
        

Citation for published version:
Chuck, C, Santomauro, F, Sargeant, L, Whiffin, F, Chantasuban, T, Abd. Ghaffar, NR, Wagner, J & Scott, RJ
2014, 'Liquid transport fuels from microbial yeasts - current and future perspectives', Biofuels, vol. 5, no. 3, pp.
293-311. https://doi.org/10.1080/17597269.2014.913905

DOI:
10.1080/17597269.2014.913905

Publication date:
2014

Document Version
Early version, also known as pre-print

Link to publication

University of Bath

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 13. May. 2019

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by University of Bath Research Portal

https://core.ac.uk/display/161912974?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1080/17597269.2014.913905
https://researchportal.bath.ac.uk/en/publications/liquid-transport-fuels-from-microbial-yeasts--current-and-future-perspectives(91773df3-5fd8-4322-bc9c-ec02ef8d466f).html


 

 

Liquid transport fuels from microbial 

yeasts – current and future perspectives 

Christopher J. Chuck,a* Fabio Santomauro,b,c Lisa A. Sargeant,a Fraeya Whiffin,a Tanakorn 

Chantasuban,b Nur RInah Abdul Ghaffer,b  Jonathan L. Wagner a and Roderick J. Scottc  

a Centre for Sustainable Chemical Technologies, Dept. of Chemical Engineering, University of Bath, 

Bath, BA2 7AY   

b Dept. of Chemical Engineering, University of Bath, Bath, BA2 7AY   

c Dept. of Biology and Biochemistry, University of Bath, Bath, BA2 7AY   

*email C.Chuck@bath.ac.uk, tel: +44(0)1225 383537, fax: +44 (0)1225 386231 

Abstract 

Global transportation is one of the major contributors to GHG emissions. It is essential therefore, 

that renewable, carbon neutral fuels are developed to reduce the impact of this sector on the 

environment. Yeasts, especially Saccharomyces cerevisiae, are key to transforming renewable 

bioresources to fuels that can be used with little adaption to the current transport infrastructure. 

Yeasts demonstrate a large diversity that produces a great metabolic plasticity, as such, yeasts are 

able to produce a range of fuel-like molecules including alcohols, lipids and hydrocarbons. In this 

article the current and potential fuels produced through fermentation, the latest advances in 

metabolic engineering and the production of lipids suitable for biodiesel production are all reviewed. 

  



 

 

Key technical terms 

Key term  Definition 

Metabolic engineering A method of optimising the regulatory processes within cells, used to 

produce high amounts of desirable compounds 

Oleaginous yeast Oil containing yeast, typically the triglyceride oil should be above 20% 

of the dry weight 

Advanced biofuels Fuels which are compatible with current fossil fuels, and tend to give 

higher performance than either bioethanol or biodiesel   

Pentoses / hexoses C5 and C6 sugars respectively 

Isoprenoids Diverse range of compounds, derived from isoprene (2-methyl-1,3-

butadiene) units 

Future perspective 

Within 10 years a number of key advances could potentially make advanced fuels derived from yeast 

a central component of the global energy mix. It seems probable that legislation will be enacted to 

increase the biofuel content in current transportation fuels, while at the same time ensuring more 

evidence-based green credentials for biofuels on the market. Strict fuel properties legislation is 

slowly being relaxed to allow alternatives to ethanol and biodiesel to enter the fuel market, this is 

likely to continue and within a decade it is probable that a larger range of fuels will certified for 

general use. From an engineering perspective, advances in the processing, enzyme production and 

the development of novel strains of yeast will continue to reduce the total costs of converting 

lignocellulose to fuel molecules. Finally, a range of genetic toolkits are being developed for non-

saccharomyces yeasts, expanding the range of fuels and increasing the sugar to product conversion 

ratio. It seems likely therefore that alternative, more robust yeast strains to Saccharomyces will 

become prevalent for industrial biofuel production.  

  



 

 

Executive Summary  

Introduction: Yeasts are capable of converting highly functionalised carbohydrate feedstocks into a 

range of potential fuel molecules such as alcohols, lipids and hydrocarbons. Over 1300 species of 

yeasts have been identified though it is Saccharomyces cerevisiae which remains one of the most 

widely used organisms for biotechnological applications.  

Feedstocks for yeast culture: Central to the economic production of fuels from yeasts is a renewable 

source of feedstock to culture the yeasts. Lignocellulosic feedstocks are difficult to breakdown and 

offer a number of challenges that have limited the scale up of this technology. Current industrial 

processes generally use a pretreatment stage, followed by enzymatic hydrolysis, fermentation and 

separation. Developments over the last decade have reduced the costs of the processing 

substantially, and a number of demonstration plants are in operation that can produce 

lignocellulosic ethanol. 

Advanced biofuels through metabolic engineering: While bioethanol is currently the most prevalent 

biofuel produced globally a range of alternative fuels with superior fuel properties are being 

developed using a number of yeasts. These include, longer chain alcohols and unsaturated 

hydrocarbon precursors that can be chemically upgraded to suitable fuel molecules. In general, 

bacteria have faster growth rates than yeasts, a higher metabolic plasticity and a wider range of 

available genetic tools. However, yeasts, in particular S. cerevisiae, have a higher tolerance to 

solvents and conditions often encountered on an industrial scale, have wider optimal pH ranges and 

a natural resistance to bacteriophages. These key factors have promoted a wealth of research into 

using S. cerevisiae, in addition to other suitable yeasts, to produce advanced biofuels.  

Oleaginous yeasts: An alternative to fermentation fuels are lipid derived fuels such as biodiesel or 

hydrogenated fatty acids. While algal lipids have been heavily researched, a range of oleaginous 

yeasts are also capable of producing lipids. Over 20 species of oleaginous yeast have been identified 

and unlike algae, the lipid profile is simple and predominantly made up of palmitic acid, oleic acid 

and linoleic acid. The amount of lipid and its profile is highly dependent on the species and the 

growth conditions, though most yeast lipid will also contain other soluble components, such as 

sterols that can cause issues in the processing to suitable biofuels.  

  



 

 

Introduction 

Due to growing pressure to reduce greenhouse gases and concerns over the increasing scarcity of 

fossil fuels, replacing liquid transport fuels with more sustainable alternatives is a key challenge of 

the 21st century [1-3]. Yeasts are capable of converting chemically functionalised and oxygenated 

biological compounds into a range of potential fuel molecules and could play a significant role in the 

production of sustainable biofuels. Yeasts are a large family of single-celled eukaryotic 

microorganisms of the kingdom fungi, comprising over 1300 identified species [4, 5], representing 

perhaps as little as 1% of the total number of extant species. Yeasts have long been of interest to 

geneticists:  in 1997, Saccharomyces cerevisiae was the first eukaryotic organism to have its genome 

fully sequenced [6]; and S. cerevisiae remains one of the most widely used organisms for 

biotechnological applications [7, 8]. Whilst genomic information is available for only a small number 

of yeasts, there is clearly a great diversity in their physiology despite having only around 6000 genes. 

This is reflected in the diversity of biological niches inhabited by yeasts, which encompass the 

surface of fruit to the oceans [6]. This diversity is associated with great metabolic plasticity, which 

enable yeasts to produce a range of compounds suitable as fuels, including alcohols, triacylglycerides 

and more recently alternative biomolecules with the potential as drop-in fuels for the road and 

aviation sectors [9, 10]. 

Central to the economic production of fuels from yeasts is a viable source of sugar feedstock. The 

conversion of sugars and starches is well established globally. In 2011, this equated to over 10% of 

the world’s supply being diverted for bioethanol production [11]. However, only a fraction of the 

land needed to produce these feedstocks is available for fuel production and to meet demand then 

second generation cellulosic technologies must be developed. Typical second generation feedstocks 

include grasses, forestry waste, agricultural stover and food waste. It has been estimated that, 

globally, 5.2 billion tonnes of biomass can be available for less than $60 per tonne by 2030 [12], 

much of this derived from agricultural waste from the 2.3 billion tonnes of grain produced 

worldwide in 2011 [13].The economic processing of the lignocellulosic feedstock is essential, and the 

latest advances in this area have been reviewed thoroughly elsewhere,[14] including a focus on the 

current challenges [15, 16], the necessary pretreatment stages [17] and the inhibitors formed from 

the cellulosic refining process [18].  



 

 

Yeast Derived Fermentation Fuels  

Production of bioethanol 

Bioethanol is the most prevalent biofuel produced globally, with the vast majority being produced 

from the fermentation of sugars derived from terrestrial crops such as sugarcane and corn [19]. In 

2011 over 68m tonnes of bioethanol were produced worldwide, with 87% being produced by the 

USA and Brazil [201]. All spark ignition vehicles produced in the US, after 1988, have been able to 

run on E10 (10 vol% ethanol in gasoline), in some cases this is rated up to E20. In Brazil all gasoline is 

sold with between 18 and 25 vol% bioethanol as of 2011. Bioethanol is mainly produced from corn in 

the USA and sugar cane in Brazil. Sugar cane is highly productive and generally produces 6640 L ha-1, 

more than sugar beet which generally produces around 5100 L ha-1 and far in excess of corn, which 

produces 3770 L ha-1 of bioethanol [20].  

There is limited data on the efficiency of production from lignocellulose, mainly due to the 

complexity of the process and the heterogeneous nature of the feedstock. A simplified flow diagram 

for a corn stover to ethanol plant is given in figure 1.     

  



 

 

 

 

Figure 1 Simplified overall NREL flow diagram for a corn stover to bioethanol process plant, adapted from 

reference [21]  

Many microorganisms such as yeasts, fungi and bacteria can produce ethanol from metabolising 

sugar feedstocks through fermentation. Under anaerobiosis, the respiratory chain is unable to work 

and the excess of reducing equivalents produced during glycolysis is recycled through the reduction 

of acetaldehyde to ethanol. The vast majority of bioethanol production processes use 

Saccharomyces cerevisiae because of its resilience to industrial conditions. Wild type S. cerevisiae 

can metabolise glucose and a range of disaccharides such sucrose and maltose and, while a range of 

yeasts display a reasonable tolerance to ethanol, such as Hanseniaspora spp., Metschnikowia spp. 

and Pichia spp., this is rarely more than 5 wt% [22]. In contrast, S. cerevisiae can tolerate up to 23 

wt% ethanol [23]. Primarily it is this ethanol tolerance that has made S. cerevisiae central to the 

bioethanol industry. This characteristic is a complex trail that seems to be affected by the oleic acid 

content of the cell, the activity of enzymes like mitochondrial super oxide dismutase, the 

accumulation of protective metabolites like trehalose and the influence of metabolic pathways like 



 

 

tryptophan synthesis [24-26]. So while S. cerevisiae cannot metabolise pentoses the yeast is also well 

understood, robust and highly tolerant to industrial conditions [27].  

One of the key processes developed for cellulosic bioethanol is the Simultaneous Saccharification 

and Fermentation (SSF). In SSF, cellulose hydrolysis and fermentation are carried out simultaneously 

in the same reactor to produce bioethanol. The process uses smaller reactor sizes and reduces 

production of inhibitors [28]. The microorganisms commonly used in SSF are Trichoderma reesei and 

S. cerevisiae. Saccharification is usually the rate-limiting step, since the temperature for hydrolysis is 

non-optimal further to avoid killing the fermenting microbes. Further issues relate to the ethanol 

intolerance of the microorganisms and inhibition of enzymes by ethanol [29]. Since S. cerevisiae 

cannot assimilate the pentoses released by the hydrolysis of hemicellulose, alternative processes use 

yeasts that do have this capacity such as Pichia stipitis and Candida shehatae. While these yeasts do 

assimilate more sugars, their ethanol productivity and tolerance is far inferior to S. cerevisiae [30]. 

Consequently, these yeasts are generally used in conjunction with S. cerevisiae, in a process termed 

Simultaneous Saccharification and Co-fermentation (SSCF) [31]. While these processes have been 

developed mainly for use with S. cerevisiae to produce bioethanol, they are equally applicable to 

alternative yeast cultures to produce lipids from oleaginous yeasts or alternative fermentation 

products.  

Genetic engineering of yeasts for advanced biofuel production 

The synthesis of advanced biofuels by microorganisms requires their modification by metabolic 

engineering to produce the desired components in industrially relevant quantities. Both yeasts and 

bacteria have desirable characteristics, such as an ability to grow on inexpensive substrates, and 

relatively easy manipulation due to an advanced knowledge of their genetic machinery. In general, 

bacteria have faster growth rates than yeasts, a higher metabolic plasticity and a wider range of 

available genetic tools. However, yeasts, in particular S. cerevisiae, have a higher tolerance to 

solvents and conditions often encountered on an industrial scale, have wider optimal pH ranges and 

a natural resistance to bacteriophages. Consequently, S. cerevisiae is generally preferred by industry 

for the production of recombinant proteins and metabolites [27, 32-34].  

For yeasts, the genetic engineering of a metabolic pathway at its transcriptional, translational and/or 

post-translational level, represents the preferred strategy to achieve the exploitation and 

optimisation of a strain appropriate for industrial purposes [35]. A range of potential biofuels have 

been produced by the metabolic engineering of yeasts, predominantly S. cerevisiae, these include 

alcohols, short chain fatty acid esters and isoprenyl-derived biofuels (table 1).  



 

 

Table 1 Potential biofuels produced through the metabolic and genetic engineering of yeasts 

Fuel or fuel 

precursor 

Yeast 

derived 

precursor 

Melting point 

(°C) 

Viscosity  

(mm2 s-1) 

Flash 

point 

(°C) 

Yeast Reference 

Short chain 

fatty acids 

-    Saccharomyces 

cerevisiae 

[36] 

1-butanol - -90  3.64 

(20 °C) 

35  Saccharomyces 

cerevisiae 

[37] 

2- butanol - -101.9  4.94 

(20 °C) 

28  Saccharomyces 

cerevisiae 

[38] 

2-methyl-1-

butanol 

- -115  4.53 

(20 °C) 

24 Saccharomyces 

cerevisiae 

[39] 

3-methyl-1-

butanol 

- -117.2 °C 4.59 

(25 °C) 

43  Saccharomyces 

cerevisiae 

[39] 

Farnesol  - < 25 21.17 

(20 °C) 

96  Candida albicans [40] 

2-propanol - −89  2.49   

(25 °C) 

13   Candida utilis [41] 

Bisabolane Bisabolene <-78 2.91  108  

111 

Saccharomyces 

cerevisiae 

[42] 

Farnesane Farensene <-47 2.33  

(40 °C) 

110  Saccharomyces 

cerevisiae 

[43] 

Pinene dimer Pinene −62 - -55  18-30 x 103cP 

(based on 

viscosities of 

variety of 

hydrogenated, 

mixed terpene 

dimers) (-15°C) 

33  Saccharomyces 

cerevisiae 

[27] 

1-isopropyl-4-

methyl 

cyclohexane 

Limonene  -74 1.15 

(25 °C) 

50    

Further 

Sesquiterpenoi

ds 

    Saccharomyces 

cerevisiae 

[38] 

Isoprene  −143.95 °C 0.29 

(32 °C) 

-54  Saccharomyces 

cerevisiae 

[44] 



 

 

Like ethanol, butanol and its branched isomers are gasoline substitutes and can be blended into 

gasoline at levels as high as 85%. Due to their longer chain length, these molecules have a higher 

energy density than ethanol, lower water susceptibility and are less corrosive. The production of n-

butanol has been attempted in S. cerevisiae through the expression of a synthetic metabolic 

pathway using galactose as the carbon source and leading to n-butanol through the intermediates 

acetoacetyl-CoA, 3-hydroxybutyryl-CoA and crotonyl-CoA [37]. Over the course of this study, 

combinations of the isoforms of pathway enzymes were derived from different organisms including 

E. coli, S. cerevisiae, Clostridium beijerinckii and Ralstonia eutropha. The overexpression of the native 

isoform of thiolase, Erg10, and a NADH dependent 3-hydroxybutyryl-CoA dehydrogenase, Hbd, from 

C. beijerinckii was the most promising of those trialled.  

 In an alternative study the production of n-butanol from glycine was achieved using engineered S. 

cerevisiae [45]. The key enzyme of the pathway was a glycine oxidase (goxB) derived from B. subtilis 

which converts glycine to glyoxylate. Through the action of the endogenous enzymes, malate 

synthase and β-isopropylmalate dehydrogenase, α-ketovalerate is produced. This molecule can then 

be converted to either n-butanol or irreversibly isomerised to α-isoketovalerate by an isomerase, 

yielding iso-butanol. Iso-butanol has also been produced by a modification of the valyne synthesis 

pathway in S. cerevisiae [46]. In this study, the authors overexpressed a 2-ketoisovalerate 

decarboxylase from Lactobacillus lactis, KivD, and a native alcohol dehydrogenase, Adh6, two 

enzymes leading to the production of iso-butanol. Carbon flux was also modified by deleting the 

gene for a major pyruvate decarboxylase, Pdc1, and overexpressing Ilv2, an acetolactate synthase 

and the first enzyme of the pathway. As a result of these two latter modifications, part of the carbon 

flux used in ethanol production was channelled towards the valine pathway because the pyruvate 

accumulating into the cell is converted by Ilv2 into 2-acetolactate.  

The production of isopropanol has also been reported in Candida utilis through the use of pathways 

from Clostridium spp, more specifically C. acetobutylicum and C. beijerinckii [41].The synthesis of 

isopropanol starts in this case from acetyl-CoA being converted to acetoacetyl-CoA by the native 

acetyl-CoA acetyltransferase ERG10. Then the acetoacetyl-CoA transferase from the genes cfta and 

cftb of C. acetobutylicum convert it into acetoacetate which is then decarboxylated to acetone and 

reduced to isopropanol. Also, the authors noted that the overexpression of ERG10 and the isoform 

ACS2 of acetyl-CoA synthase (not affected by glucose-induced degradation like isoform ACS1) 

improves significantly the isopropanol production. 

The production of branched alcohol is uneconomically low, requiring novel strategies to increase 

productivity. One reportedly successful method compartmentalised the metabolic pathway into the 



 

 

mitochondria [39] resulting in a 3-fold increase in iso-butanol production. The authors of this study 

concluded that the improvement was due to both the greater local enzyme concentration and the 

greater availability of pathway intermediates. Confining all the enzymes to an organelle apparently 

also reduced the cost of molecular transport across membranes and reduced competition for 

intermediates from other metabolic pathways. Iso-pentanol and 2-methyl-1-butanol were also 

produced in higher concentrations due to ILV genes expressing enzymes involved in valine, leucine 

and isoleucine synthesis, making the key intermediates α-ketoisocaproate and α-keto-3-

methylvalerate available [39].   

A similar strategy was followed by Atzumi et al. to synthesise the branched-chain higher alcohols, 1-

propanol, iso-butanol, 1-butanol, 2-methyl-1-butanol, 3-methyl-1-butanol and 2-phenylethanol in E. 

coli [47].   

The authors suggest that their method of increasing the amount of 2-keto acids converted to the 

related alcohols by a ketoacid decarboxylase and alcohol reductase, is also applicable to yeasts. In 

particular, they refer to KivD (ketoacid decarboxylase) from L. lactis and Adh2 (alcohol reductase) 

from S. cerevisiae, which both exhibit broad substrate specificity.  For isobutanol and 3-methyl-1-

butanol production, their study involved overexpression and manipulation of the valine and leucine 

biosynthesis respectively. For 1-propanol, 1-butanol and 2-methyl-1-butanol the overproduction of 

the intermediate 2-ketobutyrate was highlighted as the key factor. This was achieved by the 

insertion of the IlvA gene, coding for a Threonine deaminase. The 2-ketobutyrate can then be 

converted by KDC and ADH directly into 1-propanol, 1-butanol via 2-ketovalerate through the 

norvaline biosynthesis pathway or into 2-methyl-1-butanol via 2-keto-3-methyl-valerate in the 

isoleucine pathway. 

Short chain fatty acid esters, fatty alcohols and alkanes are an important class of biofuels, which 

have a common origin in the synthesis of fatty acids (FAs) [48]. Consequently, increased FA 

biosynthesis is a sensible target for metabolic engineering. Fortunately, FA biosynthesis is among the 

best known metabolic pathways. In yeasts, synthesis is accomplished by a multienzymatic system, 

the fatty-acid synthase (FAS), localised to the mitochondrion.  FAS elongates a molecule of malonyl 

CoA through repeated cycles of condensation, β-keto reduction, dehydratation and enol reduction. 

The liberation of the fatty acids from FAS is catalyzed by a thioesterase, before the molecule is 

converted to a triacylglycerol by a series of reactions, the last of which is catalysed by an Acyl-

CoA:diacylglycerol acyl-transferase (DGAT). This enzyme has been established as important rate 

limiting step in FA accumulation since its overproduction in S. cerevisiae led to a 3–9-fold increase in 



 

 

TAG production [49]. Courchesne et al. proposed that this was due to diacylglycerols being 

subtracted to phospholipid production for the synthesis of TAG by DGAT [50].  

Other enzymes are important for increasing FA production in yeasts. For example, there is a strong 

correlation between increased activity of the ATP: citrate lyase (ACL) and a malate enzymes and the 

oleaginous properties of a yeast [51]. The effect of the malate enzyme on lipid production is due to 

the reduction of NADP+ to NADPH on the conversion of malate to pyruvate. The resulting NADPH is 

used by the enzymes responsible for FA synthesis, such as acetyl-CoA carboxylase (ACC), FAS and 

ACL [52]. Blocking competing pathways, in particular β-oxydation, has also proved promising in the 

accumulation of TAG in Candida tropicalis [53]. On culturing C. tropicalis using alkanes, the 

impairment of the carnitine acetyl-transferase increased the concentration of di-carboxylic acids in 

the mitochondria by reducing the flux of these molecules to peroxisomes for β-oxydation [54]. 

However, blocking β-oxidation completely resulted in reduced cell growth [53].  

Other potential pathways to increased FA production are phospholipid synthesis and the production 

of oxaloacetate from phosphoenolpiruvate (PEP). Overexpression of DGAT (Acyl-CoA: diacylglycerol 

acyl-transferase) increases TAG production by diverting intermediates to phospholipid synthesis; this 

correlates well with the report that blocking phospholipid synthesis in E.coli results in the production 

of abnormally long FAs [55]. Decreased PEP activity in Brassica napus reportedly increases TAG 

concentration [56], and seems to play an important role in the regulation of lipid accumulation in 

microalgae [57].  

The final class of biofuels produced by yeast is derived from the isoprenoids biosynthesis. Although 

the number of different compounds identified as isoprenoids (also called terpenoids) is extremely 

large, isoprenoids are generally recognized as molecules derived from the monomers isoprenyl 

pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) and synthesised via the mevalonate 

pathway in yeasts and the deoxyxylulose pathway in bacteria [58]. These molecules are combined to 

make geranyl pyrophosphate (GPP), farnesyl pyrophosphate (FPP) and geranylgeranyl 

pyrophosphate (GGPP), the precursors of monoterpenes (C10), sesquiterpenes (C15) diterpenes 

(C20) and ergosterol. The metabolic engineering of the mevalonate pathway has aimed to increase 

the concentration of IPP and FPP, which, for example, can be directly converted to isopentenol and 

farnesol or into other molecules by several terpene synthases [59].  

The isoprenoid synthesis in yeast is mediated by the mevalonate pathway, which has been 

extensively studied in eukaryotes. The main end product of this pathway is ergosterol, involved in 

the regulation of membrane fluidity and permeability. However, the intermediate metabolites serve 



 

 

in the synthesis of other essential products like quinones, dolichols and hemes, as well as 

isoprenylated proteins. For this reason, the mevalonate pathway is usually considered to be divided 

into two parts: the first where farnesyl diphosphate is synthesised from AcCoA and whose 

intermediates are shared with other pathways, and a later part leading to the synthesis of 

ergosterol.  

The first part is the main target for metabolic engineering (figure 2). In S. cerevisiae, the first step of 

the pathway involves the condensation of 2 AcCoA molecules to give acetoacetyl-CoA, a reaction 

catalysed by the acetoacetyl-CoA thiolase (ERG10), which is regulated by the intracellular levels of 

sterols and other intermediates. The addition of a third AcCoA molecule to create 3-hydroxy-3 

methyl glutaryl CoA (HMG-CoA) is accomplished by a HMG-CoA synthase (ERG13), also strictly 

regulated. The pathway continues with the synthesis of mevalonate from HMG-CoA through a HMG-

CoA reductase, an enzyme present in two isoforms: HMGp1, which is very stable and expressed in 

aerobic conditions, and HMGp2, which has a rapid turnover and whose expression can then be easily 

tuned to the cellular conditions in anaerobiosis. The next step entails the double phosphorylation at 

the C5 position of mevalonate, performed by a mevalonate kinase (ERG12) and phosphomevalonate 

kinase (ERG8), followed by a decarboxylation by a mevalonate diphosphate decarboxylase (ERG19) 

which in the end produces isopentenyl diphosphate. The final steps of the first part of the pathway 

involve the isomerisation of IPP to dimethylallyl pyrophosphate (DMAPP) , the condensation of these 

two molecules to form geranyl diphosphate (GPP) which is then extended to form farnesyl 

diphosphate (FPP) by the condensation of a second molecule of IPP. These steps are performed 

respectively by an IPP isomerase (IDI1) and a farnesyl (geranyl) diphosphate synthase (ERG20). 



 

 

 

Figure 2 Metabolic pathways in yeast, used in the production of farnesene and other isoprenoid biofuels, 
adapted from Peralta-Yahya et. al. [27] 

A successful strategy to increase isoprenoid synthesis is reduced squalene synthase activity, this 

enzyme catalyses the cyclisation of FPP to squalene, a precursor of ergosterol [60]. However, since 

ergosterol is essential to the cell, the gene was put under the control of the promoter CRT3, which is 

inducible by copper, to enable some expression of squalene synthase. The overexpression and 

control of enzymes in the MVA pathways has also proved useful, in particular use of a truncated 

version of the 3-hydroxy-3-methylglutaryl coenzyme A reductase (tHMG) lacking an N-terminal 

regulatory domain proved more kinetically active. FPP can also be converted to farnesene using an 

α-farnesene synthase from the peel of apple (Malus domestica) fruits [61]. Additional enzymes, such 

as bisabolene synthase (AgBIS) from the plant Abies grandis [62], and amorphadiene synthase can 

convert farnesene to bisabolene and amorphadiene, respectively. The biosynthesis of pinene, a 

potential jet fuel molecule, first required the condensation of IPP and DMAPP in a head-to-tail 



 

 

configuration to have GPP which was then cyclised to pinene by a cineole synthase from Greek sage 

(Salvia fruticola), which co-produces limonene [63]. However, due to the intrinsic toxicity of these 

molecules towards yeast, research is needed to optimise their production by this host. 

Whilst increasing the production of specific advanced fuel molecules is an important target for 

genetic engineering, increasing the range of feedstock sugars to include xylose, arabinose, ramnose 

(from hemicellulose) and galacturonic acid (from pectin) is also highly desirable.  

Metabolic engineering of yeast for fermenting cellulosic sugars 

The majority of studies in this area relate to the genetic engineering of yeast strains to improve 

xylose assimilation. In bacteria, xylose is usually converted to xylulose by a xylose isomerase, before 

being phosphorylated to xylulose-5-P that can enter main metabolism through the Pentose 

Phosphate Pathway (PPP). In yeasts such as Scheffersomyces stipites (formerly Pichia stipites), 

Candida shehatae and Pachysolen tannophilus, these first steps differ by involving the action of a 

NADPH-dependent xylose reductase (XR) followed by a NAD+ - dependent xylitol dehydrogenase 

(XDH) [64]. However, the use of these yeasts on an industrial scale is prevented by their sensitivity to 

alcohol, furfural inhibitors, as well as their acute sensitive to low pH and low oxygen concentrations.  

For this reason, S. cerevisiae has been preferred as a host for the expression of heterologous genes 

enabling the metabolism of xylose. For example, the xylose isomerase from Thermus thermophilus 

(xyl1) was successfully introduced into S. cerevisiae [65], though this represents one of the few 

successfully exploited bacterial genes. The authors suggest that this is due to the enzyme having a 

eukaryote-like substrate-binding domain. However, the yeast strain modified with xyl1 exhibited 

relatively poor fermentation performance, even when other enzymes from the same pathway were 

overexpressed. Since the enzyme was derived from a thermophile, this was presumably due to 

suboptimal temperatures in the fermentation [66]. 

A more successful strategy involved introduction of genes for XR (XYL 1) and XDH(XYL 2) from other 

yeasts [64, 67, 68]. Scheffersomyces stipites (formerly Pichia stipites) and S. cerevisiae strains 

possessing these genes were able to metabolise xylose. The authors reasoned that this was due to 

the special characteristics of XR, which can use both NADPH and NADH and therefore formed a 

recycle loop for the NADH produced by XDH. Previous work had already shown that the oxide-

reduction balance is a key factor in metabolic engineering for fermentations [69]. However, a 

drawback of using the S. stipitis XR gene was the accumulation of NADH inside the cell leading to the 

production of xylitol and glycerol in anaerobiosis. This was due to the Km of XR for NADPH being 10 

times lower than for NADH, though this effect was overcome by expressing XDH and XR in a ratio of 



 

 

15:1. An alternative study demonstrated that the XR gene from Candida tenuis engineered through 

directed evolution had a higher specificity for NADH than for NADPH [70]. 

While glucose and xylose are the most prevalent sugars from depolymerised lignocellulose, a 

number of other sugars, such as arabinose, are produced in small amounts. A number of metabolic 

pathways involved in the catabolism of arabinose have been reported for Penicillium chrysogenum 

and Aspergillus niger [71, 72]. However, metabolism by microorganisms is reasonably rare due to 

the redox imbalance caused by 2 NAD+ - dependent and 2 NADPH- dependent reactions. The 

transformation of S. cerevisiae with genes for increased arabinose metabolism from both yeast and 

bacterial sources has been attempted [73, 74]. Arguably the most promising results were obtained 

following the insertion and overexpression of the codon-optimised ARA (arabinose) genes from 

Lactobacillus plantarum, and the endogenous genes of the pentose phosphate pathway, together 

with several cycles of directed evolutionary engineering through mutagenesis [75]. 

The sugars galacturonic acid and rhamnose are also produced from lignocellulose. S. cerevisiae is 

reportedly unable to grow on galacturonic acid, and only a handful of yeast species, but including 

Candida and Pichia species reportedly have this capacity [76, 77]. On the other hand, bacteria show 

a widespread ability to assimilate both of these substrates through a pathway that involves the 

conversion of D-galacturonate to pyruvate and glyceraldehyde-3-P, via the intermediate 2-keto-3-

deoxy-6-phosphogluconate which consumes NADH and ATP. 

However, the further conversion of pyruvate to ethanol in anaerobic conditions would require an 

additional NADH molecule, which again would affect the normal redox balance. To prevent this, 

galacturonic acid could be restricted to a minor fraction (up to 10%) in the feedstock. At this 

concentration, the excess in NADH found in anaerobiosis could be recycled rather than leading to 

the overproduction of glycerol.  

Different pathways for the metabolism of rhamnose exist in bacteria and yeasts. In bacteria, 

rhamnose is usually converted to DHAP and L-lactaldehyde through a phosphorylated intermediate. 

In contrast yeasts convert rhamnose to pyruvate and L-lactaldehyde through redox reactions that 

increase the concentration of NADH. Under anaerobic conditions, S. cerevisiae converts L-

lactaldehyde to 1,2-propandiol using NADH as a cofactor. This led Van Maris et. al. to suggest that 

the optimal strategy for ramnose metabolism is the introduction of a yeast transporter from 

Aureobasidium pullulans, Pichia stipitis, or Debaryomyces polymorphus along with the bacterial 

pathway for rhamnose metabolism which doesn’t create an excess of NADH. This approach was 



 

 

attractive since the cell redox balance was not affected by an increase in NADH. As a consequence, 

the cell is not forced to produce glycerol to recycle this cofactor [78].  

As discussed earlier, depolymerised cellulose also contains inhibitory compounds generated from 

the decomposition of the sugars in the hydrolysis stage. Success in selecting furfural and HMF-

resistant S. cerevisiae strains has been achieved by serial culturing in media with increasing 

concentrations of the toxic compounds [79]. In this regard, the content in NADPH and NADH for the 

reduction respectively of furfural and HMF to furfuryl and hydroxymethyl furfuryl play a key role, as 

well as enzymes in the PPP [79, 80]. Phenolics are also a powerful inhibitor in lignocellulose 

hydrolysates and their negative effects have been counteracted by the transfection of a laccase from 

Trametes versicolor [81], or the overexpression of a phenylacrylic-acid decarboxylase [82]. While 

these compounds are well known to be highly toxic to S. cerevisiae, oleaginous yeasts tend to show a 

far greater tolerance [83, 84]. 

Lipid Derived Fuels from Oleaginous Yeasts 

Triglycerides, the main components of plant and animal lipids, are becoming increasingly popular as 

a feedstock for a range of industrial applications. The two dominant uses of glyceride lipids are in the 

food industry and for biodiesel production.  

Biodiesel is a fatty acid alkyl ester produced by transesterification of glyceride lipids, and can be used 

as a replacement for petroleum-derived diesel fuel [85, 86]. Roughly 95% of biodiesel is produced 

from edible plant oils such as rapeseed, sunflower and palm oil [87]. However, concerns over the 

sustainability and competition with food have driven the search for additional glyceride feedstocks. 

One option is to produce fats and oils from microbes, commonly referred to as single cell oils (SCOs). 

Oleaginous microorganisms, including microalgae, yeast, bacteria and moulds can accumulate lipids 

to more than 20% of their dry weight [88]. The microbial lipids are mainly composed of  triglycerides 

[51], but may contain free fatty acids, other neutral lipids such as mono- and diacylglycerides and 

sterol-esters, sterols and polar lipids e.g. phospholipids, sphingolipids, glycolipids [89, 90].  

Microbial oils offer many advantages over vegetable oils including a short life cycle, they are less 

labour intensive, and less affected by location, season and climate change [91, 92]. While production 

of algal oil, and its conversion into useable fuels has been demonstrated [93-95], the 

commercialisation of this technology remains elusive. Unsustainable demands on freshwater and 

fertilisers, scarcity of low-cost concentrated CO2 and high energy requirements for algae culture 

collectively hinder the commercialisation for biofuel production [96, 97].  Algae also require light of 

appropriate intensity and wavelength. Consequentially, production is affected by the amount of light 



 

 

incident at potential production sites, which limits the supply of suitable culture locations. Although 

algae culture does not require prime agricultural land, the current low levels of productivity (4 kg m-

3) would result in a large land footprint. Whilst artificial lighting would improve productivity, this, as 

well as the need for temperature control (algae must be cooled during the day and heated at night) 

adds to the energy costs. The presence of a cell wall of variable toughness also makes extracting the 

oil energy intensive [98-101].  

In contrast, yeast grow do not require light, have shorter doubling times and reach much higher cell 

densities (10-100 g l-1 in 3-7 days) [92]. They also produce a wide range of fermentation products in 

addition to oils, which is economically attractive to potential biorefinery plant. Of particular interest 

to care product applications is the synthesis by yeast of biologically derived surfactants 

(biosurfactants) e.g. sophorolipids, which are biodegradable [102, 103-106]. Many of the charged 

lipids have interesting properties, such as antimicrobials and anti-proliferatives from polyol lipids in 

Rhodotorula glutinis. 

SCOs from heterotrophic organisms have attracted attention since the 1980s during a period where 

there was a shortage in cocoa butter and a SCO with a similar lipid profile was sought [107]. The 

yeast Yarrowia lipolytica reportedly produces a suitable lipid substitute [108]. Of over 1600 known 

yeast species, 40 are known to be oleaginous. These yeasts belong to ascomycete genera Candida, 

Cyberlindnera, Geotrichum, Kodamaea, Lipomyces, Magnusiomyces, Metschnikowia, Trigonopsis, 

Wickerhamomyces, and Yarrowia [109-111] and to basidiomycete genera Crypotcoccus, 

Guehomyces, Leucosporidiella, Pseudozyma, Rhodosporidium, Rhodotorula and Trichosporon [109, 

112-116].  

While the percentage of lipid accumulation within the SCO is of importance, the lipid coefficient, i.e. 

gram of lipid produced per gram of sugar consumed is one of the most important parameters for 

microbial biofuel production. The sugar stream resulting from hydrolysed lignocellulosic substrates 

are a mixture of hexose and pentose sugars, predominantly these are glucose and xylose that are 

present in a ratio of 2:1 [117]. Given that a large proporation of the costs of producing oil from 

oleaginous microorganisms comes from the cost of the initial feedstock, it is vital that both sugars 

are utilised for the economics to be favourable. If all of the sugar consumed was directed towards 

lipid synthesis, a maximum lipid yield of 0.32 g/g  and 0.34 g/g can be produced from glucose and 

xylose, respectively [118]. However, due to other cellular processes requiring glucose, even under 

ideal conditions for lipid production, the lipid yield on glucose is very rarely more than 0.22 g/g [51] 

[119]. For example, when T. cutaneum was cultivated on equal quantities of glucose and xylose, the 

lipid coefficient was found to be 0.17 g/g, a slight decrease from 0.20 g/g when glucose was the sole 



 

 

carbon source [117]. However, when grown in a fed-batch system, the lipid coefficient for R. 

toruloides reached as high as 0.24 g/g [120]. As the sugar is also used for the production of oil-free 

biomass, there is a fine balance between the percentage of oil accumulated within the cell and the 

overall biomass yield. Based on this, an oil content of a minimum of 40% dry weight has been 

proposed to be necessary [121].  

While there has been little economic analysis undertaken on the production of biofuels from SCOs, it 

is understood that the production costs derive largely from the initial feedstock costs, as well as 

extraction and conversion costs, but the largest contributor comes from the fermentation process 

itself. It seems unlikely that with present yields and technology, a yeast SCO could be produced for 

less than £1500/tonne [119].  

Lipid extraction  

Following the growth and accumulation of the lipids, the microorganisms first have to be harvested 

or separated from the culture medium.  This involves removing large quantities of water and thus 

the harvesting of biomass can contribute to 20-30% of the total biomass production costs [121].  

Common harvesting methods include sedimentation, centrifugation and ultra-filtration.  Flocculation 

can be used to aggregate cells. Whilst extraction techniques for yeast and algae are very similar, 

harsher conditions are required for algae due to the relatively resilience of the cell. Therefore, whilst 

the techniques described below are applicable to both yeast and algae, adaptations are required. 

Organic solvents are commonly used to extract lipid from microbial biomass, including hexane, 

methanol, ethanol, chloroform and diethyl ether [122].  The rate of extraction is influenced by 

factors such as particle size, type of solvent, temperature and agitation [87]. One of the most widely 

used methods is that developed by Bligh and Dyer, which uses chloroform and methanol [123], 

though industrially n-hexane is generally favoured [87].   

First used for extraction in the 1980s, microwave-assisted extraction is a fast and efficient extraction 

method used for solid-liquid extraction. Rapid generation of heat and pressure within the cell forces 

the lipid out of the biological matrix, enabling a high recovery of the target molecules [124]. Whilst 

this technique still relies on the use of solvents, the volume is often markedly less than traditional 

solvent extraction, and the pressure produced within the microwave chamber can be varied 

depending on the volume and the boiling point of the solvent [122, 125]. Cryogenic grinding, 

supercritical fluids, pressurised liquids, acid/base treatment, enzyme lysis or other mechanical 

disruption have also been reported as methods to extract lipids from the cell [126]. Sonication has 

also been widely used as a method for disrupting microbial cells which uses a cavitation effect to 



 

 

crack the cell wall/membrane. Furthermore, bead beating has been used on a laboratory and 

industrial scale to cause direct damage to cells using fine beads and high-speed mechanical spinning.  

Lipid properties 

Aside from the triglycerides, other lipid soluble compounds are synthesised by yeast including 

terpenes, hydrocarbons, sterols and phospholipids.  While often being minor constituents, they can 

have significant effects on the fuel properties. For example, sterol glucosides which have a high 

melting point (>240 °C) and limited solubility in biodiesel have been identified as causing precipitate 

formation when stored a low temperatures [127, 128]. These precipitates can lead to fuel filter 

plugging. This emphasises the importance of aligning the oleaginous yeast with the intended 

application, as in the case of M. pulcherrima, the sterol content can be as high as 3.5 %d.wt [129]. 

Like algal oils the lipid might require further chemical refining to give a pure triglyceride feed. The 

triglycerides can then be converted into biodiesel, in a similar method to vegetable oils. Biodiesel 

has many advantages over its mineral diesel equivalent, including renewability, low  sulphur content, 

no aromatic content, biodegradability, reduction of many exhaust emissions, high flash point, and 

inherent lubricity [130]. However, poor low temperature properties, low oxidative stability and a 

slight increase in the production of nitrous oxides (NOx) reduce the blend level in diesel [131]. In the 

USA, biodiesel is often used as a B20 blend (20% biodiesel, 80% diesel), whereas in the European 

Union this value is decreased to B5-7 to comply with governmental regulations [131]. 

The chain length, degree of unsaturation and branching of the lipid all affect the physical properties 

of the oil. The biodiesel produced must therefore comply with the existing regulatory standards, 

predominantly ASTM 6751-02 and EN 14-214, in the US and EU respectively. These often serve as 

guidelines for the development of standards elsewhere. The physical properties of biodiesel are 

heavily dependent on the fatty acid profile. The resulting composition largely influences the cetane 

number, kinematic viscosity, oxidative stability, and cold flow properties of the fuel [48, 132, 133]. 

Generally saturated esters have poor low temperature properties, high viscosity but excellent cetane 

numbers, whereas polyunsaturates have low melting points and low viscosity but also have severely 

reduced cetane numbers (table 2) [85].  

  



 

 

Table 2: Properties of fatty acid methyl esters found in yeast biodiesel, data adapted from references [85] 
and  [134] 

Property Fatty acid methyl ester 

 16:0 18:0 18:1 18:2 18:3 

Cetane number 81[183] 89[183] 62[183] 42[183] 22.7 

Kinematic viscosity (40°C; mm2/s) 4.38 5.85 4.51 3.65 3.14 

Oxidative stability (110°C; h) >24 >24 2.79 0.94 0.00 

Density (g/cm3) 15°C 0.867[183] 0.868[183] 0.87746 0.89016 0.90166 

40°C 0.8491 - 0.85937 0.87195 0.883 

Melting point (°C) 28.5 37.7 -20.2 -43.1 -45.5 

 

Plant-based oils used for the production of biodiesel (e.g. soybean, rapeseed, canola) contain 

primarily C16 and C18 fatty acids, with varying degrees of unsaturation [135]. This is also similar for 

biodiesel derived from yeasts, though yeast oils tend to be lower in polyunsaturates such as linolenic 

acid found in plant oils. In contrast, the greater amount of oleic acid ester (18:1) generally found in 

yeast oils will be advantageous for oxidative stability without compromising on the cold flow 

properties [133].  

Table 3: Relationship between structure and biodiesel performance parameters, adapted from reference 
[116]  

 Cetane 
number  

Melting 
point 

Oxidative 
stability  

Kinematic 
viscosity  

Heat of 
combustion 
(greater is 
better) 

Chain length Longer 
gives 
higher  

Shorter are 
lower 

NR Shorter is 
less viscous 

Longer gives 
greater  

Degree of 
unsaturation 

Saturated 
gives 
higher 

Saturated 
gives higher 

Saturated 
is more 
stable 

Unsaturated 
is less 
viscous 

Unsaturated 
is lower 

Branching Branching 
gives 
slightly 
lower 

Branched 
FAAE has 
lower 

NR Branched is 
less viscous 

Branching 
gives slightly 
lower 

 

While there are many reports focussing on the fuel properties of biodiesel derived from microalgae, 

there are relatively few studies that examine the properties of biodiesel produced from oleaginous 

yeasts [136]. In general, algal biodiesel has a much more complex fatty acid profile in comparison to 

plant and yeast oils, with alkyl chains ranging from C12 – C22 [121]. Similarly to yeast, the lipid 

composition ranges depending on species and growth conditions for the algal culture [135]. Algal oils 

are highly polyunsaturated, with eicosapentaenoic acid (20:5) and docosahexaenoic acid (22:6) 

commonly found. While this will beneficially increase the cloud point of the fuel, it has detrimental 



 

 

effects on the oxidative stability of the fuel. As such, lipids with four or more double bonds are 

limited to a maximum of 1% mol., and more specifically, the linolenic acid (18:3) content of the fuel 

is limited to 12 mol% for vehicle use within the European Union.  

The total unsaturation of the fuel is indicated by its iodine value, with the EN 14214 biodiesel 

standard cannot exceed an iodine value of 120 g iodine / 100 g biodiesel [93].  Due to this, it is likely 

that the fuel will need to be hydrogenated to improve its properties as well as to decrease the 

probability of the fuel polymerising in the engine oil. Furthermore, algal oil contains the lipid-soluble 

Mg-containing chlorophyll complex. While only present in small quantities, if used at scale the 

presence of magnesium in the fuel could have detrimental effects on the engine performance and 

longevity. 

Recently, Wahlen et al. compared biodiesel derived from bacteria, algae and the yeast Cryptococcus 

curvatus [137]. The fuels were then tested for their emissions and performance on a 2-cylinder 

research engine. The lipid profile of the yeast biodiesel used composed of 60% oleic acid (18:1), 15% 

palmitic acid (16:0), 18% steric acid (18:0) and 5% linoleic acid (18:2). The kinematic viscosity of this 

fuel measured 4.5 mm2 s-1, within the range for both ASTM D6751 and EN14214 specifications. Both 

the energy density and heating value of the fuel were similar to the commercial soybean biodiesel, 

whereas the biodiesel cetane index was 67, considerably higher than its biodiesel equivalents. This is 

comfortably above the 51 minimum for EN14214 specification. 

Table 4: Current selected specifications in biodiesel standards (ASTM D6751 in the United States; EN 14214 in 
Europe) caused by the fatty acid composition and heteroelements 

 

Specification ASTM D6751 EN 14214 

Cetane Number 47 min. 51 min. 

Kinematic viscosity 1.9-6.0 mm2 s-1 3.5-5.0 mm2 s-1 

Oxidative stabilitya 3 h min 6 h min 

Cloud point Report - 

Cold filter plugging point - b 

Cold soak filtration test 360 s max - 

Sulfur 0.0015 mass% (15ppm) max for ULSD 10.0 mg kg-1 max 

 0.05 mass% for 500 ppm sulphur diesel  

Na + K combined 5 ppm (µg g-1) max 5.0 mg kg-1 max 

Ca + Mg 5 ppm (µg g-1) max 5.0 mg kg-1 max 

 

a Rancimat test per standard En 14214. b Depends on geographic location and time of year. 

 



 

 

Table 5 Examples and culture conditions for oleaginous yeasts. T Temperature, t time, MnM mineral medium, 
MM minimal medium, F fermentor, f flask, F-b fed-batch, CF continuous fermentor, SL sophorolipids, SF solid 

fermentation, MEL mannosylerythritol lipid, OP optimum. Table adapted from Ageitos et. al. [102] and 
Santamauro et. al. [129] 

Species Dry 

biomass 

(g/L) 

Lipid 

content 

(%) 

T (°C) t (h) pH Culture 

Apiotrichum curvatum UfaM3 15 45.6 30 – 5.5 CF 

A. curvatumUfa25 15 40 30 150 5 F 

A. curvatumATCC 20509 85 35 30 70 4.8 F 

A. curvatumATCC20509 15.11 47 32 145 5.5 F 

Candida 107 18.1 37.1 30 3,528 5.5 CF 

C. bombicolaATCC 22214 – SL 21 g/L 26 120 6 F 

C. bombicola 29 SL 41 g/L 30 190 7 F 

C. curvata D 10.6 27 28 72 5.5 CF 

  8.2 30 28 72 5.5 CF 

Cryptococcus curvatus 91 33.3 28 75 5.5 Surer® 

C. albidus var. aerius IBPhM y-

229 

– 63.4 OP – 5 F 

C. albidus var. albidus CBS 4517 26.78 46.3 20 90 5.5 CF 

C. curvatusATCC 20509 118 25 28 50 5.5 F F-b 

C. curvatusATTC 20509 18.4 49.7 30 24 + 7

2 

5.4 F 

16.1 68.9 30 24 + 7

2 

5.4 F 

C. terricolus 16 39 25 184 5.5 F 

Lypomyces lipofer IBPhM y-693 – 51.5 OP – 5 F 

L.starkeyi 20.5 61.5 30 120 6 F 

L. starkeyi DSM 70295 13.3 56.3 30 220 5 F 

9.3 72.3 30 220 5 F 

L. starkeyi AS 2. 1390 18 30 28 96 5.8 F 

20.9 20.5 28 96 5.8 F 

14 24.9 28 96 5.8 F 

M. Pulcherrima 7 40 15 360 5 f 

Pseudozyma aphidis 33 MEL 

75 g/L 

27 288 6.5 F F-b 

30 MEL 

110 g/L 

27 228 6.5 F F-b 

Rhodosporidium toruloides 18.2 76.1 30 120 6 F 

R. toruloides Y4 151.5 48 30 600 5.6 f F-b 

106.5 67.5 30 134 5.6 F F-b 



 

 

R. toruloides AS 2. 1389 6.9 42 28 96 5.8 F 

7.2 26.8 28 96 5.8 F 

4.8 16.8 28 96 5.8 F 

R. toruloidesACT 10788 – 79 27 168 5 F 

R. toruloides Y4 127.4 61.8 30 140 5.6 F F-b 

Rodotorula glutinis IIP-30 22.3 66 30 120 4 F 

R. glutinis IIP-30 17.2 39 30 120 4 F 

25.0 42 30 120 4 F F-b 

R. glutinis NRRL y-1091 185 40 – – 5.5 F F-b 

R. glutinis AS 2. 703 5 30.2 28 96 5.8 F 

6.9 12 28 96 5.8 F 

4.3 4.9 28 96 5.8 F 

R. gracilis CFR-1 10 68 28 120 5 F 

R. gracilis CFR-1 13.7 59.4 – – 5 SF 

  13.9 60.3 – – 5 SF 

R. minuta IIP-33 15 48 30 80 4.5 F F-b 

Trichosporon cutaneum AS 2. 

571 

3.2 65.6 28 96 5.8 F 

4.2 13.4 28 96 5.8 F 

5.6 8.2 28 96 5.8 F 

Yarrowia lipolytica LGAM S(7)1 8.7 40 28 240 6 F 

Y. lipolytica ACA-DC 50109 15 44 28 120 6 F 

Zygolipomyces lactosus – 66.5 OP – 5 F 

Fatty acid profile 

Unlike algal oils, in general yeast lipid is composed of C16 and C18 fatty acids. Palmitic acid (C16:0) 

constitutes 15-25% w/w of the total lipid, while palmitoleic (Δ9 16:1) is found in concentrations 

generally less than 5% w/w. Oleic acid (Δ9 18:1) is the principal lipid accumulated in yeast cells, 

sometimes higher than 70% w/w, whereas stearic acid (18:0)  and linoleic acid (Δ9,12 18:2) are 

minor components of the oil, found in concentrations of 5-8% w/w and 15-25% w/w, respectively 

[89]. Polyunsaturated lipids such as α-linolenic acid (18:3), are not commonly synthesised in yeast 

oils. 

Effect of growing conditions 

The key step to lipid accumulation in oleaginous microorganisms is the change in the intracellular 

concentration of various metabolites, due to the exhaustion of some nutrients in the culture 

medium [89]. In many of the studies performed, lipid accumulation is initiated when nitrogen is 

depleted and it becomes the limiting factor of microbial growth, but a carbon source is abundantly 

available. Nitrogen exhaustion initiates a series of metabolic steps leading to de novo lipid 



 

 

biosynthesis in which the carbon source is used for lipid accumulation rather than cell proliferation 

processes (for reviews see: Ratledge and Wynn [51]; Ratledge [138]). The most important of these 

pathways involves the cleaving of citric acid into acetyl-CoA and oxaloacetate by the enzyme 

complex ATP-citrate lyase (ATP-CL). ATP-CL is only present in oleaginous microorganism and it is 

therefore considered to be the most important factor accounting for the oleaginicity of these 

microorganisms [139]. Lipid accumulation is influenced by the C/N ratio, with lipid accumulation 

induced at molar ratio C/N > 20 [8], but with an optimum being close to 100 [102]. Indeed, the lipid 

yield from R. glutinis more than doubled when the C/N ratio was increased from 20 to 70, but a 

further increase to C/N 120 did not lead to higher lipid yields [140]. It should be noted however, that 

nitrogen limitation is not the sole factor for the accumulation of lipids during the growth of the 

oleaginous microorganisms. For example, lipid accumulation in Rhodosporidium toruloides was 

induced in nitrogen-rich medium when sulfate or phosphorus became the limiting factor of cell 

growth [141, 142].  

Inhibitors from the decomposition of lignocellulose, are well known for their toxicity to 

microorganisms such as S. cerevisiae [7], though tend to be less inhibitory to oleaginous yeasts [83, 

84]. The oleaginous yeast species that have been tested for inhibitor tolerance are Rhodotorula 

glutinis, Trichosporon cutaneum, Rhodotorula rubra, Rhodosporidium toruloides, Lipomyces starkeyi, 

Cryptococcus albidum and Trichosporon fermentans. Some of these species, most notably 

Trichosporon fermentans and Trichosporon cutaneum have shown elevated tolerance to HMF, 

furfural and acetic acid [83, 143]. 

Tailoring the lipid profile 

Wu et al. demonstrated that by changing the carbon-to-sulfur (C/S) ratio of the growth medium, the 

fatty acid composition of the resulting oil from R. toruloides could be tailored accordingly. For 

example, a higher C/S molar ratio favoured the production of saturated fatty acids [141].  

The growth temperature also influences the degree of saturation of the lipids. Temperature-induced 

variations in the fatty acid profile of the yeast C. oleophila, C. utilis and R. toruloides have been 

demonstrated, but the affects were species specific [144]. Reducing the culture temperature for C. 

curvatus increased the amount of saturated esters by 10% [145], while the amount of 

polyunsaturates in various yeast of the Zygomycete genera were reduced substantially at lower 

growth temperatures [146]. In contrast, lower incubation temperatures were reported to increases 

the level of polyunsaturates in R. glutinis [136, 147] and C. lipolytica [148].  



 

 

Alternative lipid derived fuels 

To improve the performance of lipid derived fuels a range of novel processes are being developed. 

These fuels have a far more similar composition to diesel than traditional FAME. For example, one 

process is hydrotreating, which involves the deoxygenation of triglycerides into linear chain alkanes, 

over a metal supported catalyst [149, 150]. This process must then be followed by additional 

isomerisation and cracking reactions over Pt or Pd catalysts on zeolite supports. This process 

improves the low temperature properties of the resulting alkanes (HFA or HEFA) fuels [151]. 

Generally the hydrogenated fuel has a high cetane value of between 84 and 99, which creates a 

superior diesel product. Depending on the degree of isomerisation the fuel also has a low cloud 

point (as low as -30 °C) and as there are no double bonds the fuel is extremely stable. While 

microbial oils could be used in this process there is some indication that molecules such as sterols 

and terpenes can deactivate the hydrogenation catalysts used in this process, and would need to be 

refined prior to use [301-303].  

Conclusions 

Yeasts play a key industrial role in the conversion of renewable biomass to liquid fuels. While 

generally bacteria have faster growth rates and are simpler to genetically transform, most yeasts, in 

particular S. cerevisiae, have a higher tolerance to industrial conditions and solvents used on this 

scale, have wider optimal pH ranges and a natural resistance to bacteriophages. Due to these factors 

a range of alternative, high performance fuels are being developed through genetic and metabolic 

engineering of Saccharomyces and non-Saccharomyces yeasts. One promising feedstock for biofuel 

production is lipids that can be converted into alkane fuels of fatty acid methyl esters. Over 20 

species of oleaginous yeast are known, and offer a credible alternative to terrestrially derived 

vegetable oils or algal lipid feedstocks.   

Acknowledgements 

The authors would like to extend their thanks to the University of Bath and the EPSRC for partially 

funding this work through the Doctoral Training Centre at the CSCT and to Roger and Sue Whorrod 

for their kind endowment to the University resulting in the Whorrod Fellowship in Sustainable 

Chemical Technologies held by Dr. C. Chuck.  

  



 

 

References 

1. Fargione J, Hill J, Tilman D, Polasky S, Hawthorne P: Land clearing and the biofuel carbon 
debt. Science 319(5867), 1235-1238 (2008). 

2. Ragauskas AJ, Williams CK, Davison BH et al.: The path forward for biofuels and biomaterials. 
Science 311(5760), 484-489 (2006). 

3. Escobar JC, Lora ES, Venturini OJ, Yanez EE, Castillo EF, Almazan O: Biofuels: Environment, 
technology and food security. Renewable & Sustainable Energy Reviews 13(6-7), 1275-1287 
(2009). 

4. Sugita T, Takashima M: Yeasts, A Taxonomic Study. Japanese Journal of Medical Mycology 
52(2), 107-115 (2011). 

5. Lachance MA: Yeast Biodiversity: How Many and How Much? In: Biodiversity and 
Ecophysiology of Yeasts, Péter G,Rosa C (Eds). Springer, Berlin, Heidelberg 1-9 (2006). 

6. Bolotin-Fukuhara M: Genomics and Biodiversity in Yeasts. In: Biodiversity and Ecophysiology 
of Yeasts, Péter G,Rosa C (Eds). Springer, Berlin, Heidelberg, 45-66 (2006). 

7. Viikari L, Vehmaanperä J, Koivula A: Lignocellulosic ethanol: From science to industry. 
Biomass and Bioenergy 46(0), 13-24 (2012). 

* 8. Papanikolaou S, Aggelis G: Lipids of oleaginous yeasts. Part II: Technology and potential 
applications. European Journal of Lipid Science and Technology 113(8), 1052-1073 (2011). 

 
 
An expansive review covering a wide variety of aspects including kinetic modelling, affects of 

culture conditions on lipid production, and using yeast lipids as a substitute for high-value fats  

 
9. Jenkins RW, Munro M, Nash S, Chuck CJ: Potential renewable oxygenated biofuels for the 

aviation and road transport sectors. Fuel 103, 593-599 (2013). 
*10. Rabinovitch-Deere CA, Oliver JWK, Rodriguez GM, Atsumi S: Synthetic Biology and Metabolic 

Engineering Approaches To Produce Biofuels. Chemical Reviews, (2013). 
 
Interesting and full overview of fuel molecules produced by microbes 
 
11. Hammond GP, Seth SM: Carbon and environmental footprinting of global biofuel 

production. Applied Energy 112(0), 547-559 (2013). 
12.  U.S. Department of Energy. 2011. U.S. Billion-Ton Update: Biomass Supply for a Bioenergy 

and Bioproducts Industry. R.D. Perlack and B.J. Stokes (Leads), ORNL/TM-2011/224. Oak 
Ridge National Laboratory, Oak Ridge, TN. 227p. 

13. United States Department of Agriculture, Foreign Agricultural Service Office of Global 
Analysis: World Agricultural Production. 9 (2013). 

14.  Chiaramonti D, Prussi M, Ferrero S et al. Review of pretreatment processes for 
lignocellulosic ethanol production, and development of an innovative method. Biomass and 
Bioenergy, 46(0), 25-35 (2012). 

15. Balat M. Production of bioethanol from lignocellulosic materials via the biochemical 
pathway: A review. Energy Conversion and Management, 52(2), 858-875 (2011). 

16. da Costa Sousa L, Chundawat SPS, Balan V, Dale BE. ‘Cradle-to-grave’ assessment of existing 
lignocellulose pretreatment technologies. Current Opinion in Biotechnology, 20(3), 339-347 
(2009). 

17. Galbe M, Zacchi G. Pretreatment: The key to efficient utilization of lignocellulosic materials. 
Biomass and Bioenergy, 46(0), 70-78 (2012). 

18. Chandel A, Silva S, Singh O. Detoxification of Lignocellulose Hydrolysates: Biochemical and 
Metabolic Engineering Toward White Biotechnology. Bioenerg. Res., 6(1), 388-401 (2013). 



 

 

19. Corrêa Do Lago A, Bonomi A, Cavalett O, Pereira Da Cunha M, Pinheiro Lima MA: Sugarcane 
as a carbon source: The Brazilian case. Biomass and Bioenergy 46(0), 5-12 (2012). 

20. Balat M, Balat H: Recent trends in global production and utilization of bio-ethanol fuel. 
Applied Energy 86(11), 2273-2282 (2009). 

21. Humbird D, Davis R, Tao L et al.: Process design and economics for conversion of 
lignocellulosic biomass to ethanol. NREL Technical Report NREL/TP-5100-47764 303, 1-147 
(2011). 

22. Van Keulen H, Lindmark DG, Zeman KE, Gerlosky W: Yeasts present during spontaneous 
fermentation of Lake Erie Chardonnay, Pinot Gris and Riesling. Antonie Van Leeuwenhoek 
International Journal of General and Molecular Microbiology 83(2), 149-154 (2003). 

23. Walker GM, Birch RM, Chandrasena G, Maynard AI: Magnesium, calcium, and fermentative 
metabolism in industrial yeasts. Journal of the American Society of Brewing Chemists 54(1), 
13-18 (1996). 

24. Hirasawa T, Yoshikawa K, Nakakura Y et al.: Identification of target genes conferring ethanol 
stress tolerance to Saccharomyces cerevisiae based on DNA microarray data analysis. 
Journal of Biotechnology 131(1), 34-44 (2007). 

25. Sharma SC: A possible role of trehalose in osmotolerance and ethanol tolerance in 
Saccharomyces cerevisiae. Fems Microbiology Letters 152(1), 11-15 (1997). 

26. You KM, Rosenfield CL, Knipple DC: Ethanol tolerance in the yeast Saccharomyces cerevisiae 
is dependent on cellular oleic acid content. Applied and Environmental Microbiology 69(3), 
1499-1503 (2003). 

27. Peralta-Yahya PP, Zhang F, Del Cardayre SB, Keasling JD: Microbial engineering for the 
production of advanced biofuels. Nature 488(7411), 320-328 (2012). 

28. Saxena RC, Adhikari DK, Goyal HB: Biomass-based energy fuel through biochemical routes: A 
review. Renewable & Sustainable Energy Reviews 13(1), 167-178 (2009). 

29. Quintero JA, Rincon LE, Cardona CA: Production of Bioethanol from Agroindustrial Residues 
as Feedstocks. In: Biofuels: alternative feedstocks and conversion processes. Pandey, A. 
Larroche C, Ricke SC, Dussap CG, Gnansounou E. (eds) Academic Press (2011) 

30. El-Enshasy H, Thongchul N, Yang S-T: Bioprocessing Technologies in Biorefinery for 
Sustainable Production of Fuels, Chemicals, and Polymers. (1). Wiley, 488 (2013). 

31. Cardona CA, Sanchez OJ: Fuel ethanol production: Process design trends and integration 
opportunities. Bioresource Technology 98(12), 2415-2457 (2007). 

32. Clomburg JM, Gonzalez R: Biofuel production in Escherichia coli: the role of metabolic 
engineering and synthetic biology. Applied Microbiology and Biotechnology 86(2), 419-434 
(2010). 

**33. Hong K-K, Nielsen J: Metabolic engineering of Saccharomyces cerevisiae: a key cell factory 
platform for future biorefineries. Cellular and Molecular Life Sciences 69(16), 2671-2690 
(2012). 

 
Useful as it is focussed only on yeast, and on the basic strategies that will need to be addressed to 
produce future fuels 
 
34. Porro D, Gasser B, Fossati T et al.: Production of recombinant proteins and metabolites in 

yeasts. Applied Microbiology and Biotechnology 89(4), 939-948 (2011). 
35. De Jong B, Siewers V, Nielsen J: Systems biology of yeast: enabling technology for 

development of cell factories for production of advanced biofuels. Current Opinion in 
Biotechnology 23(4), 624-630 (2012). 

36. Leber C, Da Silva NA: Engineering of Saccharomyces cerevisiae for the synthesis of short 
chain fatty acids. Biotechnology and Bioengineering, in press (2013). 

37. Steen EJ, Chan R, Prasad N et al.: Metabolic engineering of Saccharomyces cerevisiae for the 
production of n-butanol. Microbial Cell Factories 7, (2008). 



 

 

38. Buijs NA, Siewers V, Nielsen J: Advanced biofuel production by the yeast Saccharomyces 
cerevisiae. Current Opinion in Chemical Biology 17(3), 480-488 (2013). 

**39. Avalos JL, Fink GR, Stephanopoulos G: Compartmentalization of metabolic pathways in yeast 
mitochondria improves the production of branched-chain alcohols. Nature Biotechnology 
31(4), 335 (2013). 

 
Offers a unique stategy which can be applied to the metabolic engineering of any yeast, for 
multiple pathways, to enhance productivity 
 
40. Hornby JM, Kebaara BW, Nickerson KW: Farnesol biosynthesis in Candida albicans: Cellular 

response to sterol inhibition by zaragozic acid B. Antimicrobial Agents and Chemotherapy 
47(7), 2366-2369 (2003). 

41. Tamakawa H, Mita T, Yokoyama A, Ikushima S, Yoshida S: Metabolic engineering of Candida 
utilis for isopropanol production. Applied Microbiology and Biotechnology 97(14), 6231-6239 
(2013). 

42. Fuganti C, Serra S: Baker's yeast-mediated enantioselective synthesis of the bisabolane 
sesquiterpenes (+)-curcuphenol, (+)-xanthorrhizol, (-)-curcuquinone and (+)-
curcuhydroquinone. Journal of the Chemical Society-Perkin Transactions 1 (22), 3758-3764 
(2000). 

43. Zhang F, Rodriguez S, Keasling JD: Metabolic engineering of microbial pathways for advanced 
biofuels production. Current Opinion in Biotechnology 22(6), 775-783 (2011). 

44. Hong SY, Zurbriggen AS, Melis A: Isoprene hydrocarbons production upon heterologous 
transformation of Saccharomyces cerevisiae. Journal of Applied Microbiology 113(1), 52-65 
(2012). 

45. Branduardi P, Longo V, Berterame NM, Rossi G, Porro D: A novel pathway to produce 
butanol and isobutanol in Saccharomyces cerevisiae. Biotechnology for Biofuels 6(1), 68 
(2013). 

46. Kondo T, Tezuka H, Ishii J, Matsuda F, Ogino C, Kondo A: Genetic engineering to enhance the 
Ehrlich pathway and alter carbon flux for increased isobutanol production from glucose by 
Saccharomyces cerevisiae. J Biotechnol 159, 32 - 37 (2012). 

47. Atsumi S, Hanai T, Liao J: Non-fermentative pathways for synthesis of branched-chain higher 
alcohols as biofuels. Nature 451, 86 - 89 (2008). 

48. Steen EJ, Kang Y, Bokinsky G et al.: Microbial production of fatty-acid-derived fuels and 
chemicals from plant biomass. Nature 463(7280), 559-U182 (2010). 

49. Bouvier-Nave P, Benveniste P, Oelkers P, Sturley SL, Schaller H: Expression in yeast and 
tobacco of plant cDNAs encoding acyl CoA : diacylglycerol acyltransferase. European Journal 
of Biochemistry 267(1), 85-96 (2000). 

50. Courchesne NMD, Parisien A, Wang B, Lan CQ: Enhancement of lipid production using 
biochemical, genetic and transcription factor engineering approaches. Journal of 
Biotechnology 141(1-2), 31-41 (2009). 

51. Ratledge C, Wynn JP: The biochemistry and molecular biology of lipid accumulation in 
oleaginous microorganisms.In: Advances in Applied Microbiology, 51, Laskin AI, Bennett JW, 
Gadd GM. (Eds) Elsevier Academic Press, San Diego, USA (2002). 

52. Wynn JP, Hamid ABA, Ratledge C: The role of malic enzyme in the regulation of lipid 
accumulation in filamentous fungi. Microbiology-Uk 145, 1911-1917 (1999). 

53. Picataggio S, Rohrer T, Deanda K et al.: Metabolic engineering of Candida tropicalis for the 
production of long chain dicarboxylic acids. Bio-Technology 10(8), 894-898 (1992). 

54. Cao Z, Gao H, Liu M, Jiao P: Engineering the acetyl-CoA transportation system of candida 
tropicalis enhances the production of dicarboxylic acid. Biotechnology Journal 1(1), 68-74 
(2006). 



 

 

55. Jiang P, Cronan JE: Inhibition of fatty acid synthesis in E. coli in the absence of phopholipid-
synthesis and release of inhibition by thioesterase action. Journal of Bacteriology 176(10), 
2814-2821 (1994). 

56. Chen J, Lang C, Hu Z, Liu Z, Huang R: Antisense PEP gene regulates to ratio of protein and 
lipid content in Brassica napus seeds. Journal of agricultural biotechnology 7(4), 316-320 
(1999). 

57. Song D, Fu J, Shi D: Exploitation of Oil-bearing Microalgae for Biodiesel. Chinese Journal of 
Biotechnology 24(3), 341-348 (2008). 

58. Ladygina N, Dedyukhina EG, Vainshtein MB: A review on microbial synthesis of 
hydrocarbons. Process Biochemistry 41(5), 1001-1014 (2006). 

**59. Wriessnegger T, Pichler H: Yeast metabolic engineering - Targeting sterol metabolism and 
terpenoid formation. Progress in Lipid Research 52(3), 277-293 (2013). 

 
A full comprehensive study into the metabolism of sterols and terpenoids. As such is core reading 
in the production of hydrocarbon fuels from yeasts. 
 
60. Ro DK, Paradise EM, Ouellet M et al.: Production of the antimalarial drug precursor 

artemisinic acid in engineered yeast. Nature 440(7086), 940-943 (2006). 
61. Green S, Squire CJ, Nieuwenhuizen NJ, Baker EN, Laing W: Defining the Potassium Binding 

Region in an Apple Terpene Synthase. Journal of Biological Chemistry 284(13), 8652-8660 
(2009). 

62. Martin VJJ, Pitera DJ, Withers ST, Newman JD, Keasling JD: Engineering a mevalonate 
pathway in Escherichia coli for production of terpenoids. Nature Biotechnology 21(7), 796-
802 (2003). 

63. Ignea C, Cvetkovic I, Loupassaki S et al.: Improving yeast strains using recyclable integration 
cassettes, for the production of plant terpenoids. Microbial Cell Factories 10, (2011). 

64. Amore R, Kotter P, Kuster C, Ciriacy M, Hollenberg CP: Cloning and expression in 
Saccharomyces cerevisie of the NAD(P)H dependent xylose reductase-encoding gene (XYL1) 
from the xylose assimilating yeast Pichia Stipitus Gene 109(1), 89-97 (1991). 

65. Walfridsson M, Bao XM, Anderlund M, Lilius G, Bulow L, Hahnhagerdal B: Ethanolic 
fermentation of xylose with Saccharomyces cerevisiae harboring the Thermus thermophilus 
xylA gene, which expresses an active xylose (glucose) isomerase. Applied and Environmental 
Microbiology 62(12), 4648-4651 (1996). 

66. Lonn A, Traff-Bjerre KL, Otero RRC, Van Zyl WH, Hahn-Hagerdal B: Xylose isomerase. activity 
influences xylose fermentation with recombinant Saccharomyces cerevisiae strains 
expressing mutated xylA from Thermus thermophilus. Enzyme and Microbial Technology 
32(5), 567-573 (2003). 

67. Kim SR, Park Y-C, Jin Y-S, Seo J-H: Strain engineering of Saccharomyces cerevisiae for 
enhanced xylose metabolism. Biotechnology Advances 31(6), 851-861 (2013). 

68. Olofsson K, Runquist D, Hahn-Hagerdal B, Liden G: A mutated xylose reductase increases 
bioethanol production more than a glucose/xylose facilitator in simultaneous fermentation 
and co-fermentation of wheat straw. AMB Express 1(1), 4-4 (2011). 

69. Hahn-Haegerdal B, Karhumaa K, Jeppsson M, Gorwa-Grauslund MF: Metabolic engineering 
for pentose utilization in Saccharomyces cerevisiae. In: Biofuels, Olsson L (Ed). 147-177 
(2007). 

70. Petschacher B, Leitgeb S, Kavanagh KL, Wilson DK, Nidetzky B: The coenzyme specificity of 
Candida tenuis xylose reductase (AKR2B5) explored by site-directed mutagenesis and X-ray 
crystallography. Biochemical Journal 385, 75-83 (2005). 

71. Chiang C, Knight SG: L-arabinose metabolism by cell-free extracts of Penicllium chrysogenum 
Biochimica Et Biophysica Acta 46(2), 271-& (1961). 



 

 

72. Witteveen CFB, Busink R, Vandevondervoort P, Dijkema C, Swart K, Visser J: L-arabinose and 
D-xylose catabolism in Aspergillus niger. Journal of General Microbiology 135, 2163-2171 
(1989). 

73. Richard P, Verho R, Putkonen M, Londesborough J, Penttila M: Production of ethanol from L-
arabinose by Saccharomyces cerevisiae containing a fungal L-arabinose pathway. Fems Yeast 
Research 3(2), 185-189 (2003). 

74. Karhumaa K, Wiedemann B, Hahn-Hagerdal B, Boles E, Gorwa-Grauslund MF: Co-utilization 
of L-arabinose and D-xylose by laboratory and industrial Saccharomyces cerevisiae strains. 
Microbial Cell Factories 5, (2006). 

75. Wisselink HW, Toirkens MJ, Berriel MDRF et al.: Engineering of Saccharomyces cerevisiae for 
efficient anaerobic alcoholic fermentation of L-arabinose. Applied and Environmental 
Microbiology 73(15), 4881-4891 (2007). 

76. Fellows PJ, Worgan JT: Studies on the growth of Candida utilis on D-galacturonic acid and the 
products of pectin hydrolysis Enzyme and Microbial Technology 8(9), 537-540 (1986). 

77. Fredlund E, Blank LM, Schnurer J, Sauer U, Passoth V: Oxygen- and glucose-dependent 
regulation of central carbon metabolism in Pichia anomala. Applied and Environmental 
Microbiology 70(10), 5905-5911 (2004). 

**78. Van Maris AJA, Abbott DA, Bellissimi E et al.: Alcoholic fermentation of carbon sources in 
biomass hydrolysates by Saccharomyces cerevisiae: current status. Antonie Van 
Leeuwenhoek International Journal of General and Molecular Microbiology 90(4), 391-418 
(2006). 

 
A comprehensive article, with indepth consideration, into the redox biochemistry that takes place 
using different inhibitors and substrates 
 
79. Liu ZL, Slininger PJ, Gorsich SW: Enhanced biotransformation of furfural and 

hydroxymethylfurfural by newly developed ethanologenic yeast strains. Applied 
Biochemistry and Biotechnology 121, 451-460 (2005). 

80. Nilsson A, Gorwa-Grauslund MF, Hahn-Hagerdal B, Liden G: Cofactor dependence in furan 
reduction by Saccharomyces cerevisiae in fermentation of acid-hydrolyzed lignocellulose. 
Applied and Environmental Microbiology 71(12), 7866-7871 (2005). 

81. Larsson S, Cassland P, Jonsson LJ: Development of a Saccharomyces cerevisiae strain with 
enhanced resistance to phenolic fermentation inhibitors in lignocellulose hydrolysates by 
heterologous expression of laccase. Applied and Environmental Microbiology 67(3), 1163-
1170 (2001). 

82. Larsson S, Nilvebrant NO, Jonsson LJ: Effect of overexpression of Saccharomyces cerevisiae 
Pad1p on the resistance to phenylacrylic acids and lignocellulose hydrolysates under aerobic 
and oxygen-limited conditions. Applied Microbiology and Biotechnology 57(1-2), 167-174 
(2001). 

83. Chen X, Li Z, Zhang X, Hu F, Ryu DDY, Bao J: Screening of oleaginous yeast strains tolerant to 
lignocellulose degradation compounds. Appl Biochem Biotechnol 159(3), 591-604 (2009). 

84. Zhang G, French WT, Hernandez R, Alley E, Paraschivescu M: Effects of furfural and acetic 
acid on growth and lipid production from glucose and xylose by Rhodotorula glutinis. 
Biomass and Bioenergy 35(1), 734-740 (2011). 

85. Knothe G, Krahl J, Van Gerpen JH: The Biodiesel Handbook.  AOCS Press, (2010). 
86. Knothe G: Biodiesel: Current Trends and Properties. Topics in Catalysis 53(11-12), 714-720 

(2010). 
87. Atabani AE, Silitonga AS, Badruddin IA, Mahlia TMI, Masjuki HH, Mekhilef S: A 

comprehensive review on biodiesel as an alternative energy resource and its characteristics. 
Renewable & Sustainable Energy Reviews 16(4), 2070-2093 (2012). 



 

 

88. Ratledge C: Resources conservation by novel biological processes. 1 Grow fats from wastes. 
Chemical Society Reviews 8(2), 283-296 (1979). 

89. Papanikolaou S, Aggelis G: Lipids of oleaginous yeasts. Part I: Biochemistry of single cell oil 
production. Eur. J. Lipid Sci. Technol. 113(8), 1031-1051 (2011). 

90. M.A. Borowitska: Microalgal Biotechnology.  University Press, Cambridge. 477 (1988). 
91. Subramaniam R, Dufreche S, Zappi M, Bajpai R: Microbial lipids from renewable resources: 

production and characterization. Journal of Industrial Microbiology & Biotechnology 37(12), 
1271-1287 (2010). 

92. Li Q, Du W, Liu D: Perspectives of microbial oils for biodiesel production. Applied 
Microbiology and Biotechnology 80(5), 749-756 (2008). 

93. Chisti Y: Biodiesel from microalgae. Biotechnology Advances 25(3), 294-306 (2007). 
94. Chisti Y, Yan JY: Energy from algae: Current status and future trends Algal biofuels - A status 

report. Applied Energy 88(10), 3277-3279 (2011). 
95. Singh N, Dhar D: Microalgae as second generation biofuel. A review. Agronomy for 

Sustainable Development 31(4), 605-629 (2011). 
96. Chisti Y: Constraints to commercialization of algal fuels. Journal of Biotechnology 167(3), 

201-214 (2013). 
97. Klein-Marcuschamer D, Chisti Y, Benemann JR, Lewis D: A matter of detail: Assessing the true 

potential of microalgal biofuels. Biotechnology and Bioengineering 110(9), 2317-2322 
(2013). 

98. Ríos SD, Castañeda J, Torras C, Farriol X, Salvadó J: Lipid extraction methods from microalgal 
biomass harvested by two different paths: Screening studies toward biodiesel production. 
Bioresource Technology 133(0), 378-388 (2013). 

99. Lee AK, Lewis DM, Ashman PJ: Disruption of microalgal cells for the extraction of lipids for 
biofuels: Processes and specific energy requirements. Biomass and Bioenergy 46(0), 89-101 
(2012). 

100. Halim R, Danquah MK, Webley PA: Extraction of oil from microalgae for biodiesel 
production: A review. Biotechnology Advances 30(3), 709-732 (2012). 

101. Brennan L, Owende P: Biofuels from microalgae-A review of technologies for production, 
processing, and extractions of biofuels and co-products. Renewable and Sustainable Energy 
Reviews 14(2), 557-577 (2010). 

102. Ageitos JM, Vallejo JA, Veiga-Crespo P, Villa TG: Oily yeasts as oleaginous cell factories. 
Applied Microbiology and Biotechnology 90(4), 1219-1227 (2011). 

103. Saharan BS, Sahu RK, Sharma D: A review on biosurfactants: Fermentation, current 
developments and perspectives. Genetic Engineering and Biotechnology Journal, 1-14 
(2012). 

104. Marchant R, Banat IM: Microbial biosurfactants: Challenges and opportunities for future 
exploitation. Trends in Biotechnology 30(11), 558-565 (2012). 

105. Marchant R, Banat IM: Biosurfactants: A sustainable replacement for chemical surfactants? 
Biotechnol Lett 34(9), 1597-1605 (2012). 

106. Bs Saharan RSaDS: A Review on Biosurfactants: Fermentation, Current Developments and 
Perspectives. Genetic Engineering and Biotechnology Journal 2011, 1 (2012). 

107. Ward OP, Singh A: Omega-3/6 fatty acids: Alternative sources of production. Process 
Biochemistry 40(12), 3627-3652 (2005). 

108. Papanikolaou S, Muniglia L, Chevalot I, Aggelis G, Marc I: Accumulation of a cocoa-butter-like 
lipid by Yarrowia lipolytica cultivated on agro-industrial residues. Current Microbiology 46(2), 
124-130 (2003). 

109. Eroshin VK, Krylova NI: efficiency of lipid synthesis by yeasts. Biotechnology and 
Bioengineering 25(7), 1693-1700 (1983). 



 

 

110. Kitcha S, Cheirsilp B: Screening of Oleaginous Yeasts and Optimization for Lipid Production 
Using Crude Glycerol as a Carbon Source. In: 9th Eco-Energy and Materials Science and 
Engineering Symposium, Yupapin PP, Pivsaart S, Ohgaki H (Eds) (2011). 

111. Rattray JBM: Yeasts. In: Microbial Lipids, Ratledge C, Wilkinson SG (Eds), Academic Press, 
London, 1 (1988). 

112. Amaretti A, Raimondi S, Sala M et al.: Single cell oils of the cold-adapted oleaginous yeast 
Rhodotorula glacialis DBVPG 4785. Microbial Cell Factories 9, (2010). 

113. Hansson L, Dostalek M: Effect of culture conditions on fatty acid composition in lipids 
produced by the yeast Cryptococcus albidus. Journal of the American Oil Chemists Society 
63(9), 1179-1184 (1986). 

114. Husain SS, Hardin MM: Influence of carbohydrate and nitrogen sources upon lipid 
production by certain yeasts. Food Research 17(1), 60-66 (1952). 

115. Pedersen TA: Lipid formation in Cryptococcus terricolus .1. Nitrogen nutrition and lipid 
formation. Acta Chemica Scandinavica 15(3), 651-& (1961). 

116. Sitepu IR, Ignatia L, Franz AK et al.: An improved high-throughput Nile red fluorescence assay 
for estimating intracellular lipids in a variety of yeast species. Journal of Microbiological 
Methods 91(2), 321-328 (2012). 

117. Hu, C.; Wu, S.; Wang, Q.; Jin, G.; Shen, H.; Zhao, Z. K., Simultaneous utilization of glucose and 
xylose for lipid production by Trichosporon cutaneum. Biotechnol Biofuels 2011, 4, 25. 

118. Ratledge, C., Biochemistry, stoichiometry, substrates and economics. In Single Cell Oil, 
Moreton, R. S., Ed. Longman Scientific & Technical: London, 1988; pp 33-70. 

119. Ratledge, C.; Cohen, Z., Microbial and algal oils: Do they have a future for biodiesel or as 
commodity oils? Lipid Technology 2008, 20 (7), 155-160. 

120. Zhao, X.; Hu, C.; Wu, S.; Shen, H.; Zhao, Z., Lipid production by Rhodosporidium toruloides Y4 
using different substrate feeding strategies. Journal of Industrial Microbiology & 
Biotechnology 2011, 38 (5), 627-632. 

121. Mata TM, Martins AA, Caetano NS: Microalgae for biodiesel production and other 
applications: A review. Renew. Sust. Energ. Rev. 14(1), 217-232 (2010). 

122. Guedes AC, Amaro HM, Malcata FX: Microalgae As Sources of High Added-Value 
Compounds-A Brief Review of Recent Work. Biotechnol Progr 27(3), 597-613 (2011). 

123. Bligh EG, Dyer WJ: A rapid method of total lipids extraction and purification. Canadian 
Journal of Biochemistry and Physiology 37(8), 911-917 (1959). 

124. Patil PD, Gude VG, Mannarswamy A et al.: Optimization of microwave-assisted 
transesterification of dry algal biomass using response surface methodology. Bioresource 
Technology 102(2), 1399-1405 (2011). 

125. Kaufmann B, Christen P: Recent extraction techniques for natural products: Microwave-
assisted extraction and pressurised solvent extraction. Phytochemical Analysis 13(2), 105-
113 (2002). 

126. Lee J-Y, Yoo C, Jun S-Y, Ahn C-Y, Oh H-M: Comparison of several methods for effective lipid 
extraction from microalgae. Bioresource Technology 101, S75-S77 (2010). 

127. Moreau RA, Scott KM, Haas MJ: The identification and quantification of steryl glucosides in 
precipitates from commercial biodiesel. Journal of the American Oil Chemists Society 85(8), 
761-770 (2008). 

128. Van Hoed V, Zyaykina N, De Greyt W, Maes J, Verhe R, Demeestere K: Identification and 
occurrence of steryl glucosides in palm and soy biodiesel. Journal of the American Oil 
Chemists Society 85(8), 701-709 (2008). 

129. Santomauro F, Whiffin FM, Scott RJ, Chuck CJ: Low-cost lipid production by oleaginous yeast 
cultured in non-sterile conditions using model waste resources. Biotechnology for Biofuels, 
(2013) in press. 

130. Knothe G: A technical evaluation of biodiesel from vegetable oils vs. algae. Will algae-derived 
biodiesel perform? Green Chemistry 13(11), 3048-3065 (2011). 



 

 

131. Schroder O, Bunger J, Munack A, Knothe G, Krahl J: Exhaust emissions and mutagenic effects 
of diesel fuel, biodiesel and biodiesel blends. Fuel 103, 414-420 (2013). 

132. Knothe G: Dependence of biodiesel fuel properties on the structure of fatty acid alkyl esters. 
Fuel Processing Technology 86(10), 1059-1070 (2005). 

133. Knothe G: "Designer" biodiesel: Optimizing fatty ester (composition to improve fuel 
properties. Energy & Fuels 22(2), 1358-1364 (2008). 

134. Schonborn A, Ladommatos N, Williams J, Allan R, Rogerson J: The influence of molecular 
structure of fatty acid monoalkyl esters on diesel combustion. Combustion and Flame 156(7), 
1396-1412 (2009). 

135. Williams PJLB, Laurens LML: Microalgae as biodiesel & biomass feedstocks: Review & 
analysis of the biochemistry, energetics & economics. Energy & Environmental Science 3(5), 
554-590 (2010). 

136. Sargeant LA, Chuck CJ, Donnelly J, Bannister CD, Scott RJ: Optimising the lipid profile, to 
produce either a palm oil or biodiesel substitute, by manipulation of the culture conditions 
for Rhodotorula glutinis Biofuels, 5(1), 33-43 (2014). 

137. Wahlen BD, Morgan MR, Mccurdy AT et al.: Biodiesel from Microalgae, Yeast, and Bacteria: 
Engine Performance and Exhaust Emissions. Energy & Fuels 27(1), 220-228 (2013). 

138. Ratledge C: Fatty acid biosynthesis in microorganisms being used for Single Cell Oil 
production. Biochimie 86(11), 807-815 (2004). 

139. Ratledge C: Biochemistry, stoichiometry, substrates and economics. In: Single Cell Oil, 
Moreton RS (Ed). Longman Scientific & Technical, London 33-70 (1988). 

140. Braunwald T, Schwemmlein L, Graeff-Honninger S et al.: Effect of different C/N ratios on 
carotenoid and lipid production by Rhodotorula glutinis. Applied Microbiology and 
Biotechnology 97(14), 6581-6588 (2013). 

141. Wu S, Zhao X, Shen H, Wang Q, Zhao ZK: Microbial lipid production by Rhodosporidium 
toruloides under sulfate-limited conditions. Bioresource Technology 102(2), 1803-1807 
(2011). 

142. Wu S, Hu C, Jin G, Zhao X, Zhao ZK: Phosphate-limitation mediated lipid production by 
Rhodosporidium toruloides. Bioresource Technology 101(15), 6124-6129 (2010). 

143. Huang C, Wu H, Liu Z-J, Cai J, Lou W-Y, Zong M-H: Effect of organic acids on the growth and 
lipid accumulation of oleaginous yeast Trichosporon fermentans. Biotechnology for Biofuels 
5, (2012). 

144. Suutari M, Liukkonen K, Laakso S: Temperature adaptation in yeasts: The role of fatty acids. 
Journal of General Microbiology 136, 1469-1474 (1990). 

145. Wu S, Hu C, Zhao X, Zhao ZK: Production of lipid from N-acetylglucosamine by Cryptococcus 
curvatus. European Journal of Lipid Science and Technology 112(7), 727-733 (2010). 

146. Bellou S, Moustogianni A, Makri A, Aggelis G: Lipids Containing Polyunsaturated Fatty Acids 
Synthesized by Zygomycetes Grown on Glycerol. Applied Biochemistry and Biotechnology 
166(1), 146-158 (2012). 

147. Granger LM, Perlot P, Goma G, Pareilleux A: Kinetics of growth and faty acid production of 
Rhodotorula glutinis Applied Microbiology and Biotechnology 37(1), 13-17 (1992). 

148. Ferrante G, Kates M: Pathways for desaturation of oleoyl chains in Candida lipolytica 
Canadian Journal of Biochemistry and Cell Biology 61(11), 1191-1196 (1983). 

149. Veriansyah B, Han JY, Kim SK et al.: Production of renewable diesel by hydroprocessing of 
soybean oil: Effect of catalysts. Fuel 94(1), 578-585 (2012). 

150. Snare M, Kubickova I, Maki-Arvela P, Eranen K, Murzin DY: Heterogeneous catalytic 
deoxygenation of stearic acid for production of biodiesel. Industrial & Engineering Chemistry 
Research 45(16), 5708-5715 (2006). 

151. Deldari H: Suitable catalysts for hydroisomerization of long-chain normal paraffins. Applied 
Catalysis A-General 293, 1-10 (2005). 

Websites  



 

 

 
201  US Energy Information Administration Web Page, www.eia.gov, accessed Oct. 2013 
 

Patents 
 
301. Abhari R, Tomlinson L, Havlik P, Jannasch N. WO2008124607 (2008)  
302. Marker TL, Kokayeff P, Abdo SF, Baldiraghi F, Sabatino LMF. US2009193709 (2009) 
303. Myllyoja J, Aalto P, Savolainen P, Purola V-M, Alopaeus V, Groenqvist J. US2011282116 

(2011). 

 
 


