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Abstract 

Rhodotorula toruloides (R. toruloides) has shown great potential for the microbiological synthesis of useful substances, 
including lipids and carotenoids. Through interconnected metabolic pathways, this oleaginous yeast can synthe-
size various carotenoids and accumulate significant amounts of lipids. The mevalonate pathway plays a crucial 
role in the production of these substances. R. toruloides can utilize diverse carbon sources, including waste-derived 
and sustainable substrates. The product yields are significantly influenced by the optimization of stress factors 
and culture conditions. Lipid and carotenoid extraction methods have advanced from traditional approaches to more 
sophisticated techniques, such as enzyme-assisted extraction, ultrasound-assisted extraction, and supercritical fluid 
extraction. These modern techniques aim to minimize environmental impact while maximizing efficiency and selec-
tivity. Genetic engineering has played a pivotal role in enhancing lipid and carotenoid accumulation in R. toruloides. 
These strategies involve overexpressing key biosynthetic genes, modifying regulatory elements, and introducing het-
erologous pathways. Such approaches have expanded the range of chemical synthesis and led to significant improve-
ments in product yields. This study provides a comprehensive insight into the metabolic linkages between lipid 
and carotenoid biosynthesis, highlighting how stress factors, genetic engineering, and waste-derived substrates 
influence productivity. Furthermore, present review uniquely explores the role of R. toruloides in environmental biore-
mediation and wastewater treatment, emphasizing its potential for sustainable waste valorization. Due to its ability 
to synthesize valuable chemicals from a wide array of carbon sources, R. toruloides is a promising candidate for com-
mercial applications in the feed, food, cosmetic, and biofuel industries.
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Background
Colors have a big impact on our visual experience. They 
are frequently the first thing that grabs our attention 
whenever we come upon something, whether it be food, 

plants, clothing, animals, or even other people. Due to 
the tremendous effects of color on the human senses, a 
wide range of companies have made significant invest-
ments in R&D projects aimed to examine new sources 
and formulations of color [1]. Synthetic dyes, plant-
derived pigments, and microbial pigments are the three 
main sources of color additives used in food, medicine, 
and cosmetic products. Colorants and pigments are 
the terms used in the chemical community to describe 
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soluble and insoluble colored substances [2]. All colored 
compounds, regardless of their solubility, are referred to 
as pigments in biological terms. The term “bio-pigment” 
is often used to refer of naturally derived pigments which 
are different from synthetic pigments that are manu-
factured in industries [3]. The major sources of natural 
colors are microbes and plants, each has certain ben-
efits and drawbacks of its own. Plant-based pigments 
are natural but can become unstable with heat, light, or 
high pH, causing degradation or structural changes that 
can result in decreased color intensity and product shelf 
life. For example, anthocyanins and betalains, commonly 
found in vegetables and fruits, are sensitive to high tem-
peratures and UV light, resulting in color fading during 
storage or processing. Furthermore, the availability and 
consistency of plant pigment supplies in industrial appli-
cations are challenging due to their seasonal and geo-
graphical accessibility [1, 4, 5]. Plant-based pigments are 
not soluble in water and are only available in certain sea-
sons or regions which makes it difficult for an adequate 
supply throughout the year [6]. Triacylglycerols and fatty 
acids are obtained from plant and animal sources which 
are important raw materials for oleochemicals and bio-
fuels synthesis. Microbial lipid synthesis has several 
benefits over extraction from flora and oil crops. These 
advantages include shorter production cycles, tailored 
procedures, and improved accessibility to structural 
diversity. A great effort has been undertaken to design 
efficient strains for the microbial production of chemicals 
and biofuels by using lipids as nutrients [7].

Rhodotorula toruloides
Rhodotorula toruloides (R. toruloides) (formerly known 
as Rhodosporidium toruloides) is a red-colored, strictly 
aerobic and heterothallic yeast and was originally isolated 
from plants wood [8]. R. toruloides synthesizes a variety 
of metabolic products including lipids, enzymes, carote-
noids and terpenoids when nutrients including nitrogen, 
phosphorus are low [9]. The colored carotenoids pig-
ment displays various medicinal and industrial proper-
ties and hence, it can be used as a precursor to vitamin 
A, colorants, and antioxidants [9]. This oleaginous yeast 
also produces special enzymes which are used in phar-
maceuticals and chemicals [10, 11]. Lipids synthesized 
by R. toruloides can be used as an alternative for chem-
icals and fuel. R. toruloides isolates rank second among 
the high yielding producers of lipids as reported in the 
literature [12–15]. This microorganism has various bio-
technological applications because of its ability to tol-
erate and use a wide variety of carbon sources, such as 
lignocellulosic hydrolysates and industrial waste streams. 
This yeast is more feasible for large-scale bioconversion 
processes because of its high tolerance to inhibitors like 

acetic acid and furfural that are frequently present in 
biomass hydrolysates [16]. However, genetic engineer-
ing in R. toruloides is challenging due to its thick cell wall, 
which hinders DNA delivery, and the limited efficiency 
of homologous recombination for targeted genome edit-
ing. Despite of challenging genetic modification efficien-
cies, several methods are being explored to obtain the 
high yielding strain. These challenges have been gradu-
ally mitigated by advancements in transformation pro-
tocols, CRISPR-Cas9 systems, and optimized vectors 
for metabolic engineering [16]. In industrial bioprocess 
development a variety nitrogen and carbon sources are 
being explored to obtain high microbial cell densities for 
metabolites production [17–19]. Due to its capability to 
co-ferment xylose and glucose, it is a good candidate for 
next-generation biorefineries, which would allow for the 
effective biomass utilization [20, 21].

Carotenoids and their classification in R. toruloides
Carotenoids are 40-carbon isoprenoids found in many 
fruits and vegetables. These lipid-soluble compounds 
have antioxidant and immunological properties, protect 
against eye disorders, LDL (Low-Density Lipoprotein) 
oxidation, and oxidative stress. [22–25]. Carotenoids are 
not synthesized in humans and need to be taken as sup-
plement through food [4, 27, 28]. The carotenoids market 
is expected to rise from its estimated USD 1.57 billion in 
2022 to USD 2.09 billion by 2027 with 4.5% compound 
annual growth rate [26].

β-carotene: (C40H56)- It is a fat-soluble carotenoid, 
composed of two retinyl groups and eleven conjugated 
double bonds. In addition to being a natural colorant, 
β-carotene is a dietary supplement which acts as a pro-
vitamin and antioxidant agent [29, 30]. It is extensively 
utilized in nutrition, medicine, food additives, cosmetics 
[31], and supplements for animal feed [32]. According to 
research, beta-carotene also has potential health benefits, 
including the prevention of tumors, malignancies, and 
heart problems [30, 33–36].

Torulene: Torulene (C40H54) is an important carot-
enoid compound commonly found in red yeast that 
comes under Rhodotorula genus and is primarily gener-
ated in yeast cells through the mevalonate pathway [37, 
38]. It contains 13 conjugated double bonds and a single 
β-ionone cyclic ring and poses better antioxidant quali-
ties than β-carotene [39, 40]. The genera Sporidiobolus, 
Rhodotorula, and Sporobolomyces are potential sources 
of torulene producing yeasts [38]. A large-scale produc-
tion requires optimized processes and careful strain 
selection. These antioxidant-rich compounds show great 
potential as safe additives in dietary supplements, cos-
metics, and pharmaceuticals [23, 38, 41].
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Torularhodin: Torularhodin (C40H52O2) is a carotenoid 
compound similar to torulene but with an additional oxy-
gen-containing functional group. Similar to torulene, tor-
ularhodin is also produced via the mevalonate pathway 
in yeast cells, particularly in species such as Rhodotorula 
[37, 38]. It shares some of the antioxidant properties of 
other carotenoids, offering protective effects against oxi-
dative damage [39, 40]. Due to its antioxidant and poten-
tial bioactive properties, torularhodin is being explored 
for use in cosmetic formulations, dietary supplements, 
and possibly in pharmaceutical applications [23, 38].

Lipids and their classification in R. toruloides
Lipids are essential, high-energy molecules that serve as 
key energy storage units for cellular processes and are 
fundamental structural components of cellular mem-
branes. Lipids have an important role in the basic func-
tions of life by regulating physiological processes and 
help in maintaining cellular homeostasis [42]. R. toru-
loides can accumulate over 20% of its biomass as lipids, 
making it a suitable option for microbial oil production 
[42, 43]. Fatty acid biosynthesis in R. toruloides follows a 
common pathway where acetyl-CoA is converted to mal-
onyl-CoA, which then undergoes multiple cycles of elon-
gation, reduction, and dehydration to form long-chain 
fatty acids. These processes are catalyzed by the fatty acid 
synthase (FAS) complex and are influenced by precursor 
availability, enzyme activity, and metabolic regulation. 
C16:1 (palmitoleic acid), C18:0 (stearic acid), C16:0 (pal-
mitic acid), C18:2 (linoleic acid) and C18:1 (oleic acid) are 
the most common fatty acids produced by R. toruloides 
[44, 45]. Microbial lipids can increase the bioavailability 
of carotenoids by serving as lipid carriers. These lipid 
molecules improve the solubility of carotenoids by for-
mation of micelles. Additionally, lipids help to integrate 
carotenoids into biological membranes and enhance their 
antioxidant properties [4, 4, 46]. Addition to this, fatty 
acids can be utilized as raw materials for the production 
of biofuels and bio-based chemicals [45, 47, 48].

Palmitic acid: Enzymatic processes in the fatty acid 
biosynthesis pathway produce palmitic acid, a crucial 
saturated fatty acid in R. toruloides. In order to generate 
a 16-carbon chain, acetyl-CoA must be converted to mal-
onyl-CoA. This is followed by many cycles of condensa-
tion, reduction, and dehydration [49].

Palmitoleic acid: R. toruloides uses its lipid biosynthesis 
pathways to produce palmitoleic acid, which is a mono-
unsaturated fatty acid with a single double bond in its 
hydrocarbon chain. This essential fatty acid may help to 
reduce a risk of cardiovascular disease, inflammation and 
enhances overall metabolic health [49].

Stearic acid: R. toruloides produces stearic acid 
(CH3(CH2)16COOH), It is an 18-carbon saturated fatty 

acid as a byproduct of lipid production [50]. The bio-
synthesis of this compound in R. toruloides is dependent 
on the availability of precursors, activity of the fatty acid 
synthase (FAS) complex, and the presence of fatty acid 
modification enzymes [28].

Oleic acid: Oleic acid (C18:1) is a monounsaturated 
fatty acid produced in R. toruloides through the desatu-
ration of stearic acid (C18:0) [51]. Malonyl-CoA, which 
is an intermediate metabolite is enzymatically converted 
to stearic acid by fatty acid synthase complex (FAS) [52]. 
Stearoyl-CoA desaturase (SCD) introduces a double bond 
at the ninth carbon position of stearic acid, converting it 
into oleic acid. Oleic acid plays a crucial role in mem-
brane fluidity, lipid storage, and serves as a precursor for 
polyunsaturated fatty acids like linoleic acid (Fig. 2) [33].

Linoleic acid: It is produced in R. toruloides by oleic 
acid desaturase which adds a double bond at the 12 th 
carbon that results in desaturating oleic acid (C18:1) [51]. 
Linoleic acid is an essential fatty acid needed for pro-
cesses like signaling, membrane fluidity, and lipid synthe-
sis. Since the body cannot produce it, people must obtain 
it from food or supplements [52].

Mechanism of carotenoid biosynthesis pathway 
in R. toruloides
The biosynthesis of carotenoids in R. toruloides is a com-
plex, multi-step process that occurs in two major phases. 
In first phase the carbon source synthesizes isoprene pre-
cursors and in second phase these precursors are enzy-
matically converted into various carotenoids [53, 54]. The 
process begins with the uptake of carbon sources from the 
culture medium, which are metabolized into intermedi-
ate molecules that enter the mevalonate (MVA) pathway. 
This pathway starts with acetyl-CoA as the primary sub-
strate, which undergoes condensation catalyzed by acetyl-
CoA acetyltransferase 2 (ACAT2) to form acetoacetyl-CoA 
(Fig.  1). The enzyme 3-hydroxy-3-methylglutaryl-CoA 
synthase (HMGS) then converts acetoacetyl-CoA into 
3-hydroxy-3-methylglutaryl-CoA (HMG-CoA). Following 
this, 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) 
catalyzes the reduction of HMG-CoA to mevalonate 
(MVA), a crucial intermediate in isoprenoid biosynthesis. 
Mevalonate undergoes phosphorylation by mevalonate 
kinase (MK) to form mevalonate 5-phosphate (MVP), 
which is further phosphorylated by phosphomevalonate 
kinase (PMK) to yield mevalonate-5-diphosphate (MVPP). 
The final step in this phase involves mevalonate diphos-
phate decarboxylase (MDD), which catalyzes the decar-
boxylation of MVPP, producing isopentenyl pyrophosphate 
(IPP), the essential C5 building block for carotenoid bio-
synthesis [55, 56]. In the second phase, IPP undergoes an 
isomerization reaction catalyzed by isopentenyl pyroph-
osphate isomerase to form dimethylallyl pyrophosphate 
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(DMAPP). Through sequential enzymatic reactions, three 
molecules of IPP are added to one molecule of DMAPP, 
leading to the synthesis of geranyl pyrophosphate (GPP) 
then converted to farnesyl pyrophosphate (FPP), and finally 
formation of geranylgeranyl pyrophosphate (GGPP). GGPP 
is a 20-carbon isoprenoid that serves as the immediate 
precursor for carotenoid biosynthesis [53, 57]. The con-
densation of two GGPP molecules, catalyzed by phytoene 
synthase, results in the formation of phytoene, which is a 
first carotenoid in the pathway. Phytoene undergoes a series 

of desaturation reactions catalyzed by phytoene desaturase 
(CAR1), forming neurosporene, and ultimately lycopene, 
which serves as a crucial branching point in the carotenoid 
pathway [58, 59]. Lycopene can either be cyclized by lyco-
pene cyclase (CAR2) to form γ-carotene, which contains a 
single β-ionone ring, or undergo further modifications to 
produce β-carotene, which has two β-ionone rings. Alter-
natively, lycopene can be dehydrogenated to form toru-
lene, a carotenoid containing thirteen conjugated double 
bonds [60, 61]. The final stage of the pathway involves the 

Fig. 1  Schematic representation of the TCA cycle and the Mevalonate (MVA) pathway leading to carotenoid biosynthesis. Glucose-derived pyruvate 
enters the TCA cycle that generates intermediates and acetyl-CoA, which feeds into the MVA pathway for the bio synthesis of carotenoids in R. 
toruloides (substrates involved: HMG-CoA-3-hydroxy-3-methylglutaryl-CoA, IPP-Isopentenyl diphosphate, GPP-Geranyl diphosphate) (Products: 2 
ATP, 8 NADH, 2 FADH2, 6 CO2) (Created with Bio render)
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oxidation of torulene by specific enzymes, resulting in the 
formation of torularhodin, which contains oxygen func-
tional groups (Fig. 1). This sequential enzymatic conversion 
demonstrates the complexity of carotenoid biosynthesis in 
R. toruloides and provides valuable insights into its meta-
bolic regulation, which can be leveraged for enhanced 
carotenoid production in biotechnological applications [40, 
60, 62].

Mechanism of lipid biosynthesis pathway in R. 
toruloides
In yeast cells, lipid production occurs in the cytoplasm 
through a series of enzymatic reaction that converts sug-
ars into long-chain fatty acids which works together with 

glycolysis, the Krebs cycle, and the citrate/malate shuttle 
[63]. When nitrogen is low, oleaginous yeasts activate a 
metabolic pathway to survive. They produce the enzyme 
AMP deaminase, which converts adenosine monophos-
phate (AMP) to ammonium ions (NH4

+) and inosine 
monophosphate (IMP). This procedure helps the yeast 
in overcoming restrictions on the availability of external 
nutrients. The decrease of intracellular AMP levels sig-
nificantly impacts the tricarboxylic acid cycle (TCA). In 
oleaginous yeasts, this reduction deactivates isocitrate 
dehydrogenase (ICDH) which is an enzyme typically acti-
vated by allosteric interactions with AMP. The enzyme 
ICDH, that is found in the mitochondria, is essential for 
the transformation of isocitrate to α-ketoglutarate [64]. 

Fig. 2  Biosynthesis of lipids—schematic representation of fatty acid and triacylglycerol (TAG) synthesis pathways. Acetyl-CoA derived from the TCA 
cycle is converted into malonyl-CoA for fatty acid biosynthesis, followed by TAG assembly through a series of enzymatic steps involving GPAT, LPAAT, 
LPAT, and DGAT in R. toruloides (Enzymes involved in various stages of fatty acid and triacylglycerol biosynthesis in R. toruloides -ACCase: acetyl-CoA 
carboxylase, MAT: malonyl-CoA ACP transacylase, KAS: ketoacyl-ACP synthase, KAR: ketoacyl-ACP reductase, HD: hydroxyacyl-ACP dehydratase, ENR: 
enoyl-ACP reductase, FAT: fatty acyl-ACP thioesterase, GPAT: glycerol-3-phosphate acyltransferase, LPAAT: lysophosphatidic acid, acyltransferase, 
LPAT: lysophosphatidic acid acyltransferase (same as LPAAT), DGAT: diacylglycerol acyltransferase) (Created with Bio render)
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In Fig. 2, acetyl-CoA carboxylase further converts acetyl-
CoA into malonyl-CoA. To synthesize acyl-CoA, a fatty 
acid synthase complex in oleaginous yeast cells needs 
nicotinamide adenine dinucleotide phosphate (NADPH) 
as a cofactor in addition to acetyl- and malonyl-CoA. 
Typically, the pentose phosphate pathway’s 6-phos-
phogluconate dehydrogenase and glucose-6-phosphate 
dehydrogenase, as well as maleic enzyme (ME), pro-
duce NADPH [6]. After their transfer to the endoplas-
mic reticulum, the resultant acyl-CoA chains undergo 
the esterification process with glycerol-3-phosphate 
(G-3-P). Through the Kennedy pathway, this activity 
produces lipids that are used for storage in the form of 
TAGs (Triacylglycerols) as well as structural lipids such 
as glycolipids and phospholipids. Glycerol-3-phosphate 
acyltransferase (Sct1) acylates glycerol-3-phosphate first 
in the Kennedy route to produce lysophosphatidic acid. 
Phosphatidic acid is formed when lysophosphatidic acid 
is acetylated by lysophosphatidic acid acyltransferase 
(Slc1) and lysophosphatidylethanolamine acyltransferase 
(Ale1) [64]. The last steps include phosphatidic acid 
phosphatase dephosphorylating phosphatidic acid to 
form diacylglycerol, and diacylglycerol-acyltransferases 
(Dga1, Dga2) transferring an acyl group from acyl-CoA 
to the third carbon of diacylglycerol to form TAG [65, 66] 
(Fig. 2).

Linkage in carotenoids and fatty acid pathways
R. toruloides carotenoid and lipid biosynthesis pathways 
are linked by isoprenoid precursor molecules, which 
enable them to exchange intermediates in metabolism 
and regulatory mechanisms. The carotenoid and lipid 
biosynthesis pathways depend on the synthesis of isopre-
noid precursors such isopentenyl pyrophosphate (IPP) 
and dimethylallyl pyrophosphate (DMAPP) [67]. The 
mevalonate pathway begins with acetyl-CoA and involves 
several enzyme processes to produce these components. 
Carotenoids, sterols, and lipids are among the various 
isoprenoid compounds for which the mevalonate-reg-
ulated pathway provides essential building blocks [68]. 
The enzyme, phytoene synthase joins two geranylgeranyl 
pyrophosphate (GGPP) molecules to start the carotenoid 
biosynthesis pathway. Phytoene is the product of this 
chemical process which is the starting point for several 
carotenoid molecules, including torulene, β-carotene, 
and lycopene [69]. The broad range of carotenoid mol-
ecules are produced by other enzymatic processes that 
are facilitated by carotenoid desaturases and cyclases. 
Acetyl-CoA and malonyl-CoA are used in the lipid bio-
synthesis pathway of R. toruloides to create fatty acids, 
which then combine with glycerol-3-phosphate to form 
triacylglycerols (TAGs). Precursors for the synthesis of 
carotenoid and various other lipid components can be 

obtained via the mevalonate pathway [9]. Isoprenoid pre-
cursors (IPP, DMAPP, and GGPP) from the mevalonate 
pathway connect lipid and carotenoid processes. These 
precursors link lipid and carotenoid pigment produc-
tion [61]. The synthesis of lipids and carotenoids in R. 
toruloides can be influenced by the distribution and avail-
ability of these precursors. Transcription factors such 
as CAR1 (phytoene desaturase) and CTR9 (Cln Three 
Requiring 9) regulate the expression of genes involved 
in the biosynthesis of lipids and carotenoid compounds. 
Environmental factors like stress and nutrient availability 
also affect these interrelated metabolic pathways. CAR1 
and CTR9 positively regulate the expression of genes 
involved in lipid and carotenoid biosynthesis in R. toru-
loides by influencing the mevalonate pathway to control 
the production of isoprenoid precursors [68] (Fig. 3).

Production of lipids and carotenoids in R. 
toruloides
R. toruloides is a promising source of carotenoids and 
lipids, offering advantages over traditional sources. R. 
toruloides-based microbial synthesis is a viable and less 
expensive alternative in comparison to the extraction 
from plants. Similarly, R. toruloides produces lipids that 
have potential uses as oleochemicals, nutraceuticals, and 
feedstocks for biodiesel, mainly in the form of triacylg-
lycerols (TAGs) and free fatty acids (FFAs). R. toruloides 
is a promising host for the synthesis of these important 
chemicals because it can store up to 70% of its dry cell 
weight (DCW) as lipids [70].

Carbon sources
Glucose and sucrose are commonly used as carbon 
sources for microbial production of carotenoids and 
lipids. These sugars are the major energy source and 
the building blocks needed to produce the important 
metabolites. A monosaccharide, glucose is a widely cho-
sen as the carbon source for a variety of microbes. It is 
easily broken down by metabolic processes like glycoly-
sis and the pentose phosphate pathway, which generate 
energy and precursors for lipid and carotenoid pigment 
accumulation. For the effective synthesis of carotenoids 
and lipids, glucose is frequently utilized either as the only 
carbon source or when combined with other sources 
of carbon [71]. Sucrose is a disaccharide of glucose and 
fructose which is widely used in industry because it is 
cheap and easily broken down by microbial enzymes like 
invertase, leading to high lipid and carotenoid yields [72]. 
Utilization of these pure sugars for industrial production 
process is an expensive process. Hence, these sugars can 
be replaced by sustainable carbon sources such as agri-
culture and food industry waste streams.
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Renewable carbon sources
The possible alternative of pure sugars are needed to be 
explored to make production process to be more eco-
nomical. Different waste streams including lignocellu-
losic biomass (agricultural leftovers, wood waste, forest 
waste), industrial by-products (e.g., molasses, whey), and 
municipal waste streams (e.g., municipal solid waste) 
are studied widely to be utilised as carbon source. These 
waste stream-based carbon sources may lower the cost of 
production [73, 74] (Table 1).

Lignocellulosic biomass accounts for nearly 50% of 
the total global biomass with an estimated annual pro-
duction of 181.5 billion tons, this makes it a low-cost 
and abundant alternative for industrial microbial fer-
mentation [38]. Its high carbohydrate content, primar-
ily in the form of glucose and xylose makes it a valuable 

feedstock for microbial growth and lipid production. 
Lignocellulosic biomass is composed of three primary 
components: cellulose, hemicellulose, and lignin. Cel-
lulose and hemicellulose serve as fermentable sugar 
sources while lignin poses challenges due to its com-
plex and recalcitrant structure which can inhibit micro-
bial metabolism [75]. To overcome these challenges, 
pretreatment and enzymatic hydrolysis are employed to 
release fermentable sugars such as glucose and xylose, 
making them more accessible for microbial conversion. 
Various pretreatment methods are employed to remove 
lignin from the biomass and further enzymatic hydroly-
sis process depolymerizes the cellulose and hemicel-
lulose portion to fermentable monomers. The use of 
lignocellulosic residues including wheat straw [38, 70], 

Fig. 3  Interconnected metabolic pathways for lipid and carotenoid biosynthesis in R. toruloides. The diagram illustrates the TCA cycle, 
acetyl-CoA synthesis, MVA pathway, Kennedy pathway for lipid formation, and beta-oxidation, showing the metabolic flow toward triacylglycerol 
and carotenoid production. (Enzymes involved: PSY- Phytoene synthase, CAR 1- Phytoene desaturase, CAR 2 -Lycopene cyclase, FAS-Fatty acid 
synthase, G3P—Glyceraldehyde-3-phosphate (Created with Bio render)
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rice straw [70], tea-waste hydrolysate [84, 84], agricul-
tural waste [117], Camelina sativa meal hydrolysate 
[136], and sugarcane bagasse offers a potential carbon 
source. It also reduces dependency on food-based sug-
ars, enhances the economic value of agricultural waste 
streams, and supports the principles of the circular bio-
economy by promoting the sustainable use of renewa-
ble resources. R. toruloides is a robust oleaginous yeast 

and an excellent option for valorizing lignocellulosic 
hydrolysates due to its ability to metabolize both hex-
ose (e.g., glucose) and pentose (e.g., xylose) sugars [76]. 
In a study, R. toruloides utilized tea waste hydrolysate 
pretreated with dilute sulfuric acid hydrolysis, yielding 
37.6 μg/g DCW torularhodin, 334 μg/g DCW torulene, 
and 11.96 mg/g DCW β-carotene [84]. R. toruloides 
ATCC 10788 and R. toruloides NRRL Y-1091, both 

Table 1  Production of carotenoids using renewable carbon source and different culture conditions in R. toruloides 

The table outlines strain origin, cultivation parameters, types of carotenoids produced, carbon substrates, carotenoid yields, fermentation scales

Micro-organism Conditions Carbon source Pigments and Yield 
of carotenoids

Nitrogen source Fermentor study References

R. toruloides ATCC 
10788 (wild strain)

Temperature: 30 °C 
Agitation: 200 rpm
pH: 6.0

Tea waste hydrolysate 
(TWH)

• Torularhodin: 37.6 
μg/(DCW),
• Torulene: 334 μg/g 
DCW,
β-carotene: 11.96 
mg/g DCW

Yeast extract Shake flask study [84]

R. toruloides ATCC 
204091 (wild strain)

Temperature: 25 °C 
Agitation: 150 rpm
pH 5.0

Agricultural market 
waste

62 mg/L 
of β-carotene

Yeast extract Lab scale fermentor 
study

[117]

R. toruloides ATCC 
10788 (wild strain)

Temperature: 30 °C
Agitation: 200 rpm
pH: 6.0

YPG medium 3.6 mg/L 
of β-carotene

Yeast extract Shake flask study [72]

R. toruloides DSM 
4444 (mutant strain)

Temperature: 30 °C
Agitation: 200 rpm
pH: 6.0

Camelina meal 
hydrolysate

5.5 mg/L 
of β-carotene

Yeast extract Lab scale fermentor [136]

R. toruloides ATCC 
204091(wild strain)

Temperature: 25 °C
Agitation: 180 rpm
pH- 5.5

Rice straw 19 mg/L 
of β-carotene

Yeast extract Shake flask study [70]

R. toruloides CCT 0783 
(wild strain)

Temperature: 30 °C
Agitation: 200 rpm
pH: Initial pH of 5.5

Wheat straw 24.58 ± 1.88 mg/L 
of β-carotene

Yeast extract Shake flask study [70]

R. toruloides ATCC 
10788(wild strain)

Temperature: 30 °C
Agitation: 200 rpm
pH: Initial pH of 5

Yeast cells, a waste 
extract

426 μg/g DCW 
of β-carotene

Ammonium sulfate Erlenmeyer flasks 
shaker

[90]

R. toruloides 
KP324973(wild strain)

Batch/fed-batch 11.7 
°C, pH 6.1

Corn steep liquor β-carotene, torulene, 
torularhodin: Total 
carotenoid (12.31 
mg/g/h)

Yeast extract Lab scale fermentor 
study

[119]

R. toruloides NRRL 
Y-1091(wild strain)

Batch
Temperature-30 °C,
Agitation −250 rpm, 
72 h

Wheat straw hydro-
lysate

14.09 mg/L 
of β-carotene

– Lab scale fermentor 
study

[38]

R. toruloides NCYC 
921(wild strain)

Fed-batch
Temperature-30 °C,
Agitation −250 rpm, 
72 h

Carob pulp syrup β-carotene, Torulene, 
Torularhodin, Total 
carotenoids (0.42 
mg/g)

– Lab scale fermentor 
study

[120]

R. toruloides DSM 
4444(mutant strain)

Batch
Temperature- 30 °C, 
Agitation-160 rpm

Camelina sativa 
meal hydrolysates 
Flower of Calendula 
officinalis, Zea mays 
seed flour, potato 
seed flour

β-Carotene (5.5 
mg/L, 12.6 mg/L, 16.0 
mg/L)

Yeast extract Lab scale fermentor 
study

[82]

R. toruloides PYCC 
5615(mutant strain)

Batch
Temperature: 30 °C, 
pH 5
Agitation: 250 rpm, 
150 h

Sugar beet pulp 
hydrolysates

5.4 mg/L 
of β-carotene

Yeast extract Lab scale fermentor 
study

[121]
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utilized wheat straw as the carbon source; R. toruloides 
used wheat straw pretreated via ensiling and fungal 
delignification with Ceriporiopsis subvermispora, while 
R. toruloides NRRL Y-1091 used non-detoxified wheat 
straw hydrolysate, with adaptive inhibitory tolerant 
strain. It resulted in β-carotene yields of 24.58 ± 1.88 
mg/L and 14.09 mg/L, respectively [38, 70, 118, 119]. 
R. toruloides ATCC 204091 (wild strain) utilized agri-
cultural waste as the carbon source after pretreatment 
and chemical/enzymatic hydrolysis. The β-carotene 
concentration was observed to be of 62 mg/L [117] 
(Fig.  4). Furthermore, integrating R. toruloides fer-
mentation into modern biorefinery models enables the 

development of zero-waste production systems, where 
leftover biomass can be further processed into biofuels 
or other value-added biochemicals. This approach not 
only aligns with sustainability and circular bioeconomy 
principles but also contributes to reducing industrial 
waste and improving the overall efficiency of bio-based 
industries [77] (Table 2).

Influence of selected factors in carotenoid and lipid 
synthesis
Light
Carotenoids: Several studies have aimed to enhance 
the yield of certain carotenoids by optimizing the 

Fig. 4  Schematic overview of biomass processing for microbial pigment and lipid production Renewable plant biomass undergoes pretreatment, 
hydrolysis, and fermentation by yeast cells to produce microbial pigments (β-carotene, torulene, torularhodin) and microbial lipids (linoleic acid, 
oleic acid, palmitoleic acid, and stearic acid), followed by downstream processing for recovery (Created with Bio render)
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fermentation conditions in R. toruloides to increase 
carotenoid production. Studies indicated the important 
rise in carotenoid content (up to 70%) at a particular 
wavelength, especially with blue light [80]. Carotenoid 
pigments absorb light primarily in the violet to blue-
green range of the spectrum. Previous research has 
shown differences in the ways that different light wave-
lengths affect the synthesis and composition of carot-
enoids [78, 79]. Dark conditions were used as a control 
while cultures were exposed to blue, red, and white light 
on agar plates. Colonies of R. toruloides that were sub-
jected to blue and white light had a deeper red coloration 
compared with dark-grown and red-light cultures. This 
study shows that R. toruloides is sensitive to blue light 
[80].

Lipids: It has been demonstrated that R. toruloides’s 
lipid production is enhanced by light exposure and the 
rise of lipid content (up to 40%) at light conditions of 
4000 lx when compared to ideal growth conditions with-
out light. This indicates that metabolic pathways linked 
to fat accumulation are triggered by light, which is an 
important factor [81].

Temperature
Carotenoids: The production of carotenoid pigments and 
the growth of cells are significantly influenced by tem-
peratures in the environment. In general, microbial cells 
do not grow or produce high carotenoids yield at cool 
surroundings (less than 10 °C). On the other hand, high 
temperatures (more than 25 °C) may inhibit the activ-
ity of enzymes required for the synthesis of carotenoids 
and prevent cells from growing. 10 °C to 25 °C is the 
ideal temperature range for optimizing the formation of 
carotenoid pigments as well as biomass accumulation 
[82]. There is a decrease in carotenoid production at tem-
peratures over 25 °C. Studies show that R. toruloides, may 
enhance carotenoid production at temperatures as low 
as 15 °C. Carotenoids like β-carotene and torularhodin 
are produced at a significant rate at these temperatures. 
Lower temperature-induced stress seems to activate the 
biosynthetic pathways that produce carotenoids, serv-
ing as a defense against oxidative damage [68, 83]. Lower 
temperatures have the ability to both accelerate and slow 
down the synthesis of carotenoids. This scenario shows 
how important it becomes to find a balance in terms of 
optimal conditions for carotenoid production and bio-
mass development [68, 84].

Lipids: When nutrients are limited, especially nitrogen, 
the oleaginous yeast R. toruloides can accumulate almost 
70% of its dry weight in lipids. It reaches its maximum 
lipid synthesis at about 30 °C. Variations in temperature 
have a significant impact on both the quantity and pro-
duction of lipids. Some polyunsaturated fatty acids may 

be produced faster in cool environments, whereas metab-
olism can speed up during higher temperatures can also 
cause cell stress that might reduce total lipid yields [85]. 
R. toruloides’s fatty acid composition varies with temper-
ature, particularly in terms of its oleic acid concentration. 
The primary reason may be the denaturation of tempera-
ture sensitive enzymes which alters the structure of fatty 
acids [86].

Salt concentration
Carotenoids: Osmotic stress and salt concentration are 
common environmental factors that have a big impact 
on an organism’s development and metabolism. These 
stresses lead to changes in the amount or composition of 
cellular carotenoid pigments [87, 88]. In R. toruloides, an 
antioxidant response to hyperosmotic stress, with spe-
cific salt concentration boost pigment production. [81]. 
The addition of 1.0 M sodium and 0.1 M potassium ions 
raised β-carotene production by 60% [89]. These results 
highlight the complex interactions between microbial 
metabolic processes and environmental stresses, suggest-
ing potential strategies to maximize the synthesis of bio-
active compounds for commercial use [90].

Lipids: Studies show that R. toruloides tolerates up to 
6% w/v and lipid formation was significantly enhanced 
at 4.0% w/v NaCl. In comparison to DCW, this concen-
tration increased lipid synthesis up to 71.3% w/w [91]. 
The salt affects the metabolic pathways which promote 
the synthesis of lipids. The results of the study showed 
that adding NaCl to cultures improves the lipid synthe-
sis and reduces the bacterial contamination that enables 
more effective growth as well as lipid accumulation in 
non-aseptic environments [90]. R. toruloides is a poten-
tial option for biodiesel production. When microbes cul-
tivated in halophilic conditions, a significant increment 
of oleic acid, palmitic acid, as well as stearic acid was 
observed [92].

pH
Carotenoids: The synthesis of lipids and carotenoid pig-
ments is significantly affected by the pH values at which 
microorganisms grow. Studies on R. toruloides show 
that best carotenoid synthesis occurs at pH 5.0. In order 
to take advantages of this knowledge, a two-phase pH 
approach has been developed. The pH is initially set at 4.0 
to encourage rapid growth of cells, and it is then changed 
to 5.0 to optimize the synthesis of carotenoids. When 
compared to growing at a constant pH, this method sig-
nificantly increases carotenoid production [81]. It is nec-
essary to balance pigment synthesis and cell growth of R. 
toruloides for industrial scale. An effective way to maxi-
mize yields is to use particular pH control techniques 
including the two-stage approach [93].
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Lipids: Studies reveal that R. toruloides produces more 
lipids when the pH is 5.5. When treated with l-proline, 
the strain reached a maximum cell mass of 14.3 g/L hav-
ing a lipid content of 58% at this pH, yielding a lipid yield 
of 0.18 g/g [94].

Role of genetic engineering in lipid accumulation
Genetically engineered microorganisms can grow more 
rapidly, also produce higher yields of targeted products 
and can use a wide range of raw materials (Table 3). The 
yield of the desired product can be modified by alter-
ing gene expression for example, by adding or remov-
ing enzymes or by blocking undesirable side reactions. 
This approach has been used to enhance tolerance to 
inhibitory compounds and to improve the uptake of both 
6-carbon (hexose) and 5-carbon (pentose) sugars. The 
molecular mechanisms underlying lipid metabolism and 
its control in the yeast R. toruloides are better under-
stood. The integrated information provided by tools like 
gene sequencing, gene expression pattern analysis, RNA 
sequencing-assisted annotation, and protein analysis are 
important for designing genetically engineered microbes 

[95, 96]. Different genetic modification techniques have 
been used to increase R. toruloides’ capacity for lipid 
synthesis. Agrobacterium tumefaciens mediated trans-
formations, lithium acetate-mediated chemical trans-
formations, and the introduction of genetic material 
through electrical pulses (the electroporation), along 
with the innovative gene-editing technology CRISPR-
Cas9 are important techniques being used. In a shake 
flask study with synthetic media lipid synthesis was 
enhanced by a factor of 18.1-fold to 1.95-fold (16 g/L of 
total lipids) when diacylglycerol acyltransferase (DGA1) 
and acetyl-CoA carboxylase (ACC1) were overexpressed 
in R. toruloides [97]. Under fed-batch circumstances, R. 
toruloides produces 1.42-fold more lipids when stearoyl-
CoA desaturase is overexpressed. This yeast also shows 
better resistance to furfural and five-hydroxymethyl fur-
fural, which promotes lipid accumulation [85]. Similarly, 
the fatty acid contents of microbial lipids were altered 
by overexpressing or silencing the enzymes that regu-
late fatty acid synthesis [98]. In R. toruloides,  the elon-
gase (ELO1) gene was overexpressed and knocked down 
Δ12 Desaturase (FAD2) gene, leading to a 23% rise in the 

Table 3  Genetic modifications of R. toruloides strains to enhance lipid production and metabolite yields from glucose and related 
substrates

Micro-organism name Gene studied and target enzyme Substrate used Yield References

R. toruloides ATCC 10657 ELO1 (Elongase −1, Delta-12)
FAD2 (Fatty acid desaturase)

Glucose ELO-1 overexpression and FAD-2 
deletion cause a 23% rise in oleic 
content

[86]

R. toruloides IFO088 ACC1 (Acetyl-CoA carboxylase), 
DGA1(Diacylglycerol acyltrans-
ferase)

Glucose at a conc. 80 g/L When both enzymes were 
overexpressed, 70 g/L of glucose 
and xylose were used to produce 
16.4 g/L and 9.5 g/L of lipid, 
respectively

[85]

R. toruloides NP11 FAD2 (fatty acid desaturase) Glucose Linoleic acid is increased fivefold 
and reaches 1.3 g/L upon overex-
pression

[37]

R. toruloides CECT 13085 KCS (3-ketoacylCoA synthases) Glucose at a conc. 40 g/L Microorganism produces long-
chain fatty acids (VLCFAs) like erucic 
acid (5.8 g/L) and nervonic acid 
(7.9 g/L)

[86]

R. toruloides CECT 13085 FAC (Fatty acyl-CoA reductase) Glucose at a con. 40 g/L Overexpression of FAC produces ~ 8 
g/L of C16-C18 fatty alcohol

[123]

R. toruloides ATCC 10657 KU70
DNA end-binding proteins

Glucose conc. 20–80 g/L, KU70 deficient strains resulted 
in improved gene deletion fre-
quency

[124]

R. toruloides IFO0880 ME (Malic enzyme)
SCD (Stearoyl-CoA desaturase)

Glucose, at conc. 80 g/L -batch
600 g/L- fed-batch,

Overexpression increased lipid 
production to 89.4 g/L

[85]

R. toruloides IFO0880 BIS (Bisabolene synthase) Glucose, xylose, sucrose, lignocel-
lulosic hydrolysates, Corn stover, 
Switchgrass, Miscanthus hydro-
lysate

Leads to the production of 680 
mg/L of bisabolene

[39]

R. toruloides NP11 PTA (Phospho trans-acetylase) Glucose at a conc. 60 g/L Comparing to the original strain, 
modified strain increased lipid 
production by 64.4% (or 1.20 g/L/d) 
and cell mass by 8.5% (12.8 g/L) 
in experiments

[123]
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oleic acid quantity. In general, microbial oil’s oxidative 
and thermal stability increases with high oleic acid lev-
els. By inserting the 3-ketoacyl-CoA synthase (KCS) gene 
into the genome of R. toruloides CECT 13085, the strain 
was genetically modified to produce oils rich in very 
long-chain fatty acids (VLCFAs) [86]. According to the 
research, the recombinant R. toruloides strain exhibited 
a 27% relative abundance in the synthesis of VLCFAs, 
which translated into a yield of 7.9 g/L nervonic acid and 
5.8 g/L erucic acid [97] (Table 3).

Role of genetic engineering in carotenoids 
accumulation
Genetic engineering is used for modifying the yeast’s 
metabolism to increase the microbial accumulation of 
carotenoids. In a study, metabolic engineering was used 
to modify R. toruloides to produce more β-carotene by 
overexpressing endogenous carotenogenic genes, such as 
lycopene cyclase (crtYB), phytoene synthase (crtYB), and 
phytoene desaturase (crtI) [55]. The β-carotene concen-
tration of the transformed strain increased by 3.5 times 
as compared to the wild strain. [39]. The overexpres-
sion of crtYA boosted carotenoid synthesis, especially 
β-carotene and elevated the carotenogenic genes expres-
sion [55]. To optimize growth conditions for higher carot-
enoids production in recombinant R. toruloides strains, 
numerous studies have focused on improving cultivation 
conditions, including carbon sources, nitrogen sources, 
and environmental parameters. The transcription factors 
can be manipulated by making genetically engineered 
strain and activation and repression of key biosynthetic 
genes. In a study, overexpression of genes including phy-
toene synthase (PSY) or phytoene desaturase (PDS) can 
increase carotenoid production [39, 55].

A study tested different lignocellulosic biomass hydro-
lysates as substrates for carotenoid production in modi-
fied R. toruloides strains. [68] (Table  4). Researchers at 
the Technical University of Denmark genetically engi-
neered R. toruloides to produce torularhodin by intro-
ducing a heterologous carotenoid biosynthesis pathway. 
The expression of the yeast gene crtR from Sporobolo-
myces shibatanus and the bacteria’s crtYB, crtI, and crtS 
genes from Deinococcus radiodurans were used in this 
experiment [55] (Table 4).

Down‑streaming of value‑added products
An efficient and reproducible extraction method is 
essential for accurately evaluating yeast production by 
oleaginous microbes. Standardizing the extraction pro-
cedure is necessary to enable accurate results [16]. Vari-
ous microorganisms require different extraction methods 
which vary according to the species. This variation is 
due to distinct physical properties, such as differing lipid 

compositions, cell wall structures, and cell shapes [99]. 
Successful extraction depends on effective disruption of 
cells of oleaginous microbes. Downstream processing 
of carotenoids and lipids involves initial biomass sepa-
ration through centrifugation, filtration, or membrane 
methods, followed by cell disruption using mechanical 
(bead milling, homogenization), chemical, or enzymatic 
techniques. Purification is done using different chroma-
tographic techniques while the last step of concentration 
is performed using solvent evaporation techniques. The 
membrane processes, such as ultrafiltration and diafil-
tration, are also used to concentrate and purify lipid or 
carotenoid extracts [100–102].

Conventional extraction method for lipids
Different methods have been developed to enhance the 
recovery of lipids from various species of oleaginous 
yeast. The major research on lipids in oleaginous yeasts 
focused on lipid extraction using a modified Folch extrac-
tion technique. The separation of lipids in a dual combi-
nation of methanol and chloroform is the basic idea of 
the Folch technique. Hydrogen bonds between proteins 
and lipids are disrupted by methanol, especially when 
an organic solvent like chloroform is added. Gravimetric 
measurements are then used to determine the total fat 
content. Before extraction of lipid, cell biomass must be 
pre-treated in order to damage the complex and durable 
membrane system and cell wall structure. Pre-treatment 
of such materials is required to speed up the extraction 
of most intracellular lipids. To release most intracellu-
lar lipids for extraction, cells can be broken down using 
chemical, mechanical, or enzymatic pre-treatment meth-
ods [103].

Conventional extraction method for carotenoids
Researchers have faced the problem of separating various 
carotenoid compounds that have different polarities.

Carotenoids are extracted from the microbial bio-
mass using two steps first, the microbial cell membrane 
is disrupted, and then the carotenoids are extracted 
[72]. In order to preserve the quality of carotenoid 
metabolites, it is essential that carotenoids are han-
dled carefully during the extraction process to avoid 
deterioration from physical factors like heat, light, and 
acidity [15]. Conventional extraction procedures for 
carotenoids require the use of organic solvents due to 
their hydrophobic nature [100–102]. However, polar 
solvents such as ethyl acetate, ethanol, or acetone are 
effective for isolating polar carotenoid molecules. In 
order to achieve effective extraction, the right solvent 
must be used, and its polarity must match with the 
target carotenoid [64, 104]. A study reported that the 
carotenoids were extracted from R toruloides using a 
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modified version of the acetone extraction protocol 
[64]. In this approach, yeast biomass was first treated 
with a French press, then extracted using cyclohexane 
and acetone. During the final stage, acetone was evapo-
rated under a nitrogen atmosphere, leaving behind the 
carotenoid extract. Saponification of co-extracted lipids 
is one of the key steps in carotenoid extraction and is 
often considered essential before analysis [84]. This 
process removes impurities, such as lipids, that can 
interfere with the chromatographic detection of carote-
noids, thereby improving separation efficiency. The use 
of methanolic potassium hydroxide for saponification is 
a standard step in carotenoid analysis (Fig. 5).

Advanced extraction technologies for lipids 
and carotenoids
Solvent extraction: The principle behind the solvent 
extraction technique is"like dissolves like,"according to 
which polar solvents dissolve polar chemicals (carot-
enoids) and non-polar solvents preferentially dissolve 
non-polar compounds (lipids). The target chemicals 
solubility and polarity influence the solvent selection. 
Non-polar solvents, such as petroleum ether, hex-
ane, or chloroform, are frequently employed for lipid 
extraction because they are efficient in solubilizing and 
extracting non-polar lipids from biomass [105]. On 
the other hand, polar solvents like acetone, ethanol, or 

Fig. 5  Workflow for extraction and analysis of microbial lipids and carotenoids. The process involves cell harvesting, centrifugation, cell disruption 
(via high-pressure homogenization or chemical methods), solvent extraction, separation of organic and aqueous phases, and downstream analysis 
using various techniques
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ethyl acetate are recommended for carotenoid extrac-
tion because they are capable of efficiently solubilizing 
and extracting the typically more polar carotenoid mol-
ecules [37, 106].

Supercritical fluid extraction (SFE): Supercritical flu-
ids, with properties between liquids and gases, are ideal 
for extracting non-polar lipids and carotenoids due to 
their high diffusivity, low viscosity, and adjustable solv-
ing power. Due to their inertness, low critical tempera-
ture, pressure, and compatibility, supercritical fluids are 
used for extracting lipids and carotenoids. CO2 is the 
most frequently used supercritical fluid for the extrac-
tion process. Both non-polar lipids and carotenoids are 
selectively extracted from cell biomass using supercriti-
cal carbon dioxide, the solvating power may be con-
trolled by temperature, pressure, and co-solvents such 
ethanol [107, 108].

Enzyme-assisted extraction: This method involves 
breaking down the components of the cell wall and 
releasing intracellular substances like carotenoids and 
lipids. Enzymes such as cellulases, pectinases, or pro-
teases can be employed in lipid extraction procedures 
to facilitate the non-polar lipids’extraction by dissolv-
ing the components of the cell wall, which are proteins, 
cellulose, or pectin, respectively. The same enzymes can 
also be used to break down the cell wall and improve 
the extraction of intracellular carotenoids into the sol-
vent in the case of carotenoid extraction [52].

Ultrasound-assisted extraction: Ultrasonic waves cre-
ate tiny bubbles in the solvent that burst and generate 
high pressure and temperature. This helps break the 
cell wall and allows more metabolites to move into the 
solvent. In lipid extraction, the non-polar lipids can be 
more easily moved into the solvent due to the break-
down of the cell wall. In carotenoids extraction, ultra-
sonic waves’ability to shatter cell walls enhances the 
release and subsequent extraction of carotenoids into 
the solvent during the extraction process [52, 109].

Microwave-assisted extraction: In this process cell 
biomass and solvent mixture is heated up due to molec-
ular friction and dipole rotation caused by microwave 
radiation. This improves extraction efficiency by help-
ing the solvent to penetrate and break down the cell 
walls [110, 111, 119].

Saponification: is a step-in carotenoid extraction 
that removes co-extracted lipids, resulting in a purer 
extract. This technique converts lipids into fatty acid 
salts (soaps) and glycerol by hydrolyzing the ester 
bonds in the lipids with an alkaline solution (such as 
methanolic KOH). As carotenoids are unaffected by 
the saponification reaction, this step eliminates the co-
extracted lipids and produces a pure carotenoid extract 
[64, 111] (Fig. 5).

Beneficial effects of R. toruloides 
on the environment
R. toruloides is a potential organism for sustainable bio-
technological applications such as waste valorization, 
wastewater treatment, and bioremediation. This ole-
aginous yeast is particularly efficient at breaking down 
harmful substances present in industrial waste streams 
and converting lignocellulosic biomass into useful metab-
olites like biofuels and biochemicals. Its unique metabolic 
capabilities enable it to efficiently utilize both glucose and 
xylose derived from hydrolyzed lignocellulose, as well as 
aromatic compounds from lignin, making it an effective 
agent for biorefinery processes [39]. R. toruloides is able 
to grow in different environment including wastewater, 
industrial effluents and contaminated water etc. It has 
the ability to utilize contaminants and producing valu-
able products like lipids and carotenoids. This makes the 
effluent more suitable for treatment. Additionally, the 
modified strains have also demonstrated increased resist-
ance to phenolic inhibitors, which are frequently found in 
biomass hydrolysates, making it a good option for large-
scale uses. R. toruloides has shown significant potential 
in wastewater treatment, providing an economical and 
environmentally friendly way to reduce pollutants and 
maintain a sustainable ecosystem. Its ability to reduce 
the levels of Chemical Oxygen Demand (COD) in indus-
trial effluent is one of its main benefits. For example, 
research has demonstrated that R. toruloides may suc-
cessfully reduce COD in Palm oil mill effluent (POME) 
by 43%, demonstrating its capacity to decompose organic 
waste and promoting environmentally friendly waste dis-
posal methods. This yeast is renowned for its exceptional 
resistance in wastewater settings that are high in phenol 
content [112]. By overcoming phenol toxicity and using 
it as a carbon source, some strains like R. toruloides 9564 
T can support circular economy and contribute in biore-
mediation. The biodegradation of phenolic compounds, 
which are common pollutants in industrial effluents, is 
essential for reducing environmental risks. Addition-
ally, R. toruloides offers a good alternative for inexpen-
sive bioremediation methods, especially in non-sterile 
wastewater treatment environments [113]. When com-
pared to traditional physicochemical treatment methods, 
the strain R. toruloides NCYC 921 has been shown to 
effectively remove large amounts of contaminants from 
wastewater without a need for severe sterility conditions. 
It lowers the operating costs of the process. Hence, R. tor-
uloides is a good option for large-scale wastewater treat-
ment applications because of the ability to survive in a 
variety of environments and reducing pollutants [114]. In 
addition to its uses in wastewater treatment, R. toruloides 
is essential for the bioremediation of dangerous chemi-
cals, including radioactive and heavy metals. Some R. 
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toruloides strains have demonstrated remarkable abilities 
in the biosorption, bioaccumulation, and bio volatiliza-
tion of heavy metals, which makes them desirable options 
for environmentally friendly remediation techniques. 
R. toruloides IR-1395 removes mercury from water by 
absorbing it, which reduces its bioavailability and lowers 
the environmental toxicity risks. Due to its high toxic-
ity and stability in aquatic habitats, mercury poisoning 
poses serious ecological and health risks. R. toruloides 
as a bioremediation agent offers a sustainable substitute 
for traditional chemical treatments [115]. It has been 
discovered that the strain R. toruloides KS5 can survive 
and absorb uranium that helps to remove contaminants 
from polluted areas and restore ecosystems. Uranium 
pollution, often caused by nuclear and mining activities, 
poses long-term risks to biodiversity and human health. 
R. toruloides has the potential to be a crucial organism in 
bioremediation applications aimed at reduce heavy metal 
and radioactive pollution in contaminated ecosystems 
because of its metabolic flexibility and capacity to survive 
in hazardous conditions [116] (Table 5).

Conclusion
Pigments and lipids produced by R. toruloides have 
shown potential benefits over traditional sources, mak-
ing them a suitable option for a variety of industrial uses. 
The food, pharmaceutical, cosmetic, and feed sectors 
can utilize R. toruloides-derived carotenoids, as natural 
colorants, antioxidants, and nutritional supplements. 
Similarly, this yeast synthesizes lipids that are useful for 
production of oleochemicals, nutraceuticals, biodiesel, 
and palmitic, palmitoleic, stearic, and linoleic acids. 
Advances in downstream processing methods such as 
cell disruption, biomass separation, concentration, puri-
fication, and formulation have made it possible to recover 
and use these important microbial products efficiently. 
R. toruloides can utilize diverse carbon sources like lig-
nocellulosic biomass and industrial waste streams. It 
emerges as a promising microbial factory for sustain-
able production of carotenoids and lipids. Technological 
developments in extraction methods have made it easier 
to extract these important compounds from R. toruloides 
biomass. Metabolic engineering and genetic modifica-
tion techniques have opened new ways to increase R. 
toruloides yields of lipids and carotenoids. Hence, this 
microbe gives opportunities be utilized for various indus-
trial applications.
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