


Review Article
Yarrowia lipolytica, Oleaginous yeast -  A Promising Candidate For Biodiesel Production

ABSTRACT
Transportation relies heavily on fuel, which is mostly derived from fossil fuels. Fossil fuel comes from unsustainable sources. Such sources that consistently supply fuel are necessary.  Oil seeds, lipid-accumulating microbes and inedible plant biomass might be better substitutes. The procedure of cultivating plant sources is laborious. Oleaginous yeast, a type of yeast that accumulates lipids inside the cells, may be a promising source. In terms of lipid buildup, Yarrowia lipolytica, an unconventional and well researched yeast, occurs with a range of carbon sources, including waste cooking oils, dairy industry waste, non-edible oil seeds, free fatty acids and numerous other media. This yeast accumulates lipids toward the conclusion of the log phase and the beginning of the stationary phase, under the lower nitrogen concentrations. A lot of research has been done on the genetics of lipid accumulation in Y. lipolytica, and efforts are being made to control the β-oxidation process for increased lipid accumulation in yeast cells.  Through the process of transesterification, the recovered lipid from the yeast is transformed into fatty acid methyl esters, ie., biodiesel. Yeast biodiesel and petroleum diesel have similar qualities.  Biodiesel blends are widely used in businesses and transportation, as they can be obtained based on the needs. Research on these oleaginous yeasts for their lipids as a source of biodiesel is being undertaken by numerous academic institutions and private businesses. The difficulty that needs to be successfully addressed, is making yeast-based biodiesel accessible and affordable.
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1. INTRODUCTION
The word Vehicle is derived from Latin: vehiculum is a machine that transports people or cargo. Vehicles include motor vehicles (motorcycles, cars, trucks, buses), railed vehicles(trains, trams), watercraft (ships, boats), aircraft (airplanes, helicopters) and spacecraft. Human population is highly dependent on vehicles daily for many activities as if without which world comes to an end. They require fuel in the form of petroleum products like petrol, diesel and natural gas. Petrol and diesel are obtained from fossil fuels which are hydrocarbons, primarily coal, fuel oil or natural gas, formed from the remains of dead plants and animals taking millions of years. As per International Energy agency (IEA, 2023) the world crude oil production accounts for 190,107, 840 TJ (terajoule), in that India has 122, 861, 29 TJ production. Current estimates suggest that oil could last around 47-56 years, natural gas 49-52 years, and coal 133-139 years (BKV Energy, 2025). Global oil demand growth is forecast to be around 750 kb/d in 2025. India's consumption is projected to reach approximately 5.74 million bpd in 2025 (IEA, 2025). Since fossil fuels are difficult to conserve, requirement is biodiesel production. Biodiesel is defined as a form of diesel fuel derived from plants or animals or microorganisms consisting of long-chain fatty acid esters”.  It is typically made by chemically reacting lipids such as soybean oil or jatropha seed oil or animal fat(tallow) or SCO – Single Cell Oil of microorganisms producing a methyl, ethyl or propyl ester. International Biodiesel Day or Biofuel day is celebrated on 10th August since 2015 to raise awareness about non-fossil fuels and to honour Sir Rudolf Diesel's experiment with peanut oil in 1893 (https://advancedbiofuelsusa.info/international-biodiesel-day-august).
2. Milestones in biodiesel: 
The milestones in the path of biodiesel (Schmidt, 2007; Balasubramanian & Steward, 2019; Sarwal et al., 2021) has been projected in the below table
Table 1 :  Historical Timeline of Biodiesel and Biofuel Development
	Year
	Scientist/Agency/Act
	Contributions

	1853
	E. Duffy and J. Patrick
	They reported transesterification of oils

	1897
	 Rudolf Christian                                                                                
    Karl Diesel
	German scientist who invented Diesel engine and used primary fuel as diesel to run the motor
He demonstrated his engine running on peanut oil at the 1900 World's Fair.

	1937
	G. Chavanne
	Granted a Belgian patent for an ethyl ester of palm oil

	1939-1945
	World War II
	Vegetable oil was used as fuel

	1974
	Ratledge C 
	British Scientist who used the word oleaginous for  yeast that accumulated fat

	1984
	------
	The word “biodiesel” was probably first used 

	1985 
	Austria Agril. College
	First biodiesel manufacturing plant designed

	  1992
	 US, Europe & Germany
	Commercially manufactured biodiesel

	2001
	ASTM International
	Published a standard for biodiesel: ASTM Standard D6751

	2005
	Energy Policy Act
	Introduced a biodiesel tax credit which allowed blended fuel producers.

	2009
	Legislation 
	To help & liberate the market from dependence on foreign oil

	2011
	Aviation Biofuels Approved for Commercial Use
	A major historical milestone occurred in June 2011 when the revised Specification for Aviation Turbine Fuel Containing Synthesized Hydrocarbons (ASTM D7566) allowed commercial airlines to blend up to 50% biofuels with conventional jet fuel after a multi-year technical review.

	2018

	Union Cabinet of India
	The Union Cabinet approved the National Policy on Biofuels

	2025-26
	Government of India
(NITI Aayog report)
	Ethanol blending target of 20% of petrol containing ethanol by 2025-26.



Biofuels are categorized based on physical state, technology maturity, generation of feedstock, and generation of products and in this review based on feed stock or resources used for the generation has been considered. Biofuels are energy sources made from recently grown biomass (feed stocks) and classified as 1st  to 4th  generation (Awogbemi et al., 2021; Malode et al., 2021; Cavelius et al., 2023).
2. Classification of biodiesel:
Table 2 : Generations of Biofuel Feedstocks: Sources and Limitations
	Generation
	Source
	Limitations

	1st generation

	Edible plant oils – soya bean oil
	· Shortage occurs
(Rulli et al., 2016; Zabed et al., 2017)

	2nd generation 
	Non-edible plant oils such as jatropha, jojoba and waste oils such as cooking grease and animal fats.
	· Space consuming for biomass production
· (Aditiya et al., 2016; Binod et al., 2019)

	3rd generation 
	Oil-accumulating microbes such as bacteria, yeasts and microalgae
	· Short generation time
· Bio-waste can be used as substrate
· Easy extraction
(Mathimani & Pugazhendhi, 2019; Rajak et al., 2020)

	4th generation
	They produced from genetically or metabolically engineered feedstock from algae
	· Sophisticated and novel technologies required
· High cost
(Moravvei et al., 2019; Naghshbandi et al., 2019)


4. Oleaginous Microorganisms:
Oleaginous (oil-bearing) microorganisms are microbial species that are known for their ability to accumulate inside their cells amounts of lipid higher than 20% w/w in their dry cell weight (DCW) during their growth. Lipids produced by the above mentioned microorganisms, addressed also as single cell oils (SCOs).  Fast growth rates and their potentiality to grow on bio-wastes, oleaginous eukaryotic microorganisms are considered as perfect ‘tools’ for biodiesel production (Patel et al., 2020; Patel et al., 2022).
Table 3 : Examples of Oleaginous Microorganisms
	Oleaginous Microorganisms 
	Substrates
	Lipid Content 
(% w/w)

	Bacteria 

	R. opacus PD630 
	Dextrose 
	70

	Gordonia sp. DG
	Cotton oil 
	50

	Yeast 

	Rhodosporidium kratochvilovae
	Hydrophobic waste(give name)
	71

	Yarrowia lipolytica
	Lignocellulose
	50

	Algae

	Tetraselmis elliptica
	Flory medium
	14

	Botryococcus braunii
	
	28



5. Oleaginous yeasts 

Oleaginous yeasts (Probst et al., 2016; Adrio, 2017; Qin et al., 2017; Bonatsos et al., 2020; Abeln & Chuck, 2021; Singh et al., 2022; Pajares et al., 2024; Adamczyk et al., 2025) are well-studied microorganisms and include species of the genera Candida, Rhodosporidium, Yarrowia, Cryptococcus, Rhodotorula, Lipomyces, and Trichosporon, some of which can accumulate lipids up to 80% w/w of their dry cell weight. The lipid metabolism of these oleaginous yeasts is well-known. They have the ability to grow to high cell densities along with high lipid content on various carbon sources including non-food competing carbon sources, such as lignocellulosic materials, waste cooking oils, non-edible vegetable oils, free fatty acids etc.

Table 4 : Examples for Oleaginous yeast

	Oleaginous yeast
	Characteristics
	Substrates used for biodiesel production
	Lipid Content (%, w/w)

	Rhodosporidium 
Kratochvilovae
	· Rhodosporidium species that reproduce sexually teleomorphic & dimorphic.
·  “Red yeast” produce industrial bioproducts, namely biofuel feedstocks, carotenoids, enzymes and biosurfactants
	Hydrophobic waste 
(clarified butter sediment waste medium)
	71

	Cryptococcus curvatus 
	· Belongs to Tremellaceae, 
· This yeast is capsulated, 
· Both oxidative and fermentative, 
· It is found in soil
· C.terricola is oleaginous yeast
	Waste cooking oil 
	70

	Yarrowia lipolytica
	· Belongs to Dipodascaceae, aerobic,, dimorphic yeast- having two shapes oxidative and fermentative, 
· This yeast is found in environments containing hydrophobic substrates, rich in alkanes and fats
· This yeast can be isolated from cheeses, yoghurts, kefir, soy sauce, meat and shrimp salads.
· Yarrowia lipolytica is considered as one of the important oleaginous yeast among the several genera 
	Glucose and Fructose
	53

	Lipomyces starkeyi 
	· Belongs to Dipodascaceae
· Oxidative as well fermentative, ascosporogenous yeast
· It is found in soil
	Xylose and Glucose 
	48

	Trichosporon
Fermentans
	· Belongs to Trichosporonaceae
· Most of these yeast are typically isolated from soil.
	Pre-treated waste sweet potato vines.
	36

	Rhodotorula
glutinis 
	· Belongs to sporidiobolaceae 
· Aerobic, oxidative yeast, pigmented
· It is found in soil, water, milk, fruit juice and air sample
	Monosodium glutamate with glucose 
	20



6. Yarrowia lipolytica, Oleaginous yeast:

It is a purely aerobic, dimorphic, unconventional yeast and earlier Mycotorula was an obsolete genus name (a former synonym) for the yeast that is now known as the species Yarrowia lipolytica (Peters & Nelson, 1948). After being isolated and characterized in 1928, the yeast went under a number of names until David Yarrow reclassified it into its current genus in 1972 (Yarrow, 1972). It was subsequently called Yarrowia in recognition of David Yarrow's contributions (Nicaud, 2012). The yeast's capacity to hydrolyze lipids is the source of the species' name, lipolytica (Peters & Nelson 1948). Since then, it has been thoroughly researched (Madzak, 2018; Madzak, 2021). Because of its significant physiological variations from other model yeasts, such as Saccharomyces cerevisiae, Y. lipolytica has been used as a model organism for non-conventional yeast. Yarrowia lipolytica is regarded as a representative microbe for the synthesis of lipids (Beopoulos et al., 2009; Papanikolaou et al., 2010),  due to its defined pathways to accumulate high levels of lipids; well understood genetics of this yeast and considered as efficient genetic tool as well as it can grow on various types of food and feed stocks. By metabolizing a variety of carbon sources, including inexpensive ones like acetate and lignocellulosic hydrolysates, Yarrowia lipolytica can generate lipids that account for more than 30% of its dry cell weight (Ledesma-Amaro et al, 2015; Niehus et al., 2018; Pereira et al., 2022; Vasaki et al., 2022; Pereira et al., 2023; Miranda et al., 2024; Sari & Utama, 2024; Lee et al., 2025).

7. Pathway for the production of lipid from Yarrowia lipolytica

Lipids are produced and stored in membrane systems during the exponential phase of Yarrowia lipolytica where they are subsequently released during cell division and expansion. Following assimilation, the carbon from the media is used among the four macromolecular groups (proteins, lipids, carbohydrates, and nucleic acids). Large levels of citrate, isocitrate acid, 2-ketoglutaric acid and pyruvic acid are produced by Y. lipolytica as a result of the excess carbon source in the growth medium. The metabolic growth functions of Y. lipolytica are slowed down if the nutrients in the culture medium are depleted, particularly the nitrogen source, which is an effective inducer of lipid accumulation. This results in the beginning of an accumulative phase of lipids with citric acid as a precursor (Lazar et al., 2011). Nevertheless, the buildup of lipids would always be dependent on the carbon source intake since the lipids would be mobilized for breakdown if the carbon from the media was depleted (Tsigie et al., 2012; Xie, 2017; Daskalaki et al., 2019).

Y. lipolytica is able to consume different carbon substrates, either hydrophobic or hydrophilic, e.g., glucose, glycerol, alkanes, fatty acids, triglycerides (Dabrowolski et al., 2016; Chai et al., 2019). In the process of lipid accumulation in Y. lipolytica, the use of hydrophilic substrates is carried out through de novo lipid synthesis, and the use of hydrophobic substrates through ex novo synthesis. Regarding de novo production, Y. lipolytica is able to naturally use hydrophilic substrates such as glucose, glycerol and fructose, as well as low amounts of organic acids and alcohols. There is also the possibility of using various hydrophobic carbon sources for ex novo lipid accumulation (which is not limited by the depletion of nutrients from the culture medium), such as various vegetable oils, fatty by-products or fish oil residues, soap stocks, fatty esters, pure free fatty acids, n-alkanes, among others (Papanikolaou and Aggelis 2011; Bao et al. 2021). Specifically, Y. lipolytica is usually found in environments rich in hydrophobic substrates (alkanes or lipids), and is therefore able to assimilate fatty acids, TAGs and alkanes in an efficient manner (Beopoulos et al. 2009). Additionally, it is also common to use a combination of hydrophilic substrates, such as glucose, and various fatty materials for ex novo synthesis.

Y. lipolytica is able to consume different carbon substrates, either hydrophobic or hydrophilic, e.g., glucose, glycerol, alkanes, fatty acids, triglycerides. In the process of lipid accumulation in Y. lipolytica, the use of hydrophilic substrates is carried out through de novo lipid synthesis, and the use of hydrophobic substrates through ex novo synthesis. Regarding de novo production, Y. lipolytica is able to naturally use hydrophilic substrates such as glucose, glycerol and fructose, as well as low amounts of organic acids and alcohols. There is also the possibility of using various hydrophobic carbon sources for ex novo lipid accumulation (which is not limited by the depletion of nutrients from the culture medium), such as various vegetable oils, fatty by-products or fish oil residues, soap stocks, fatty esters, pure free fatty acids, n-alkanes, among others. Specifically, Y. lipolytica is usually found in environments rich in hydrophobic substrates (alkanes or lipids), and is therefore able to assimilate fatty acids, TAGs (Triacylglycerol) and alkanes in an efficient manner. Additionally, it is also common to use a combination of hydrophilic substrates, such as glucose, and various fatty materials for ex novo synthesis. The process of lipid accumulation in this yeast happens in 3 phases, where in the first phase, hydrolysis of complex nutrients like carbohydrates, lipids occur followed by transportation into the cell. Once the simple compounds are inside the yeast cell in the second phase acetyl coA formation happens which is the precursor for fatty acid synthesis which is 3rd or final phase.

The carbon source assimilated by Yarrowia lipolytica is converted into pyruvate in the cytosol, pyruvate is transported into the mitochondrion, decarboxylized to acetyl-CoA (C2) which reacts with oxalacetate (C4) and then further to citrate and subsequently usually to iso-citrate within the citrate cycle. In the case of nitrogen limitation, the enzyme AMP-deaminase is activated by cleaving adenosin-monophosphat (AMP) into inosin-monophospaht (IMP) and NH4+ to provide cell own nitrogen for cell functions. However, AMP is required for the functionality of the enzyme isocitrate-dehydrogenase (ICDH), which converts isocitrate into α-ketoglutarate within the citrate cycle in order to produce NADH++H+ for the production of ATP within the respiratory chain. If no AMP is available, iso-citrate accumulates in the mitochondrion. Because of equilibrium reactions iso-citrate is converted into citrate which accumulates in the mitochondrion as well and is channeled into the cytosol via malate/citrate transporter. At this point citrate is cleaved under the consumption of ATP into oxalacetat (C4) and one C2-unit acetyl-CoA which is the chemical precursor for the fatty acid synthesis. This conversion is done by the enzyme ATP-Citrate-Lyase (ACL), which is special in oleaginous microorganisms (Laoteng et al., 2011; Blazeck et al., 2014; Liu et al., 2015). The extent of fatty acid production depends on the malic enzyme (ME) concentration which converts malate to pyruvate via NADPH release. This chemical conversion is the sole source of NADPH for the enzyme fatty-acid-synthase (FAS), which is required in the fatty acid biosynthesis. The fatty acids are constructed by condensations of the C2-units acetyl-CoA up to the C16 or C18 saturated fatty acids. These saturated fatty acids are extended to longer chain saturated fatty acids (sFA) via the enzyme elongase and can be subsequently converted into unsaturated fatty acids (PUFAs) via the enzyme complex of desaturases. The enzyme complexes of desaturases and elongases are part of the cell membrane in the periplasmatic reticulum (Rossi et al. 2011; Fabiszewskal et al., 2019).














1st Phase: Hydrolysis of complex compounds & transportation to the cell
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Fig 1 : Metabolic processes involved in lipid production by Y. lipolytica (Naveira-Pazos et al., 2023)
ACC acyl-CoA carboxylase, ACL ATP-citrate lyase, ACS acetyl-Coa synthase, DAG diacylglycerol, DGA1 and DGA2, DAG acyl-transferases I and II; DHAP dihydroxyacetone phosphate, ER endoplasmic reticulum, FAA1 acyl-CoA synthetase, FAS fatty acid synthase, FFA free fatty acids, G3P glycerol 3-phosphate, GPD1, NAD + dependent G3P dehydrogenase, GUT1, glycerol kinase, GUT2, FAD+ dependent G3P dehydrogenase, LB lipid body, LPA lysophosphatidic acid, MIT mitochondria, NADPH nicotinamide adenine dinucleotide phosphate, PA phosphatidic acid, PAP PA phosphohydrolase, PER peroxisome, SCT1 G3P acyltransferase, SLC1 LPA acyl-transferase, TAG triacylglycerol, TCA cycle, tricarboxylic-acid cycle, TGL4 TAG intracellular lipase, TGL3 a positive regulator of TGL4


8. Genetics of lipid accumulation in Yarrowia lipolytica

Lipid accumulation in Yarrowia lipolytica is a complex process involving a large network of genes across various metabolic pathways, and hence number of involved totally are difficult to unable to count. The chromosomal DNA governs the genetics of lipid accumulation in Yarrowia lipolytica that are the pertinent genes found on the organism's chromosomes, part of its natural genome. Changes in glycerol 3-phosphate availability and flux can have a significant impact on the accumulation of lipids in Y. lipolytica. The higher percentage of free fatty acids indicates that triacylglycerol production is limited by acyl-CoA-transferases. However, the presence of AOX (Acyl COA Oxidase enzyme monitoring) proteins controls the mobilization of lipid resources. Lipid accumulation is indirectly increased by POX genotype modifications, which are helpful in avoiding lipid breakdown (Silverman  et al., 2016; Galvez-Lopez et al., 2019; Kamineni et al., 2021).

Glycerol 3 phosphate, which is localized in lipid bodies, is thought to be essential for TAG metabolism. There are two ways to synthesize G3P. In one, glycerol kinase (GUT1) converts glycerol into G3P. In the second, G3P dehydrogenase (GPD1) catalyzes the direct synthesis of G3P from dihydroxyacetone phosphate (DHAP). This last step is reversible, and a second G3P dehydrogenase (G3PDH) isoform encoded by GUT2 catalyzes the production of DHAP from G3P. In order to boost lipid accumulation in Y.lipolytica deleting the GUT2 gene that encodes the G3PDH isoform activated the TAG biosynthesis pathway. The β-oxidation pathway must be eliminated in order to stop the yeast from breaking down its lipid reserves. The combination of GUT2 and POX (POX1 to POX6 – encoding acyl coenzyme oxidase) genes deficiencies in Y.lipolytica with modification of the composition of the growth medium, leads to an altered composition of lipid species and a change in the accumulation ratio of lipids stored in the yeast (Fickers et al., 2005). Lipid degradation may hinder lipid accumulation step and genes involved in beta-oxidation activity need to be silenced (Beopoulos et al., 2008; Dulermo et al., 2015;  Lazar et al., 2018).

Fig 2 : Overview of Fatty Acid Biosynthesis and Triacylglycerol Formation
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Gene names are in italic, in blue. ACC1 (acetyl-Coa carboxylase) FAS (fatty acid synthase), ELO (elongase), OLE1 (acyl-CoA desaturase), FAD2 (fatty acid desaturase), LRO (phospholipid DAG acyltransferase), TGL (triacylglycerol lipases), FAA1 (fatty acid-Coa synthetase), DGAT (DAG acyl transferase) [Rigouin et al., 2018].


Table 5 : Chromosomal Genes responsible for lipid accumulation with their function


	Name of the chromosomal gene 
	Function

	GUT
	Encodes glycerol kinase

	GPD1, GPD2, GUT2,
	Glycerol 3-phosphate dehydrogenase

	SCT1, GPT2
	Glycerol 3-phosphate acyl transferase

	SLC1
	1 Acyl-sn Glycerol 3-phosphate acyl transferase

	DGA1
	Diacylglycerol acyl transferase

	LRO1
	Phospholipid:diacylglycerol acyltransferase

	TGL3, TGL4, TGL5
	Triacylglycerol lipase

	ARE1, ARE2
	Acyl-CoA:sterol acyltransferase

	TGL1
	Cholestrol esterase

	POX1 to POX6.
	Acyl COA oxidase

	MFE1
	 Multifunctional β-oxidation protein

	PDT1
	Peroxisomal oxoacylthiolase

	ACS gene
	Acetyl CoA synthetase

	ACL gene
	ATP citrate lyase, present only in oleaginous yeast

	Acyl COA
	Negative regulator of fatty acid synthesis

	Pxa1 /Pxa2
	Activated fatty acid enter peroxisome through specific transporters

	AAL gene
	Activated by ATP enter peroxisome through  ANT1 protein




9.Factors Affecting Lipid Accumulation in 
Yarrowia lipolytica

Lipid accumulation of yeast - dependent on several factors such as carbon, nitrogen, temperature, pH, aeration and culturing time (Parsons et al., 2019; Robles-Iglesias et al., 2023).

· Carbon:
Yeast culture was cultivated at different concentrations of glucose (35-100 g dm-3), xylose (35 and 70 g dm-3) and mixture of glucose (35 g dm-3) and xylose (35 g dm-3). Lipid accumulation did not increase even though 15% sodium acetate or 5% glucose, or 15% glucose was added to the combined substrate. Y. lipolytica cultured under 40.0 g L−1 rape seed oil concentration showed higher lipids (2.97 g L−1) and lipid content (37.35% DW) compared with that cultured under 20.0 g L−1, where the corresponding values were 1.91 g L−1 and 24.46%.Lipid content of Y.lipolytica increased from 37.35 to 41.50% when the substrate was changed from 40.0 g L−1 pure oil to 5% sodium acetate combined with 95% oil under the same total carbon concentration (Kumar & Kumutha,  2010;  Chai et.al., 2019).
· Nitrogen:
The maximum lipid accumulated was found in the presence of 1 g/L urea. The lipid contents of Y. lipolytica DSM 70561 and JDC 335 were 35.54 +2.33 % and 46.16 +2.89 % (w/w, dry weight basis), respectively (Barbender et al., 2018). Yeast extract supplementation, ranging from 2 to 10 g/L, might stimulate growth, increase glycerol consumption and also accumulate more biomass and lipids by DSM 70561 and JDC 335 as compared to growth in the absence of yeast extract (Kumar & Kumutha,  2010; Sriwongchai et.al.,2013). 
· Temperature
Optimal temperature for high growth rate for Y.lipolytica is 29 ºC. At the optimal growth temperature, storage lipids were mainly comprised of TAG and FFA in equal amounts. The increase in the growth temperature to 38 C declined the total storage lipids content by 35%. Usually, melting point of unsaturated fatty acids is lower than saturated fatty acids and for short chain fatty acids lower than long chain fatty acids. Thus, temperature decreasing results in increasing level of unsaturated and short chain fatty acids, for example increasing ratio of linoleic acid to oleic acid (Mookiah et al., 2020).
· pH
The optimal growth pH for each yeast strain is different and varies from pH 3.0 to pH 7.0. FFA fraction decreased by 4.8 and 1.9 times at pH 5.5 and 9.0, respectively.  The storage lipid level decreased by a third at pH 9.0 (by 27%). In the lipid profiles at pH 5.5, DAG (18%) appeared, which reached 31.5% of the total storage lipids at pH 9.0. At pH 5.5, the TAG level reached 63% while a pH increase to 9.0 declined to 37% of the total storage lipid. However, it has been shown that the pH optimal for lipid accumulation is generally lower than that for optimal growth (Angerbauer et al., 2008; Mookiah et al., 2020). A pH range of 5–6 is optimal for lipid synthesis, according to several experiments using Y. lipolytica grown on glucose (Park et al., 2021). While the best results at an alkaline pH of 8.0 in the yeast Y. lipolytica using acidic sources in the growth medium such as acetic acid and other volatile fatty acids was observed as the alkaline pH helps prevent inhibition, thus stimulating further lipid accumulation (Gao et al., 2020)
· Aeration
Dissolved oxygen amount (500 rpm – 0.5l/min with 30% dissolved oxygen) in the culture could highly influence fatty acids composition in lipids. Under oxygen limited conditions, the glyceride fraction varies highly and the amounts of phospholipids and sterol decrease. These variations directly result in increasing amounts of saturated fatty acids, which become the main component of lipids. In an aerated culture, cellular viability increased and free fatty acids were oxidized to unsaturated fatty acids since yeast cells need unsaturated fatty acids for continued growth.  For example after input of plenty of oxygen to a culture contents of linolenic acid was highest in Yarrowia lipolytica. The greatest lipid content, 31% of cell dry weight, was obtained using a low-density inoculum, a constant agitation rate of 800 rpm, and an oxygenation rate of 1.5 L/min in molasses medium fed with crude glycerol (Rakicka et al., 2015). Stirring increases, the contact of cells with the substrate though higher speed causes the formation of vortex resulting in the disturbance of the contact between cells and substrates. A stirring rate of 120 rpm at laboratory level experiment in sago waste water medium was preferred for lipid accumulation in Y.lipolytica accounting for 1.42G/L boimass and lipid yield of 0.198 G/L (Mookiah et al., 2020).


· Culturing time
Lipid accumulation in the yeast cell dramatically increased in the logarithmic growth period because lipids are used for membrane lipid synthesis to support cellular growth in size first. When cells reach their maximum size they turn to accumulate lipids as an oil bubble inside the cell. Cell lipids content reached highest value at stationary phase and upon nutrient depletion fatty acid accumulation rate decreased gradually until cells exit starvation, accumulated lipids will degraded to free fatty acid rapidly. Harvesting cell time is better at early stationary phase and prevents lipids degradation. The average lipid content of Y. lipolytica to 24.52% ± 1.96% between 24 and 168 h.  By contrast, the lipid percentages of Y. lipolytica increased rapidly to the highest values of 33.20% and 37.40% at 48 h, and then decreased under 30.0 and 40.0 g L−1 oil concentrations, which made the average lipid content of Y. lipolytica 27.70%± 2.26% and 27.58% ± 1.82% after 48 h. Thus, in terms of the lipid amount that Y. lipolytica accumulated, the optimal condition to acquire the maximum lipid contents in dry cell weight (DCW) was to culture Y. lipolytica for 48 h under 40.0 g L−1 oil concentration (Beopoulos et al., 2008; Miranda et al., 2024).  In shake-flask cultivation, Y. lipolytica's lipid metabolism happens in three stages: balanced growth, oleaginous, and lipid turnover. The growing medium's nitrogen ran out toward the end of the balanced growth phase. After nitrogen was depleted, the oleaginous phase started, and it ended when the medium contained glucose. Following the depletion of glucose in the growing medium, the last stage, known as the "lipid turnover phase," took place. When the early oleaginous phase gave way to the late oleaginous phase, relatively large amounts of fat were accumulated from glucose. The time interval from 0 to 24 h of growth in the medium shows a balanced growth phase, while the interval of 24 to 48 h (some cases until 72 h) indicates the oleaginous phase, and the sixth day of growth can be inferred as the lipid turnover phase of most strains (Dourou et al., 2017; Carsanba et al., 2020).

10. Isolation of lipid producing Yarrowia sp.
Soil sample or any sample selected for isolation of Yarrowia sp was streaked on poured plate of sterile yeast malt extract agar (yeast extract-3g; malt extract-3 g; glucose-10g; agar-agar – 20g; distilled water-1000 ml. and pH 7.0) and incubated at 300C/3 days. After the colonies appeared, the plate was flooded with sudan black (0.08%) and blue colonies are selected and microscopically the smear was observed for yeast cells. The yeast isolates obtained from the samples plated wers screened for lipid production. Preliminary identification of the oleaginous yeast isolates were revealed through simple staining (cell morphology) and sudan black staining (presence of lipid). Phenotypic identity was made possible by subjecting them to various specific biochemical tests like oxidative - fermentative test, sugar fermentation or assimilation (lactose and sucrose), nitrate reduction and urease production. Based on preliminary and specific tests conducted for the yeast isolates, the identification key was developed by referring to Kirk et al (2008).  Species of Yarrowia are oxidative and never fermentative in nature. They oxidized sucrose and lactose, did not reduce nitrate as well as lacked urease production.  The phenotyped yeast isolates showing lipid production, were further genotyped. The selected identified yeast isolate was further subjected for the lipid production and extraction. 

11. Production of lipid from Yarrowia lipolytica
Media used for lipid production included: a) Glucose (Carsanba et al., 2020) b) Glycerol (Rakicak et al., 2015; Arslan & Tasar, 2021) c) Whey(Wierzchowska et al., 2023); d) Cane molasses (Kantar & Koubaa, 2022) e) Lignocellolose (Vasaki et al., 2022) f) synthetic and waste-derived high-content volatile fatty acids (Gao et al., 2020; Naveira-Pazos et al., 2022), waste cooking oils (Naveira-Pazos et al., 2023) as well as dairy waste water (Rajsekhar, 2023).    The selected sterile medium was inoculated with the oleaginous Yarrowia isolate and incubated at 30oC for 48-72 h.  After incubation, the cultured medium was used for lipid extraction from the yeast cells. 
12. Extraction of lipid from Yarrowia lipolytica
The optimized cultured broth was centrifuged at 6000 rpm for 10 min for the separation of biomass. The supernatant was discarded and the cell pellet washed with distilled water, filtered and dried at 60°C to gain a constant dry mass. The cell mass was suspended in 10 ml of 4M HCl and then incubated at 60°C in a water bath for 2 h for complete hydrolysis. The acid hydrolyzed mass was then stirred in 20 ml each of chloroform and methanol mixture (1:1) at room temperature for 2 h. The suspension was thoroughly mixed by vortex followed by centrifugation at 1000 rpm for 5 min. The aqueous upper phase and organic lower phase with residing cell debris at interphase was separated. The lower organic layers and the chloroform was then  allowed to evaporate to obtain the oil content of the yeast isolates. Dry weight (g/lt), lipid content (g/lt) and lipid yield (%) were determined (Bligh and Dyer, 1959). 

Ultrasound-assisted extraction of lipids is an alternative technique, is simple with easy working set-up conditions, imparting higher purity to the final product and more economical and eco-friendly and can be completed in a very short time with high reproducibility. In this, dried cells of  Y. lipolytica at 50 °C for 24 h was ground into powder. 15 mL of 4.0 M hydrochloric acid  was added to 1.0 g of dried cells followed by centrifugation at 6000 rpm for 20 min. The contents transferred to sterile glass test tube and placed in boiling water for 30 min. Later cooled in refrigerator till temperature drops to ambient temperature. The contents were kept in ultrasonic cell disruptor with 150W for 10 min under ice bath conditions (work 3 s, interval 4 s). The lipid was extracted using chloroform and methanol under a volume ratio of 2:1.  The mixture vigorously stirred for 3 min by a flash vortex, followed by centrifugation at 4000 rpm for 15 min.  The extraction procedure was repeated thrice to extract even the minute quantity of lipid. The chloroform layer was transferred to another centrifuge tube and added equal volume of 0.15% sodium chloride solution. The mixture was stirred and centrifuged at 4000 rpm/15 min. The bottom layer of chloroform solution was transferred to a conical flask and evaporated The lipid obtained by the yeast cells is expressed in percent (Wang et al., 2015).

The lipid produced by Y. lipolytica has an unsaturated characteristic due to the high concentrations of unsaturated FAs (C18:1, C18:2 and C16:1 are approximately 68% of the total cellular lipid). The ratio of unsaturated to saturated FAs was found to be 3.5. Fatty acid composition of lipid of Y. lipolytica found to contain abundant oleic acid (C18:1), palmitic acid (C16:0) and linoleic acid (C18:2). The linolenic acid (C18:3) was produced in significant quantities (between 10 and 20%, wt/wt), other FAs, such as C15:0, C17:0 and C17:1, were also found in small amounts (Papanikolaou et al., 2006; Naveira-Pazos et al., 2022)


13. Conversion of yeast lipid to biodiesel
[bookmark: bb0315]The dried crude biomass underwent chemical processing without any lipid extraction during in-situ direct transesterification. Three grams of K2CO3 were put to a round-bottom flask containing biomass in the range of 2.5% w/v of methanol. The reflux setup and the sample-filled flask were both kept in a water bath. For two hours, the water bath is heated to 55°C. At this temperature, some amount of methanol gets vapourized and escapes upward into the condenser column. This vapour is condensed and returns to the solution. After allowing the reaction to proceed for around ninety minutes, the solution was allowed to cool to ambient temperature. After adding hexane to the solution in a 5:3 ratio, it was quickly stirred for around 30 minutes at 700 rpm using a magnetic stirrer. Transfer into the separating funnel and the mixture was left alone for almost two hours. The layer separation was evident; methanol, catalyst and biomass are found in the bottom layer, while hexane and biodiesel are found in the top layer. Using a thermo-mixer, the top layer of hexane and biodiesel was separated by heating it over its boiling point. In order to separate the biodiesel, water-soluble contents were removed by reacting with an equal volume of 0.9 N sodium sulphate solution. Lipid extraction was the first step in the ex-situ transesterification process, and lipid transesterification was the second. In order to transesterify lipids, 20 milliliters of methanol was mixed with 0.5 grams of KOH catalyst. To create fatty acid methyl esters (FAME), this solution was then combined with the lipid in a 2:4 ratio and heated for 10 minutes at 55°C in a thermo-mixer. Eighty percent of the lipids were converted into FAME from K2CO3 using in-situ direct transesterification. On the other hand, the ex-situ single-step alkali-based transesterification method using KOH catalysis produced 63% biodiesel yield. Alkali-catalyzed transesterification is generally the most favoured method since it requires less time and cost effective and has milder reaction conditions (Chopre et al., 2020; Hazmi et al., 2021; Vasaki et al., 2022).
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Fig 3 : Conversion of lipid to biodiesel (Fakuda et al., 2001)
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Fig 4 :  Transesterification Process for Biodiesel Production

14. Important Properties of Fuel 

The most crucial characteristics of a fuel for use in an engine are thought to be its lower heating value, kinematic viscosity, specific gravity, boiling point, flash point etc. These characteristics reveal the fuel's quality. These are also closely linked to engine performance and emissions. The limits of each fuel property are defined by a variety of standards, including as ASTM, EN, ISO, etc. The most commonly used standard among them is ASTM. Brief meaning of each property (Arbab et al., 2013) of fuel has been given below:


Table 6 : Fundamental Physico-Chemical Properties of Fuels
	Lower heating value
	The lower heating value (also known as net calorific value) of a fuel is defined as the amount of heat released by combusting a specified quantity (initially at 25°C) and returning the temperature of the combustion products to 150°C, which assumes the latent heat of vaporization of water in the reaction products is not recovered.

	Kinematic viscosity
	Kinematic viscosity is the ratio of - absolute (or dynamic) viscosity to density - a quantity in which no force is involved. 

	Specific Gravity
	The specific gravity is the ratio between the density of an object, and a reference substance.

	Boiling point
	The boiling point of a substance is the temperature at which the vapour pressure of a liquid equals the pressure surrounding the liquid and the liquid changes into a vapour. 

	Flash point
	Flash point is the lowest temperature at which a chemical can vapourize to form an ignitable mixture in air. 

	Cloud point
	Cloud point is the temperature at which wax (paraffin) begins to separate when oil chilled to a low temperature, and it serves as an important indicator of practical performance in automotive applications in low temperatures.

	Pour point
	The pour point of a liquid is the temperature below which the liquid loses its flow characteristics. It is defined as the minimum temperature in which the oil has the ability to pour down from a beaker.

	Cetane number
	Cetane number (cetane rating) is an indicator of the combustion speed of diesel fuel and compression needed for ignition. 

	Lubricity
	Lubricity is the measure of the reduction in friction and or wear by a lubricant




15. Comparison of Diesel with biodiesel

The distinctions between diesel and biodiesel are numerous. Their disparity is primarily defined by composition and environmental impact. As previously stated, natural plant, animal fats and microbial lipids are the sources of biodiesel. Diesel, on the other hand, is a petroleum-based fuel made from refined crude oil and biomass materials.
Table 7 : Comparative Fuel Properties of Diesel and Biodiesel

	Fuel Property
	Diesel
	Biodiesel

	
	ASTMD975
	ASTMD6751

	Lower heating value(BTU/gal) 
	129050
	118170

	Kinematic viscosity at 40oC (cSt)
	1.3 – 4.1
	4.0 – 6.0

	Specific Gravity at 60oC (g/cm3)
	0.85
	0.88

	Carbon (wt %)
	87
	77

	Hydrogen (wt %)
	13
	123

	Oxygen by diff. (wt %)
	0
	11

	Sulphur (ppm)
	500
	0

	Boiling point (oC)
	180 -340
	315 - 350

	Flash point (oC)
	60 – 80
	100 -  170

	Cloud point (oC)
	- 15 to 5
	- 3 to 12

	Pour point (oC)
	- 35 to – 15
	-15 to 10

	Cetane number
	40 – 55
	48 - 65

	Lubricity(HFRR, µm)
	300 – 600
	< 300 




16. Application of Biodiesel

Biodiesel that is pure can be used as fuel for automobile engines. In order to reduce hydrocarbons, carbon monoxide and particles from diesel fuel vehicles, it is commonly added to diesel. Food crops were the basis for both the earliest industrial biofuels and the first attempts at biofuel engine operation (Rudolf Diesel's peanut oil engine in 1900 and the engines powered by vegetable oil in the 1930s). A variety of source materials were then investigated and developed globally. More than 350 herbs as well many microbial species that can accumulate lipid in their cells are now known to be sources of biodiesel. Over the past few decades, there has been a noticeable increase in the use of biodiesel. Between 1990 and 2020, the amount of biodiesel used increased from 7.3 million tonnes of oil equivalent (mtoe) to 87.1 mtoe (Nagban et al., 2022).   

The first law requiring the use of particular amounts of biofuel was the Renewable Fuel Standard, which was part of the Energy Policy Act of 2005. In order to gradually increase their share, the objective was to use 4 billion gallons of renewable energy in transportation fuels in 2006. The idea of biofuel initiatives has been to reduce the nation's dependency on oil. 20% less gasoline was to be used during the next ten years, according to the Energy Independence and Security Act of 2007. There are two main goals of the 2008 Biomass Program. The first is to cut gasoline use by 30% from 2004 levels by 2030.


The Renewable Fuel Standard, which was included in the Energy Policy Act of 2005, was the first to mandate the use of specific biofuel amounts. The goal was to use 4 billion gallons of renewables in transportation fuels in 2006 to increase their percentage over time. The lessening of the country's reliance on oil has been the driving concept of biofuel programmes. The Energy Independence and Security Act of 2007 set a goal of reducing gasoline usage by 20% over the following ten years. The 2008 Biomass Program has two essential purposes. The first is, by 2030, to reduce gasoline use by 30% as compared to 2004 levels. Second, generation of cellulosic ethanol (2G etanol or second generation ethanol) from corn and other-derived cellulosic feed stocks (Sorda et al., 2010).

16.1 Biodiesel Blends
Biodiesel can be blended and used in many different concentrations. The most common are B5 (up to 5% biodiesel) and B20 (6% to 20% biodiesel). B100 (pure biodiesel) is typically used as a blendstock to produce lower percentage blends and is rarely used as a transportation fuel (Latif et al., 2017; Pydimalla et al., 2023)
Low-Level Blend
Conventional diesel fuel is one of the many goods for which ASTM International creates specifications (ASTM D975). According to this regulation, biodiesel concentrations up to B5 can be referred to as diesel fuel without the need for additional labeling at the pump. ASTM has authorized low-level biodiesel blends, including B5, for safe use in any compression-ignition engine intended to run on petroleum diesel. Tractors, boats, electricity generators, and both heavy-duty and light-duty diesel vehicles can all fall under this category.
The majority of biodiesel consumers buy B20 or lower blends from biodiesel marketers or from their regular fuel distributors. Because it offers an excellent mix between cost, emissions, performance in cold weather, and compatibility with conventional engines, B20 is a low level blend that is frequently used. According to the Energy Policy Act of 1992, regulated fleets that utilize biodiesel blends of 20% or more are eligible for biodiesel fuel consumption credits. B20 must adhere to ASTM D7467's defined quality criteria. In general, current engines can be used with B20 and lower-level blends without any changes. Although many B20 users report no discernible difference in performance or fuel economy, B20 with a 20% biodiesel composition will have 1% to 2% less energy per gallon than petroleum diesel. 
High-Level Blend
Due to a lack of pricing and regulatory incentives, B100, a high-level biodiesel mix, is less frequently used directly as a transportation fuel than B20 and lesser blends. specific engines manufactured since 1994 can use B100 because specific parts, like hoses and gaskets, are made of biodiesel-compatible material. Because of its solvent effect, B100 may clean a car's fuel system and remove deposits left over after using petroleum diesel. Petroleum diesel has a higher volumetric energy content than pure biodiesel. Consequently, the energy content per gallon decreases with increasing biodiesel proportion (over 20%). Additionally, high-grade biodiesel mixes may cause special storage problems, gel in cold weather, and affect engine warranties. While B100 significantly lowers other harmful emissions, it may also raise nitrogen oxide emissions. B100 needs to be handled carefully, and equipment changes might be necessary. B100 must adhere to ASTM D6751 (https://afdc.energy.gov/fuels/biodiesel-blends) in order to prevent engine operating issues.

17. Other Applications of Yarrowia lipolytica, an Oleaginous Yeast

	Y.lipolytica has various applications in the pharmaceutical industry, food industry, environmental science  through synthesis many types of compounds (Fickers et al., 2005; Banker et al., 2009; Papanikolaou & Agelis, 2009; Abghari & Chen, 2014; Zhao et al., 2015; Liu et al., 2021). They include:

Table 8 : Bioactive Compounds Synthesised and Their Applications
	Compounds   synthesized 
	Uses

	Fatty acids

	Gamma-linolenic acid
	· The oil was considered useful for the treatment of multiple sclerosis.

	DHA and ARA

	· Docosahexaenoic acid (DHA) is an omega-3 fatty acid essential for brain development during pregnancy and early childhood. 
· Arachidonic acid (ARA), a 20-carbon fatty acid, helps to protect the brain from oxidative stress 

	EPA (20:5 n-3)
	· Eicosapentaenoic acid (EPA) is an omega-3 fatty acid that can exert beneficial effects on blood pressure, platelet aggregation and various inflammatory responses.

	Conjugated linoleic acid 
	· Conjugated linoleic acid is a group of octadecadienoic acids isomers of linoleic acid and prevent metabolic diseases and cancer, anti-atherogenic and anti-obesity effects, and immune-system modulation

	Bioremediation and Production of Biosurfactants.
	· Enables in the bioremediation of environments contaminated with oil spill by production of  biosurfactant

	Other metabolites production with food industry applications 
	· Associated with the production of γ –decalactone (flavouring agent), citric acid and lipase




18. Commercial Status of yeast based biodiesel and its cost

While the research has demonstrated that yeast-derived lipids can meet fuel standards and offer a sustainable solution to waste mitigation, the technology has not yet reached widespread commercial deployment for bulk fuel production. The main challenges involve the cost-effective scaling of cultivation and lipid extraction processes. 
Ratledge and Cohen (2008) calculated that the price of yeast SCO, based on existing technologies in 2008, would be US$ 3000 per tonne (excluding the cost of the feedstock), which was twice that of comparable plant commodity oils used for biodiesel. Thus they concluded that yeast oils can become economically available until the feedstock and production cost made feasible. A more recent estimate of the cost of production of SCO in China from lignocellulosic biomass is 7500 RMB (US$ 1230) per ton, including the cost of lignocellulosic biomass (Huang et al., 2013a). Feed stocks like high quality glucose or glycerol, are expensive. Growth monitoring parametrs such as aeration, temperature, agitation requires energy input. Recovery of lipids from yeast cells or downstream processes and converting to biodiesel also add to major expenses. The above mentioned factors add to the production cost. In order to make the process achevable use of volatile fatty acids, by products like crude glycerol, cooking oils, waste from food industries as feed stocks added to this engineering oleaginous yeast for higher lipid yield may help in reducing the cost of production of biodiesel from yeast.
Companies producing biodiesel
· Solana Biofuels Limited (earlier called Southern Online Bio Technologies Ltd.) located 60 km from Hyderabad produces biodiesel from non-edible palm oil,  jatropha and pongamia seeds as well as from  high free fatty acids (oils).
· Kotyark Industries situated in Sirohi, Rajasthan and Anand, Gujarat use nonedible vegetable oils and alcohols for biodiesel production.  
· G-Energetic Biofuels Pvt. Ltd.: Produces biodiesel from non-edible vegetable oils and also from waste cooking oils in Bareilly, UP.
· Universal Biofuels Private Limited: In Kakinada, the company is involved in the biodiesel manufacture from non-edible palm stearin and animal fats. 
· Large, established American based biodiesel companies like Archer Daniels Midland(Chicago), Valero Energy(San Antonio), and Renewable Energy Group (REG, now part of Chevron, Iowa) primarily produce biodiesel from conventional feedstocks such as corn, soybeans and other vegetable oils or waste fats. 

Commercial production of oleaginous yeast based is slowly picking up due to increased cost. But some of the academic institutes and private companies have already taken up research projects regading the use of oleaginous yeast for biodiesel production. Some of them include: 

Several oleaginous yeast strains (Rhodotorula toruloides, Cutaneotrichosporon curvatus, Lipomyces starkeyi, Yarrowia lipolytica) and feedstocks (e.g., agricultural waste, crude glycerol) are being actively studied by numerous universities and research institutes worldwide, including the Indian Institute of Technology Kharagpur, the University of Vigo, Spain, and other institutions.

Work on oleaginous yeasts like Yarrowia lipolytica is part of a consortium of national laboratories financed by the U.S. Department of Energy that aims to accelerate the development of advanced biofuels and bioproducts.

While some smaller, more specialized biotechnology companies may work on particular parts of the process (such yeast metabolic engineering), they usually collaborate with larger organizations for eventual commercialization.


· Academic Institutions: Numerous universities and research institutes globally, such as the Indian Institute of Technology Kharagpur, the University of Vigo, Spain, and various institutions are actively researching different oleaginous yeast strains (Rhodotorula toruloides, Cutaneotrichosporon curvatus, Lipomyces starkeyi, Yarrowia lipolytica) and feedstocks (e.g., agricultural waste, crude glycerol) to improve efficiency and make the process commercially viable.

· Agile BioFoundry: A U.S. Department of Energy supported consortium of national laboratories focused on accelerating the development of advanced biofuels and bioproducts, including work on oleaginous yeasts like Yarrowia lipolytica.

· Biotechnology Companies: Some smaller, specialized biotechnology firms may be involved in specific aspects of the process (e.g., metabolic engineering of yeast), but they typically partner with larger entities for eventual commercialization. 


19. FUTURE PROSPECTS

Optimizing the use of whey and dairy industry waste for biodiesel from oleaginous yeast like Yarrowia lipolytica can help in reducing the environmental pollution. Application of genetic recombination techniques for non-producers may aid in increasing the lipid production and further can be converted to biodiesel in order to make it cost effective. The scale production of biodiesel from oleaginous yeast is required to be optimized to avoid dependency on fossil fuels.


20. CONCLUSION

Petro diesel source is depleting.  Oleaginous yeast may be a promising organism of soil as it accumulates lipid.  Majority of non edible substrate can be used for lipid accumulation by oleaginous yeast. Yarrowia lipolytica is a major producer of biodiesel from lignocellulose, whey, molasses, dairy industry waste, waste cooking oil and so on. Limitation of nitrogen source in the medium triggers lipid accumulation in the species of Yarrowia. The accumulated lipid can be converted to biodiesel through transesterification. The characteristics of yeast biodiesel is nearly same to petrodiesel.  Biodiesel has numerous applications in the industry. Many research works are going on throughout the world with respect to oleaginous yeast. The commercialization of yeast based biodiesel is still in infancy and requires immediate attention by scientists.
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Stoichiometric Typical
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