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Abstract Oleaginous microorganisms accumulating more than 20% of their dry
weight biomass as lipids are used for the production of microbial lipid, also called as
single cell oil (SCO). SCO from oleaginous yeasts with a fatty acid profile compa-
rable to that of vegetable oil can be a potential feedstock for biodiesel production.
Biodiesel is a renewable biofuel, alternative to petroleum fuels. Due to increasing
energy demand and depletion of existing fossil fuel reserves, intensive research has
been focused on sustainable biodiesel production. Oleaginous yeasts are more
advantageous compared to other oleaginous microorganisms because of their fast
duplication rate, shorter life cycle, easier to scale up, and amenability to genetic
modifications. Production of microbial lipid with oleaginous yeasts from nonedible
and abundant lignocellulosic biomass has been viewed as a novel potential technol-
ogy to fulfill the increasing energy demand. But lignocellulosic biomass being
recalcitrant requires pretreatment step and hydrolysis for the conversion of complex
polymers into their respective monomers like glucose that can be assimilated into
lipids by oleaginous yeasts. These pretreatment methods also generate various
degradation products that inhibit enzyme hydrolysis and subsequent fermentation.
Understanding the mechanism of lipid accumulation, improvement of strains for
high lipid yield from lignocellulosic hydrolysate is necessary for sustainable biodie-
sel production. In this chapter, we discuss the importance of lignocellulosic biomass
as a raw material for sustainable single cell oil production from oleaginous yeasts.
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13.1 Introduction

The growing energy demand accompanied with limited reserves of fossil fuels and
global environmental degradation associated with the use of fossil fuels propelled
the worldwide attention in alternative clean and renewable energy sources. In this
respect, biofuels produced from renewable resources are of utmost importance as
these are produced directly or indirectly from organic material including plant and
animal wastes. Thus, biofuels can serve as a feasible alternate to fossil fuels for
easing the world energy crisis and also for mitigating the greenhouse gases emission.
The two most common types of biofuels are biodiesel and bioethanol. Biodiesel is a
type of biofuel made from methyl esters of fatty acids that are derived from
renewable resources. Burning of biodiesel results in lesser emission of carbon
monoxide, hydrocarbons, sulfate oxides, and further toxic compounds than that
after burning fossil fuels (Lotero et al. 2006).

Vegetable oils like soybean oil, palm oil, and rapeseed oil are used mainly as the
triglycerides feedstocks for biodiesel production. Such biodiesel made from vegeta-
ble oils as prominent feedstock is termed as first-generation biodiesel. However, due
to competition in the food chain leading to the “food vs fuel” controversy, there is a
necessity to look for other non-edible eco-friendly renewable oil sources. This has
given rise to second-generation biodiesel that is derived from non-edible oil
resources like jatropha, jojoba, animal fats, and grease as well as waste oils from
cooking. But these non-edible oils are not available in abundance to meet the global
needs for biofuel generation. Further, biodiesel from animal fats do not perform well
in cold weather. Moreover, using vegetable oils and animal fats as substrate covers
70-85% of the total cost of production and thus unsuitable to substitute the fossil
fuels. Microbial sources can be used for biolipid production throughout the year,
unlike plants. The above-mentioned limitations in first- and second-generation
biodiesel has led to the growth of third-generation biodiesel from microbial
resources (oleaginous microbes); the so-called single cell oil (SCO) seems to be an
attractive substitute for the plant, animal, and crude oil feedstock for biodiesel. The
term single cell oil is used analogously to single cell protein to represent oils of
microbial origin. The composition of microbial oil closely resembles that of vege-
table oils (Li et al. 2008) and thus makes it appropriate as biodiesel feedstock
(Karatay and Donmez 2010). Oleaginous microorganisms are those species that
accumulate more than 20% of their biomass as lipids. These classes of microorgan-
isms include bacteria, algae, fungi, and yeasts that utilize an organic carbon source to
synthesize lipids in their intracellular compartment. Oleaginous microorganisms
have better productivity than oil-producing crops, with higher lipid yield, lack of
any seasonal and climatic changes, less labor intensive, easier to scale up, and
amenable to genetic modification.

The use of synthetic media makes the microbial oil economically uncompetitive;
therefore, the use of low-cost carbon substrates for microbial lipid synthesis will be
of great significance. Among the various low-cost substrates, non-edible biomass
like lignocellulosic biomass seems to be a suitable option because of its availability
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and low cost. Lignocellulose is a recalcitrant biopolymer and is composed of several
classes of polymers including cellulose, hemicellulose, pectin, and lignin. The
recalcitrance of lignocellulosic biomass makes its hydrolysis into desired monomers
ineffective. Therefore, pretreatment is needed to degrade the crystalline structure and
to separate these polymers, thus making each of the polymers available for enzy-
matic hydrolysis. Several methods including physical, physicochemical, and biolog-
ical pretreatments have been developed which are suitable for different types of plant
materials (Saritha et al. 2012). However, the pretreatment process leads to the
formation of some inhibitors like neutral and acidic phenolics, hydroxymethyl
furfural, furfural, and acetic acid necessitating detoxification and also the selection
of microbial strains that can tolerate such inhibitors during fermentation (Almeida
et al. 2009). The lignocellulosic material will be saccharified after pretreatment using
microbial cellulases to release monosaccharides and oligo-saccharides. In nature,
hydrolytic enzymes are secreted by microbes such as bacteria and fungi. At the
industrial scale, commercially available cellulase cocktails comprising cellulases,
hemicellulases, and pectinases are utilized for the deconstruction of lignocellulosic
biomass. Following saccharification, a mixture of monosaccharides like glucose and
xylose is obtained, out of which glucose is fermented to bioethanol by yeast leaving
behind the xylose part. Therefore, oleaginous yeasts that can co-metabolize both
glucose and xylose available in saccharification hydrolysates will be better suited for
single cell oil production.

13.2 Oleaginous Yeasts

For thousands of years, yeasts have been used commercially for several biotechno-
logical applications including the production of recombinant proteins. Recent years
of research in yeasts are dedicated to the sustainable and renewable production of
fuels and value-added chemicals. Torula pulcherrima was found with the ability to
accumulate intracellular fat by Lindner in 1899 (Woodbine 1959). In 1915, Lindner
observed that lipid accumulation in Endomycopsis vernalis (currently, Guehomyces
pullulans) occurs in the medium under nitrogen-limited conditions and used the term
“Fetthefe” (yeast fat in German) for the lipids accumulated by oleaginous yeasts.
Sulfite waste liquor as carbon source was used for industrial fat production by
Endomycopsis vernalis (Lundin 1950). Lipids stored in intracellular lipid bodies in
oleaginous yeasts are mainly of diacyl and triacylglycerols (TAGs). Fatty acid
composition of lipids accumulated (palmitic acid, stearic acid, myristic acid, oleic
acid, linolenic acid, and linoleic acid) makes oleaginous yeasts, the most preferred
microorganism for the production of triglyceride feedstock (Sagia et al. 2020; Wang
et al. 2019; Fakas et al. 2009).

Oleaginous yeasts can accumulate lipids in the range of 40-70% of their dry
weight with the capability to grow on a multitude of carbon sources (glucose, xylose,
glycerol, arabinose, mannose, etc.). The typical oleaginous yeast genera include
Rhodosporidium, Rhodotorula, Candida, Lipomyces, Trichosporon, Yarrowia, and
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Cryptococcus. Oleaginous yeasts for SCO production possess advantages over other
microorganisms like filamentous fungi and microalgae viz. shorter duplication
period, higher growth rates, higher lipid content, easier scale-up, no requirement
of light, and better control of bacterial contamination due to lower pH requirements.
Lipid accumulation in oleaginous yeasts is categorized into two types of mecha-
nism—de-novo and ex-novo lipid accumulation. De-novo lipid accumulation occurs
with hydrophilic substrates under nitrogen limited conditions, whereas ex-novo lipid
accumulation occurs when hydrophobic resources are used as a substrate.

The composition and proportion of fatty acids in the single cell oil (SCO) vary
depending on the type of cultivation process and the substrate (Tanimura et al.
2014). Yeasts can utilize several types of carbon source for biomass and lipid
production including glucose, xylose, cellobiose (Yu et al. 2014b), acetate (Gong
et al. 2015), molasses (Karatay and Donmez 2010), glycerol (Polburee et al. 2015),
hydrolysate of cassava starch (Wang et al. 2012), industrial and municipal organic
wastes (Zhou et al. 2013), and lignocellulose hydrolysates such as rice straw (Huang
et al. 2009), corncob (Gao et al. 2014), sugarcane bagasse (Huang et al. 2012), wheat
straw (Yu et al. 2011), and fruit pulp (Patel et al. 2015). Accumulation of lipid in
oleaginous yeasts occurs under the limitation of nitrogen or other nutrient sources
except for carbon (Zhao et al. 2008; Wu et al. 2010), and the lipid accumulation is
found to be optimal at molar C:N ratio of 65-100 (Calvey et al. 2016). Hydrolytic
properties in addition to lipogenic properties possessed by certain yeasts prove to be
advantageous in using low-cost substrates for oil production. Trichosporon asahii
was reported with endoglucanase (CMCase) and p-glucosidase activity of about
0.11 TU/mL and 0.55 TU/mL, respectively. Lipase activity of about 50 IU/mL and
64% w/w lipid production with soap stock of pomace olive oil refining was reported
in Yarrowia lipolytica (Ayadi et al. 2018).

A pilot-scale study was undertaken for biodiesel production with single cell oil
from Rhodosporidium toruloides with sugarcane juice as the carbon source (Soccol
etal. 2017). Lipid productivity of about 0.44 g/L/h was obtained in the study. Diesel
engine test with the obtained lipids showed 220% reduction in CO, emission, seven-
fold reduction in CO emission, and 50% reduction in NO, emission when compared
with first-generation biodiesel from soybean oil. Although the main storage form of
yeast lipids is triacylglycerol (TAG), they also contain a relative amount of C,¢ and
C,g fatty acids. Apart from being a potential feedstock for biodiesel, lipids from
yeasts can also be used as cocoa butter substitute (CBS). Cocoa butter is chiefly
composed of three types of triacylglycerols—1,3-dipalmitil-2-oleoil glycerol (POP)
(Cl6:0_C18:1_C16:O)’ l(3)-palmitil-3(1)—estearil-2— glycerol (POS) (Cl6:0_C18:1_
Cis.0), and 1,3-diestearil-2-oleoil glycerol (SOS) (C;g.0-Ci8.1—Cig.0) (Tanimura
et al. 2014). Trichosporon oleaginosus was reported to produce 28% POP and
POS with a total TAG of about 0.3 g/g dry cell weight (Dionisi et al. 2004; Wei
et al. 2017).
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13.3 Biochemistry of Lipid Accumulation in Oleaginous
Yeasts

De-novo accumulation of lipid in oleaginous yeasts occurs through quasi-inverted
B-oxidation process with acetyl Co-A from intermediate cellular metabolism as the
basic unit. The fatty acids being formed will be esterified with glycerol forming
structural and storage lipids (TAG-triacylglycerol). Glucose and xylose are the
abundant simple sugar compounds found in the lignocellulosic biomass. Glucose
metabolism and xylose metabolism yield about 1.1 and 1.2 moles of acetyl Co-A per
100 g of glucose (~0.56 moles) and 100 g of xylose (0.66 moles), respectively. If all
acetyl Co-A produced from glucose and xylose metabolism is channelized to lipid
biosynthesis, theoretical lipid yield will be 0.32 g g " and 0.34 g g~ ' for glucose and
xylose, respectively (Ratledge 1988).

Pyruvic acid, the net product of glycolysis, will be decarboxylated by pyruvate
dehydrogenase to acetyl Co-A. This acetyl Co-A either enters the Krebs cycle or into
the pathway for lipid biosynthesis. However, in oleaginous microorganisms, acetyl
Co-A for lipid accumulation comes from the TCA cycle intermediate, citric acid.
Under the limitations of nitrogen in the culture media, AMP deaminase (adenosine
monophosphate deaminase) of oleaginous yeasts converts AMP into IMP (Inosine
monophosphate) and NH4*. This NH4" serves as an intracellular nitrogen source for
cell material synthesis under nitrogen exhaustion conditions. The events result in a
decrease in the concentration of intracellular AMP which in turn alters the TCA
cycle. Isocitrate dehydrogenase (responsible for isocitrate to a-ketoglutarate trans-
formation) which is allosterically activated by AMP loses its activity. Loss in the
activity of isocitrate dehydrogenase leads to the accumulation of isocitric acid inside
the mitochondria (at concentration equilibrium with citric acid). Citric acid enters the
cytoplasm in exchange with malic acid when the citric acid concentration inside the
mitochondria reaches the critical value. Citric acid will be broken down into
oxaloacetate and acetyl Co-A by ATP-citrate lyase (ATP-CL), a key enzyme of
lipid bio-synthesis in oleaginous microorganisms. This acetyl Co-A will be used for
fatty acids synthesis by the quasi-inverted -oxidation pathway. ATP-citrate lyase
(ATP-CL) is found to be absent in non-oleaginous yeasts. In non-oleaginous yeasts,
the citric acid accumulated as a result of nitrogen exhausted is secreted into the
extracellular environment or accumulated as intracellular polysaccharides on
inhibiting 6-phosphofructokinase (Boulton and Ratledge 1980; Boulton and
Ratledge 1981; Wynn et al. 2001).

In ex-novo lipid accumulation, free fatty acids which are produced by the
hydrolysis of the hydrophobic substrates with extracellular lipase are first incorpo-
rated inside the microbial cells. These fatty acids may either be dissimilated for
cellular growth or subjected to bio-transformations, wherein lipid profile with new
fatty acid profile indifferent to the initial hydrophobic substrate will be synthesized.
Ex-novo lipid accumulation is a growth-coupled process, i.e., lipid accumulation
takes place concurrently with cell growth and is independent of nitrogen limitation in
the culture media (Papanikolaou et al. 2001; Papanikolaou et al. 2002) (Fig. 13.1).
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Fig. 13.1 Biochemistry of lipid accumulation in oleaginous yeast

13.4 Low-Cost Substrates for SCO Production

Being a developing technology, the cost of microbial oil production is higher than
that of plant oils due to the high cost of culture media. Therefore, exploration and use
of low-cost substrates together with efficient oleaginous yeasts to utilize low-cost
renewable substrates are essential. The substrates used for lipid accumulation can be
categorized into two major groups—hydrophilic and hydrophobic substrates—based
on the type of lipid accumulation (de-novo and ex-novo). Various hydrophilic
substrates like cane and beet molasses, glycerol, acetate, wastewater, lignocellulosic
hydrolysate, cellobiose, brine, starch hydrolysate, propionic acid, and butyric acid
have been used for de novo lipid production. Hydrophobic materials like fatty esters,
vegetable oils, soap stocks, pure free fatty acids, and fish oils are used for ex-novo
lipid production (Qin et al. 2017) (Fig. 13.2). The fatty acid profile varies with the
yeast strain and substrate used (Table 13.1).
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Yeast genera

Fig. 13.2 Low-cost substrate used for SCO production from oleaginous yeast

13.4.1 Hydrophilic Substrates
13.4.1.1 Molasses

Molasses is a brown viscous liquid byproduct of sugar manufactured from sugarcane
or sugar beet. Major sugars present in the molasses include sucrose, fructose, and
glucose and therefore are widely used for industrial fermentation of ethanol, levan,
biosurfactant, and lactic acid. Even though oleaginous microorganisms grow well in
molasses, lipid accumulation is limited due to the low C/N ratio (12.5) of molasses
(Jiru et al. 2018).

13.4.1.2 Crude Glycerol

Crude glycerol (80% glycerol) is a major byproduct of biodiesel production. The
manufacture of 10 kg biodiesel generates about 1 kg glycerol as a byproduct (Bauer
and Hulteberg 2013). This crude glycerol is treated as a waste since its purification is
expensive and cumbersome. A wide variety of oleaginous yeasts were reported to
convert glycerol into single cell oil. With a greater degree of reduction, low cost, and
less competition with food production, crude glycerol can be a potential carbon
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Table 13.1 Low-cost substrates used for single cell oil (SCO) production from oleaginous yeasts

Fatty acid Lipid yield
Yeast strain Substrate composition (gL™h Reference
Rhodosporidium Glucose Cie:0 (22.49%) | 9.26 Kraisintu et al.
toruloides Cig.0 (14.56%) (2010)
Cig.1 (41.54%)
Cig2 (15.12%)
Cryptococcus Acetic acid Cie:0 (8.38%) 5.30 Huang et al.
curvatus Ci7.0 (0.40%) (2018)
Cis.0 (29.75%)
Cig.1 (50.37%)
Cis:2 (6.44%)
Cis:3 (1.50%)
Cso.1 (1.53%)
Cryptococcus Molasses Cie.0 (16.74%) | 1.60 Elfadaly et al.
curvatus Cig.1 (22.66%) (2009)
Cis.2 (30.68%)
Yarrowia lipolytica Glycerol C16:0 21%) 2.60 Canonico et al.
Cl16:1 (21%) (2016)
C18:1 (36%)
Rhodosporidium Paper and pulp Ci6.0 (21.86%) | 8.56 Patel et al.
kratochvilovae industry effluent Cig.0 (0.5%) (2017)
Cis.1 (45.43%)
Cis.2 (1591%)
Lipomyces starkeyi Sewage sludge Cie:0 (55.93%) 1.00 Angerbauer
Cis.0 (13.8%) et al. (2008)
Cis:1 (25.89%)
Cis:3 (0.12%)
Rhodosporidium Bioethanol Ci6:1(11.2%) 3.8 Zhou et al.
toruloides wastewater Cig.0 (16.9%) (2013)
Cis:1 (49.9%)
Cis.0 (13.6%)
Cryptococcus Municipal - 29.9 Chi et al.
curvatus wastewater (2011)
Rhodotorula glutinis | Wheat straw Ci6:1(31.4%) 1.4 Mast et al.
Cis.0 (9.0%) (2014)
Cis:1 (31.6%)
Cis:2 (19.3%)
Cryptococcus Volatile fatty Cie.0 24%) 14.5 Christophe
curvatus acids + glucose Cig.0 (13%) et al. (2012)
Cis:1 (33%)
Cis:2 (18%)

source for SCO production from oleaginous yeasts. The re-use of crude glycerol
from biodiesel production for oil production by oleaginous yeasts not only reduces
the cost of production but also serves to recycle the waste glycerol. Moreover, crude
glycerol also possesses other macro elements like calcium, potassium, and magne-
sium which support the growth of yeast. Yeast genera, namely Rhodosporidium,
Rhodotorula, Candida, Trichosporonoides, Lipomyces, Yarrowia, Cryptococcus,
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and Schizosaccharomyces, are reported to utilize crude glycerol for SCO production
(Guerfali et al. 2020).

13.4.1.3 Wastewaters

Wastewaters from food processing and agro-industries are difficult and expensive to
treat since it has very high concentrations of organic matter. Such wastewaters with
abundant organic materials and free sources of nutrients can be used as a carbon
source for yeast lipid production. The use of wastewater as a raw material for
lipogenesis can also reduce the energy spent on treating wastewaters. Several
wastewater sources like industrial wastewaters, olive mill wastewaters, sewage
sludge, monosodium glutamate wastewater, butanol wastewaters, and livestock
wastewaters have been used for SCO production. Several yeast species have been
found capable of producing versatile extracellular enzymes like protease, lipase, and
lignin peroxidase for better utilization of nutrients in wastewater (Yang et al. 2013).
However, there is a necessity to screen and improve the yeast strains to be capable of
lipogenesis in high organic concentrations in wastewater for efficient and cost-
effective lipid production. Since oleaginous yeasts can flourish at a low pH, this
criterion can be exploited for scaling up of SCO production with unsterilized
wastewater as a substrate. Acidic pH can be used to generate a yeast-dominated
microflora under non-sterile conditions since it is cumbersome to sterilize large
volumes of wastewater.

13.4.1.4 Lignocellulosic Biomass Hydrolysate

Lignocellulosic biomass serves as the most abundant and promising feedstock for
future renewable biofuels. Among the various low-cost substrates, non-edible bio-
mass like lignocellulosic biomass seems to be efficient which would be converted
into fuel. Almost in most of the developing countries, lignocellulosic biomass is
subjected to direct combustion for heat generation, cooking, and waste elimination in
agricultural fields. This direct combustion leads to various problems including
environmental pollution. Instead, lignocellulosic biomass can be valorized into
high-quality products like bioethanol and lipids using microbes (Cherubini and
Ulgiati 2010).

13.4.2 Hydrophobic Waste Resources

Hydrophobic wastes like volatile fatty acids, n-alkanes can be used as a feedstock for
ex-novo lipid production. This ex-novo lipid accumulation results in the intra-
cellular biomodification of lipid substrates by oleaginous yeast leading to the
production of new fatty acid profiles. Therefore, waste fat resources can be upgraded
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to lipid products of higher value like cocoa butter substitutes (Vajpeyi and Chandran
2015). Lipid yield in oleaginous yeast was found to increase with supplementation of
volatile fatty acids with an additional simple carbon source. Volatile fatty acids
(VFAs) which are derived from wastes also contain organic acids like propionic
acid, isobutyric acid, acetic acid, n-butyric acid, and isovaleric acid (Huang et al.
2016). Conversion of these organic acids into SCO by oleaginous yeasts can
therefore help in sustainable waste management (Bialy et al. 2011).

13.5 Lignocellulosic Biomass as a Substrate for SCO
Production from Oleaginous Yeasts

13.5.1 Structure, Composition, and Recalcitrance
of Lignocellulosic Biomass

Lignocellulose is composed of several polymers including cellulose, hemicellulose,
lignin, pectin, starch, and ashes in lesser quantities. Cellulose is the most abundant
biopolymer and is made of glucopyranose units (500-1400) linked by p 14
glycosidic linkage. Cellobiose is the fundamental repeating unit of cellulose
(Robak and Balcerek 2018). Cellulose concentration ranges from 34 to 50% in
softwood species, 41-50% in hardwood species, and 15-45% in most of the
agricultural crop species, and it increases with maturity of the plant (Monlau et al.
2014). The degree of polymerization and crystallinity plays a critical role in the
recalcitrance of lignocellulosic biomass. Lignocellulosic biomass with shorter cel-
lulose chains and fewer hydrogen bonds is easier to hydrolyze than long cellulose
chains with more hydrogen bonds. Crystalline cellulose fibers are slower to hydro-
lyze than amorphous cellulose. Hemicelluloses constitute 20-35% of lignocellulosic
biomass and may be homoglycans or heteroglycans (Chandel et al. 2018). Hemicel-
lulose is a branched heteropolysaccharide and composed of hexoses like mannose,
glucose, and galactose; uronic acids like glucuronic and galacturonic acids; and
pentoses like xylose and arabinose. Xylan is the predominant hemicellulose ranging
from 12 to 37% of the lignocellulosic biomass in the case of agricultural residues
(Monlau et al. 2014). Acetylation of hemicellulose units limits the cellulose acces-
sibility to enzymatic hydrolysis (Pan et al. 2006).

Lignin is a polymer of aromatic nuclei made up of a single repeating unit or
several similar components. It is a very complex heteropolymer with phenyl propane
(sinapyl, coumaryl, and coniferyl alcohol) as the basic unit of lignin. Lignin consti-
tutes about 15-35% of the lignocellulosic biomass of wood species and 3.5-30% of
grass species (Monlau et al. 2014). Cellulose and lignin content is higher in
hardwood and softwood plant species than in agricultural crops. Lignin is insoluble
in neutral organic solvents and hot water. Cellulose and hemicellulose remain
associated with hydrogen bonds, and lignin is linked covalently to hemicellulose
thus forming a lignin-carbohydrate complex (LCC). Lignin thus presents a
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physiochemical barrier to enzymatic degradation of lignocellulosic biomass by
forming close inter-linkage with cellulose and hemicelluloses. Hydrophobic struc-
tural characteristics of lignin also adsorb hydrolytic enzymes irreversibly (Tarasov
et al. 2018; Valdés et al. 2020). Therefore, an effective pretreatment method is
required for the disruption of lignin-cellulose matrix and reducing enzyme adsorp-
tion to lignin complex for the subsequent valorization of lignocellulosic biomass to
valuable products like biofuels.

13.5.2 Pretreatment of Lignocellulosic Biomass

The recalcitrance of lignocellulosic biomass makes its hydrolysis ineffective. There-
fore, pretreatment is needed to degrade the crystalline structure and to separate these
polymers, thus making each of the polymers available for enzymatic hydrolysis.
Particle size reduction by milling, grinding, and extrusion before pretreatment
efficiently deconstructs lignocellulosic biomass with an increased rate of hydrolysis
(size threshold depends on the lignocellulosic feedstocks). Various methods of
pretreatments like physical (mechanical comminution, extrusion, pyrolysis, and
pulsed electric field), chemical (alkali pretreatment, acid pretreatment, ozonolysis,
and organosolv process), physiochemical process (steam explosion, ultrasound
treatment, CO, explosion, liquid hot water treatment, ammonia fiber expansion,
oxidative pretreatment, and wet oxidation), thermochemical process, and biological
pretreatment (fungal or bacterial) are used. An effective pretreatment should be cost-
effective, should remove lignin portion without degrading cellulose and hemicellu-
loses layers, should produce minimum inhibitory compounds, should be low energy
demanding, and should be ecofriendly and safe to use. Chemical pretreatments are
the most commonly used technique for lignocellulosic deconstruction.

13.5.2.1 Physical Methods

Mechanical comminution and pyrolysis are the commonly used physical methods of
pretreating lignocellulosic biomass. In mechanical comminution, the size and crys-
tallinity of biomass are reduced by the combination of chipping, milling, and
grinding (Cadoche and Loépez 1989). In pyrolysis, cellulose is decomposed by
exposing the biomass to high temperature (>300 °C) (Kilzer and Broido 1965).
13.5.2.2 Chemical Methods

Acid Pretreatment

Acid pretreatment (with hydrochloric acid, sulfuric acid, phosphoric acid, and acetic
acid) solubilizes hemicellulose and reduce cellulose through disruption of hydrogen
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and covalent bonds in the lignocellulosic complex. This process hydrolyzes hemi-
cellulose especially xylan into its monomers. Acid pretreatment is found to be
suitable for the disruption of lignocellulose complex in agriculture residues and
hardwood species. Pretreatment with concentrated acids results in effective hydro-
lysis releasing a high concentration of simple sugars. However, the use of concen-
trated acids partially degrades hemicellulose into furfural, hydroxymethyl furfural,
and other organic acids whose presence in the hydrolysate inhibits the fermentation
process (McMillan et al. 1994). Therefore, a two-stage acid pretreatment method has
been proposed, wherein the extraction of hemicellulose is done with less concen-
trated acid in the first phase followed by high concentrated acid in the second phase
for cellulose destruction. But using concentrated acids necessitates the use of
corrosion-resistant equipment, thus increasing the cost and also possesses safety
issues. Pretreatment with dilute acids, on the other hand, is less aggressive, econom-
ical, more environmentally friendly, and generates fewer inhibitory compounds
(furfural and HMF). However, pretreatment with dilute acid requires a higher
temperature than that required for concentrated acids (Solarte-Toro et al. 2019;
Singh et al. 2015). The dry dilute acid method has been used as an alternative to
the wet acid method (concentrated and dilute acids), wherein both the biomass and
product are solid. Dry biomass is impregnated with acid for efficient adsorption.
Comparable assimilable sugar yields with reduced amounts of inhibitory compounds
can be obtained with the dry dilute acid method (He et al. 2014).

Alkali Method

This method of pretreatment is carried out by the addition of bases like NaOH, KOH,
and Ca(OH), to the lignocellulosic biomass. In this process, the internal surface area
of the biomass is increased by swelling the biomass, reduces the degree of polymer-
ization, crystallinity, and breaks the lignin carbohydrate complex. Ester and ionic
bonds interlinking hemicellulose and other components are saponified thereby
increasing the porosity of the lignocellulosic complex (Tarkow and Feist 1969).
Alkali pretreatment is found to be effective with biomass with low lignin content
compared to those with high lignin content (Singh et al. 2015; Xu and Sun 2016).
Alkali pretreatment resulted in the highest recovery of cellulose (59.66) and hemi-
celluloses (28.34) from corn cob (Sharma et al. 2017), 92.5% delignification, and
81.5% w/w cellulose yield in paddy straw (Kobkam et al. 2018). The main advan-
tage is its low cost and mild operation conditions. But the process results in the
formation of salts that are difficult to remove, and the reaction time is also longer.

Ozonolysis
Ozonolysis is used for the efficient degradation of lignin at room temperature and

pressure. Yield from enzymatic hydrolysis has been shown to increase after
pretreating the biomass with ozone. While lignin is efficiently removed,
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hemicellulose is only partially degraded in this process. Ozonolysis does not lead to
the production of any inhibitor compounds during the pretreatment. However, this
method requires large quantities of ozone, thus making ozonolysis expensive (Vidal
and Molinier 1988).

Oxidative Delignification

In this method, peroxidase enzyme is used to decompose lignin in the presence of
hydrogen peroxide. Solubilization of 50% lignin and hemicellulose was achieved
with 2% hydrogen peroxide within 8 h at 30 °C. Glucose yield with enzymatic
hydrolysis of cellulose after pretreatment was also found to be increased with
oxidative delignification (Azzam 1989).

Organosolv Pretreatment

In this method, organic solvent (ethanol, methanol, glycerol, phenol, acetone, formic
acid, and acetic acid) is added to the lignocellulosic biomass to separate lignin from
cellulose. Solid phase with cellulose, hemicellulose, and liquid fraction with lignin is
obtained at the end of pretreatment (Borand and Karaosmanoglu 2018). Excision of
O-aryl bonds of lignin with carbohydrates occurs during solvent treatment resulting
in the dissolution of lignin along with organic solvent. This process also generates
acetyl compounds which help in the autohydrolysis of hemicellulose and cellulose.
Organic solvents can be recovered and reused. The main disadvantage of this
process is the generation of several inhibitor compounds (guaiacol, vanillin, vanillic
acid, syringaldehyde, syringic acid, and ferulic acid) (Zhao et al. 2009).

13.5.2.3 Physicochemical Method
Steam Explosion Pretreatment

Steam explosion, a physicochemical method, is a very energy efficient method
(Conde-Mejia et al. 2012). In this process, the biomass is first exposed to saturated
steam at high temperature (162-260 °C) and pressure (5-50 atm) for a short interval
of time. The steam expands into the lignocellulose matrix as the pressure is reduced
gradually, thus separating the cellulose fibers and thus disrupting the cell wall. This
process also generates acetyl compounds that auto-hydrolyze hemicellulose (Grous
et al. 1986). This method generates less inhibitory compounds than acid and alkali
methods. Steam explosion is less effective in softwood species with less content of
acetyl groups. Acid compounds can be used as a catalyst in such cases to improve
cell wall deconstruction, but it leads to the generation of fermentation inhibitor
compounds (Singh et al. 2015).
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Ammonia Fiber Explosion (AFEX)

In this method, the biomass is treated with liquid ammonia (1.2 kg of liquid ammonia
for 1 kg of lignocellulosic biomass) at high temperature (90 °C) and for a short
period (30 min), after which the pressure is reduced rapidly. The AFEX method is
not efficient for biomass with high lignin, and hemicellulose is not solubilized
significantly with this method. However, this method does not require a small
particle size and does not produce inhibitor compounds (Holtzapple et al. 1991).

CO, Explosion

This method works by increasing the hydrolysis rate with carbonic acid generated
from carbon dioxide. But the yields of hydrolysis are low when compared to that
achieved with ammonia fiber explosion methods and steam explosion. However,
pretreatment of lignocellulosic biomass with CO, explosion does not result in the
formation of fermentation inhibitor compounds (Zheng et al. 1998).

13.5.2.4 Biological Pretreatment

Microorganisms or biocatalysts from microbes are used to open the cell wall matrix
in this method of pretreatment. White-rot, brown-rot, and soft-rot fungi and actino-
mycetes can be used to degrade lignin and hemicellulose components of waste plant
biomass. White-rot fungi target lignin, whereas brown-rot fungi degrade cellulose
(Hatakka 1983). White-rot fungi have been reported with enzymes degrading lignin,
cellulose, and hemicellulose polymers. Phanerochaete chrysosporium is the well-
studied white-rot fungi with lignin-degrading property. P. chrysosporium has been
shown to produce lignin-degrading enzymes like manganese-dependent peroxidases
and lignin peroxidases (Boominathan and Reddy 1992). Actinomycetes were also
investigated for their ability to degrade lignin. Small laccases similar to fungal
laccases were shown to affect lignin degradation in Streptomyces coelicolor, Strep-
tomyces lividans, Streptomyces viridosporus, and Amycolatopsis sp. (Saritha et al.
2013; Majumdar et al. 2014). The requirement of longer duration, specific growth
conditions, and aseptic environment makes it less preferable for industrial-scale
operation. A combination of biological methods with a common pretreatment
method can be advantageous in the deconstruction of the lignocellulosic cell wall
matrix.

13.5.3 Conversion of Biomass into Fermentable Sugars

Since most of the oleaginous yeasts lack cellulolytic activity, the pretreated ligno-
cellulosic biomass should be hydrolyzed before the fermentation process. This
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process depolymerizes cellulose and hemicellulose into hexose and pentose mono-
mers which can be assimilated by oleaginous yeasts into biolipids/single cell oil.
Enzymatic hydrolysis is advantageous at mild process conditions compared to acid
and alkaline hydrolysis. Microorganisms like bacteria and fungi are endowed with
the abilities to produce hydrolytic enzymes for depolymerizing lignocellulosic
biomass. Bacterial genera, Bacillus, Clostridium, Ruminococcus, Microbispora,
Cellulomonas, Erwinia, Bacteriodes, Thermomonospora, Acetovibrio, and Strepto-
myces, have been reported to produce cellulolytic enzymes. Among the cellulolytic
fungi  (Phanerochaete  chrysosporium,  Aspergillus,  Sclerotium  rolfsii,
Schizophyllum, Trichoderma, and Penicillium), Trichoderma has been widely used
for the cellulase production (Duff and Murray 1996). Cellulases are a group of
enzymes that includes endoglucanase, exoglucanase/cellobiohydrolase, and
B-glucosidase. Endoglucanase is active against amorphous regions/less crystalline
regions and creates new free chain ends which are then attacked by other enzymes.
Exoglucanase attacks crystalline cellulose and generates glucose/cellobiose units.
Finally, p-glucosidase hydrolyzes cellobiose to monomer sugars like glucose. Other
accessory enzymes attacking hemicellulose, glucuronidase, acetylesterase,
B-xylosidase, glucomannanase, galactomannanase, and xylanase act synergistically
with cellulase enzymes and convert cellulose-hemicellulose into assailable free
sugars (Singh et al. 2015; Fan et al. 2012; Sternberg 1976). The rate of hydrolysis
can be improved by increasing the concentration of cellulase. Usually, in laboratory,
cellulase is used at the dose of 10 FPU/g cellulose for high monomer (glucose) yield
in 48-72 h of reaction time (Gregg and Saddler 1996). Irreversible adsorption of
cellulase to cellulose and lignin deactivates the enzyme which can be minimized by
the use of surfactants (Tween 20, 80, cationic Q-86 W, antihole 20BS,
polyoxyethylene glycol, Emulgen 147, and anionic Neopelex F-25) in enzymatic
hydrolysis (Wu and Ju 1998; Park et al. 1992; Ooshima et al. 1986; Helle et al.
1993). Cellobiose and glucose, which are the end products of hydrolysis, inhibit the
activity of cellulase. High loading of enzymes, removal of hydrolysis products
formed during hydrolysis, and supplement of B-glucosidases during the reaction
can minimize the inhibition of cellulase by end products. From the reaction mixture,
cellulases can be recovered and reused for the next batch of hydrolysis (Kumar et al.
2017). But the efficiency of hydrolysis decreases gradually with each step of
recycling (Ramos et al. 1993).

13.5.4 SCO Production with Oleaginous Yeasts from
Lignocellulosic Hydrolysate

Various waste products and lignocellulosic hydrolysates have been used by
researchers for single cell oil production from oleaginous yeasts (Table 13.2).
SCO was produced with 45% lipid yield from Endomycopsis vernalis with sulfite
waste liquor as a carbon source by Lindner in 1922. Lignocellulosic hydrolysate
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Table 13.2 SCO production by oleaginous yeasts from lignocellulosic biomass
Pretreatment
Substrate strategy Oleaginous yeast | Lipid yield (g L") Reference
Wheat straw | Dilute sulfuric | Yarrowia Detoxified | Non-detoxi- Tanimura
acid lipolytica hydrolysate | fied et al.
hydrolysate (2014)
0.30 0.40
Rhodotorula 2.40 3.50
glutinis
Lipomyces 3.70 4.50
starkeyi
Cryptococcus 4.20 5.80
curvatus
Paper mill Ultrasonication | Cryptococcus 7.80 Deeba
sludge vishniaccii et al.
(2016)
Corn cob Enzymatic Trichosporon 12.30 Gao et al.
residues hydrolysis cutaneum (2014)
Wheat straw | Acid Rhodotorula 1.40 Mast et al.
hydrolysis glutinis (2014)
Sugarcane Sulfuric acid Trichosporon 15.80 Huang
bagasse fermentans et al.
(2012)
Paddy straw | Sulfuric acid Trichosporon 7.70 Huang
fermentans et al.
(2009)
Rice bran Defatting and Yarrowia 48.02% of dry cell weight Tsigie
acid hydrolysis | lipolytica et al.
(2012)
Wheat straw | Dilute sulfuric | Rhodotorula 9.70 Enshaeieh
acid mucillaginosa. et al.
(2015)
Corn stover | Alkaline Cryptococcus 15.5 Sitepu
hydrolysis humicola et al.
(2014)
Sugarcane Acid Lipomyces 0.14 Xavier
bagasse hydrolysis starkeyi et al.
(2017)
Waste sweet | Enzymatic Trichosporon 9.6 Zhan et al.
potato vines | hydrolysis fermentens (2013)
Paddy straw | Alkaline Trichosporon 5.17 Sagia et al.
hydrolysis mycotoxinivorans (2020)

contains hexoses like glucose, galactose, and mannose and pentoses like xylose and
arabinose. Hexoses can be readily utilized by all microorganisms, but the utilization
of pentoses which constitute a significant portion of hydrolysate is essential for the
complete valorization of lignocellulosic biomass into single cell oil. Various oleag-
inous yeast strains have been reported with the ability to use both these hexoses and
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pentoses as carbon sources for lipid accumulation. Therefore, xylose- and pentose-
utilizing oleaginous yeast isolates possess an advantage for the economical produc-
tion of SCO from lignocellulosic biomass.

High biomass loading during saccharification leads to a higher level of inhibitor
compounds having an inhibitory effect on fermenting microbes and subsequent
reduction in lipid yield. Greater biomass loading also results in lower sugar yield
due to feedback inhibition in enzymatic hydrolysis and subsequent reduction in lipid
yield.

Lipid production by oleaginous yeasts from lignocellulosic biomass can be
proceeded after pretreatment by three processes—SHLP (separate hydrolysis and
lipid production), SSLP (simultaneous saccharification and lipid production), and
CBP (consolidated bioprocessing). Separate hydrolysis and lipid production is
commonly used, wherein lipid production is carried out in hydrolysate after sac-
charification by hydrolytic enzymes. The main disadvantage of SHLP is the feed-
back inhibition of hydrolytic enzymes by the end products. Simultaneous
saccharification and lipid production can resolve the problem of feedback inhibition,
wherein saccharification and lipid production is carried out simultaneously. How-
ever, it requires the use of thermotolerant microorganisms for fermentation since
enzymatic hydrolysis requires the optimal temperature of 50 °C, but the optimal
temperature for most oleaginous yeasts for fermentation is <30 °C. SSLP was
demonstrated with Cryptococcus curvatus at 37 °C and regenerated corn stover as
the substrate. The lipid yield of 6 g L™" was obtained with 5% substrate loading after
48 h. Consolidated bioprocessing is extensively used in bioethanol production from
lignocellulosic biomass, wherein enzyme production, carbohydrate hydrolysis, and
fermentation/lipid production are integrated into one process. Isolation of natural
populations of cellulolytic oleaginous yeast strains or genetic engineering of oleag-
inous yeasts for production of extracellular cellulolytic enzymes will pave the way
for inexpensive and rapid lipid production from lignocellulosic biomass (Gong et al.
2013). Consolidated bioprocessing with genetically engineered cellulolytic yeast
Yarrowia lipolytica was attempted with 12 gL.™" cellulose consumption and 14%
lipid accumulation (Guo et al. 2018).

Based on the method of pretreatment and hydrolysis, toxic lignocellulosic deg-
radation byproducts may be produced. These include acetic acid, furfural,
hydroxymethyl furfural, formic acid, and vanillin. These degradation compounds
can inhibit cell growth and subsequent fermentation. Furfural was found to be the
most toxic among the other degradation compounds. A decrease in the yeast biomass
weight and lipid yield of Cryptococcus curvatus by 78.4% and 61% for glucose and
72% and 59.3% for xylose, respectively, was reported in the presence of furfural
(10¢g LY (Yu et al. 2014a). The generation of inhibitory compounds necessitates
detoxification of hydrolysate which may further increase the cost of the whole
production process. The selection of oleaginous yeast with high tolerance to inhib-
itory compounds or the ones capable of utilizing lignin degradation compounds as a
carbon source is therefore a good tactic for lipid production from lignocellulosic
hydrolysates. A fed-batch lipid production from Trichosporon cutaneum was
performed with 4-hydroxybenzaldehyde as the sole carbon substrate. The lipid
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yield obtained was 0.85 g L™' (0.039 g/g of 4-hydroxybenzaldehyde) (Hu et al.
2018). An inhibitor degradation study was undertaken, wherein the biodegradation
of inhibitors was examined by providing each inhibitor as the solitary carbon source.
It was found that furfural, hydroxymethyl furfural, 4-hydroxybenzaldehyde, vanil-
lin, and syringaldehyde were converted to corresponding nontoxic acid—furoic
acid, HMF acid, 4-hydroxybenzoate, vanillate, and syringate—by Trichosporon
cutaneum. The enzymes involved in the biodegradation of inhibitors were found
to be alcohol dehydrogenases, aldehyde reductases, aldehyde dehydrogenases,
salicylaldehyde dehydrogenase, D-lactaldehyde dehydrogenase, aminoadipate-
semialdehyde dehydrogenase, betaine aldehyde dehydrogenase, semialdehyde dehy-
drogenase, alcohol oxidase, vanillyl alcohol oxidase, glucose oxidase, and choline
oxidase (Wang et al. 2016). Phenolic aldehyde from lignin was also used as the only
carbon source for SCO production by Trichosporon cutaneum. Resistance to inhib-
itors was demonstrated in Rhodosporidium toruloides. The study conducted showed
that the presence of inhibitory compounds does not have a profound effect in the
distribution of major fatty acids of Rhodosporidium toruloides—palmitic acid
(C16:0), stearic acid (C18:0), and oleic acid (C18:1) (Hu et al. 2009). High recalci-
trance of lignin makes it difficult to valorize it into valuable bioproducts. However,
aromatic metabolic pathways for metabolizing lignin-related aromatic compounds
have been found in certain oleaginous yeast species. Products of this aromatic
metabolism include acetyl Co-A which is a precursor for fatty acid synthesis thus
leading to the conversion of lignin-related aromatic compounds into lipids (Yaguchi
et al. 2020).

13.6 Genetic Engineering for Enhanced SCO Production
from Oleaginous Yeasts

Under the conditions of excess carbon and limited nitrogen conditions,
non-oleaginous microbes accumulate excess carbon as polysaccharides like glyco-
gen, whereas oleaginous yeast accumulates excess carbon as intracellular lipids.
Two different approaches are generally used for the improvement of the wild
microbial strains for enhanced single cell oil production. The first is to improve the
metabolic pathways of lipid biosynthesis in oleaginous yeasts, and the second is to
recombine fatty acid synthesis genes from oleaginous yeasts into non-oleaginous
yeasts or other microbes (Saccharomyces cerevisiae and Escherichia coli).
Approaches used for metabolic engineering to enhance the lipid yield include
overexpressing the enzymes involved in fatty acid and TAG (triacylglycerol) bio-
synthesis pathway, regulation of enzymes related to TAG biosynthesis, and inhibi-
tion of lipid catabolism (Fig. 13.3). Key lipid biosynthesis genes identified are
ATP-citrate lyase (ACL), acetyl Co-A carboxylase (ACC), diacylglycerol acetyl
transferase (DGAT), glycerol 3-phosphate dehydrogenase, glycerol 3-phosphate
acyl transferase (GPAT), and acetyl Co-A synthetase (ACS) (Liang and Jiang
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Metabolic engineering for enhanced SCO production

Overexpression of Overexpression of enzymes | Regulation of TAG | Downregulation/inhi
fatty acid biosynthesis | in TAG biosynthesis pathway | biosynthesis bition of competing
enzymes related enzymes pathways

Fig. 13.3 Metabolic engineering strategies for enhancing the lipid yield from oleaginous
microorganisms

2013). A two-fold increase in lipid content in Yarrowia lipolytica was achieved by
the overexpression of the key enzyme ACC 1 (acetyl Co-A carboxylase). An
increase in lipid content by 41% in Yarrowia lipolytica was achieved by simulta-
neous co-expression of ACC 1 and DGA 1 (acetyl Co-A carboxylase and
diacylglycerol acetyl transferase) by combining both the genes in a gene construct
(Tai and Stephanopoulos 2013). A three-fold increase in lipid yield has been
achieved by redirecting the carbon flux towards TAG biosynthesis by deletion of
GUT 1 (glycerol 3-phosphate dehydrogenase) (Beopoulos et al. 2008). Ester syn-
thesizing genes can be introduced into non-oleaginous yeasts for fatty acid esters
production from carbohydrates. This approach results in the direct biodiesel produc-
tion from raw material rather than lipid production (Kalscheuer et al. 2006; Schmidt-
Dannert and Holtzapple 2011). Enzymes not directly involved in lipid biosynthesis
like malic enzyme and ATP:citrate lyase (ACL) also influence the lipid yield. Malic
enzyme supplies NADH for fatty acid synthase (FAS) and desaturases. ACL cata-
lyzes the citrate to acetyl-CoA conversion and is the key enzyme in oleaginous
microorganisms. Besides genetic modification approach for high lipid yield, engi-
neering for other desirable characteristics like simultaneous/co-utilization of various
sugars (like glucose and xylose), lipid production at high temperature thus facilitat-
ing for simultaneous saccharification and fermentation after pretreatment of ligno-
cellulosic biomass, and resistance to inhibitor compounds generated from various
pretreatment approaches of lignocellulosic biomass could lead to economical and
sustainable single cell oil production.
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13.7 Fatty Acid Composition and Application of Lipids
from Oleaginous Yeasts

The fatty acid profile of oleaginous yeast varies with the species, strain, substrate
used, and culture conditions. The common fatty acids in diacyl and triacylglycerols
accumulated by oleaginous yeast includes myristic acid (C14:0), palmitic acid
(C16:0), stearic acid (C18:0), oleic acid (C18:1), and linoleic acid (C18:2) (Sagia
et al. 2020; Patel et al. 2014; Patel et al. 2015). The fatty acid composition of the
single cell oil determines the potentiality of biodiesel to be used in diesel engines.
Higher octane number and a lower degree of unsaturation are essential for better
ignition and stability. EU (European Union) has set a limit for iodine value, which
measures the degree of unsaturation as 120 g 1,/100 g (Knothe 2006). Oleaginous
yeasts like Trichosporon fermentans and Rhodotorula glutinis have been reported to
produce single cell oil from lignocellulosic hydrolysate with iodine values within the
threshold limit (Hoekman et al. 2012). High saturated fatty acids increase the shelf
life of biodiesel, whereas unsaturated fatty acids determine the cold flow plugging
property of biodiesel. An optimum ratio of saturated to unsaturated fatty acids is
necessary for kinematic viscosity and oxidative stability of biodiesel. The cold flow
plugging property (CFPP) determines the low-temperature operability of the biodie-
sel. CFPP is defined as the lowest temperature at which biodiesel (20 ml) flows
through a wire mesh screen in 60 seconds under vacuum. Biodiesel solidifies and
blocks the engine once the CFPP is reached. Several oleaginous yeasts have been
reported with CFPP within the threshold limits of CFPP set by EU (<5/<-20).
Oxidative stability of the biodiesel increases its shelf life. Oxidative stability is
inversely proportional to the number of double bonds in the cis configuration.
Linolenic acid (18:3) is highly prone to auto-oxidation, and therefore, a limit of
12% linolenic acid is set by EU (Knothe 2006; Patel et al. 2016). Oleaginous yeasts
like Yarrowia lipolytica, Trichosporon cutaneum, Rhodosporidium toruloidies, and
Lipomyces starkeyi have been shown to produce SCO from lignocellulosic hydro-
lysates with physical properties suitable for biodiesel application in diesel engines
(Patel et al. 2016).

13.8 Possibilities for Improved Profitability from SCO
Production

Oleaginous yeast can be co-cultured with microalgae for enhanced biomass and lipid
yield. Microalgae provide oxygen for heterotrophic yeast, and yeast supplies carbon
dioxide for autotrophic microalgae thus minimizing the requirement for mechanical
aeration. Enhanced lipid yield and biomass were achieved with the synergistic
association of microalgae (Chlorella vulgaris) with yeast (Rhodotorula glutinis)
compared to pure cultures (Zhang et al. 2014).
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In addition to lipid production, oleaginous yeast can also be used for the synthesis
of other value-added chemicals like -carotene, torularhodin, and torulene. Carot-
enoids exhibiting provitamin A was shown to be produced by the oleaginous yeast
Rhodotorula glutinis (Chaturvedi et al. 2018). Oleaginous yeast is also reported to
produce enzymes like phenylalanine ammonia lyase (for aspartame production),
invertase, o-L-arabinofuranosidase, tannase, and pectinase (Cui et al. 2015; Kot
et al. 2016; Taskin 2013).

13.9 Conclusion

Biodiesel has been currently produced with high-cost vegetable oils. Lipids from
oleaginous yeast have been confirmed as a potential alternate feedstock to vegetable
oil for biodiesel production. Therefore, the use of oleaginous yeasts for microbial
lipid production is a promising way for biodiesel production and to combat the
energy crisis. Abundant and nonedible lignocellulosic biomass can be used as a
low-cost raw material for single cell oil production, thus making biodiesel produc-
tion sustainable, economical, and renewable. However, the recalcitrance of ligno-
cellulosic biomass necessitates pretreating the biomass which results in the
production of various inhibitor compounds. Selection and improvement of oleagi-
nous yeast isolates with high lipid yield, biomass yield, osmotolerance, inhibitor
resistance, SCO production at high temperature, and low pH make the process highly
advantageous over vegetable oil production. Optimization, scale-up, and technolog-
ical advancements in the sustainable conversion of lignocellulosic biomass into SCO
by oleaginous yeasts can help to meet the increasing energy demand by the increas-
ing population.
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