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ARTICLE INFO ABSTRACT

Article history: Production of biodiesel from edible plant oils is quickly expanding worldwide to fill a need for renewable,
Recefved f‘ May 2014 environmentally-friendly liquid transportation fuels. Due to concerns over use of edible commodities for fuels,
Received in revised form 25 July 2014 production of biodiesel from non-edible oils including microbial oils is being developed. Microalgae biodiesel is
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Available online 27 August 2014 approaching commercial viability, but has some inherent limitations such as requirements for sunlight. While

yeast oils have been studied for decades, recent years have seen significant developments including discovery
of new oleaginous yeast species and strains, greater understanding of the metabolic pathways that determine

I;ilyé/;/eo rczis“ oil oleaginicity, optimization of cultivation processes for conversion of various types of waste plant biomass to oil
SCO using oleaginous yeasts, and development of strains with enhanced oil production. This review examines aspects
Yeast lipids of oleaginous yeasts not covered in depth in other recent reviews. Topics include the history of oleaginous yeast
Biodiesel research, especially advances in the early 20th century; the phylogenetic diversity of oleaginous species, beyond
Fatty acid composition the few species commonly studied; and physiological characteristics that should be considered when choosing
Lipid analysis yeast species and strains to be utilized for conversion of a given type of plant biomass to oleochemicals. Standard-

IS)EL?SSSZ‘SISEm;Zt ized terms are proposed for units that describe yeast cell mass and lipid production.
P © 2014 Published by Elsevier Inc.

Contents

Introduction . . . . . .o L e e e e e e e e e e 1337
History of yeast lipid research . . . . . . . . . . L L e e e e e e e e e e e 1339
Early reports of 0leaginous Yeasts . . . . . . . . . . .. e e e e e e e e e e e e e e 1339
History and prospects of oil production using oleaginous yeasts . . . . . . . . . . . . . . . e e e e e e e e e e e e e e 1340
Lipid content and fatty acid composition of oleaginous yeasts . . . . . . . . . . . L L L . e e e e e e e e e e e e e e e e 1340
Discovery of oleaginous yeast species and Strains . . . . . . . . . . . L . L. e e e e e e e e e e e e e e e e e e 1343
Visualization, identification and quantification of lipids . . . . . . . . . . . . .. . e e e e e e e 1345
Fatty acid composition of oleaginous yeasts . . . . . . . . . . . . . L e e e e e e e e e e e e e e e e e e e 1346
Straindevelopment . . . . . . . L L L e e e e e e e e e e e e e e e e e 1346
Comparison of relevant characteristics of oleaginous yeasts . . . . . . . . . . . . . . e e e e e e e e e e e e e e 1346
Examination of enzymatic and genetic factors that contribute to oleaginicity . . . . . . . . . . . . . . . . ... 1349
Genetic modifications to increase or alter fatty acid production . . . . . . . . . . . . . L e e e e 1349
Process development . . . . . . . . . . . e e e e e e e e e e e e e e e e e e 1351
Conversion of lignocellulosic hydrolysates to yeast oil . . . . . . . . . . . . . . . e e e e e e e e e e e 1352
Optimization of process parameters to increase lipid production. . . . . . . . . . . . . . L L L e e e e e e 1353
Nitrogen source and level . . . . . . . . . L L L L e e e e e e e e e e e e e e e e 1353
Carbon/mitrogen ratio. . . . . . . . . . L e e e e e e e e e e e e e e e e e e e e e e e e e 1353
Aeration rate and dissolved oxygen (DO) concentration . . . . . . . . . . . . . . .t e e e e e e e e e e e e e e 1353

* Corresponding author. Tel.: +1 530 754 5575; fax: +1 530 752 4759.
E-mail address: klbmills@ucdavis.edu (K.L. Boundy-Mills).

http://dx.doi.org/10.1016/j.biotechadv.2014.08.003
0734-9750/© 2014 Published by Elsevier Inc.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.biotechadv.2014.08.003&domain=pdf
http://dx.doi.org/10.1016/j.biotechadv.2014.08.003
mailto:klbmills@ucdavis.edu
http://dx.doi.org/10.1016/j.biotechadv.2014.08.003
http://www.sciencedirect.com/science/journal/07349750

LR. Sitepu et al. / Biotechnology Advances 32 (2014) 1336-1360 1337

Sugar type and CONCENTAtiON . . . . . . . . . . o v vt e e e e e e e e e e e e e e e e e e e e e e e e e 1353

PH . o e 1354
Temperature . . . . . . . . L L e e e e e e e e e e e e e e e e e e e e 1354

Other factors. . . . . . . . . L L e e e e e e e 1354
Manipulation of culture conditions to alter the fatty acid profile. . . . . . . . . . . . . . L 1354
Effects of inhibitors on oil productivity . . . . . . . . . . L e e e e e e e e e e e 1354
Pilot scale and demonstration scale production of yeast lipids . . . . . . . . . . . . L L e e e e e e e 1355
Conclusions: areas of potential Improvement . . . . . . . . . . . . . o i e e e e e e e e e e e e e e e e e e e e e 1355
Role of the funding source . . . . . . . . . . . L e e e e e e e e e e e e e e e e 1356
Acknowledgments . . . . . . . L L e e e e e e e e e e e e e e e e 1356
References . . . . . . . . . e e e e 1356
Introduction engines until they were modified to be compatible with petroleum

The purpose of this review is to provide a broad perspective on use of
yeast-derived oils for biodiesel production. Topics covered in depth in
other publications are introduced to provide perspective, and readers
are directed to other publications and reviews for more details. Topics
discussed in particular detail in this review include technologies devel-
oped in the early research and industrial production of yeast lipids, the
taxonomic diversity of oleaginous (high-oil) yeasts, and a comparison of
industrially relevant characteristics of a broad range of oleaginous yeast
species.

Transportation is the fastest growing energy sector, and the second
largest energy consuming sector in the U.S. (28%) after electric power
(40%) (US Energy Information Administration, 2013). Alternatives to
petroleum for liquid transportation fuels are being sought due to global
concerns over climate change, energy security, and impending deple-
tion of petroleum reserves. Biodiesel is highly degradable, non-toxic, re-
newable and sustainable. It has similar combustion properties to
petroleum diesel, is a drop-in replacement fuel for existing diesel vehi-
cle and boiler engines without major modifications, and is compatible
with current fuel infrastructure. Biodiesel produces very low sulfate
emissions, and presents economic potential for rural growers.

So-called “first generation” biodiesel, from edible plant oils, actually
predates petroleum diesel. Sir Rudolf Diesel demonstrated his first com-
pression ignition engine at the World Exhibition in Paris in 1898 using
peanut oil as fuel (Crew, 1963). Vegetable oils were used to run diesel
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products in the 1920s. Plant oils are comprised primarily of
triacylglycerides (TAG). Biodiesel is produced by trans-esterification of
TAG using an alcohol, either ethanol or methanol, in the presence of a
base, producing fatty acid methyl- or ethyl-esters (Fig. 1). Fatty acid
composition has been reported to have significant impacts on the per-
formance of biodiesel (Knothe, 2005, 2008; Steen et al., 2010). Chain
length, the degree of unsaturation and branching modify the cetane
number, melting point, oxidative stability, kinematic viscosity and
heat of combustion, which are relevant properties that a biodiesel
must meet in order to comply with official standards, such as ASTM
D6751 and EN 14214 (Knothe, 2008). The relationship between the
structural features and the chemical specifications is described in
Table 1.

Edible plant oils used for biodiesel worldwide are rapeseed (84%),
sunflower (13%), palm oil (1%), soybean and others (2%) (Atabani
et al.,, 2012), primarily because these oils have high oleic acid content.
This fatty acid provides superior ignition quality, ideal melting point, ki-
nematic viscosity as well as improved oxidative stability (Knothe, 2005,
2008; Steen et al., 2010). The fatty acid profile of biodiesel derives from
its precursor oil or mixture, if no intermediate winterization (i.e. im-
provement of cold flow properties) or selective interesterification is ap-
plied. For example, when the source is low erucic rapeseed oil (canola),
the predominant fatty acids are oleic (55-65%) and linoleic (18-24%)
(Hui, 1996). Two types of sunflower oil are available: high oleic (60-
65%) or high linoleic (73-78%) sunflower oil (Hui, 1996). The former
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Fig. 1. Conversion of triacylglycerides (TAG) to fatty acid methyl esters (FAME) plus glycerol by transesterification.
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