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Introduction

Many unicellular microorganisms including yeasts, fungi, microalgae, and to a lesser extent bacteria (Fig. 1), can produce intra-
cellular edible oils under normal and specialized conditions (Papanikolaou and Aggelis, 2011). Most of these organisms can
accumulate microbial lipids, or single-cell oils (SCOs), to 20%–90% (w/w) of their dry cell biomass. For example, fungi in the
genus Mortierella and Umbelopsis can accumulate lipids at concentrations that exceed 86% of their dry weight (Meng et al., 2009).
Microbial lipids can be produced using low-priced organic materials, including waste-streams from the food industry, as growth
substrate. The fatty acid of microbial lipids is very similar to the conventional vegetable oils in type and composition (Madani
et al., 2017). Furthermore, microbial lipids have many potential applications, including human food additives, nutraceuticals,
pharmaceuticals, cosmetics, biopolymers and feed ingredients for aquaculture, and as an alternative feedstock for the production
of biofuel (Lewis et al., 2000). Due to the reduced availability of cultivable land and increasing human population growth,
producing lipids via traditional methods will not satisfy the rapidly growing global demand. Therefore, microbial lipids accu-
mulated from microorganisms, especially oleaginous fungi, are considered as a vital and renewable oil resource and have been
regarded as an alternative to animal and plant lipids in recent years, given their unique characteristics and functions in energy,
chemical, and food industries (Huang et al., 2017). The production of microbial lipids is particularly attractive when low or
negative cost substrates are used as the feedstock.
Oleaginous Fungi and Their Advantages for SCO Production

Fungi consist of a large group of diverse species and represent their own Kingdom of life. Fungi have conquered almost all
habitats on the planet, from glacial deep seawater to hot and dry desert, and associate with single prokaryotes, eukaryotic
mammals and plants (Gupta et al., 2013). Some fungi are biotrophic and cause negative impacts on native organisms, such as
the rice blast pathogen Pyricularia oryzae (previously known as Magnaporthe oryzae) (Zhang et al., 2015). However, many fungi
are beneficial to their hosts, such as mycorrhizas that provide their plant hosts with mineral nutrition. Some filamentous fungi
produce high amounts of lipids, and are called oleaginous fungi. Examples of oleaginous filamentous fungi (Fig. 1) include
Mortierella alpina (Wang et al., 2011), Umbelopsis isabellina (previously known as Mortierella isabellina) (Harde et al., 2016),
Mucor circinelloides (Song et al., 2001), and Cunninghamella echinulate (Fakas et al., 2009b). These species have attracted much
attention for their high yield of long-chain polyunsaturated fatty acids (PUFAs). With the advancement of fermentation
technology, microbial lipids (primarily from fungi and yeast) can be produced in quantities equivalent to acres of agricultural
land (Alvarez and Steinbüchel, 2002), and SCO produced by oleaginous fungi could contribute to meeting human demands
for industrial oils.

Biorefineries are facilities that produce multiple products including chemicals, biofuels, and are specialized at making
valuable bioproducts from waste residues. Applications of oleaginous fungi in biorefineries have become more attractive
given their renewable, resource-efficient, and environment-friendly features (Peng and Chen, 2008), as well as their versatility
and high efficiency in utilizing complex and diverse substrates (Ferreira et al., 2012). Overall, the main advantages of
oleaginous fungi are shown as follows: (1) High yield of lipid content (up to 90%) and high-value compounds such as
PUFAs. For example, U. isabellina was able to produce large amounts of cellular lipids amounting to over 80% of their dry cell
biomass (Chatzifragkou et al., 2010; Gao et al., 2013). (2) Outstanding lipid profiles for high-quality biodiesel. Not all
biological lipids are suitable for biodiesel production. In fact, only saponifiable lipids and free fatty acids can be turned into
fatty acid methyl esters (FAMEs), the main content of biodiesel. Most fungus-derived microbial lipids are suitable for high-
quality biodiesel production. For example, 98% of the lipids produced by M. circinelloides were saponifiable lipids and free
fatty acids, which could directly be acid-catalyzed into biodiesel (Vicente et al., 2010). Microbial lipids produced by the
filamentous fungus Aspergillus oryzae had appropriate fatty acid profiles for biodiesel production: 11.6% of palmitic acid,
15.6% of palmitoleic acid, 19.3% of stearic acid, 30.3% of oleic acid, 5.5% of linolenic acid, and 6.5% of linoleic acid
(Muniraj et al., 2013). (3) Easy to form pellets under submerged fermentation that can reduce the viscosity of the fermen-
tation culture and it is easy and cheap to harvest (Koike et al., 2001; Reis et al., 2014; Xia et al., 2014; Xia et al., 2011);
(4) Flexibility of various carbon sources for lipid production including e.g., glycerol, wheat straw, tomato waste hydrolysate,
potato processing wastewater, corn stover, brewery waste, and glucose (André et al., 2010; Fakas et al., 2007; Fang et al., 2016;
Gema et al., 2002; Muniraj et al., 2013).
Encyclopedia of Mycology doi:10.1016/B978-0-12-819990-9.00004-4 1

https://doi.org/10.1016/B978-0-12-819990-9.00004-4


Fig. 1 Common oleaginous microorganisms.
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Limiting Factors of Large-Scale SCO Production

Although microbial lipids from oleaginous fungi have promising potential for many applications, their high production cost
compared to plant and animal-derived lipids still limit the broader use of microbial lipids (Zhao et al., 2011). There are three
major costs associated with producing microbial lipids: carbon and nutrient source, fermentation, and post-processing operations
associated with separating lipids from oleaginous organisms. According to the previous study, the cost of feedstocks or carbon
sources can account for up to 75% of the total costs for producing microbial lipids (Subramaniam et al., 2010). Thus, the
production cost could be dramatically reduced when cheaper feedstocks or waste residues are used for microbial lipid production.
During recent years, a series of new microbial lipid processing techniques have been developed and used to cultivate oleaginous
fungi using agricultural residues as the carbon source to lower costs and increase sustainability (Carota et al., 2018; Economou
et al., 2011; Fang et al., 2016; Zhang and Hu, 2012; Zheng et al., 2012). For example, the fungus Aspergillus niger accumulated
41%–57% of lipid when it was cultured on biodiesel-derived waste glycerol (André et al., 2010).

Many studies have been carried out to reduce downstream processing costs, one of the major obstacles that need to be solved to
improve the economic viability of producing microbial-derived lipids, especially for large-scale commercialization (Ochsenreither
et al., 2016). It has been reported that the filamentous fungus U. isabellina formed pellets with an average diameter of 0.11 mm
when cultured on non-detoxified liquid hydrolysate (Zheng et al., 2012), which makes the downstream harvesting process easier.
Some feasible ways have been reported to induce fungal pelletization by adding CaCO3 or adjusting the pH (Liao et al., 2007;
Xia et al., 2011), which offered a feasible direction for low-cost harvesting, a major step during downstream processing.
Lipid Synthesis Mechanism of Oleaginous Fungi

Biochemistry of Lipid Accumulation

Insights on the lipid biochemistry and physiology in oleaginous microorganisms can promote both basic research and industrial
applications. A better understanding of the lipid synthesis mechanism in oleaginous microorganisms will help us improve lipid
yield and acquire the desired fatty acid profiles. Previous studies have elucidated the biochemical mechanisms of lipid accumu-
lation in various microorganisms, including key enzymes, regulation of lipid accumulation, and key intermediates in lipid
biosynthesis (Alvarez and Steinbüchel, 2002; Burton et al., 2005; Hao et al., 2014; Ratledge, 2014; Shuib et al., 2018; Tang et al.,
2016; Zhao et al., 2016). There are similarities in the lipid accumulation mechanisms among different oleaginous organisms.
Regarding the oleaginous microorganisms, lipid accumulation often happens during the starvation of nutrients including nitrogen
(N), phosphorus (P), sulfur (S), vitamins, and metals such as zinc (Zn), iron (Fe), and magnesium (Mg) (Laoteng et al., 2011;
Madani et al., 2017). Significant lipid accumulation rarely occurs under enriched nutrient conditions. However, the cells react to
the limits of a key nutrient, i.e., N, P, K, Mg, S and Fe that are required for cell proliferation, and they will enter into lipid storage



Fig. 2 Outline of the main biochemical process causing lipid accumulation in oleaginous fungi. AD, adenosine deaminase; ALDO, aldolase; DHAP,
dihydroxyacetone phosphate; FAS, fatty acid synthase; FBP, fructose-1,6-biphosphatase; G3P, glycerol-3-phosphate; GPD and GUT, isoforms of
G3P dehydrogenase; HK, hexokinase; ICDH, isocitrate dehydrogenase; MDH, malate dehydrogenase; ME, malic enzyme; PC, pyruvate carboxylase;
PD, pyruvate dehydrogenase; PEP, phosphoenolpyruvate; PFK, phosphofructokinase; PGI, glucose-6-phosphate isomerase; PK, pyruvate kinase.
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phase, in which excess carbon is converted to lipid reserves by unique lipid biosynthetic pathways. The limited supplement of
nutrients inhibits cell proliferation and the synthesized lipid can be stored in the oil bodies of undivided cells (Alvarez and
Steinbüchel, 2002; Beopoulos et al., 2009a,b; Dourou et al., 2018; Ratledge and Wynn, 2002; Shields-Menard et al., 2018).

Among those key nutrients, N-limitation is the most important factor for lipid accumulation. The fatty acids for microbial
lipids from oleaginous fungi are typically synthesized from acetyl-CoA with a reversed b-oxidation in the cytoplasm. As shown in
Fig. 2, when the N supply is limited, the activity of adenosine monophosphate (AMP) deaminase will be upregulated, which
breaks down AMP, an essential cofactor of isocitrate dehydrogenase (ICDH), and releases ammonia to N-starved cells. ICDH is a
key enzyme in the citric acid cycle. It will become inactive in the absence of N and unable to convert isocitrate to a-ketoglutarate.
As a consequence, the tricarboxylic acid cycle (TCA) is blocked at isocitrate due to the declined concentration of cofactor AMP
along with the increase in AMP deaminase activities. Subsequently, the accumulated citrate is transferred from the TCA cycle and
diverted into the cytoplasm from mitochondria via citrate-malate translocase. In the cytosol, the citrate is catalyzed and
decomposed into acetyl-CoA and oxaloacetate by ATP citrate lyase (ACL). The latter is then converted into malate by malate
dehydrogenase. The malate could be translocated to the mitochondria by citrate-malate translocase or converted into pyruvate via
the malic enzyme (ME) with the production of NADPH and CO2 during the cytosolic transhydrogenase cycle. Resulting from N
limitation, accumulated acetyl-CoA and NADPH enter into fatty acid and triacylglycerol (TAG) synthesis (Jin et al., 2015; Ratledge
and Wynn, 2002; Ratledge and Wynn, 2020). In contrast, when the N availability increases, the cell will convert storage lipids into
cellular materials (Daum et al., 2007; Ratledge, 2002).

In addition, the ratio of carbon to nitrogen (C/N) in the culture is a crucial factor for lipid accumulation in oleaginous
microorganisms. It has been shown that microbial lipid accumulation could be improved by optimizing the process parameters and
culture conditions including the C/N ratio, N source content, and oxygen concentration through new process configurations such as
solid-state or semi-solid-state fermentation methods (Kosa and Ragauskas, 2011). Increasing the ratio of C/N in culture media
significantly improves the lipid yields from oleaginous fungi (Fakas et al., 2007). According to current studies, the optimal C/N ratio
depends on the organism, but exceeds 65 and may exceed 100 (Ageitos et al., 2011; Jin et al., 2015). Increasing the ratio of C/N was
observed to promote lipid accumulation with longer growing periods in oleaginous fungi (Papanikolaou et al., 2004; Ruan et al.,
2012), and there is usually an optimum carbon concentration for each oleaginous fungal species at which lipid accumulation is
maximized (Murphy, 1990). Under C/N ratios of 35, 44, and 57, U. isabellina ATHUM 2935 accumulated about 36%, 51.2% and
64.3% of lipids, respectively, using rice hull hydrolysate (Economou et al., 2011). Cunninghamella echinulata ATHUM 4411 was able
to produce B25% of lipids at a C/N ratio of 78 in an N-limited medium supplemented with xylose. Its lipid content reached a
maximum of 57.7% at a higher C/N ratio of 285 (Fakas et al., 2009b). When cultivated in xylose media, U. isabellina ATHUM 2935
behaved similarly to C. echinulata ATHUM 4411 with a higher lipid yield of 65.5% compared to 57.7% in C. echinulata ATHUM 4411
(Fakas et al., 2009b).

Two types of lipid synthesis pathways have been described in oleaginous microorganisms, designated “de novo” and “ex novo”
lipid accumulation (Papanikolaou and Aggelis, 2011). The de novo lipid accumulation process is often fermented on hydrophilic
materials (sugars and related substrates) with excessive exhaustion in the medium of an essential nutrient (typically N). In
contrast, the ex novo lipid accumulation pathway is carried out on the hydrophobic materials (oils, alkane, etc.) along with the
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growth process and does not require N-limiting culture conditions (Huang et al., 2013; Papanikolaou et al., 2001, 2002). The main
difference between the two pathways is that the ex novo lipid accumulation occurs simultaneously with cell growth and is
independent with the nutrient-limiting culture conditions. Each pathway has unique advantages: de novo lipid accumulation
provides great lipid yield, while ex novo lipid accumulation allows modification on the ratio between intracellular and extracellular
lipid composition to meet the requirement for different applications (Huang et al., 2013, 2017; Papanikolaou and Aggelis, 2011).
The two pathways could be engineered simultaneously. For example, Huang et al. (2017) combined “de novo” and “ex novo” lipid
fermentation using corncob acid hydrolysate with soybean oil as a mixed-medium to cultivating oleaginous yeast Trichosporon
dermatis, which could simultaneously and efficiently utilize both hydrophilic and hydrophobic substrates in the medium.
Lipid Profiles in Oleaginous Fungi

The growth of fungi is usually accompanied by relative changes in the number of lipid fractions and unique types of lipids, as well as in
fatty acid composition. Oleaginous fungi accumulate lipids predominantly in the form of TAG. Other accumulated lipids include
monoacylglycerols, diacylglycerols, free fatty acids, sterols, sterol esters, and polar lipids (glyco-, sphingo-, and phospholipids) (Khot
et al., 2018). TAGs are neutral, insoluble fatty acid tri-esters of glycerol, which possess a higher caloric value than carbohydrates and
proteins, and thus provide an abundant reserve with much higher energy via b-oxidization (Alvarez and Steinbüchel, 2002). TAGs
represent the predominant storage form of carbon and energy in oleaginous microorganisms. Following phospholipid synthesis during
the exponential growth phase, TAGs usually accumulate in the stationary phase when cellular growth is impaired under excess carbon
and limited N conditions (Ratledge and Wynn, 2002). Fatty acids in microbial lipids range from lauric acid (C12:0) to docosahexaenoic
acid (DHA, C22:6). Palmitic (C16:0), stearic (C18:0), oleic (C18:1), linoleic (C18:2), and linolenic (C18:3) acids are the most common
fatty acids in fungi. Among those fatty acids, B50% are unsaturated fatty acids (Subramaniam et al., 2010).

It has been reported that the fatty acid profiles in microbial lipids are mainly dependent on the species (Xu et al., 2012). For
example, in U. isabellina, the lipids consist of 49%–54% oleic acid, 24%–35% palmitic acid, 2%–11% linoleic acid, 3.5%–8%
stearic acid, 1%–2% palmitoleic acid, and 0.4%–2% g-linolenic acid (Economou et al., 2010), which is similar to Microsphaeropsis
sp.: 46.1% oleic acid, 27.3% palmitic acid, 20.0% linoleic acid, 3.5% palmitoleic acid, and 3.0% stearic acid (Peng and Chen,
2008). In contrast, Aspergillus tubingensis TSIP9 accumulated 42.7% saturated and 55.3% unsaturated fatty acids including 35.8%
oleic acid, 21.5% palmitic acid, 18.8% linoleic acid, and 9.6% stearic acid (Cheirsilp and Kitcha, 2015). U. isabellina and
C. echinulate have the same types of fatty acids, and the composition was independent of the carbon sources. At the beginning of
the growth period, linoleic acid (C18:2) and g-linolenic acid (C18:3) were the most abundant fatty acids. However, oleic (C18:1)
and palmitic (C16:0) acids became the key fatty acids after the lipid accumulation over 20% (Fakas et al., 2009a,b).

The content of microbial lipids in fungi also depends on hereditary factors and culture conditions like agitation, pH, temperature,
light, and nutrient content (Subramaniam et al., 2010). Meng et al. (2009) reported that the oil content and composition in oleaginous
fungi were approximate 7%–23% of C16:0, 1%–6% of C16:1, 2%–6% of C18:0, 19%–81% of C18:1, 8%–40% of C18:2, and
4%–42% of C18:3 according to the fungal strains and growth conditions such as pH, temperature, and culture phase. The optimal
culture temperature for oleaginous fungi ranges from 20 to 281C and pH 4–7 is optimal for their growth (Jin et al., 2015). To some
extent, metal ions affect the oil content of oleaginous microorganisms. Several studies have been attempted to improve the PUFAs of
oleaginous fungi via optimizing different kinds of metal ions in the culture medium. For example, Cu and Zn have a positive effect on
the g-linolenic acid (GLA, C18:3,o-6) production ofUmbelopsis ramanniana (Hansson and Dostálek, 1988). In Cunninghamella sp., Mg,
Fe, and Zn have significant effects on lipid accumulation because the supplement of each ion resulted in a 64%, 43%, and 33%
increase in lipid content compared to the cultures deprived with each of these ions, respectively (Muhid et al., 2008). Among the three
ions, Zn has the most significant effect on fatty acid content and contributed to a 74% increase in GLA (Muhid et al., 2008). In
addition, lipid accumulation and fatty acid compositions could be affected by the carbon sources (e.g., glucose and xylose) in various
zygomycete fungi (Dyal et al., 2005; Hansson and Dostálek, 1988; Sajbidor et al., 1988; Somashekar et al., 2003).
Different Substrates for Microbial Lipids Production

Conventional Carbon Substrates

As shown in Table 1, various kinds of carbohydrates, such as sucrose, molasses from sugar beet and sugarcane, glucose and dextrins
from hydrolyzed starch, whey (a by-product of cheese production), fructose produced from inulin, and some natural hydrolysates
like rice straw hydrolysate, tomato waste hydrolysate, wheat straw hydrolysate, sugarcane bagasse hydrolysates, and potato
processing wastewater, are raw materials derived from agro-industrial processes, which could be used as substrates for microbial
lipids production (Chatzifragkou et al., 2010; Fakas et al., 2008a,b; Muniraj et al., 2013). Several monosaccharides, disaccharides,
and carboxymethyl-cellulose (CMC) were tested as carbon sources for microbial lipid production by the filamentous fungus
U. isabellina (Zeng et al., 2013). Cultivated with C5 (xylose) and C6 (fructose and glucose) monosaccharides, U. isabellina was able
to produce over 60% cellular lipids of total biomass, compared to the 17% and 41% of lipid using disaccharide sucrose and
cellobiose, respectively. Due to the absence of cellulase enzymes, CMC did not stand out as a good substrate for U. isabellina with
only 5% of lipid produced (Zeng et al., 2013). Glycerol is a common by-product of biodiesel production and it could be used as



Table 1 Lipid production of oleaginous fungi using various carbon sources.

Oleaginous fungi Lipid content
(%, w w�1 CDW)

Biomass
(g L�1)

Lipid yield
(g L�1)

Substrate Cultivation
time (h)

References

Alternaria sp. DM09 55.10 13.80 7.60 Glucose 240 (Dey et al., 2011)
Aspergillus oryzae 40.00 8.75a 3.50 Potato processing

wastewater
120 (Muniraj et al., 2013)

A. oryzae A-4 18.15 4.31 39.08b Cellulose 144 (Lin et al., 2010)
Aspergillus tubingensis TSIP9 NA NA 31.10b Palm pressed fiber 120 (Kitcha and Cheirsilp, 2014)
Colletotrichum sp. DM06 46.08 16.20 7.30 Glucose 240 (Dey et al., 2011)
Cunninghamella echinulata
ATHUM 4411

25.00 31.2a 7.80 Tomato waste
hydrolysateþ glucose

300 (Fakas et al., 2007)

57.70 7.80 4.50 Xylose 192 (Fakas et al., 2009b)
46.00 15.00 6.90 Glucose 360 (Fakas et al., 2009b)
25.60 7.80 2.00 Glycerol 340 (Fakas et al., 2009b)
49.00 8.90 4.40 Glucose 480 (Gema et al., 2002)
36.30 4.30 1.56 Raw glycerol 135 (Chatzifragkou et al., 2011)
30.00 12.90 3.90 Commercial glucose 309 (Chatzifragkou et al., 2010)
32.00 12.10 3.80 Molasses 356 (Chatzifragkou et al., 2010)

Mortierella ramanniana
MUCL 9235

37.10 7.30 2.71 Raw glycerol 216 (Chatzifragkou et al., 2011)

Mucor sp. LGAM 365 18.10 5.30 0.96 Raw glycerol 237 (Chatzifragkou et al., 2011)
Thamnidium elegans CCF1465 42.60 6.80 2.90 Raw glycerol 271 (Chatzifragkou et al., 2011)
Trichosporon dermatis CH007 41.50 23.60 15.10 Corncob acid hydrolysate

with soybean oil
168 (Huang et al., 2017)

Umbelopsis isabellina 57.34 44.94 78.66,a,b Corn stover 222 (Fang et al., 2016)
U. isabellina ATCC 42613 30.00 16.80 5.10 Acid- and alkali-pretreated

corn stover hydrolysate
93 (Ruan et al., 2014)

U. isabellina ATHUM 2935 65.50 8.70 5.70 Xylose 216 (Fakas et al., 2009b)
44.60 27.00 12.04a Glucose 360 (Fakas et al., 2009b)
53.20 6.20 3.30 Glycerol 264 (Fakas et al., 2009b)
74.00 13.20 9.90 Commercial glucose 237 (Chatzifragkou et al., 2010)
61.00 12.10 7.40 Commercial fructose 405 (Chatzifragkou et al., 2010)
54.00 9.50 5.10 Molasses 150 (Chatzifragkou et al., 2010)

U. isabellina IFO7884 NA NA 47.9b Soybean hull 8c (Zhang and Hu, 2012)
U. isabellina MUCL 15102 33.20 5.60 1.86 Raw glycerol 168 (Chatzifragkou et al., 2011)
U. isabellina NRRL 1757 66.68 5.98 3.99 Xylose 144 (Zeng et al., 2013)

48.21 5.84 2.82 Arabinose 144 (Zeng et al., 2013)
30.23 3.37 1.02 Ribose 144 (Zeng et al., 2013)
51.16 9.37 4.80 Mannose 144 (Zeng et al., 2013)
49.14 8.17 4.01 galactose 144 (Zeng et al., 2013)
62.50 6.09 3.82 Fructose 144 (Zeng et al., 2013)
66.50 8.69 5.77 Glucose 144 (Zeng et al., 2013)
40.87 5.79 2.36 Cellobiose 144 (Zeng et al., 2013)

Zygorhynchus moelleri
MUCL 1430

42.40 3.70 1.57 Raw glycerol 192 (Chatzifragkou et al., 2011)

aCalculated from the available data.
bMeasured in 1 mg lipid produced per 1 g dry substrate.
cMeasured in week.
Abbreviations: CDW, cell dry weight; NA, not available.
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the carbon source for oleaginous fungi. Chatzifragkou et al. cultivated 15 strains of fungi and yeast with glycerol and the tested
stains accumulated 18%–43% (w/w) cellular lipids (Chatzifragkou et al., 2011).
Lignocellulosic Biomass

Lignocellulosic biomass including wood, grass, forestry waste, and agricultural residues, is considered as the most abundant and
renewable organic materials (Palmqvist and Hahn-Hägerdal, 2000). Plant-derived lignocelluloses consist of cellulose (35%–50%,
dry weight), hemicelluloses (20%–35%) and lignin (10%–25%) (Huber and Corma, 2007; Sun and Cheng, 2003), which have
been tested as a suitable feedstock for microbial lipids and biodiesel production because of their abundance and low cost.
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Lignocellulosic polymers need to be pretreated and hydrolyzed into readily fermentable sugars by a series of lignocellulolytic
enzymes, such as cellulases and hemicellulases (Dyk and Pletschke, 2012). After that, sugars could be utilized by various olea-
ginous microorganisms (Kitcha and Cheirsilp, 2014). The current challenge for using lignocellulosic biomass includes the high
expense of enzymes, and the rate of hydrolysis that may be inhibited by the substrate (sugar), and productivity of microorganisms.

To date, many oleaginous fungi have been demonstrated to utilize lignocellulosic biomass. U. isabellina yields 16.8 g L�1 of
biomass with 5.1 g L�1 of lipids (30%, w/w), when cultured on acid- and alkali-pretreated corn stover hydrolysate (Ruan et al.,
2014). Two endophytic fungal isolates, Colletotrichum sp. (DM06) and Alternaria sp. (DM09), produced 68.2 mg gds�1 (per gram
dry substrate) and 60.32 mg gds�1 lipid using rice straw and wheat bran under solid cultivation (Dey et al., 2011). Filamentous
fungi are considered as strong cellulolytic enzymes secreting strains in solid-state fermentation conditions (Singhania et al., 2009).
For example, A. tubingensis TSIP9 could convert palm pressed fiber and palm empty fruit bunches into lipid with the highest
production of 31.1 7 1.7 or 37.5 7 2.2 mg gds�1, respectively. This species produces diverse cellulolytic enzymes with high
activity, yet the productivity of cellulase and xylanase can be improved by alkaline pretreatments (Kitcha and Cheirsilp, 2014). In
A. oryzae, starchy waste substrates were used as the carbon source for microbial lipid production without the need for external
amylase. This is because the fungus could secrete amylase and accumulate lipids simultaneously (Muniraj et al., 2013). Direct
bioconversions by fungal isolates efficiently reduces time, energy, and costs associated with the enzyme digestion and hydrolysis
steps, which are promising for microbial lipid production using lignocellulosic biomass.
The Main Applications of Microbial Lipids From Oleaginous Fungi

The potential applications of oleaginous fungi in biorefineries have been intensively studied in recent years (Fig. 3).
Biodiesel

Over the past few decades, fossil fuels, such as petroleum, natural gas, and coal, have been major and essential energy sources
consumed globally. However, gas emissions from fossil fuels are harmful to the environment, particularly due to their greenhouse
gas contribution to the atmosphere that is the main driver of climate change. Moreover, fossil fuels are inherently finite and they
are non-renewable resources in a diminishing process (Wang and Wan, 2009). In fact, many studies have suggested that petroleum
reserves will be extracted within 50 years, natural gas within 65 years, and coal within 200 years at the present rate of consumption
(Soetaert and Vandamme, 2009). The instability of crude oil supplies and the volatility of prices have further sparked widespread
interest in alternative energy sources. With the rapidly increasing global population and the decline of fossil fuel availability,
Fig. 3 Schematic diagrams of oleaginous fungi in biorefineries.
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traditional methods of producing fuels will not satisfy increasing demands. Thus, it is imperative to develop and utilize sustainable
and renewable energy sources. At present, biofuels such as bioethanol and biodiesel are the primary alternative fuels. Compared to
bioethanol, biodiesel has several significant advantages: (1) Higher energy density than carbohydrates-based fuel. Biodiesel has an
energy density of at least 25% higher than that of ethanol (Durrett et al., 2008). (2) Higher net positive energy balance. For
example, soy oil yields 93% more energy than the total energy invested for the production, while the number of corn starch, a
major feedstock of bioethanol is 25% (Hill et al., 2006). (3) Lower greenhouse gas emissions. Compared to fossil fuels replaced by
biofuels, biodiesel reduced 41% of greenhouse gas emissions and bioethanol reduced them by 12% (Hill et al., 2006).
(4) Biodiesel can be used directly for efficient diesel engines and the storage and transport are less expensive compared to ethanol
(CharlesDismukes et al., 2008; Durrett et al., 2008). Thus, biodiesel has become a focus of renewable energy research (Demirbas,
2007; Du and Benning, 2016).

Biodiesel is made from monoalkyl esters of long-chain FAMEs produced by transesterification of plant, microbial and algal oils
or animal fats. Technically, biodiesel has many advantages including its renewable and non-toxic features, ease of production,
good flashpoint, and biodegradability (Meng et al., 2009). More than 95% of the conventional feedstocks for biodiesel production
are edible oils including plant oils or animal fats such as palm oils, soybean oils, rapeseed oils, and castor oils, uses which compete
with the food industry (Alptekin et al., 2014; Felizardo et al., 2006; Navas et al., 2018; Predojević, 2008; Zabaruddin et al., 2019).
Moreover, these conventional feedstocks and raw materials are expensive to produce, which has become the main economical
challenge for biodiesel (Srinivasan, 2009). Therefore, it is necessary to find alternative cheap non-edible oil sources and waste
feedstock for biodiesel production. In order to lower costs and reduce the environmental impacts of oil-based raw materials,
increasing effort has been made on the research of microbial oils. The long-chain fatty acids from microorganisms including
oleaginous microalgae, bacteria, and fungi are enriched with energy that makes them ideal precursors for biodiesel (Zhang et al.,
2011; Li et al., 2008). Although photosynthetic microalgae have exclusive advantages by utilizing sunlight and carbon dioxide for
lipid production, algal biodiesel is facing problems such as high cost of photobioreactors and limitation of large-scale outdoor
cultivation (Khot et al., 2018). In contrast, single-cell oils of oleaginous fungi are not affected by light, seasons nor climate, and are
promising sustainable feedstocks for biodiesel production (Meeuwse et al., 2013). Further, the content of fatty acid influences the
saponification number and iodine value of some specific lipids, and has an impact on the quality of biodiesel, such as cetane
number, oxidative stability, the heat of combustion, cloud point, and lubricity (Knothe, 2009). As mentioned above, fatty acid
profiles of oleaginous fungi are dominated by myristic, palmitic, stearic, oleic, linoleic, and linolenic acid, all of which could be
turned into biodiesel by transesterification reaction (Ruan et al., 2012). The heterotrophic cultivation of oleaginous fungi has many
excellent characteristics for industrial biofuel production compared to other oleaginous microorganisms, although there are still
many difficulties associated with the industrial production of fungal oils.

The goal of fungal fuels is to develop high quality, low cost, and environmentally-friendly products, which can replace at least a
portion of the conventional fuels. Oleaginous fungi, especially yeasts, are efficient in lipid synthesis and have been considered by
the biodiesel industry to replace the traditional fossil fuel in the future. Nonetheless, production costs of microbial lipids are still a
major problem that restricts their large-scale industrial application. Cheap carbon sources should be developed for the cultivation
of those oleaginous fungi. In fact, many alternative economical and sustainable substrates like nongrain plants, agricultural and
forest residues, lignocellulosic biomass, food waste, and other waste materials, were used for biodiesel production. For example,
using corncob waste liquor as the carbon substrate, a filamentous species of Aspergillus was able to produce a high amount of lipids
(22.1%; 2 g dry biomass; 48 h), which was ideal for biodiesel production due to its high fraction of saturated fatty acids and other
appropriate fuel properties (acid number: 0.40 mg KOH per g of acid; iodine value: 11 g I2 per 100 g oil; density: 0.8342 g cm�3)
(Subhash and Mohan, 2011). Bagy et al. (2014) combined fermentative oleaginous fungi with hydrogen-producing bacterium
Clostridium acetobutylicum ATCC 824 as an integrated system to maximize the biodiesel yield from sugarcane molasses, which
increased the economic feasibility of the biodiesel production in molasses.

Identifying novel high-yield oleaginous fungal species that produce hydrolytic enzymes is a strategy for reducing the cost of
biodiesel production. For example, several strains of Aspergillus terreus, an oleaginous fungus that secrets high amounts of lig-
nocellulolytic enzymes, can utilize low-price renewable carbon sources for economical biodiesel production (Khot et al., 2012).
Functional Oils

Many oleaginous microorganisms could produce microbial lipids that are rich in o-3 and -6 PUFAs such as GLA (C18:3, o-6),
arachidonic acid (ARA, C20:4, o-6), eicosapentaenoic acid (EPA, C20:5, o-3), and DHA (C22:6, o-3). These essential fatty acids
(EFAs) that humans cannot synthesize, are now widely accepted by the public for their health benefits (Ward and Singh, 2005).
The synthesis pathway of fatty acids in most oleaginous microorganisms is shown in Fig. 4. Fatty acids are synthesized from acetyl-
CoA and malonyl-CoA by the FAS complex of enzymes. Subsequently, the saturated fatty acid, stearic acid (SA, C18:0) is
desaturated and elongated by a battery of reactions and turned into various o-3/6 PUFAs according to the position of the first
double bond from the methyl terminal group (Fig. 4) (Ratledge, 2004). Traditionally, the vast majority of EFAs were extracted
from cold-water fish and seeds of plants such as evening primrose, borage, and black currant that offer relatively low yields at high
costs (Dyal et al., 2005). Also, some concerns remain about using fish oils as nutritional supplements due to the presence of
environmental pollutants including dioxins, polychlorinated biphenyl (PCB), and heavy metals that bioaccumulate in fish and
become concentrated in the liver and other organs (Ratledge, 2004). Therefore, finding new alternate economical sources and



Fig. 4 Biosynthesis of PUFAs in oleaginous microorganisms.
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novel dietary products to supplement EFAs has become a hot topic in both academia and industry. With in-depth research on
oleaginous fungi, scientists found that fungal species possess unrivaled advantages compared to traditional EFA sources, which
make them attractive alternatives for EFAs. Compared to tedious genetic manipulation and strenuous breeding work on plants for
EFAs, fungal strains are able to produce a substantial amount of EFAs by controlling growth conditions. Moreover, oleaginous
fungi do not require agricultural land for their growth, and can accumulate PUFAs at a level of over 70% of the total cellular lipids.
Thus, oleaginous fungi that produce desirable PUFAs (as well as TAGs) have become crucial sources of EFAs (Bellou et al., 2016;
Passoth, 2017; Ratledge, 2004). High-value fungal oils will be an important and promising way to provide human diet supple-
ment in the future.
c -linolenic acid
Among PUFAs, the production of g -linolenic acid (GLA) by different oleaginous microorganisms, especially fungi, was
investigated due to its selective anticancer characteristics and negligible systemic toxicity (Kenny et al., 2000). GLA belongs to
the o-6 PUFAs produced from linoleic acid (LA, C18:2, o-6) by a D-6 desaturase enzyme and it can be further elongated and
desaturated to synthesize other long-chain PUFAs including dihomogamma linolenic acid (DGLA, C20:3, o-6) and ARA. In
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industry, GLA could be synthesized and accumulated in different oleaginous fungi such as U. isabellina (Papanikolaou et al.,
2004), Cunninghamella echinulate (Fakas et al., 2007), U. ramanniana (Dyal et al., 2005), M. alpina (Jang et al., 2005), and
Mucor rouxii (Mamatha et al., 2008). The filamentous fungus C. echinulate produced over 35% of cellular storage lipids and
over 11% of GLA under a high C/N ratio of over 100. Following the cellular lipid accumulation, GLA concentration gradually
increased in C. echinulate, while the highest GLA yield (720 mg L�1, 80 mg g�1 of dry biomass) was observed when the C/N
ratio reached 163 (Gema et al., 2002). Different nutrient sources for C. echinulate ATHUM 4411 varied in GLA yield with
8.7 g L�1 of lipids and 1018 mg L�1 of GLA from tomato waste hydrolysate and 3.8 g L�1 of lipids and 540 mg L�1 of GLA
from potato starch (Fakas et al., 2008b; Papanikolaou et al., 2007). This suggests the significance of optimal culture condi-
tions for both lipid quality and productivity. C. echinulate CCRC 31840 exhibited a higher GLA yield of 964 mg L�1 using
starch as a substrate, which could be further increased to 1349 mg L�1 by optimizing the inoculum (Chen and Liu, 1997;
Chen and Chang, 1996).

Many Mucorales species, including M. circinelloides and M. rouxii, are famous for producing high levels of lipids and GLA
(Mamatha et al., 2008). For example, M. rouxii CFR-G15 produced a maximum GLA level (18.55%, w/w) using central composite
rotatable design (CCRD) along with response surface methodology (RSM) to select optimal medium (Mamatha et al., 2008).
Umbelopsis ramanniana var. ramanniana was reported to produce 13.3% of GLA in the total lipids using 5% dextrose and 1% yeast
extract as substrates, which is higher than the GLA yield from evening primrose (Dyal et al., 2005). Similar increases of GLA were
observed in U. isabellina when grown in a culture broth including 2% octadecanol and 1% yeast extract (Xian et al., 2002),
suggesting the enormous potential of oleaginous fungi for producing PUFAs by establishing individual optimum culture
conditions.

Arachidonic acid
Arachidonic acid (ARA, C20:4, o-6) is an important precursor of several key eicosanoid hormones with pharmacologically active
metabolites and it has wide applications in medicine, cosmetics, pharmacology, food industry, agriculture, and many other fields
(Eroshin et al., 2000). Strains of Mortierella species belonging to the subphylum Mortierellomycotina have shown an outstanding
capability to produce ARA (Fernandes et al., 2017; Jacobs et al., 2010; Kikukawa et al., 2018). A fast-growing Mortierella alliacea
YN-15 was shown to accumulate ARA in TAGs: 46.1 g L�1 of total dry cell biomass, 19.5 g L�1 of total fatty acid with 7.1 g L�1 of
ARA in 7 d cultivation (Aki et al., 2001). M. alpina is well documented as a suitable source for ARA production. M. alpina LPM 301
could produce lipids to 16.4% or 18.8% of their dry biomass with 46.0% or 60.4% of ARA content under batch cultivation in
glucose-containing media with urea or potassium nitrate as N sources, respectively (Eroshin et al., 2000). M. alpina M6 was
reported to accumulate 72.3% of ARA in lipids and the yield of ARA could reach 4.82 g L�1 (Zhu et al., 2004).

Eicosapentaenoic acid
Eicosapentaenoic acid (EPA, C20:5) is an o-3 PUFA and has medically therapeutic capabilities against cardiovascular diseases,
cancer, schizophrenia, and Alzheimer’s disease (Liang et al., 2012; Ursin, 2003). Many fungal species are known to produce a
substantial amount of EPA. For example, at low temperature (121C), Mortierella species were able to make EPA comprised
5%–20% of the total extractable fatty acids, including Mortierella elongata CBS 121.71 (5%), M. elongata IS-5 AKU 3999 (7.9%),
Mortierella hygrophila IFO 5941 (10.4%), Mortierella parvispora 2S-13 AKU 3994 (10.9%), M. alpina 2O-17 (17.1%), and M. alpina
1–83 (19.8%) (Shimiziu et al., 1988). No obvious EPA was detected in the same strains grown at high temperature (281C), which
produced 18%–48% ARA instead of EPA. Expressing the gene encoding Saprolegnia diclina D17 desaturase in M. alpina ST1358
allowed the transformant to produce EPA at both 12 and 281C, which had 26.4% EPA of total fatty acid and reached 1.8 g L�1 at
281C (Okuda et al., 2015). The oomycete Pythium irregulare, a fungal-like protist that was formerly classified as a fungus, shows
great potential in producing EPA. It was reported that P. irregulare has the capability to utilize various substrates for its growth and
EPA production, including crude soybean oil, soymeal waste, sweet whey permeates, and sucrose waste stream (Cheng et al., 1999;
O'Brien et al., 1993). It also has been reported that the oleaginous yeast Yarrowia lipolytica was able to produce EPA at 15% of dry
cell weight by metabolic engineering approaches (Xie et al., 2015).

Docosahexaenoic acid
Docosahexaenoic acid (DHA, C22:6, o-3) is a primary structural component of human organs such as the brain and eye. It’s
essential for the growth and functional development of infant brains and for maintaining normal brain function in adults
(Horrocks and Yeo, 1999). The marine fungus Thraustochytrium aureum ATCC 34304 has been considered as a promising producer
for DHA, which was observed to contain approximately 50% of total fatty acids as DHA, depending on the growth conditions, and
produce over 500 mg L�1 of DHA under optimized conditions for 6 days (Bajpai et al., 1991). Other Thraustochytrium species were
reported to offer high amounts of DHA, such as Thraustochytrium sp. ATCC 20892 (67.6 mg L�1, 5 days) (Singh et al., 1996) and
Thraustochytrium roseum ATCC 28210 (1011 mg L�1, 5 days) (Singh and Ward, 1996).
Future Strategies for Productive Oleaginous Fungi

In the past two decades, microbial lipids have been used for food production, and as nutritional supplements, detergent,
lubricants, and biodiesel. There are two major barriers to microbial lipid production: the high cost of the glucose substrate and the
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low productivity of the oleaginous microorganisms (Lin et al., 2010). At present, many studies have focused on reducing these
costs. For large-scale production of SCO, finding suitable feedstock is one key issue for its industrialization (Huang et al., 2017).
Various low cost, hydrophilic or hydrophobic substrates were used for SCO production (Huang et al., 2013), and screening of
optimal oleaginous fungi has become a vital mission to utilize the low-price substrates. Scientists have been isolating and
screening oleaginous strains from field environments, where these fungi could be grown on a large scale. For example,
approximately 30 strains of the endophytic fungi were isolated from the oily wood stems of seven oleaginous plants. Fungi
belonging to five genera including Microsphaeropsis, Phomopsis, Cephalosporium, Sclerocystis, and Nigrospora, were able to secrete
cellulases and accumulate oils simultaneously, ranging from 21.3% to 35% of dry weight in straw-based solid-state medium (Peng
and Chen, 2007).

Aside from screening natural isolates, genetic and metabolic engineering approaches have been carried out to enhance lipid
productivity and quality in oleaginous fungi. For example, overexpression of a gene encoding native malic enzyme, a major
provider of NADPH for lipid production, led to a 2.5-fold increase in lipid content in the oleaginous fungus M. circinelloides
(Zhang et al., 2007). In M. alpina 1S-4, different approaches such as chemical mutagenesis, RNA interference (RNAi) and
overproduction of key enzymes, such as desaturases, were used to engineer fatty acid compositions: the JT-180 mutant lacking
D12-desaturase had increased D5- and D6-desaturase activities, resulting in higher levels of Mead acid (MA, C20:3), whereas
overexpression of an endogenous D12-desaturase encoding gene in the JT-180 strain increased ARA (2.0 g L�1), but reduced MA
production (Sakuradani et al., 2002). Disruption of D5-desaturase led to substantial production of dihomo-g-linolenic acid
(DGLA, C20:3, o-6) (Kikukawa et al., 2016), while ARA content could be significantly increased by overexpressing the genes
encoding GLELO (Takeno et al., 2005; Wynn and Ratledge, 2000) and multiple desaturases (D5, 6, and 12) (Kikukawa et al.,
2018). Newer gene-editing technologies such as CRISPR-Cas9 have been used in oleaginous fungi and yeast for genome editing
and modification of transcriptional regulation, facilitating more efficient engineering of microbial lipid production (Otoupal
et al., 2019; Schwartz and Wheeldon, 2018; Shi et al., 2017).
Conclusions and Perspectives

After decades of research and development, oleaginous fungi have become one of the best performing producers of microbial
lipids due to a number of great advantages. Therefore, efforts towards the applications of microbial oils often involve the
development of oleaginous fungi. Various biotechnology methodologies, such as mutagenesis, cell fusion, and directed evolution,
have been used to engineer fungal strains to improve the productivity of oils and high-value compounds. Additional approaches
including genomic, transcriptomic, proteomics, metabolomics, and lipidomic techniques could help to build more impeccable
and desirable lipid production, as well as convenient application systems to explore oleaginous fungi. Fungal lipid products could
be expanded in the future with better strains and fermentation technologies, which will eventually contribute to meet the demand
for energy, food, and essential dietary nutrition of human beings.
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