobacillus casei subs. casei 

cultivated on whey  

 

Rhodotorula glutinis and Cystofilobasidium capitatum were utilized for growing on 

deproteined whey substrate, co-cultivated with lactic acid bacteria, Lactobacillus casei subs. 

casei. The main aim was to investigate influence of potential association between two above 

mentioned microorganisms on assimilation of lactose from whey and overall production of 

carotenoids and ergosterol. Two series of experiments were performed. In the first series 

carotenogenic yeasts as single culture (R. glutinis or C. capitatum) of working 

microorganisms were used growing in four different production media mentioned before 

b 

a 
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(see 4.2.4.3.). The second series was carried out using mixed co-culture of carotenogenic 

yeasts (R. glutinis or C. capitatum) and lactic acid bacteria using the same production media 

as in the first series. Growth conditions on co-cultivated as well as single cultures were 

adjusted and adapted for yeast metabolism (28 °C, permanent lightening and stirring at 

120 rpm, cultivation for 3 days). 

  

5.6.1. Biomass production and cell morphology 

 

Biomass produced by R. glutinis and C. capitatum, cultivated on whey without 

association of bacterial strain was decreased in comparison with control, except of medium 

with glucose addition (20 g∙l
-1

; Table 33). Relatively low biomass production was observed 

also in both yeast controls. Co-cultivation experiments were carried out in summer time, 

when red yeasts grew more slowly than during the rest of year. Nevertheless, obtained data 

can be used for co-cultivation comparative study. It is obvious that, for growing R. glutinis 

and C. capitatum, mandatory carbon source was glucose. Lactose present in whey was 

relatively hardly utilized for red yeast growth, especially in yeast strain C. capitatum 

(Table 33). 

 

Table 33: Red yeasts strains cultivated on whey with or without addition of glucose 

yeasts ergosterol 

(mg∙g
-1

 

biomass) 

β-carotene 

(µg∙g
-1

 

biomass) 

total carotenoids 

(µg∙g
-1

 biomass) 

biomass 

(g∙l
-1

) 

RG control 0.57 21.02 112.86 3.97 

RG whey 0.64 18.62 40.78 3.30 

RG whey + 10 g∙l
-1

 glucose 0.86 34.90 191.50 2.77 

RG whey + 20 g∙l
-1

 glucose 0.47 54.73 186.86 6.23 

CC control 0.37 113.42 508.05 6.40 

CC whey 0.64 30.51 85.17 3.10 

CC whey + 10 g∙l
-1

 glucose 0.65 164.68 638.81 3.43 

CC whey + 20 g∙l
-1

 glucose 0.31 111.00 549.37 8.04 

 

In contrary, biomass produced in co-cultivation experiments was higher than in 

corresponding control, except in C. capitatum cultivated on whey with added 10 g∙l
-1

 glucose. 

The highest biomass yield in co-cultivation experiments was obtained in C. capitatum strain 

(5.34 g∙l
-1

) when cultivated on whey with addition of 20 g∙l
-1

 of glucose. Glucose addition in 

pretreated whey substrate led to increased biomass yield in both series. Biomass of R. glutinis 

in co-cultivation experiments was also higher or similar to biomass obtained in control 

medium with single culture of red yeasts. This effect has not been found in C. capitatum.  

Cell morphology in the first series (single culture of red yeasts cultivated on whey 

substrate) was not changed at all. Similarly to previous experiments only cell regrouping was 

observed, which was typical behaviour when yeast cells were exposed to some kind of stress. 

The cells are rather of round shape when cultivated on whey, with diameter form 5-15 µm.  

At In mixed culture some cell association has been found. In some cases red yeasts cells were 



114 

 

arranged into grape form or formed long chains, which can be explained by eventually 

imitation of bacterial strain. Bacterial cells were also regrouped into the form of chains or 

sausages, which is characteristic form for all Lactobacilli (Figure 56).  

 

       
           RG control                                    CC control                                      RG whey                                   CC whey 

    
    RG whey + 10 g∙l-1 glucose          RG whey + 20 g∙l-1 glucose        CC whey + 10 g∙l-1 glucose         CC whey + 20 g∙l-1 glucose  

     
    RG control + L.casei      CC control + L.casei            RG whey + L.casei            CC whey + L.casei         RG whey + L.casei 

                                                                                                                                                                                    +10 g∙l-1 glucose                                                                                                                                                                         

     
   RG whey + L.casei         CC whey + L.casei             CC whey + L.casei           L.casei cultivated                 L.casei cultivated 

    +20 g∙l-1 glucose               +10 g∙l-1 glucose                 +20 g∙l-1 glucose              on whey medium             on basic glucose medium 

Figure 56: Microscopic images of R. glutinis and C. capitatum cultivated on whey 

substrate (640 times magnified) 

 

 The colour of culture after 72 h of cultivation changed from orange to bright red, 

independently on mode of cultivation.  As expected, the colour was brighter in the second 

series with co-cultivation. Single culture of lactic acid bacteria in glucose or whey medium 

was bright yellow and yellow colour, respectively. Eventually extension of red yeasts 
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cultivation for 4 or 5 days could affect on higher biomass quantum and, therefore, on the 

colour of culture accompanied by pigments content (Figure 57). 

 

    
                     RG CONTROL                                                      RG     WHEY                                                RG WHEY + 10 g∙l

-1
 GLUCOSE                           RG WHEY + 20 g∙l

-1
 GLUCOSE 

    
                                                  CC CONTROL                                                       CC    WHEY                                              CC WHEY + 10 g∙l

-1
 GLUCOSE                           CC WHEY + 20 g∙l

-1
 GLUCOSE 

    
      RG CONTROL + L. CASEI                        RG WHEY + L. CASEI                   RG WHEY + 10 g∙l

-1
 GLUCOSE +L. CASEI              RG WHEY + 20 g∙l

-1
 GLUCOSE + L.CASEI 

    
       CC CONTROL + L. CASEI                    CC WHEY + L. CASEI                       CC WHEY + 10 g∙l

-1
 GLUCOSE +L. CASEI              CC WHEY + 20 g∙l

-1
 GLUCOSE + L.CASEI 

  
L. CASEI ON GLUCOSE MEDIUM                                        L. CASEI ON WHEY MEDIUM 

Figure 57:   Colour of culture broth after cultivation of carotenogenic yeasts in single culture 

and with association with L. casei in sweet whey medium 

 

5.6.2. Ergosterol production  

 

Production of metabolites (ergosterol and carotenoids) in single red yeast cultures was 

higher than in corresponding control medium. Increased ergosterol production was detected in 

both yeasts strains, except in the whey medium enriched by 20 g∙l
-1

 of glucose. It is possible 

that changed cultivation conditions led to metabolic changes resulting in switched carotenoid 

production [142]. Ergosterol yield was much more altered in C. capitatum than in R. glutinis 

when compared to the cultivation on the basic glucose medium (2 times and 1.5 times 

increase, respectively). In the second series, ergosterol production in R. glutinis cells was 

relatively the same, from 0.45 to 0.50 mg∙g
-1

 dry biomass. In co-culture of C. capitatum with 

L. casei increased values of ergosterol were observed in medium containing glucose alone or 

in medium with addition of 10 g∙l
-1

 glucose (cca 1 mg∙g
-1

 d.m.). In other media produced 

amount of ergosterol was like in media with co-culture of R. glutinis and L. casei, around 

0.45 mg∙g
-1

 of d.m. (Table 34). 
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Table 34:Co-cultivation of red yeasts and L. casei on deproteined whey substrate 

L. casei (alone and associated 

with yeasts) 

ergosterol 

(mg∙g
-1

 

biomass) 

β-carotene 

(µg∙g
-1

 

biomass) 

total carotenoids 

(µg∙g
-1

 biomass) 

biomass 

(g∙l
-1

) 

RG control 0.45 15.36 70.73 3.39 

RG whey 0.48 17.31 81.98 3.92 

RG whey + 10 g∙l
-1

 glucose 0.45 48.35 195.28 5.02 

RG whey + 20 g∙l
-1

 glucose 0.50 103.90 351.33 4.56 

CC control 0.75 101.84 427.71 3.78 

CC whey 0.50 58.82 283.10 4.19 

CC whey + 10 g∙l
-1

 glucose 1.06 513.56 1526.31 2.09 

CC whey + 20 g∙l
-1

glucose 0.45 204.69 676.75 5.34 

L. casei control - - - 0.18 

L. casei whey  - - - 0.47 

 

5.6.3. Carotenoids production  

 

Production of β-carotene and total carotenoids was also mostly improved, especially in 

media containing together whey and glucose. When cultivated just on whey, relatively small 

amount of beta carotene was obtained in both series (Table 34). Addition of glucose led to 

about 1.5 times increase of pigments production in comparison to the control (single yeast 

culture). In co-cultivation series the enhancement of beta carotene production 3 - 7 times was 

observed when compared to control. The highest pigment production was gained in 

C. capitatum, cultivating alongside with L. casei in whey medium with added 10 g∙l
-1

 of 

glucose (1.53 mg∙g
-1

 d.m.).   

  

Total carotenoids were also increased for several times. In first series, total carotenoids 

amount was enlarged 2.2 - 5.5 times (Table 34). Like in previous results of red yeasts 

cultivations, the most abundant carotenoids, beside beta carotene, were torulene and 

torularhodin. The smallest increment of total carotenoids in comparison to beta carotene was 

found when yeasts were cultivated on free whey, without addition of glucose. It is obvious 

that red yeast, when cultivated on whey, produced biomass enriched with mainly beta 

carotene (around 50 % in R. glutinis and 35 % in C. capitatum). Otherwise, addition of 

glucose at different concentration led to higher yield of other carotenoids with more than 

5 times increase. In co-cultivation experiments, the situation was opposite yeasts cultivated 

together with bacteria gave higher amount of other carotenoids when cultivated on 

deproteined whey only. Enlargement was the same for both red yeasts – about 4.8 times. 

Addition of glucose decreased contribution of beta carotene to almost 25 % of total 

carotenoids in R. glutinis (Figures 58 and 59).  
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Figure 58: Biomass and metabolite production of R. glutinis cultivated alone or in the 

association with L. casei on deproteinized whey 

 

 

 
Figure 59: Biomass and metabolite production of C. capitatum cultivated alone or in the 

association with L. casei on deproteinized whey 
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5.6.4. Carbon source consumption during the co-cultivation 

 

 In order to determine residual concentration of carbon source, the supernatant obtained 

after centrifugation of culture broth was used. Concentration of individual reducing sugars 

(glucose, galactose and lactose) was measured by HPLC/RI and calculated using external 

standards of appropriate sugars constructing linear regression curves (Table 35). 

 

Table 35: Regression curves for several sugar standards measured on RP-HPLC/RI 

Regression curve A (mV∙s) R
2 

glucose A (mV∙s) = 979.01∙cglucose (mg∙ml
-1

) 0.998 

galactose A (mV∙s) = 913.12∙cgalactose (mg∙ml
-1

) 0.999 

lactose A (mV∙s) = 996.08∙clactose (mg∙ml
-1

) 0.999 

 

 

Data obtained during sugar analysis were presented in Tables 36 and 37. After 3 days 

of cultivation, C. capitatum, growing in the basic glucose medium utilized about one half of 

glucose content in contrast to R. glutinis, where “only” 10 g∙l
-1

 were exploited. 

It corresponded to relatively low biomass production, where C. capitatum produced 6.40 g∙l
-1

 

and R. glutinis 3.97 g∙l
-1

 (see above). When whey was used as a nutrition source, the residual 

lactose represented almost one half of overall lactose in both yeasts strains (20 g∙l
-1

). 

Lactose was only partly utilized for biomass production and its presence in medium probably 

led to unexpected overproduction of ergosterol. When R. glutinis was cultivated on whey, 

beside peak of lactose and glucose also peak of galactose was found in chromatogram 

(Table 36), while in C. capitatum it even cannot be detected. R. glutinis probably possess 

some minor enzyme capacity to hydrolyze lactose forming also galactose.  

Beside whey, added glucose in the medium was efficiently utilized by both 

carotenogenic yeasts and was preferred carbon source when compared with lactose. 

Remained lactose concentration stayed relatively the same as in the medium without addition 

of glucose. Only after addition of 20 g∙l
-1

 of glucose in second series (with co-cultivation) 

yeast growth was intensive and lactose concentration was decreased in comparison to other 

media (Tables 36, 37). C. capitatum was capable to utilize lactose more intensively than 

R. glutinis. Almost 28.09 g∙l
-1

 of lactose were used by C. capitatum cells alongside with lactic 

acid bacteria. Also glucose addition into the medium influenced higher lactose assimilation by 

red yeasts.   
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Table 36: Amounts of residual sugars after 3-day cultivation of R. glutinis  

on deproteined whey 

RG (supernatant) glucose 

(g∙l
-1

) 

lactose 

(g∙l
-1

) 

galactose 

(mg∙l
-1

) 

RG control 20.06 0.00 - 

RG whey 0.91 28.99 0.48 

RG whey + 10 g∙l
-1

 glucose 6.02 28.86 - 

RG whey + 20 g∙l
-1

 glucose 5.64 22.71 - 

RG control + L. casei 15.54 0.00 - 

RG whey + L. casei 0.78 26.34 0.59 

RG whey + 10 g∙l
-1

 glucose + L. casei 1.22 27.91 0.33 

RG whey + 20 g∙l
-1

 glucose + L. casei 9.45 24.72 - 

whey 0.00 48.17 - 

 

 

Table 37: Amounts of residual sugars after 3-day cultivation of C. capitatum on deproteined 

whey  

CC (supernatant) glucose 

(g∙l
-1

) 

lactose 

(g∙l
-1

) 

galactose 

(mg∙l
-1

) 

CC control 9.35 0.00 - 

CC whey 0.20 28.64 - 

CC whey + 10 g∙l
-1

 glucose 5.94 30.80 - 

CC whey + 20 g∙l
-1

 glucose 5.44 31.02 - 

CC control + L. casei 19.56 0.00 - 

CC whey + L. casei 1.80 28.97 - 

CC whey + 10 g∙l
-1

 glucose + L. casei 8.98 29.76 - 

CC whey + 20 g∙l
-1

 glucose + L. casei 7.72 20.08 - 

L.casei (control glucose medium) 16.65 0.00 - 

L. casei (whey medium) 1.36 41.26 - 

whey 0.00 48.17 - 

 

Surprisingly, L. casei cultivated in single culture in basic glucose medium was also 

able to utilize glucose, remaining about 16 g∙l
-1

 of glucose (Table 37). Under cultivation 

conditions adapted for yeasts cultivation, L. casei utilized lactose in very small amounts, 

which is mainly due to unfavourable conditions where bacteria could not growth. In co-

cultivation experiments lactose concentration was decreased more than in single bacterial 

culture, and relatively the same in single yeast culture. It implicates that yeasts are capable to 

degrade lactose to some degree alone as well as in specific situation where both microbes are 

present in co-culture.  

Results obtained in this thesis have been compared with other co-cultivation studies. 

Yeast strain Rhodotorula rubra associated with lactic acid bacteria L. casei and cultivated in 

cheese ultrafiltrate with lactose concentration of 55.0 g∙l
-1

 was studied [173]. In those 

experiments, different cultivation conditions were used, mainly aeration (air flow rate from 

0.4 to 1.6 l∙min
-1

 and agitation 220 rpm). Maximum concentration of total carotenoids in the 

yeasts biomass after 3 days of cultivation was from 0.08 to 0.15 mg∙g
-1

 dry cells at air flow 

rate of 1.3 l∙min
-1

. In our study R. glutinis and C. capitatum associated with L. casei gave 
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following total carotenoids concentration: 0.082 mg∙g
-1

 and 0.28 mg∙g
-1

 of d.m. respectively, 

without controlling air flow rate and cultivating on deproteined whey in flasks. 

That corresponds to results found in mentioned literature [173]. Changing air flow rate, some 

enhancement of pigment as well as ergosterol production can be expected. Further important 

finding was that with increasing time of co-cultivations to 6 days the metabolite production 

was exponentially enlarged and then the biomass and metabolite production stayed on 

constant value. It is due to exhausting of lactose and other nutrition sources from the medium. 

Biomass production in both red yeasts stains co-cultivated with L. casei on whey for 72 hours 

gave around 4.0 g∙l
-1

, which matches to the literature data (around 5.0 g∙l
-1

 with aeration of 

1.6 l∙min
-1

) [173]. 

  The results of similar study [174] fit to previous one. In this case the association 

R. rubra and L. casei developed actively with maximum production of carotenoids 4.47 mg∙l
-1

 

culture medium or 0.24 mg∙g
-1

 dry cells (lactose content 55 g∙l
-1

). Further increase of lactose 

concentration (to 65.0 and 75.0 g∙l
-1

) inhibited carotenoid formation, their production per g of 

dry cells was less than those at lower lactose concentrations (35.0 g∙l
-1 

and 45.0 g∙l
-1

 of 

lactose). Lactose from the whey ultrafiltrate was completely assimilated by the mixed culture 

on the 6
th

 day, where in 3 days 58.3 % of overall lactose was utilized, similarly to our study 

with co-culture of C. capitatum and L. casei (Table 37).  Homofermentative lactobacilli 

actively transformed lactose into glucose, galactose and lactic acid. Analyses of glucose and 

galactose presence in the course of the process showed traces of galactose and absence of 

glucose, while the lactic acid concentrations were 0.5-2.4 g∙l
-1

. Active growth of the 

lactobacilli was observed, which predominated over the yeast cells up to the 3
rd

 day. That is 

probably the reason why red yeasts biomass production in our case have been suppressed 

during the cultivation. After 6
th

 days biomass production is expected to be doubled [173, 174]. 

 Microscope preparations showed short rods sized [0.9 (3.0-8.0)] µm occurring singly, 

in pairs and in short chains. The observation of yeast growth during the first 48 hours 

established slight growth of non-budding but well-formed cells of oval shape sized (5.0 -

10.0 µm). Intensive growth of yeasts with prevailing young budding cells was registered from 

the 3
rd

 to the 6
th

 day. After 72 hours, yeast population exceeded population of the lactobacilli. 

After 5 days bacterial microflora considerably decreased, the cells grew older, elongated and 

formed long chains. The same morphological changes have been also noticed in presented 

study (see chapter 5.6.1.) Active synthesis of carotenoids coincided with the active growth of 

yeast. During the stationary phase of yeast growth, however, the production of carotenoids 

continued. According to [174], it can be noticed that resumption of the co-cultivations process 

can influence in pigments and sterol overproduction, until overall amount of lactose from the 

medium is utilized by yeasts. 

 Despite the fact that cultivation of homofermentative lactic-acid bacteria in single 

culture does not require oxygen, it was found out that under intensive aeration the associated 

cultivation of the yeast and lactic-acid bacteria proceeded effectively for both cultures [173]. 

High carotenoid-forming ability of the lactose-negative strain R. rubra during cultivation in 

whey ultrafiltrate with L. casei on the one hand, and the active growth and acidification on the 

other, is evidence of the reciprocally positive interaction between the two strains, i.e. of 

symbiotic effect [174]. 
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5.7. Cultivation of carotenogenic yeasts in bioreactor 

 

In further part of presented study laboratory scale-up process under controlled 

conditions was tested. Strains Rhodotorula glutinis, Cystofilobasidium capitatum and 

Sporobolomyces roseus were cultivated in laboratory fermentor with maximum capacity of 

2 l. Two series of experiments were performed using different carbon sources – cultivation in 

basic glucose medium and in medium with technical glycerol (see Materials and Methods, 

chapter 4.2.5.). 

 

5.7.1. Cultivation conditions and growth characteristics  

 

Fed-batch cultivation in laboratory fermentor was carried out at 28 °C under 

permanent lighting, stirring (150 - 400 min
-1

) and aeration (5 l of air/min) for all experiments. 

Value of pH has been maintained at 4.5, introducing either 0.5 mol sodium hydroxide or 

0.5 mol of sulphuric acid into culture broth. The stirrer speed was increased or decreased 

during the fermentation depending on dissolved oxygen in the medium. At the beginning of 

the cultivation, starting number of rotation was 150 rpm, and it was maintained at a constant 

value in a few hours until yeasts reached exponential phase. In that transitional phase, 

dissolved oxygen (DO) was rapidly exploited by yeasts due to increased metabolic activity 

and intensive growing and reproduction (see Supplements No. 1, 2, 3). The RPM value has 

been increased by the time, depending on DO value. As the number of rotation increased, the 

foam formation was noticed, negatively affecting on mass transfer between yeasts cell and 

molecules of oxygen. To avoid foam formation a few drops of antifoam solution based on 

mineral oil origin were added.  

 

 
Figure 60:  Growth curve of R. glutinis cultivated in fermentor using 

 basic glucose medium (control) 
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Figure 60 shows a typical growth curve of microorganism - namely R. glutinis. It can 

be clearly distinguish lag phase, exponential or growth phase and prolonged stationary phase. 

In order to determine growth characteristics, specific growth rate, µ was calculated according 

to formula (1):     

                            

      (1) 

where µ symbolized specific growth rate, h
-1

, and x biomass concentration at the end of 

exponential phase. Derivation dx/dx defined a velocity of formed biomass, where dx is 

difference of biomass concentration at the end and at the beginning of log phase 

(dx/dt ~ Δx/Δt = (x2-x1)/ (t2-t1)). Represented dt was defined as a time of log (exponential) 

phase. Mathematical formula for productivity (2) clearly described growth properties of cells 

cultivated in bioreactor:

 

 

 

                   (2) 

 

Productivity is defined as ratio of produced concentration of biomass at the end of 

exponential phase to a time when log phase ends. According to Figure 60, R. glutinis entered 

the stationary phase after 24 h from the beginning of cultivation and stayed unchanged until 

70 h, where further local maximum was observed. Similar growing properties of 

carotenogenic yeasts were found in other studies [142, 161], containing several local maxima 

with extended stationary phase. Cultivating of C. capitatum in 2 l fermentor (Figure 61) small 

biomass production was observed with decreased productivity of 0.52 g∙(l∙h)
-1

. 

The productivity
 
was two times decreased in comparison to R. glutinis. Specific growth rate in 

all three control were relatively similar from 0.041 (in C. capitatum and S. roseus) to 0.048h
-1

 

in R. glutinis (see Table 38).  

 

 
Figure 61:  Growth curve of C. capitatum cultivated in fermentor using 

 basic glucose medium (control) 
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During cultivation of S. roseus strain, maintained cultivation condition in fermentor 

favoured growing of this red yeast strain, obtaining around 20 g∙l
-1

 of biomass at the 

beginning of stationary phase (Figure 62). Productivity was found a little bit lower than in 

R. glutinis, 0.88 g∙(l∙h)
-1

 in comparison to 0.97 g∙(l∙h)
-1

 in R. glutinis. Probably the presented 

cultivation conditions in bioreactor favorised the growth rate of S. roseus, which was 

substantially different in fermentor as in Erlenmeyer flasks where pH value and air flow was 

not monitored. From the other side, low biomass production obtained in C. capitatum was 

unexpected, keeping into account the fact that C. capitatum produced the highest biomass 

amounts in Erlenmeyer flasks. 

 

 
Figure 62:   Growth curve of S. roseus cultivated in fermentor using  

basic glucose medium (control) 

 

5.7.2. Growth and morphological characteristics 

 

Microscopic images of yeast cell morphology (with 640 times magnification) during 

the cultivation in glucose medium are introduced in Figure 63. The changeability of the 

dimension has been noticed on R. glutinis strain during cultivation in different growth phases. 

After 70 h from the beginning of the cultivation cells were smaller in volume and rounded. 

When carbon source was still present, cell shape was elongated. During 75 h of batch 

duration, yeast cells did not entered in death phase, moreover, lipid droplets as a product of 

primary metabolism were formed. 
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                RG inoculum               RG control (20h)                  RG control (24h)           RG control (28h)        RG control (48 h)       RG control (50h)                  

                                                       5 times diluted                      100 times diluted            100 times diluted          100 times diluted         100 times diluted           

                                              
                                                                              RG control (69h)          RG control (72h)        RG control (75h) 

                                                                               10 times diluted            100 times diluted         100 times diluted 

               
                  CC inoculum                  CC control (0h)            CC control (4h)               CC control (19h)           CC control (24h)         CC control (28h)       

                                                            20 times diluted             10 times diluted               100 times diluted            100 times diluted             10 times diluted           

               
                    CC control (45h)         CC control (48h)           CC control (50h)        CC control (67h)          CC control (72h)             CC control (75h) 

                    10 times diluted             10 times diluted               10 times diluted          10 times diluted            10 times diluted                 10 times diluted              

              
           SR inoculum                   SR control (0h)            SR control (2h)               SR control (4h)               SR control (20h)           SR control (24h) 

                                                                                                                                                                                                                             10 times diluted 

               
              SR control (26h)        SR control (28h)      SR control (44h)         SR control (48h)       SR control (50h)     SR control (70h)     SR control (75h) 

              10 times diluted           10 times diluted         10 times diluted           10 times diluted          10 times diluted       10 times diluted       10 times diluted 

   Figure 63: Microscopic images of R. glutinis, C. capitatum and S. roseus cultivated 

on basic glucose medium in 2 l bioreactor (640times magnified) 
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In C. capitatum, cells were less or more similar in different growing stages. At the 

beginning of exponential phase, inside the cells a spot which represents nucleus can be 

noticed. On that stage yeasts were in the period of intensive reproduction. When stationary 

phase started, lipid droplets formation visible by microscope was observed. The cells were of 

ellipsoidal shape and stayed of similar dimensions as at the beginning of cultivation.  

Cells of S. roseus strain, in contrary to previously described carotenogenic yeasts, 

exhibited more different morphological forms. In first stage of cultivation cells were bigger 

and more elongated (Figure 63). When the substrate was diminished from culture medium, 

the cells developed ballistoconidia. That dimorphism as morphological phenomena has been 

occurred in S. roseus only. Furthermore, S. roseus cells were also reduced under stress 

conditions (when carbon and nitrogen source was decreased) having very long ballistoconidia. 

 

5.7.3. Cultivation on technical glycerol 

 

When technical glycerol was used as carbon source, some type of osmotic stress was 

probably induced. As the consequence, exponential phase was doubled in comparison to the 

control series (Table 38, Figure 64). In control cultivations log phase lasted 20 h, but when 

glycerol was introduced the log phase was from 43 h in C. capitatum and even 47 h in 

R. glutinis. Prolonged log phase resulted in higher biomass production at the end of 

exponential phase, and also in overall biomass production. Utilizing technical glycerol yeasts 

exhibited lower growth rate than in basic glucose medium (Table 38). The productivity was 

also decreased, especially in S. roseus, from 0.88 gl
-1

h
-1

 to 0.16 gl
-1

h
-1

. Exponential phase 

were prolonged probably due to adaptation to new medium and osmotic stress. 
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Figure 64:  Growth curve of R. glutinis (a), C. capitatum (b) and S. roseus (c) cultivated  

on pure technical glycerol 

 

 

5.7.3.1. Growth and morphological characteristics 

 

Morphological changes of yeast cells growing in medium with glycerol as nutrition 

source are documented in Figure 65. Cells were more reduced, especially R. glutinis. 

Formation of ballistoconidia in S. roseus was also noticed, probably as a response to osmotic 

stress. Like in the control glucose medium, in early stages cells were more voluminous and 

ellipsoidal without indication of formation ballistoconidia. During exponential and stationary 

phase cells started to be smaller containing very long tubercles like tail (ballistoconidia).   
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           RG glycerol (0h)           RG glycerol (3h)        RG glycerol (4h)          RG glycerol (20h)           RG glycerol (22h)            RG glycerol (24h)   

               
          RG glycerol (27h)            RG glycerol (44h)           RG glycerol (48h)           RG glycerol (50h)          RG glycerol (68h)         RG glycerol (75h) 

           10 times diluted                10 times diluted                10 times diluted               10 times diluted                100 times diluted           100 times diluted 

           
             CC glycerol (0h)            CC glycerol (4h)         CC glycerol (22h)        CC glycerol (24h)             CC glycerol (28h)            CC glycerol (46h)       

                                                                                                     10 times diluted                10 times diluted 

   
  CC glycerol (48h)         CC glycerol (72h)       CC glycerol (75h) 

50 times diluted            100 times diluted          100 times diluted 

               
                  SR glycerol (0h)               SR glycerol (2h)              SR glycerol (4h)          SR glycerol (21h)          SR glycerol (24h)           SR glycerol (28h) 

                                                                                                                            20 times diluted            10 times diluted               10 times diluted 

Figure 65: Microscopic images of R. glutinis, C. capitatum and S. roseus cultivated on 

technical glycerol in 2 l bioreactor (640times magnified)   

 

Previously was found that red yeast cultivated under osmotic and oxidative stress or 

on various waste substrates shows no significant differences in cell morphology when 

compared with growth in glucose medium under optimal conditions [2]. Typical ellipsoidally 

shaped cells were mainly observed. In some cases, thicker cell wall was formed what could 
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indicate higher accumulation of carotenoids present in cell wall. Under osmotic stress shrunk 

cells with cell wall damage were appeared. Also these results confirm that low environmental 

stress probably exhibited no cytotoxic effect on yeast cell. 

 

5.7.3.2. Monitoring the fermentation processes  

 

 

 During the cultivation on glycerol and glucose, samples were taken from bioreactor 

regularly at defined time from the beginning of cultivation – 28 h, 50 h and 75 h. Table 38 

illustrates growth characteristics calculated for carotenogenic yeasts cultivated on glucose and 

glycerol. According to definition (see 5.7.1.) cells should be collected at the end of 

exponential phase. When compared growth curves of red yeasts cultivated in glucose medium 

(Figures 60 - 62) and in glycerol medium (Figure 64) it is clear that exponential curve in 

glucose medium was in all strains reached in about 20 hours, while in glycerol medium 

exponential phase was longer, about 45 hours. Some adaptation to glycerol as an alternative 

carbon source was probably needed.     

 

Table 38: Growth characteristics for carotenogenic yeasts 

Red yeasts strain x (g∙l
-1

) Δx (g∙l
-1

) Δt (h) µ (h
-1

) Px (g∙(l∙h)
-1

)  

RG control 23.21 22.14 20.0 0.048 0.97 

CC control 12.49 10.48 21.0 0.041 0.52 

SR control 23.45 21.57 22.5 0.041 0.88 

RG glycerol 29.53 27.58 47.0 0.016 0.59 

CC glycerol 30.81 27.99 43.0 0.021 0.67 

SR glycerol 7.23 6.21 44.0 0.020 0.16 

 

Glycerol changes in medium during yeast cultivation were determined using special 

kit for glycerol determination (see 4.2.6.3. c).  Intracellular glycerol content was measured in 

yeast cells at the end of cultivation (75 h). Results of glycerol concentration in the supernatant 

are illustrated in Table 39. As it was expected, glycerol was intensively utilized mainly by 

C. capitatum. During the first 28 h from the beginning of cultivation more than one half of 

overall amount of glycerol was consumed, leaving in the culture broth unused amount of 

glycerol, 12.05 g∙l
-1

. Between 28 h and 50 h, almost all remained glycerol was utilized by 

C. capitatum and it stayed constant until the end of cultivation. At late stationary phase, 

concentration of remained glycerol was the same and very low, not exceeding 1.00 g∙l
-1

. 

R. glutinis also utilized glycerol, but not as fast as it was found in C. capitatum. In the first 

phase (lag and beginning of exponential phase) the remained glycerol was 16.47 g∙l
-1

, which 

was significantly higher available amount of glycerol in comparison to C. capitatum. It is 

interesting that in the next 22 h concentration of free glycerol decreased only 5 g∙l
-1

 and 

biomass was doubled. At the end of cultivation (75 h) residual glycerol was, like in the case 

of C. capitatum very low, 1.76 g∙l
-1

. Oppositely, S. roseus utilized glycerol relatively slowly. 

In lag and exponential phase only one third of available glycerol was used. 

Observing produced biomass, which was very small 4.14 g∙l
-1

 (28 h) and 7.31 g∙l
-1

 (50 h), 

glycerol is probably no suitable carbon source for S. roseus biomass production. At the end of 
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cultivation 11.50 g∙l
-1

 of glycerol remained in medium. That large amount of free glycerol 

represents approximately the same amount when R. glutinis or C. capitatum was cultivated 

for 50 h (Table 39).  
 

   

Table 39: Yield coefficient and residual glycerol amount obtained  

during the cultivation (from supernatant) 

supernatant A
540

 (100x) 

 

cglycerol (g∙l
-1

) x0 (g∙l
-1

) x (g∙l
-1

) Yx/S (g∙g
-1

) 

RG (27 h) 0.300 16.47 1.45 15.11 1.01 

RG (50 h) 0.213 11.69 1.45 29.53 1.53 

RG (72 h) 0.033 1.76 1.45 28.98 0.97 

CC (28 h) 0.220 12.05 1.67 16.54 0.83 

CC (50 h) 0.018 0.96 1.67 29.41 0.96 

CC (75 h) 0.017 0.93 1.67 35.46 1.16 

SR (28 h) 0.501 27.47 0.98 4.14 1.25 

SR (50 h) 0.377 20.70 0.98 7.31 0.68 

SR (75 h) 0.210 11.50 0.98 9.48 0.46 

 

Yield coefficient was determined from the following formula: 

 

X/S      (3) 

 

where dx represents biomass production during growing and dS represents substrate 

degradation during the time. Yield coefficient expresses the amount of yeasts biomass in 

grams which is formed by degradation of 1 g of substrate. From the Table 39 it is obvious that 

during first 50 h of cultivation, R. glutinis produced 1 - 1.53 g of biomass utilizing 1 g of 

glycerol. In the middle of the stationary phase and until the end of cultivation yield coefficient 

decreased to the starting value, 0.97 g∙g
-1

. In C. capitatum, yield coefficient was increasing 

during the cultivation to maximally 1.16 g∙g
-1

. Eventual prolongation of C. capitatum 

cultivation leads to higher biomass production. Opposite, biomass production per 1 gram of 

consumed glycerol have been drastically reduced in S. roseus, as expected.  

 Residual concentration of intracellular glycerol determined at the end of cultivation 

corresponded to the concentration in appropriate supernatant (Table 40). As it could be 

expected, the highest concentration of free glycerol was found in S. roseus, 16.70 mg∙g
-1

. 

From other side, relatively minor concentration of glycerol was observed in both R. glutinis 

and C. capitatum cells. 
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Table 40: Residual concentration of glycerol determined in biomass 

biomass A
540

 (10x) 

 

A
540

 (100x) 

 

biomass 

(g∙l
-1

) 

biomass  

(g/50 ml) 

glycerol, 

mg 

glycerol, 

mg∙g
-1 

biomass 

RG (72 h) 0.178 - 28.98 1.45 2.11 1.46 

CC (75 h) 0.104 - 35.46 1.77 1.23 0.69 

SR (75 h)  0.143 9.48 0.47 7.85 16.70 

 

For determination of residual glucose, supernatant obtained after 28 h, 50 h and at the 

end of the fermentation was analyzed using Somogyi-Nelson method (see chapter 4.2.7.3.b). 

Samples were measured spectrophotometrically and concentration of glucose were than 

calculated using calibration equation (y = 0.02018∙x (mg∙l
-1

)). 

 

Table 41: Residual concentration of glucose obtained during the cultivation 

supernatant A
720

 (10x) 

 

A
720

 (100x) 

 

cglucose (mg∙l
-1

) 

RG (27 h) 0.272 / 13.45 

RG (50 h) 0.247 / 12.24 

RG (72 h) 0.273 / 13.53 

CC (28 h) 0.380 / 18.86 

CC (50 h) 0.218 / 10.83 

CC (75 h) 0.216 / 10.70 

SR (28 h) >2.5 0.424 210.36 

SR (50 h) 0.344 / 17.07 

SR (75 h) 0.173 / 8.57 

 

 

From the Table 41 it is clear that during cultivation in basic glucose medium all red 

yeasts strains utilized glucose almost at the beginning of growth. After 24 h all red yeasts 

entered to stationary phase, where biomass production was stopped and metabolite production 

was started. 

 

5.7.3.3. Flow cytometry results 

 

 In this study, for monitoring physical and chemical changes of yeasts cells during 

cultivation in bioreactor, flow cytometry was used. Application of this technique to red yeast 

analysis has been not described yet. Thus, analysis conditions were set and optimized, 

nevertheless, presented results should be interpreted a preliminary. For following experiments 

propidium iodide was utilized to stain yeast DNA. Living yeasts cells are able to pump out a 

propidium iodide from cells and stayed uncoloured. Otherwise, dead cells stayed colored and 

could be visualized by fluorimetry. All three studied carotenogenic yeasts (R. glutinis, 

C. capitatum and S. roseus) cultivated on basic glucose and glycerol were analyzed by flow 

cytometry (see Methods, chapter 4.2.6.).  

 After each individual measurement, using appropriate software package (Apogee A40 

Flow Cytometer), results were expressed in the form of several cytograms and histograms 
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(Figure 66). First graphs from left represent cytograms of SALS-LALS relation (SALS- small 

angle light scattering, LALS- large angle light scattering), in which individual yeasts cells 

were arranged according to their size. The area restricted with red line presents region of 

increased frequency of events (red yeast cells) stained with propidium iodide. A rectangle in 

the lower left corner represents noise and small particles which have not been taken into 

account during the measuring. Those small particles (mainly from distilled water) could 

interfere and affect to the final data evaluation.  

The second row of cytometer (Figure 66, dependence SALS-Red) represents figures 

with area restricted with a red line showing living cells. All events (spots) on that cytogram 

which were out of marked area were defined as dead cells. Next figure in a sequence 

represents histogram derived from SALS-Red cytogram. Left peak shows living cells after 

staining with propidium iodide and right peak represents dead cells. The green cytogram, 

presented rightmost, exhibited the relation between SALS-SALS, which is in fact a cytogram 

showing single cells (area plotted with green line). Dots found beyond of that green line 

represent doublets, triplets and other forms of cells associations. All cytograms/histograms are 

specific for certain dye which was applied in the flow cytometry. In presented experiments 

red channels were the most representative for measuring propidium iodide fluorescence. 

 In the Figure 66 flow cytometry data of R. glutinis are presented (glycerol medium). 

Samples were taken immediately after starting the cultivation (0 hours), after 24 h and 50 h, 

respectively. From the histogram a small amount of dead yeast cells can be observed (see first 

column). It could be assumed that dead cells were gained mainly from inoculums. 

Many doublets and other forms of aggregations can be observed too, probably as a typical 

response of stress. At the beginning of fermentation, yeast cells were relatively big, while 

during the fermentation cells started to decline (see second and third column) and to avoid 

aggregates. 
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Figure 66: Flow cytometry data of R. glutinis cultivated on technical glycerol immediately 

after starting the cultivation (0 hours), after 24 h and 50 h 

 

From the Figure 66 relatively reduced size of the red yeasts cells after 24 hours of 

cultivation can be observed, where red area from first cytogram was transferred to left low 

corner. Cells were now adapted to new environment and number of dead cells was reduced. 

Aggregation of yeasts cells can be also noticed. After 50 h from starting the fermentation in 

bioreactor, yeasts cells continued to be smaller, which could be noticed from Figure 66 by 

shifting red area to the place with small particles. Also peak of dead cells occurred. From the 

Table 39 it can be observed that after 50 h from the cultivation the yield coefficient was 

decreased (from 1.53 to 0.97), which is in agreement with data obtained by flow cytometry. 

What is interesting, at that period of growth yeasts were found to be more singlet than 

regrouped like in previous phase of growing. 

Cultivating R. glutinis in basic glucose medium it can be observed that yeasts cells 

were more reduced at the beginning of fermentation when compared to the cells obtained after 

cultivation (75 h). Furthermore, more dead cells can be observed after 75 h, but the main 

reason why peaks of dead cell were not developed was due to probably short time of binding 

of propidium iodide dye to dead cell (see Figure 67). 

 

  
Figure 67: Flow cytometry data of R. glutinis cultivated on basic glucose media 

immediately after starting the cultivation (0 hours) and at the end (75 hours) 

 

Comparing the results of other carotenogenic yeasts cultivated in glucose medium 

similar results as in R. glutinis were obtained. In supplement No. 4, where results of 

C. capitatum cultivated on glucose are introduced, the same behaviour during cultivation was 
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observed. It can be nicely spotted distinction between living and dead cells during the 

fermentation, where greater percentage of dead cell was found at the end of cultivation. 

As confirmed also by microscopy, size of the C. capitatum cells was bigger than in the case of 

R. glutinis. Furthermore, in the case of S. roseus, some specific and non-standard data have 

been obtained (see supplement No 5.). At the exponential growth phase and late stationary 

phase big differences in the yeast size were noticed. In late stationary phase, yeast cells were 

shrank and reduced when compared the cells from the beginning of fermentation 

(see Figure 63). Differences were found also in ballistoconidia, which were more pronounced 

in late phase of yeasts growth. Attendance of ballistoconidia was detected on cytogram 

SALS-SALS, where high degree of association and aggregation of yeasts cells was observed. 

Due to relatively long ballistoconida in S. roseus, cytogram of SALS-SALS dependence could 

be not considered as an efficient tool for study of cells behaviour and their counting. 

Yeast cells with a long developed ballistoconidia, when enter in the flow cytometer, cannot be 

distinguished if they travel alone or in the group. 

But in any case, flow cytometry could play a big role in determination of physical and 

chemical properties of red yeast cells, acting as a strong tool also in different spheres of 

science. 

 

5.7.3.4. Metabolite production 

 

 During cultivation in laboratory fermentor also pigments and ergosterol production 

was observed. Samples from bioreactor were taken after 28 h, 50 h and at the end of the 

cultivation. Red yeasts biomass cultivated on glucose was produced intensively within the 

first 28 h (Table 42). After entering into stationary phase, biomass production rate was 

slowed. Using glycerol as a carbon source, between 28 h and 50 h, the biomass was almost 

doubled, in both R. glutinis and C. capitatum. 

 Ergosterol as well as carotenoid production was much decreased (using glucose or 

technical glycerol as a carbon source) when compared to yeast cultivation in Erlenmeyer 

flasks (see Chapters 5.1 and 5.2.). 

 

Table 42: Biomass and metabolite production of R. glutinis cultivated on basic glucose 

medium and technical glycerol medium in 2 l fermentor 

R. glutinis biomass 

(g∙l
-1

) 

Ergosterol 

(mg∙l
-1

) 

β-carotene 

(mg∙l
-1

) 

Total carotenoids 

(mg∙l
-1

) 

28h glucose 20.16 4.64 0.10 0.34 

50h glucose 21.22 3.78 0.05 0.14 

75h glucose 23.10 4.16 0.07 0.22 

28h glycerol 15.11 5.01 0.06 0.22 

50h glycerol 29.53 4.70 0.27 0.55 

75h glycerol 28.98 5.78 0.29 1.01 
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 Cultivation in fermentor gave very low yields of metabolites mainly due to different 

cultivation conditions than in Erlenmeyer flasks. Probably the pH value, which was 

maintained at a constant value of 4.5 during all the time, could substantially affect on pigment 

production. According to the literature [175], red yeasts R. glutinis were able to grow and 

form pigments under a wide range of initial pH conditions - from 2.5 to 9.5. The cell dry 

weight increased gradually with an increase in the pH of the broth, while the highest 

carotenoids yield (3.3 mg∙l
-1

) was obtained at pH 5.5 and can be considered as the optimum 

pH for pigment production in this yeast. Other strain - R. mucilaginosa also exhibited the 

same optimum pH, but failed to grow at pH 3.0. 

 Also the value of rpm was variable during the time of cultivation in fermentor. It was 

changed to maintain constant value of air saturation, which cannot drop below 10 % during 

whole fermentation process. The rpm change during the fermentation immediately increased 

the value of dissolved oxygen, which is intensively consumed by red yeasts. 

 It is widely accepted that availability of oxygen determines the pigments amount and 

their profile since molecular oxygen participates in the desaturation mechanisms for carotene 

biosynthesis [176]. It must be emphasized, that possible interactions between dissolved 

oxygen and temperature, medium composition and oxygen requirement of red yeasts have 

been investigated in very limited manner. Thus, all findings can only serve as guidelines for 

establishing the exact role of oxygen in microbial pigment biosynthesis. Studies on the effect 

of aeration on Rhodotorula spp. have revealed minor effects on the composition of 

carotenoids, although the overall synthesis has often been stimulated by aeration [151]. 

 

Table 43:  Biomass and metabolite production of C. capitatum cultivated on basic glucose 

medium and technical glycerol medium in 2 l fermentor 

C. capitatum biomass 

(g∙l
-1

) 

Ergosterol 

(mg∙l
-1

) 

β-carotene 

(mg∙l
-1

) 

Total carotenoids 

(mg∙l
-1

) 

28h glucose 13.07 5.30 1.12 1.87 

50h glucose 14.46 4.79 1.36 2.24 

75h glucose 15.07 4.65 1.62 2.62 

28h glycerol 16.54 5.08 0.39 1.42 

50h glycerol 29.41 3.61 0.35 0.84 

75h glycerol 35.46 3.93 0.51 0.95 

 

Table 44: Biomass and metabolite production of S. roseus cultivated on basic glucose medium 

and technical glycerol medium in 2 l fermentor 

S. roseus biomass 

(g∙l
-1

) 

Ergosterol 

(mg∙l
-1

) 

β-carotene 

(mg∙l
-1

) 

Total carotenoids 

(mg∙l
-1

) 

28h glucose 22.4 3.22 2.97 8.85 

50h glucose 13.96 6.39 11.73 26.58 

75h glucose 10.05 5.57 8.37 35.27 

28h glycerol 4.14 7.80 1.42 3.11 

50h glycerol 7.31 7.93 0.92 1.97 

75h glycerol 9.48 2.34 0.06 0.22 
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 Looking in general, red yeasts cultivation under specific condition, which are different 

from Erlenmeyer flasks, led to relatively small amount of metabolites (Tables 42 - 44). 

Under those specific conditions S. roseus produced the highest amount of total and individual 

carotenoids, as well as ergosterol, when compared to other two strains. High biomass 

production of this strain on glucose was probably the reason of yeasts adaptation to new 

conditions. When compared to cultivation on flask, S. roseus produced always minor amount 

of dry cell mass. It can be assumed that specific cultivation condition could alter biomass 

production, and, this, also metabolite production (Table 44). 

 Other two strains produced also satisfactory biomass amount when cultivated on 

glycerol. Individually, C. capitatum was presented as a decent producer of pigments when 

cultivated on technical glycerol, even better than R. glutinis (see Tables 42 and 43).  

 Further study of red yeast cultivation and eventually scale up process need to be firstly 

optimized in order to find the best conditions for both biomass and metabolite production. 

In some similar study [177], where strain R. glutinis was grown on fermented radish brine 

(as vegetable processing waste with good source of nutrients), beta-carotene production was 

also quite low. The bioreactor was controlled at 30 °C and kept pH constant at 6 with 60% 

dissolved oxygen for 24 h. Dissolved oxygen was automatically maintained at a set point by 

control unit of the reactor using a two-stage cascade mode which regulated aeration rate at the 

first stage and an agitation rate at the second stage. Its production was also affected by 

temperature, pH and dissolved oxygen. After optimizing, using statistical experimental 

methods, at optimum conditions (temperature of 30 °C, pH of 6 and dissolved oxygen of 

80 %) an increase of beta-carotene production by 15 % was reached. In our experiment, two-

stage cascade mode was not used, and DO value was adjusted by manually changing the rpm. 

In some batches DO values were much decreased even if rpm was very high, especially in 

experiments with glycerol. In R. glutinis DO value was, from the beginning of exponential 

phase until the end of cultivation, very low and did not passed more than 20 %. Those two 

factors (pH and DO) were crucial for red yeasts cultivation. Setting the constant value of 

dissolved oxygen by cascade mode it could be possible to obtain even higher amount of 

desired metabolites and also biomass. 

 Increased dissolved oxygen resulted in increased values of cell biomass and beta-

carotene concentrations and vice versa. However, other parameters such as low and high 

temperatures (23 °C and 37 °C) and pH values (4 and 8) significantly decreased both biomass 

and β-carotene production. In addition, their interaction could affect the biomass and β-

carotene production [177]. 
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5.8. Microbial fuel cell reactor (MFC) 

 

5.8.1. Microbial fuel cell-general 

 

The MFC was operated in fed-batch mode at a fixed resistance load (R, [Ω]) and at 

constant working temperature of 30 °C. Electric potential (U, [mV]) between anode and 

cathode was measured continuously in every 15 minutes and gained electrical current 

(I, [mA]) was determined by Ohm‟s law (I= U/R). The electric charge (total Coulombs, 

Q, [C]) was calculated by integrating the current measured at each time interval (Table 15).  

In this Ph.D. study, several parameters have been monitored in different batches. First, 

the anode electrode area was altered aiming to find the optimal condition for charge 

collection. One, two or four electrodes on the same stainless steel rod were used. Then, the 

influence of formed bacterial biofilm attached on the electrode surface from previous 

experiments on MFC properties was investigated. As the most important parameter, different 

additional substrates were applied to anode solution in order to provide better bacterial growth 

in MFC, and, therefore better production of electrical current. As mentioned in Materials and 

Methods (see chapter 4.2.8.), sodium acetate, technical glycerol and waste glycerol obtained 

from the biodiesel plant were used. According to the literature [24], acetate exhibited the 

highest output and here was used as a reference. The conversion of acetate occurs by simple 

metabolism, which in many cases involves only the tricarboxylic acid cycle and generates 

electrons without producing different by-products like propionate, ethanol and lactic acid, 

which can reduce the electricity yield. Electricity reduction is possible if the active bacteria 

cannot convert pyruvate into CO2 and electrons [24]. 

To develop an MFC for crude (waste) glycerol oxidation, a microbial catalyst must be 

selected that can anaerobically metabolize glycerol. While aerobic glycerol metabolism is 

common in bacteria, anaerobic conversion of glycerol has only been reported in limited 

genera [18], and even fewer it is appropriate for use in an industrial process. Bacteria are able 

to metabolize glycerol through incorporation into the glycolysis pathway. Glycerol is 

converted to glycerol-3-phosphate and subsequently to dihydroxyacetone phosphate (DAP) 

which can be metabolized in glycolysis for the formation of pyruvate. Under aerobic 

conditions, pyruvate enters the citric acid cycle. Under anaerobic conditions, fermentation to 

various by-products occurs depending on the species and growth conditions [178]. 

Anaerobic bioconversion of glycerol is generally categorized into two pathways: 1, 3-

propanediol (1, 3-PDO) dependent conversion and 1, 3-PDO independent conversion. For the 

biotransformation of glycerol into 1, 3-PDO, a dismutation process occurs, involving 

simultaneous oxidative and reductive pathways (see Figure 68) [18]. In both the oxidative 

pathways of 1, 3-PDO dependent and independent fermentations, a variety of products can be 

formed including succinic acid, propionic acid, butanol, ethanol, formic acid, hydrogen, and 

carbon dioxide. 

 



137 

 

 
Figure 68:   Oxidative and reductive pathways of glycerol dissimilation in 1, 3-PDO 

dependent fermentation. Figure adapted from [18] 

 

              Studies involving mixed microbial culture for anaerobic fermentation of glycerol 

have also been performed. Generally, less specific products are achieved, and glycerol 

conversion levels are typically around the same degree as in pure cultures. The use of mixed 

cultures, however, is more appropriate for an industrial scale where contamination of pure 

strains can be difficult to avoid. Using, for instance, anaerobic digested sludge, mainly: 1, 3-

propanediol, acetic acid, butyric acid, ethanol, lactic acid and hydrogen were obtained [179]. 

 The aim of this work was to test use of waste glycerol for MFC due to their role as 

by-product of biodiesel production.The potential of glycerol as an MFC feedstock is just 

starting to be realized. Glycerol is a non-toxic, non-volatile, non-flammable chemical. It has a 

high energy density and it is highly abundant, making it a promising choice as a fuel [61]. 

Technical glycerol was assumed to have better quality than waste glycerol, and was used here 

as another reference material (in comparison to waste glycerol).   

In total, nineteen batches were realized; some of the experiments were done in 

duplicates or triplicates. Tables 45, 46 and 47 represent characteristics of all individual 

batches of MFC categorized according to additional substrate which was used: acetic acid, 

waste glycerol, technical glycerol and waste water without additional carbon source, 

respectively. Furthermore, applied external resistance with values from 350 Ω to 1 000 Ω, and 

anode surface area (using one, two or four electrodes immersed parallel in the anode solution) 

are presented. Comparison of new or already used anode electrodes from previous 

experiments was tested for study influence of formed biofilm attached of the electrode surface 

on improving MFC properties.  
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Table 45: MFC experiments with acetate as additional substrate 

MFC batch  

SUBSTRATE 

 

RESISTANCE 

(Ω) 

ELECTRODE 

SURFACE 

(cm
2
) 

ALREADY  

FORMED 

BIOFILM 

TIME OF 

RUNNING 

(h) 

sodium acetate 1000 48 + 152.00 

sodium acetate 1000 96 - 149.50 

sodium acetate 500 96 + 177.80 

sodium acetate 350 96 + 202.00 

sodium acetate 1000 96 + 202.00 

sodium acetate 1000 48 + 151.30 

sodium acetate 500 96 - 149.30 

sodium acetate 500 96 + 178.30 

sodium acetate 350 96 + 202.00 

sodium acetate 1000 192 - 220.00 

 

Table 46: MFC experiments with waste glycerol as additional substrate 

MFC batch 

SUBSTRATE 

RESISTANCE  

(Ω) 

ELECTRODE 

SURFACE  

(cm
2
) 

ALREADY 

FORMED 

BIOFILM 

TIME OF 

RUNNING  

(h) 

waste glycerol 500 192 + 154.80 

waste glycerol 464 192 + 341.80 

waste glycerol 464 192 + 164.70 

waste glycerol 500 192 + 154.80 

waste glycerol 500 192 + 365.80 

 

 

 

Table 47: MFC experiments with technical glycerol as additional substrate 

MFC batch  

SUBSTRATE 

RESISTANCE   

(Ω) 

ELECTRODE 

SURFACE  

(cm
2
) 

ALREADY 

FORMED 

BIOFILM 

TIME OF 

RUNNING 

 (h) 

technical glycerol 350 192 - 171.50 

technical glycerol 500 192 + 341.30 

technical glycerol 500 192 + 164.30 

wastewater 500 192 + 158.00 

 

 

5.8.2. Sodium acetate as additional substrate 

 

The experiments were carried out at the best possible conditions, using sodium acetate 

as an additional substrate to waste water (which contained 0.35 g COD∙l
-1

) and as a reference 

to the other investigated additional substrates. Different external resistance (from 1 000 Ω to 

350 Ω) was applied, different anode area (from 48 cm
2
 to 192 cm

2
) and the new and reused 

anode electrodes were tested. The distance between electrodes was significantly reduced and 

in both compartments ionic strength was increased (addition of phosphate buffer to both 

electrode solutions). Above described design of MFC was proposed in order to improve fuel 
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cell working rate [24]. The MFC reactor was run approximately from 150 hours to 220 hours 

(see Table 45 and 48). 

 

Table 48: Electrochemical characteristics of MFC batches using acetate  
MFC 

(sodium acetate) 

UOCV 

(mV) 

Rinternal 

(Ω) 

Rexternal 

(Ω) 

ANODE AREA 

(cm2) 

Charge 

(C) 

CEff 

(%) 

Umax 

(mV) 

Pdensity
max 

(mW∙m-2) 

1. EXPERIMENT 650.0 249.8 1000 48 176.3 5.19 680.9 96.6 

2. EXPERIMENT 708.2 132.1 1000 96 264.5 7.79 658.5 45.2 

3. EXPERIMENT 685.9 116.8 500 96 497.5 14.6 675.5 95.1 

4. EXPERIMENT 697.6 102.1 350 96 567.5 16.7 688.8 141.2 

5. EXPERIMENT 743.8 136.3 1000 96 185.3 5.46 686.6 49.1 

6. EXPERIMENT 689.9 171.5 1000 48 249.5 7.35 714.4 106.3 

7. EXPERIMENT 704.1 122.1 500 96 483.6 14.2 685.4 97.9 

8. EXPERIMENT 679.9 119.0 500 96 465.5 13.7 631.0 83.0 

9. EXPERIMENT 692.6 122.0 350 96 559.8 16.5 676.7 136.3 

10. EXPERIMENT 1171 170.5 1000 192 87.4 2.57 1006 52.7 

 

The dependence of the current, potential and charge on the time using acetate as 

substrate is plotted on Figure 69 (for 1
st
 batch).  It is clearly that charge is increasing linearly 

during the time for 80 h, when the current was on constant value, 0.63 mA. At 80
th

 hour, a 

clear breakpoint of the process was observed, resulting in constant charge and rapid current 

decrease. This effect could be connected with exhausting of the substrate, which led for a 

rapid decrease of the viability of bacteria present in anode solution. It was found that internal 

resistance of fuel cell during 152 hours of running increased with the time, which is a typical 

behaviour of battery cells. In our case chemical process was exhausted after 80 hours and 

substrate consumption led to cleaning of the used waste water from acetate and other 

compounds. 

 

 
Figure 69:   Dependence of the current (pink curve) and charge (red curve) versus time using 

acetate as substrate (1. batch) 
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During the first 80 h of running (where current was rapidly increased), internal 

resistance was decreasing from 611.9 Ω at the beginning to 151.2 Ω after 22 h. That value 

continues to decrease very slowly during the time (see Figure 70), which made relatively 

constant dependence between internal resistance and time. After 80 hours, internal resistance 

is expected to increase simultaneously with substrate consumption [180]. 

 

 

 
Figure 70:  Power density curves for 1

st
 MFC batch (upper figure) and dependence of 

internal resistance vs. time (lower figure) - first 80 hours 

 

 When the electrons are transferred to the anode via a redox reaction, the MFC 

encounters some internal resistance setback that occurs as a result of slow proton diffusion 

and inadequate cathode reaction. This internal resistance is a major problem with MFC 

designs, especially when it is high. The distance between the anode and cathode of different 

MFC configuration affects on internal resistance value. For different MFC types, the further 

apart the electrodes are from each other, the higher is Ri value which furthermore lowers the 

power density [180]. 

 The proton exchange membrane (PEM) that lies between the anode compartment and 

the cathode compartment could be also a factor that affects Ri. PEM are made from different 

semi-permeable materials, such as nafion, which is commonly used to keep the reactants 

separate, allowing only protons to pass through it. It stops gases from going through it. 

If gases, such as oxygen, diffuse through the membrane from the cathode to the anode, this 

will reduce power yield and efficiency. When the membrane is thin, the Ri is reduced and 

therefore the power density is increased. Furthermore, the protons produced from the 

oxidation step diffuse through the PEM from the anode compartment to the cathode 
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compartment. This proton diffusion step is important for cathode reaction process as well as 

the electricity generation [181]. 

On Figure 71, results of two batches (2
nd

 and 3
rd

) are presented, where anode area was 

increased (now overall electrode area is 96 cm
2
) in comparison to 1

st
 batch. Differences 

between those two batches were in external load, 1 000 Ω and 500 Ω, respectively, giving also 

different values of Coulombic efficiency. In the second batch, Coulombic efficiency of 

7.79 % was obtained and it was 2.6 % more than in the first batch (Table 48). 

Changing external resistance to 500 Ω, value of Coulombic efficiency increased almost 2 

times (14.6 %). Similar value of Coulombic efficiency was referred in the literature [24] using 

acetate as a substrate. It was gained 13.7 % using 1 000 Ω as external resistance. Observing 

2
nd

 batch and dependences of potential/current versus time, it is evident that using new 

electrodes, bacteria need firstly some period for adaption. The adaption resulted in extended 

lag phase, which lasted around 20 h from the starting the MFC reactor (Fig. 71 - upper 

picture). 

 

 

 
Figure 71: Dependence of the current (pink curve) and charge (red curve) versus time using 

acetate as substrate (2
nd

 batch-upper figure, 3
rd

 batch-lower figure) 

 

0,0

0,2

0,4

0,6

0,8

1,0

1,2

0

100

200

300

400

500

600

700

800

900

1000

0 50 100 150
C

u
rr

e
n

t 
[m

A
] 

P
o

te
n

ti
al

 [
m

V
]/

C
h

ar
ge

 [
C

] 

Time [h] 

Potential [mV]
Charge [C]
Current [mA]

lag 
phase 

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

0

500

1000

1500

2000

2500

3000

3500

4000

4500

0 50 100 150

C
u

rr
e

n
t 

[m
A

] 

P
o

te
n

ti
al

 [
m

V
]/

C
h

ar
ge

 [
C

] 

Time [h] 

Potential [mV]
Charge [C]
Current [mA]



142 

 

 
Figure 72:  Dependence of the current (pink curve) and charge (red curve) versus time using 

acetate as substrate (4
th

 batch) 

 

Higher value of CEff was obtained in 4
th

 batch (16.7 %) using external load of 350 Ω 

and producing at the beginning current of 1.69 mA (Figure 72). The current stayed constant 

with small decreasing rate, and after 100 hours current dropped to 1.40 mA. After 100 hours 

of MFC running, similarly to the 1
st
 batch, the current sharply dropped below 0.5 mA. Also Ri 

value in the first period was relatively low (from 100 - 105 Ω), proving the fact that small 

value of internal resistance of the battery gave better performance of system. Also this batch 

is characteristic by the highest value of power density, 141.2 mW∙m
-2

. 

In those experiments an influence of bacterial biofilm attached on anode surface on 

electricity production and other electrochemical properties was also observed. Hypothetically 

it was assumed that bacterial cells attached on surface better utilize substrate and therefore 

better system response can be observed. Considering obtained results in batches 2 (with two 

new electrodes) and 5 (with already utilized electrodes from previous experiments) it can be 

noticed relatively the same value of internal resistance, 132.1 Ω and 136.3 Ω and also current 

production 0.63 mA and 0.58 mA, respectively. The main difference occurred in values of 

Faraday efficiency and charge. The highest charge collection and efficiency was found in the 

MFC without attached bacterial film (see Table 48). In the experiments with new anode 

electrodes, bacteria need to be first adapted to the medium and surroundings. Time of 

adaption or lag phase without producing any electricity (see Fig. 71-upper picture) can be 

observed. On the contrary, electrodes with formed biofilm reused in other batches with freshly 

added substrates exhibited no phase of bacteria accommodation, giving potential response 

immediately after starting new batch (see Fig. 73 – upper picture). 
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Figure 73: Dependence of the current (pink curve) and charge (red curve) versus time using 

acetate as substrate (5
th

 batch-upper figure and 6
th

 batch-lower figure) 
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Figure 74: Power density curves for 6

th
 MFC batch (upper figure) and dependence of internal 

resistance vs. time (lower figure) 

 

The effect of formed bacterial biofilm on the electrode surface has been also 

investigated in batches No. 3 (reused electrodes) and No. 7 (new electrodes). In these 

experiments, in contrast to previous discussion, it was utilized external load of 500 Ω. 

The internal resistance was once again the same, around 120 Ω. It was verified, that using 

lower value of external resistance it was produced the same or even higher value of charge 

and current. In 3
th

 batch, the efficiency was 14.6 %, with current production of 1.17 mA. 

Oppositely, in batch No. 7 (Figure 75), with efficiency of 14.2 % it was obtained maximally 

current 1.33 mA. Interestingly, current production in both cases was the same considering 

duration of stationary phase of 102 h, and moderate decreasing of current to approximately 

1.00 mA was observed. It can be concluded that biofilm attached on the surface could be of 

interest only in the experiments with lower value of external resistance applied. 

 

 
Figure 75: Dependence of the current (pink curve) and charge (red curve) versus time using 

acetate as substrate (7
th

 batch) 
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Figure 76:  Dependence of the current (pink curve) and charge (red curve) versus time using 

acetate as substrate (8
th

 batch) 

 

 
Figure 77:  Dependence of the current (pink curve) and charge (red curve) versus time using 

acetate as substrate (9
th

 batch) 
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also decreased like in this situation, only with a slower rate.  Also pH value in [24] was 

ranging from 6.5 to 7.6 during the cultivation period. 

 

 

 
Figure 78:   Substrate degradation (acetate) during MFC running for 1

st
 and 6

th
 batch (upper 

figure) and pH value change (lower figure) 
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 At the end of 1
st
 batch the COD value was determined again. From the starting value 

of 350 mg∙l
-1

 O2, and after 152 hours, the COD value was dropped to 85.2 mg∙l
-1

 O2. 

Apparently, mixed bacterial culture, utilized also other residual organic compounds from 

waste water and therefore helps waste water cleaning process. From other side electricity 

produced during COD removal in MFC can be also used for self-powering, if MFC was used 

in scale up. 

 

Table 50: Changes of pH value and substrate concentration during the time for 3
rd,

 4
th

, 8
th

 

and 9
th

 batch 

MFC time (h) pH value substrate concentration (g∙l
-1

) 

3
rd

 batch 0.00 7.43 0.66 

 56.05 7.62 0.12 

 73.59 7.53 0.03 

 100.17 7.47 0.01 

8
th

 batch 0.00 7.21 0.96 

 49.75 7.56 0.35 

 71.17 7.40 0.16 

 95.84 8.00 0.02 

4
th

 batch 1.00 7.50 0.89 

 46.77 7.43 0.31 

 97.60 7.14 0.00 

9
th

 batch 0.00 7.61 0.74 

 47.00 7.50 0.24 

 97.83 7.01 0.00 

 

In other MFC batches, substrate degradation during the time has been also monitored. 

The obtained results were similar to the previous one. From the Table 50 and Figure 79 it is 

obvious, that acetate concentration was gradually decreased within 100 hours in all 

4 investigated batches (3
rd

, 4
th

, 8
th

, 9
th

). As the acetate was vanished from the anode solution, 

electrical current and potential were rapidly decreased, charging was stopped and stayed 

constant to the end of experiment. pH value was increased only in 8
th

 batch, while in other 

batches it was constant around 7.4, or decreased from 7.8 to 7 (Figure 79). The range of pH 

responds to previous measurement, done in batches 1
st
 and 6

th
, and also to the literature [24].  

One of important parameters which have been monitored was influence of their anode 

area on MFC activity. Roughly observing several batches with different anode surface (1
st
, 

2
nd

, 5
th

, 6
th

 and 10
th

) and the same external resistance (1 kΩ), the highest value of power 

density was found in the fuel cell with only one electrode (1
st
 and 6

th
 batch, 96.6 mW∙m

-2
 and 

106.0 mW∙m
-2

, respectively). Other batches with two or four electrodes (and with or without 

bacterial film) have quite the same value of Pdensity
 
(around 50 mW∙m

-2
). Values of Faraday‟s 

efficiency submitted previous speculations that MFC with four electrodes gave the smallest 

amount of electrons to anodes (2.57 %). The highest efficiency was found in the 6
th

 batch with 

one electrode and in the 2
nd

 batch with two electrodes, where one electrode was the new one. 

The internal resistance has been also observed. The smallest average values of Ri were 

detected in the MFC with two electrodes, no matter if those electrodes are new one reused.  
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Making general intersection of all batches and taking into account all partial 

conclusions, it can be submitted that MFC with one or two electrodes is the best solution for 

MFC design. Four electrodes placed parallelly on the stainless steel rod are not recommended 

mainly due to small values of power densities and low capacity of transferring electrons from 

presented substrate to electrode. Other solution could be to design different shape of 

electrodes or to arrange a differently anode or cathode compartment. This is assumed to be the 

greatest challenge in MFC manufacturing as a very cost-effective technology. It is necessary 

to take into consideration also stainless steel rod and influence of its physical properties on 

overall chemical reactions in MFC. 

 

 

 
Figure 79: Substrate degradation (acetate) during MFC running for 3

rd
, 4

th
, 8

th 
and 9

th
 batch 

(upper figure) and pH change during time (lower figure) 
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Three batches were tested for electricity production using technical glycerol, one of 

them with the value of 350 Ω as external resistance, the rest batches with 500 Ω as in 

presence of waste glycerol. The anode area stayed the same as in the experiments with 

addition of waste glycerol (four electrodes with effective surface of 192 cm
2
) and mixed 

bacterial biomass. The last batch was prepared using just waste water without addition of 

other carbon source (see Table 46 and 47). 

 

Table 54: Electrochemical characteristics of MFC batches using technical glycerol 
MFC 

(technical glycerol) 

UOCV 

(mV) 

Rinternal  

(Ω) 

Rexternal  

(Ω) 

ANODE 

AREA (cm2) 

Charge 

(C) 

CEff 

(%) 

Umax 

(mV) 

Pdensity
max 

(mW∙m-2) 

11. EXPERIMENT 714.6 670.6 350 192 576.8 8.94 783.6 91.4 

12. EXPERIMENT 588.4 276.8 500 192 788.4 12.2 640.8 42.8 

13. EXPERIMENT - - 500 192 357.0 5.54 351.0 12.8 

WASTE WATER - - 500 192 285.4 - 298.0 9.3 

 

Oppositely to acetate, the internal resistance in those experiments was very high. 

Power density values exhibited different values depending on loaded resistance. 

The maximum value of power density was found in 11
th

 batch (91.4 mW∙m
-2

), having also 

high mean value of internal resistance (670.6 Ω) (Table 51). 

 

 
Figure 80: Dependence of the current (pink curve) and charge (red curve) versus time using 

technical glycerol as substrate (11
th

 batch) 
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Figure 81: Power density curves for 11

th
 MFC batch (upper figure) and dependence of 

internal resistance vs. time (lower figure) 
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Figure 82:  Dependence of the current (pink curve) and charge (red curve) versus time using 

technical glycerol as substrate (12
th

 batch) 

 

 

 

 
Figure 83: Power density curves for 12

th
 MFC batch (upper figure) and dependence of 

internal resistance vs. time (lower figure) 
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Figure 84:  Dependence of the current (pink curve) and charge (red curve) versus time using 

technical glycerol as substrate (13
th

 batch) 

 

In 12
th

 batch substrate degradation during the time was analysed. Up to 46.50 hours 

almost all substrate was vanished from anode solution. In Figure 82, representing 

voltage/charge and current versus time it can be observed that current value increased to 

maximally 0.89 mA and stayed on that value almost 100 hours. The concentration of 

produced propionic and acetic acid were relatively low when compared with waste glycerol 

experiments. Here, concentration of acetic acid was a little bit higher than propionic acid, 

which was opposite situation than in experiments with waste glycerol. Also low concentration 

of ethanol and formic acid was obtained, 0.068 g∙l
-1

 and 0.022 g∙l
-1

 respectively (see Table 52 

and Figure 85). Furthermore, pH value decreased during experiment from 6.9 to 5.19 

(Figure 86).  

 

 

Table 52: pH value and substrate concentration changing during the time for 12
th

 batch 

MFC time 

(h) 

pH 

value 

Waste 

glycerol (g∙l
-1

) 

Propionic 

acid (g∙l
-1

) 

Acetic 

acid (g∙l
-1

) 

Ethanol 

(g∙l
-1

) 

Formic 

acid (g∙l
-1

) 

12
th

  batch 46.50 6.83 0.008 0.055 0.086 0,068 0.016 

 72.00 6.73 0.008 0.046 0.073 0,005 0.022 

 95.75 6.58 0.007 0.063 0.051 0.000 0.021 

 239.40 5.19 0.005 0.000 0.000 0.000 0.019 
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Figure 85:  Degradation and formation of some compounds during the MFC running 

 (12
th

 batch) 

 

 

   
Figure 86: pH values of anode solution during substrate degradation (with technical glycerol 

as substrate, 12
th

 batch) 
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5.8.4. Waste glycerol as additional substrate used in MFC 

 

Waste glycerol obtained after process of transesterification from biodiesel plant was 

added as an additional substrate to waste water for MFC running. Waste glycerol at 

concentration of 2.34 g∙l
-1

 was used (added to waste water) which represents approximately 

the same concentration of glycerol added in the experiments with technical glycerol. 

The concentration of technical glycerol used in MFC experiments was 2.0 g∙l
-1

 (21.7 mM) 

which, calculated to waste glycerol (obtaining approx. 83.22 % of pure glycerol) gave the 

same amount. Waste water used in those experiments contained 0.42 g COD∙l
-1

. Also other 

accompanying compounds presented in waste glycerol could influence overall current 

production and change other relevant parameter in MFC. In the Table 53, five experiments, 

with the similar external resistance (from 464 to 500 Ω) and the same number of parallel 

anode electrodes immersed in anode solution are presented. These experiments were also 

focused on the decrease of the electrode distance between anode and cathode, reducing 

internal resistance and improving MFC working efficiency [24].  

 

Table 53: Electrochemical characteristics of MFC batches using waste glycerol 

MFC 

(waste glycerol) 

UOCV 

(mV) 

Rinternal 

(Ω) 

Rexternal 

(Ω) 

ANODE 

AREA 

(cm
2
) 

Charge 

(C) 

CEff 

(%) 

Umax 

(mV) 

Pdensity
max

 

(mW∙m
-2

) 

14. EXPERIMENT 708.1 672.7 500 192 276.3 4.28 677.8 47.9 

15. EXPERIMENT 554.7 655.4 464 192 572.2 8.87 364.4 14.9 

16. EXPERIMENT 652.8 556.3 500 192 296.7 4.60 720.4 54.1 

17. EXPERIMENT 472.2 532.6 464 192 476.1 7.38 722.3 58.6 

18. EXPERIMENT - - 500 192 267.2 4.14 305.7 9.7 

 

 
Figure 87:   Dependence of the current (pink curve) and charge (red curve) versus time using 

waste glycerol as substrate (14
th

 batch) 
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In the figure above (Figure 87), relatively long time of charging can be observed, 

more than 150 min from the beginning of MFC running, and constant value of current. 

Somehow, potential between both electrodes was maintained during more than 80 % of MFC 

running. Coulombic or Faraday‟s efficiency (CEff) was lower in comparison with experiments 

where acetate and technical glycerol were used, using the same MFC reactor construction, 

with the same anode area surface and used external resistance. Decreases in performance 

(mainly CEff) could be attributed to the presence of salts, soaps, free fatty acids, and also 

residual catalyst in the waste glycerol accompanied with methanol. Furthermore, the higher 

value of CEff in the MFC with acetate is probably due to simpler metabolic pathway and 

thereby no by-product formation [24] like in the case of glycerol. It was obvious that 

changing the value of external resistance for just 50 Ω under the same conditions can double 

the value of Coulombic effect, and, thus, to accelerate the transfer of electrons from substrate 

to anode electrode. Coulombic efficiency can be greatly affected by cell growth, as electrons 

are used in the production of biomass instead of being transferred to the anode [50].  

The power delivered by a fuel cell is maximized when the external load matches the internal 

resistance of the fuel cell system [182]. In this case internal resistance during experiment was 

rapidly increased after 30.5 hours, and stayed constant until the end. This decrease in power 

density corresponded to an increase of internal resistance from 332.3 Ω to 853.2 Ω, which 

was very high (see Figure 88).  

 

 

 
Figure 88: Power density curves for 14

th
 MFC batch (upper figure) and dependence of 

internal resistance vs. time (lower figure) 
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Observing 15
th

 batch (Figure 89), the charge substantially increased resulting in nearly 

9 % of Faraday efficiency (8.87 %), which was more than two times in comparison to 

previous batch. Internal resistance was constant (around 655 Ω, see Figure 90); it was not 

increased like in previous experiment, but was still higher than in experiments with acetate, 

where Ri value was in range of 200 Ω (dependent of working conditions). Large reduction in 

internal resistance can potentially be obtained by shortening the electrode distance and 

increasing ionic strength with phosphate buffer [24]. Maximal power density was much 

decreased using waste glycerol as additional substrate, which gives possible explanation of 

too high internal resistance of the cell. 

 

 
Figure 89: Dependence of the current (pink curve) and charge (red curve) versus time using 

waste glycerol as substrate (15
th

 batch) 
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Figure 90: Power density curves for 15

th
 MFC batch (upper figure) and dependence of 

internal resistance vs. time (lower figure) 

 

In this batch changes of substrate degradation during the MFC running were also 

observed (Figures 91 and 92). As expected, concentration of waste glycerol was gradually 

decreased from 1.78 g∙l
-1

 at the beginning, to 0.73 g∙l
-1

 in the first 50 hours of running. 

For that time, in contrast to batches with acetate as carbon source, degradation of waste 

glycerol led to simultaneous production of several by-products gained form glycerol 

metabolism under anaerobic conditions. As mentioned before, during anaerobic catabolism of 

glycerol by bacteria, various compounds can be formed, especially 1, 3-propanediol, 

propionic acid, acetic acid and ethanol. In batches with waste glycerol mainly propionic acid 

and acetic acid were synthesized, with small contribution of ethanol and formic acid. 

The concentration of propionic acid increased to maximally 4.66 g∙l
-1

, and acetic acid to 0.26 

for 15
th

 batch, and 4.37 g∙l
-1

 of propionic acid and 0.29 g∙l
-1

 of acetic acid for 17
th

 batches. 

In the Table 54 it can be observed relatively similar rate of by-products accumulation, and 

similar concentration. Actually, lowering pH value during MFC running resulted in both cases 

to formation of above mentioned organic acids (Figure 93).  

 

Table 54: pH value and substrate concentration changing during the time for 15
th

 and 17
th

 

batch 

MFC time 

(h) 

pH 

value 

Waste glycerol 

(g∙l
-1

) 

Propionic acid 

(g∙l
-1

) 

Acetic acid 

(g∙l
-1

) 

15
th

  batch 1.00 4.56 1.78 0.00 0.00 

 49.33 4.30 0.73 3.81 0.19 

 72.56 4,21 0.01 4.54 0.22 

 97.34 4.19 0.00 4.57 0.23 

 240.67 4.05 0.00 4.66 0.26 

17
th

 batch 0.00 4.60 1.88 0.06 0.00 

 47.10 4.26 0.05 4.17 0.21 

 70.00 4.23 0.01 4.37 0.25 

 94.80 4.21 0.01 4.24 0.25 

 238.46 4.07 0.01 4.37 0.29 
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Similar effects were also observed in study with glucose and xylose used for 

fermentation as additional carbon sources [24]. The pH value was decreased in first 100 hours 

from 6.7 - 7 in the beginning to 4.9, due to formation of acetic acid by degradation of glucose. 

The formation of acetate, furthermore, indicates presence of acidogenic bacteria and 

simultaneous formation of acetate and electricity. This bacterium seems to be quite tolerant to 

large pH changes [24]. 

 

 

 
Figure 91:  Concentration of some substrates founded in anodes solution during running 

MFC (15
th

 batch) 

 

 
Figure 92: Concentration of some substrates founded in anode solution during running MFC 

(17
th

 batch) 
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Figure 93: pH values of anode solution during substrate degradation (with waste glycerol as 

substrate, 15
th

 (blue line) and 17
th

 batches (red line)) 
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determination after MFC running have been observed also in experiments with waste 

glycerol. The initial value of COD, before spiking crude glycerol, was 420 mg∙l
-1

 O2. In 14
th

 

batch, after 150 hours of starting the reactor, COD value also dropped to 183 mg∙l
-1

, 

which represents around 57 % of COD converted in comparison to nearly 80 % when acetate 

was used. It seems that in waste glycerol experiments, bacteria preferred additional substrate 

and its accompanying substances rather than compounds founded in wastewater.  

 

 
Figure 94:  Dependence of the current (pink curve) and charge (red curve) versus time using 

waste glycerol as substrate (16
th

 batch) 
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Figure 95:  Power density curves for 16

th
 MFC batch (upper figure) and dependence of 

internal resistance vs. time (lower figure) 

 

 In 16
th

 and 17
th

 MFC batches (see Figures 94 - 97), relatively high value of internal 

resistance was also founded which also influences further reactor performance. Relatively 

long period of constant current during the running was observed. Production of propionic and 

acetic acid could probably somehow affect on overall electrochemical stability of the system, 

do not allow immediately dropping of the current. Those contradictions between relatively 

high value of Ri from one side and stabile current value from the other side can be explained 

only by forming some product which can be also degraded by some bacterial strains present in 

waste water environment. 
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Figure 96: Dependence of the current (pink curve) and charge (red curve) versus time using 

waste glycerol as substrate (17
th

 batch) 

 

 

 

 
Figure 97:  Power density curves for 17

th
 MFC batch (upper figure) and dependence of 

internal resistance vs. time (lower figure) 
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5.9. Electrical field as a potential external stress for producing enriched red 

yeasts biomass 

 

 

In order to examine the influence of external physical stress, an electrical field with 

different applied strenghts was used in a comparative screening study. As a working 

microoganism, R. glutinis and C. capitatum were used. 

 A similar study has been also done by several Russian scientists [148]. They used 

carotenogenic yeasts Rhodotorula gracilis K-1 as a working strain observing biomass and 

pigments changeability depending on application of electrical field of various strength. 

They concluded that electrical field as a kind of physical stress factor could improve biomass 

production as well as pigments production, forming more than 30 % of carotenoids in 

comparison to the yeasts culture (control) grown without electrical field influence. 

The authors have used high strength alternate electric field (from 1 to 7 kV∙cm
-1

) with the 

fixed grid frequency (50 Hz) [148].  

 In the experiment focused on the treatment of unicellular microorganisms, high 

voltage pulse generator was used with the following characteristics: pulse width, variable 

range frequency and amplitude in the range of 0.01 - 2.55 ms, 1 - 1 000 Hz and 0 - 15 kV, 

respectively. The pulse width and the frequency change give an advantage for better control 

on the experimental parameters. 

 Carotenogenic yeasts that were used in those experiments have been cultivated for 

3 days in Erlenmeyer flask. The sample (2 ml), containing red yeasts culture, was placed into 

glass tube between the vertically placed Al electrodes at a distance of 1 cm. The high voltage 

pulse generator have been constructed and tested for single cell treatment with high strength 

alternate electric field and with an opportunity for a wide range control of the frequency and 

the voltage amplitude (see Figure 98). 

Without further detailed explanation of construction and principle of electrical device 

used in this experiment, it was only tested the effect of electrical field on living cells. 

Influence of electric field on yeasts cell integrity and morphology changeability during the 

treatment will be discussed. 

In the Figure 99, presented microscopic images of C. capitatum before and after 

treatment with high electric field (E = 15 kV∙cm
-1

) are presented. It could be noticed that after 

applying of electric field cells were more associated and aggregated, with more doublets in 

comparison to the cells without the influence of electric field. The shape of yeasts cells 

without applying of electric field was more elongated and cells were bigger. Oppositely, after 

influence of electric field, cells were more rounded and relatively size-reduced. The similar 

morphology changes have been also noticed in R. glutinis, whereas yeasts cells were more 

reduced that appropriate C. capitatum strain. That specific cell morphology can be found on 

yeasts cell which are under stress environment. 
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Figure  98:  Illustrative schematic preview of used electrical devices, block diagram of the 

high voltage pulse generator  and oscilograms of the electric pulses applied on the electrodes 

 

 

  
Figure 99: Microscopic images of C. capitatum (640 times magnified) before and after 

treatment with high electrical field 15 kV/cm (30 min) 

 

 The influence of the electric field on red yeasts was also studied by flow cytometry 

(see Supplement No.8). In the control experiment, without electric field affection, more living 

cells can be observed in comparison to the yeasts obtained after treatment of variable 

electrical field. After influence of electric field, yeasts cell were more damaged and that 

implies that could be under stress. Presented dots or events (dependence SALS-SALS) 

founded beyond of that green line represents doublets, triplets and other forms of cells 

associations. When electrical field was utilized as a stress factor more cells were regrouped 

and situated on cytogram beyond green area. It could mean also that electrical field triggered 
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some mechanisms where yeasts started to aggregate and multiple faster responding to 

environmental stress. This investigation on flow cytometry supports our results obtained from 

the photomicrographs.  

It can be concluded further that electrical field has been affected on yeast cells not 

much in viability, rather on regrouping of the cells. All those obtained results give us 

conclusion that production of pigments and other metabolites (ergosterol and lipids) could be 

also improved by treating the yeasts cells to variable electrical field [148]. It could be 

expected that the influence of alternate electric field as a physical stress factor probably could 

negatively affect yeasts metabolism which can respond to that stress by producing different 

stress metabolites [142]. Future experiments could be held in that direction of producing 

enriched red yeast biomass by stressing them with various strength of electric field. 
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6. OVERALL CONCLUSIONS AND FUTURE DIRECTION 

 

 The recovery of useful materials and energy are the two means that can turn waste 

materials from a fearsome concern into a valuable asset. Wide spectrum of different 

options available for the treatment and management of waste substrates can be used 

including prevention, minimization, re-use, recycling, energy recovery and disposal. 

Variety of methods and technologies available to carry out material and energy 

recovery originates a number of “recovery paths”. One of the solutions for recovering 

some waste materials lies in white (or industrial) biotechnology, which involves 

metabolic activities of a wide range of different microorganisms and their specific 

biological conversion. 

 In this work several waste materials (mainly obtained from agro-industry) were used 

in a comparative screening study to evaluate their potential recovery to a valuable 

metabolites or energy by various microorganisms applied under specific conditions 

and circumstances.  

 Presented study was focused on a comparison of growth and production properties of 

seven red yeast strains of the genus Rhodotorula, Sporobolomyces and 

Cystofilobasidium, when cultivated on glycerol substrate (technical and waste) as well 

as in mixed glycerol: glucose media. Crude glycerol is generated as a high-volume co-

product of biodiesel production, which has negatively impacted the economic viability 

of current biodiesel production processes. Thus, the aim was to find strains suitable for 

industrial use of cheap simple medium with waste glycerol as a carbon source for 

bioproduction of other products with high added value - enriched yeast biomass and 

specific yeast metabolites (carotenoids, ergosterol, lipids).  

 All tested red yeast strains were able to utilize glycerol as the only carbon source. 

The biomass production, when cultivated on pure technical glycerol, are less or more 

equal with control (about 7 - 10 g∙l
-1

). Similar yields of biomass in glycerol, mixed 

glycerol/glucose as well as glucose medium were observed in all studied strains, thus, 

glycerol could be considered as valuable carbon source usable to replacement of 

glucose in yeast cultivation media. 

  Production of biomass on waste glycerol as the only carbon source was in all strains 

(except S.roseus) higher than in control as well as in medium with pure technical 

glycerol (10.9 - 14.5 g∙l
-1

). Production of carotenoids and ergosterol was better in 

glucose medium than in medium with glycerol only. This effect could be probably 

associated with presence of some other nutrition sources and factors in waste glycerol 

(e.g. additional nitrogen source etc.), which can influence growth and metabolic 

activity of red yeasts. Differences in utilization of glycerol and glucose are probably 

interconnected with different yeast transport systems for glucose and glycerol as well 

as with some stress role of glycerol in red yeast metabolism. Nevertheless, using 

glycerol medium with addition of glucose higher yields of total carotenoids, beta-

carotene and ergosterol were obtained than in control. The highest yields of pigments 

http://scp.eionet.europa.eu/themes/waste/prevention
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were reached in S.roseus strain, which is typical by very low biomass production. 

With regards to growth and production stability, the suitable candidates for 

biotechnological applications in the area of carotenoid rich biomass and pigment 

production on glycerol substrate are mainly Rhodotorula glutinis, Cystofilobasidium 

capitatum and Sporobolomyces shibatanus. These strains take advantage of the 

utilization of the whole biomass (complete nutrition source), which is efficiently 

enriched for carotenoids (provitamin A, antioxidants) and also ergosterol (provitamin 

D). Such a product could serve as an additional natural source of significant nutrition 

factors in feed and food industry.   

 All tested red yeast strains were able to produce neutral lipids. Under conditions 

optimal for pigment production the lipid yield was in range of 11 - 15 % except 

C.capitatum, which produced more than 22 % of neutral lipids. Production of lipids 

was in all strains in about 10 - 30 % better in glycerol medium, in which not only 

C. capitatum, but also R. aurantiaca and S.shibatanus reached lipid production up to 

20 % of biomass when compared with glucose medium. So, red yeasts strain could be 

used as a single oil cells, but it is mandatory to shift to cultivation conditions which is 

optimal and suitable for lipid overproduction. In all red yeast strains, regardless of the 

quantity of lipids accumulated into the cells, lipids were mainly composed of C16 and 

C18 fatty acids. This fat is not suitable for food applications, but it could be perfectly 

used as starting material for the synthesis of “2nd generation” biodiesel. 

 In general, oleaginous red yeasts could have great potential for converting crude 

glycerol to valuable lipids and carotenoids in view of efficient bioresource utilization. 

Because of  potential role of glycerol in red yeast stress response use of individual 

strains should be oprimized for potential industrial production of enriched yeast 

biomass or specific yeast metabolites. Type of crude glycerol and its composition is 

also important factor influencing substantially biotechnological process. 

 Using wheat straw hydrolysates as a complex carbon source, as the best biomass 

producers R. glutinis, C. capitatum and S. roseus, respectively were found. In control 

series bigger amounts of biomass in comparison with series cultivated on hydrolysates 

were found. In general, decreased biomass production could be caused by the presence 

of possible microbial growth inhibitors in hydrolysates. Compounds such as furfural, 

HMF (hydroxymethylfurfural), acids (acetic, levulinic) or other phenolic compounds 

mainly derived from lignine can be formed in pre-treatment process. 

Microbial toxicity is also associated with fermentation variables like microbial 

physiological growth conditions, dissolved oxygen concentration and pH of the 

medium. Except ergosterol, lower metabolite production was also detected cultivating 

R. glutinis and C. capitatum in hydrolysate medium. In contrary, the strain S. roseus 

exhibited different metabolic patterns - the highest carotenoids and sterol production, 

and probably could be considered for further studies. Unfortunately, generally low 

biomass formation of S. roseus can be the main reason why this strain cannot be 

explored for eventually scale up process. The best conditions for metabolite synthesis 

and biomass production were found using hydrolysate obtained at mediate conditions 

(195 °C). 
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 In second part of this study it was found that also other industrial waste by-product 

from the second generation ethanol production (hydrolysate) can be a possible source 

for red yeasts growth and β-carotene/ergosterol production. Further waste products - 

water insoluble fraction after hydrothermal wheat pretreatment process (filter cake) 

and untreated wheat straw were used for orientation comparison. In red yeasts wheat 

straw has proved to be better substrate with a bigger potential for biomass and 

metabolite production, especially in S. roseus strain. From economical point of view, 

direct utilization of untreated wheat straw could be cost-effective, taking into 

consideration of high energy input used for pretreatment process. Cultivated on 

pretreated material red yeasts accumulated some unknown compounds with absorption 

maximum of 306 nm and with a specific absorption spectrum. It was assumed that 

during the pretreatment some inhibitors are formed, which stopped the process of 

carotenogenesis in the early stages, not permitting synthesis of “higher carotenoids” as 

well as β-carotene. Future studies using both pretreated substrates need to aim 

investigations on (i) enzyme addition prior cultivation on filter cake (ii) optimization 

of conditions for ß-carotene production on hydrolysate (iii) effect of inhibitors as 

stress factor to affect carotenoids production, (iv) consideration of using this waste for 

producing food/feed products. However, it should be considered that waste residues 

and energy crops cannot be used directly in feed and food products and need to be 

studied, extracted and characterized before use.  

 Whey is an important surplus product of food industry. Huge quantities of whey 

produced worldwide can represent an environmental problem with its disposal. Due to 

the fact that whey is rich in fermentable nutrients, it can be considered as an attractive 

substrate for microbial production of various industrially interesting products. 

Whey substrate from dairy was tested in presented study in co-culture of yeasts and 

bacteria. Whey can be effectively utilized by synergic activities of carotenogenic 

yeasts and lactic acid bacteria. Co-cultivation process could lead to overproduction of 

pigments and ergosterol and, therefore, obtained biomass (enriched also with L. casei 

bacteria) will increase overall quality. Further extension of cultivation period from 

3 days to eventually 6 day could also contribute to higher metabolic activity of both 

strains and positively influenced finally biomass quality. 

 Substrates used in this study could be also effectively recovered in scale-up process 

carried out in the 2 l laboratory fermentor. In presented experiments, selected red 

yeasts strains were cultivated in basic glucose medium and in medium with technical 

glycerol. Cultivation conditions were significantly changed when compared to 

cultivation in Erlenmeyer flasks (500 ml). The main differences (beside overall 

working volume) were in pH and DO values which were not monitored in flasks. 

It can be concluded that pH value of 4.5 and cultivation without adjusting constant DO 

value were the main reasons why extremely low amounts both pigments and 

ergosterol were synthesized. Only in S. roseus strain (using basic glucose medium) 

unexpected amounts of biomass and pigments were formed. Further study of the 

influence of changed initial conditions favours on metabolism in this strain is needed. 
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Furthermore, setting the value of DO to constant value could have a positive effect on 

overall biomass and metabolites productivity for all mentioned carotenogenic yeasts. 

 In this study flow cytometry of red yeasts was used for first time to monitor changes in 

cell morphology and properties. Propidium iodide was used as fluorescent dye and 

analysis conditions should be set and optimized. Results obtained by light microscopy 

and flow cytometry measurements were in agreement. Influence of some chemical 

(glycerol) and nutrition stress on carotenogenic yeasts causes associations of cells, 

with appearance of more doublets and other cell aggregates. The most intensive 

morphology changes and ballistoconidia formation were observed in S. roseus. 

Beside morphology changes production of different metabolites including carotenoids 

and ergosterol is used in yeast cells to neutralize negative side of the stress. 

 Microbial fuel cells present several advantages in comparison to the currently used 

technologies for generation of energy out of organic matter or treatment of waste 

streams. One of advantages is energy generation from biowaste. This feature is 

certainly the most “green” aspect of microbial fuel cells. Electricity is being generated 

in a direct way from organic matter. This energy can be used for operation of the 

waste treatment plant, or sold to the energy market. Furthermore, the generated current 

can be used to produce hydrogen gas. The main disadvantages of MFC reactor 

counting various losses (potential, activation and ohmic) are mainly the problem of 

efficient transport of charge and ions in the electrolyte. For a good operation of the 

MFC, both protons and electrons need to migrate from the anode to the cathode at the 

highest possible rate. The main problem is probably the process of up-scaling the 

MFC system. Several features were found to be obstacle for eventually scaling up the 

reactor: the influent needs to reach the whole anode matrix sufficiently, protons need 

rapid diffusion towards the membrane, sufficient electrical contact needs to be 

established between bacteria in suspension and the anode 

 Differences in MFC properties between acetate and waste/technical glycerol waste 

water enrichment were in relatively high considering power density values. In acetate 

batches at maximum 141.2 mW∙m
-2

 was reached, while in MFC with added waste or 

technical glycerol the values of Pdensity in range of 58.6 mW∙m
-2

 and 91.4 mW∙m
-2 

were 

obtained. Considering Coulombic efficiency, better properties were found in acetate 

batches with relatively descent amount in technical glycerol. Making general 

intersection of all batches and taking into account all partial conclusions, it can be 

submitted that MFC with one or two electrode are the best solution for studied MFC 

design. Four electrodes placed parallelly on the stein steel rod are not recommended 

mainly due to small values of power densities and low capacity of transferring 

electrons from presented substrate to electrode. During the MFC running, internal 

resistance was increased immediately after current dropping. Bigger values of Ri have 

been observed in MFC batches with glycerol. Large reduction in internal resistance 

can potentially be obtained by shortening the electrode distance and increasing ionic 

strength with phosphate buffer. 

 Hypothetically it was assumed that bacterial cells attached on the electrode surface 

better utilize substrate and therefore could exhibit better system response in MFC. 
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In the experiments with new anode electrodes, bacteria need to be first adapted on the 

medium and surroundings, and therefore some adaptation or lag phase was observed. 

Oppositely, fuel cells with re-used electrodes exhibited potential response immediately 

after starting a new batch. Biofilm attached on the surface could be of interest only in 

the experiment with lower applied value of external resistance (acetate as a substrate). 

In the case of glycerol, electrodes with attached biofilm were better solution for MFC 

performances improving. 

 In contrast to batches with utilized acetate as a carbon source, degradation of waste 

glycerol simultaneously led to formation of several by-products of glycerol 

metabolism under anaerobic conditions. In batches with waste glycerol propionic acid 

(from 4.37 -4.66 g∙l
-1

) and acetic acid it was mainly synthesized, with also 

contribution of ethanol and formic acid of insignificant concentration found in 

technical glycerol. Those compounds could be overproduced to eventual further 

optimisation of MFC reactor designs. 
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Supplement No. 2: Data obtained after cultivation in bioreactor (2 l, C. capitatum) 

Supplement No. 3: Data obtained after cultivation in bioreactor (2 l, S. roseus) 

Supplement No. 4: Flow cytometry data for C. capitatum cultivated in bioreactor on  

                                   basic glucose medium after 2 h, 50 h and 75 h 

 

Supplement No. 5: Flow cytometry data for S. roseus cultivated in bioreactor on basic 

glucose medium after 25 h, 50 h and 75 h 

Supplement No. 6: Flow cytometry data for C. capitatum cultivated in bioreactor on  

                         technical glycerol after 0 h, 28 h and 48 h 

 

Supplement No. 7: Flow cytometry data for C. capitatum cultivated in Erlenmeyer  

flasks without/with treatment with electrical field (15 min and 30 min – 
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Supplement No. 3:  Data obtained after cultivation in bioreactor (2 l, S. roseus) 

 
 

Supplement No. 4: Flow cytometry data for C. capitatum cultivated in bioreactor on basic 

glucose medium after 2 h, 50 h and 75 h 
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Supplement No. 5: Flow cytometry data for S. roseus cultivated in bioreactor on basic 

glucose medium after 25 h, 50 h and 75 h 

 

  

 
 
 
 

Supplement No. 6: Flow cytometry data for C. capitatum cultivated in bioreactor on technical 

glycerol after 0 h, 28 h and 48 h 
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Supplement No. 7: Flow cytometry data for C. capitatum cultivated in Erlenmeyer flasks 

without/with treatment with electrical field (15 min and 30 min – last two pictures) 
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10. LIST OF ABBREVIATIONS 

 

4-AAP                      4- aminoantipyrine 

ADP                           Adenosine diphosphate 

ADPS                         N-Ethyl-N-sulfopropyl-n-anisidine 

AMD                        Age-related Macular Degeneration  

ATP                                Adenosine triphosphate 

BEAMRs              Bioelectrochemically Assisted microbial reactors 

BES                     Bioelectrochemical Systems 

BOD5                            Biochemical Oxygen Demand (in five days) 

C.D.                     Current density 

CC                          Column Chromatography 

CCM                       Czech Collection of Microorganisms 

CCY                 Culture Collection of Yeasts 

CDW                         Dry Cell Weight 

CEff                                   Coulombic efficiency 

CEM                           Cation Exchange Membrane 

COD                           Chemical Oxygen Demand 

CoA                                Coenzyme A 

CoQ10                                   Coenzyme Q10 

C. capitatum (CC)            Cystofilobasidium capitatum 

d.m.    Dry Matter 

DAP                               Dihydroxyacetone phosphate 

DMAPP                         Dimethylallyl pyrophosphate 

DNA                             Deoxyribonucleic Acid 

DTU                       Danish Technical University 

ESPA                         sodium N-ethyl-N-(3-sulfopropyl) m-anisidine  

FAO                       Food and Agriculture Organization 

FPP                         Farnesyl Pyrophosphate 

G-1-P                          Glycerol-1-phosphate 

GC/FID                 Gas Chromatography/Flame Ionized Detector 

GGPP                     Geranyl Geranyl Pyrophosphate 

GK                                 Glycerol kinase 

GPO                                  Glycerol phosphate oxidase 

GRAS                   Generally Recognized As Safe 

HMG-CoA                 3-Hydroxy-3-methylglutaryl-coenzyme A 

HPLC                         High Pressure Liquid Chromatography 

INO I, II                           Inoculum media I, II 

IPP                                Isopentyl Pyrophosphate 

IUPAC                       International Union of Pure and Applied Chemistry 

JEFCA                  Joint FAO/WHO Expert Committee on Food Additives 

L. casei (LC)                 Lactobacillus casei subs. casei 

LC                                Liquid Chromatography 

LPL                                   Lipoprotein Lipase 

MEC                                 Microbial Electrolysis Cell 

MFC                                      Microbial Fuel Cell 

MONG                           Matter Organic Non-Glycerin    
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MRS bouillon                   synthetic media 

MVA                                  Mevalonic Acid 

NADPH                          Nicotinamide Adenine Dinucleotide Phosphate 

NAFION                         sulfonated tetrafluoroethylene based fluoropolymer-copolymer 

P.D.                                  Power density 

PDA                                Photo Diode Array Detector 

PDO                                Propanediol 

PEM                                 Proton Exchange Membrane 

PHB                                 Polyhydroxybutyrate 

PM10                               Particulate Matter (with a diameter of 10 µm) 

POD                              Peroxydase 

PROD                            Production media 

PTFE                               Polytetraflouruethylene  

PUFA                              Polyunsaturated fatty acid 

R. aurantiaca (RA)      Rhodotorula aurantiaca 

R. glutinis (RG)          Rhodotorula glutinis 

R. mucilaginosa           Rhodotorula mucilaginosa 

R. rubra (RR)               Rhodotorula rubra 

RI                                 Refractive index detector 

S. cerevisiae                     Saccharomyces cerevisiae (Baker‟s yeast) 

SCF                              Scientific Committee on Food  

SFE                                Supercritical Fluid Extraction 

SCO                                  Single Cell Oil    

S. roseus (SR)                  Sporobolomyces roseus 

S. salmonicolor (SSa)       Sporobolomyces salmonicolor 

S. shibatanus (SSh)              Sporobolomyces shibatanus 

SSF                                Simultaneous Saccharification and Fermentation 

TAG                                Triacylglycerol 

TLC                                Thin Layer Chromatography 

UOCV                                 Open Circuit Voltage     

UV-B                               Ultraviolet B  

UV-VIS                         Ultraviolet-Visible detector 

WHO                              World Health Organization 

wt                                       weight     

YPD                                  Yeasts Peptone Dextrose 
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