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A B S T R A C T

Biotechnologically useful yeast strains have been receiving important attention worldwide for the demand of a
wide range of industries. Rhodotorula mucilaginosa is recognized as a biotechnologically important yeast that has
gained great interest as a promising platform strain, owing to the diverse substrate appetites, robust stress
resistance, and other gratifying features. Due to its attractive properties, R. mucilaginosa has been regarded as an
excellent candidate for the biorefinery of carotenoids, lipids, enzymes, and other functional bioproducts by uti-
lizing low-cost agricultural waste materials as substrates. These compounds have aroused great interest as the
potential alternative sources of health-promoting food products, substrates for so-called third-generation bio-
diesel, and dyes or functional ingredients for cosmetics. Furthermore, the use of R. mucilaginosa has rapidly
increased as a result of advancements in fermentation for enhanced production of these valuable bioactive
compounds. This review focuses on R. mucilaginosa in these advancements and summarizes its potential prospects
as alternative sources of natural bioproducts.
1. Introduction

The term "red yeast" is used for those species which can significantly
produce substantial amounts of carotenoid pigments and lipid intracel-
lularly, which impart an orange, pinkish or red color to yeast colonies
(Mannazzu et al., 2015). Red yeast has excellent industrial potential and
has piqued the interest of the food, pharmaceutical, cosmetics, and feed
industries (Xu and Liu, 2017). Rhodotorula mucilaginosa, one of the red
yeasts, is a promising yeast for industrial application in recent years.

Generally, R. mucilaginosa is considered as a natural producer of ca-
rotenoids and exhibits several advantages over bacteria, microalgae, and
plants in carotenoid production due to its unicellular form, fast dupli-
cation periods, capacity to grow on a diverse range of substrates, and
convenience of cultivation in large fermenters (Gualberto et al., 2022).
The main carotenoid components synthesized by R. mucilaginosa gener-
ally include β-carotene, torulene, and torularhodin (Sharma and Ghoshal,
2021). And the potential for producing high-value certain carotenoids
from waste raw substrates has been widely exploited (Gohain et al.,
2020). These carotenoids in humans play many important
health-promoting roles, such as antioxidants, precursors of vitamin A,
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inhibitors of cancers, and enhancers of immunity (Maoka, 2020).
Furthermore, R. mucilaginosa is classified as a microbial lipid-producing
microorganism for the reason that this species can synthesize more
than 40% of its dry cell biomass as lipids, while the lipid accumulation of
non-oil yeast is less than 10% of its cell dry biomass, such as Saccharo-
myces cerevisiae and Candida utilis (Ratledge, 2002; Daskalaki et al.,
2019). The lipids synthesized by R. mucilaginosa mainly include tri-
acylglycerols (TAG) (Czabany et al., 2007), which are similar to the other
typically oleaginous yeasts, such as Yarrowia lipolytica, Trichosporon
cutaneum, and Lipomyces starkeyi (Kolouchov�a et al., 2016; Dourou et al.,
2018; Ganesan et al., 2019). These microbial lipids are excellent biomass
fuels and good alternatives to fossil fuels (Lin et al., 2013). Moreover, R.
mucilaginosa also could be developed as an industrial enzyme producer,
especially in lipase and endo-β-1, 4-glucanases (Chennupati et al., 2009;
Britto et al., 2013). Contingent on the cultivated environments, it has the
capability to produce varied kinds of enzymes whose emergence may be
industrially useful (Zhang and Cui, 2012; Wu et al., 2013; Lario et al.,
2015). Furthermore, the biosynthetic pathways of carotenoid, lipid, and
enzyme production in R. mucilaginosa and the influences of specific
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fermentation factors on their productivity have been documented pre-
viously (Kot et al., 2016; da Silva et al., 2020).

Microbial production possesses several preponderances in seasonal
and geographical variability, and for that reason it takes economic ad-
vantages in cost of industrial production. A significant number of
research articles have been reported on the bioprocesses of R. mucilagi-
nosa, suggesting that it would be of benefit in the near future. Here, in
line with the renewed interest towards R.mucilaginosa biotechnology, we
synopsize the research progress on R. mucilaginosa and offer discussions
on the prospects and perspectives for exploring it as alternative sources
for advanced biotechnological applications.

2. History, taxonomy, morphology, and physiology of R.
mucilaginosa

R. mucilaginosa was first isolated and named by Francis Charles
Harrison in literature record, based on his research on yeast found in
local cheese in the 1930s. The genus name of this species in Latin means
"the yeast-colored red", while the rest means a viscous state in liquid. R.
mucilaginosa is assigned to the family of Sporidiobolaceae, order of
Sporidiobolales, class of Pucciniomycotina, and phylum of Basidiomy-
cota in the Fungi kingdom as recorded by the International Mycological
Association (Mycobank, 2022). The historically heterotypic synonymy of
R. mucilaginosa consists of Torula mucilaginosa, Rhodotorula rubra
(Demme), Rhodotorula pilimanae J. and Rhodotorula bubra (Species Fun-
gorum, 2020).

Morphologically, the colony of R. mucilaginosa is orange-red, wetter,
transparent, has a smooth surface, and picks up easily. They can form
intracellular lipid droplets full of carotenoids, which makes them range
in color from pink to orange in culture media. This colony morphology is
similar to that of typical red yeasts assigned to the genera of Rhodo-
sporidium, Rhodotorula, Sporobolomyces, and Sporidiobolus (Mannazzu
et al., 2015). Several previous studies suggested that these carotenoids
produced by R. mucilaginosa could be involved in protecting the cells
from reactive oxygen species (ROS) induced by excessive irradiation of
the UV, visible light spectrum, or other abiotic stresses (Frengova and
Beshkova, 2009; Libkind et al., 2010; Park et al., 2018). As a reaction to
certain nutritional deficiencies or abiotic stresses, red yeast cells will
cline to pigmentation, tending the color to be deeper (Li et al., 2017).

R. mucilaginosa is a saprophytic eukaryote that reproduces in a
manner that forms ascus and ascospores, has the characteristics of most
yeasts, and exists in a unicellular and non-hyphal state. R. mucilaginosa is
ubiquitous in ecological environment with wide distribution (Zhao et al.,
2019), even could be separated from contaminated or polluted areas, or
as endophytes exist in the rhizosphere soil of plants (Saha and Seal,
2015). Most representatives of this species are safe and show no patho-
genicity. However, its low pathogenicity has been found clinically,
causing dermatomycosis in patients who are critically ill and immune
compromised (Sabate et al., 2002; Mohd et al., 2015; Wang et al., 2019).
Therefore, R. mucilaginosa has been considered as an opportunistic
pathogen, yet most of these species applied in industry pose no threat to
safety and human health.

3. Characteristics of carotenoid biosynthesis by R. mucilaginosa

Carotenoids are a group of 40-carbon isoprenoids with high lipid-
solubility, which widely exist in fruits, vegetables, and other dietary
sources (Khan et al., 2021). Carotenoids have historically been known as
food supplements and nutraceuticals (Rapoport et al., 2021). For
example, lutein and zeaxanthin are reviewed synthetically to be effective
antioxidants and blue light and ultraviolet filters, thus helping to prevent
chronic eye diseases (Johra et al., 2020; Zafar et al., 2021). Moreover,
carotenoids with unsaturated structure features have strong antioxidant
activity, which endows them with strong immune activity that prevents
the oxidation of low-density lipoprotein and protects cells from ROS.
Humans cannot synthesize carotenoids themselves, but they can get them
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through the diet, which accounts for 7%–8% of the carotenoids that have
been recorded in nature so far (Chac�on Ord�o~nez et al., 2019; Honda et al.,
2020). According to statistics and market data forecast, the global ca-
rotenoids market size was estimated to be USD 1.57 billion in 2022, and
it is likely to reach an evaluation of USD 2.09 billion by the end of 2027,
rising at a compounded average growth rate of 4.5% during the forecast
period (Market Data Forecast: Carotenoids, 2022).

3.1. β-carotene

β-carotene is a well-studied pigment for its authorized dual functions
as a nutrient supplement and a colorant in countries and regions around
the world. β-carotene (C40H56, β, β -carotene Figure 1 A) is a fatty-soluble
carotenoid with two retinyl groups and eleven conjugated double bonds.
The molecular structure endows β-carotene relatively strong provitamin
A and antioxidant activities (Watkins and Pogson, 2020; Burton et al.,
2021). Given these excellent properties, β-carotene has been widely
applied in many industries, such as medicine (Novikov et al., 2022),
nourishments (Burton et al., 2021; Hambly et al., 2021), food additives
(Barbosa et al., 2021), cosmetics (Borja-Martínez et al., 2020), and feed
additives (Mudronova et al., 2018). Moreover, β-carotene has also been
used to prevent cancer, tumors (Lee et al., 2022), and cardiovascular
disease in medical and health-care proposals (Yang et al., 2022).

3.2. Torulene and torularhodin

Torulene (C40H54, 30,40-didehydro-β, ψ-carotene, Figure 1 B) and
torularhodin (C40H52O2, 30,40-didehydro-β, ψ-carotene-160-oic acid,
Figure 1 C) are two principal carotenoids typically found in red yeasts of
Rhodotorula genera (Tang et al., 2019; Liu et al., 2021). Torulene has one
β-ionone ring linked to a polyene chain, while torularhodin bears the
higher oxidation state as compared to torulene owing to the hydroxyl-
ation and oxidation from torulene. Owing to the existence of thirteen
double bonds, torularhodin could be endowed with a stronger
anti-oxidative capability than β-carotene and torulene in Rhodotorula
species (Du C et al., 2017; Liu et al., 2019a). As two versatile fungal
carotenoids acclaimed in the last decade, the biosynthetic pathways of
torulene and torularhodin have been proposed, which are mainly derived
from the mevalonate pathway in yeast cells (Kot et al., 2018; CU. Mus-
sagy et al., 2022). What’s more, reports confirming their properties and
potential producers are on the rise, and the present study proposes that
the most promising producers of these two arresting compounds princi-
pally include the yeasts of the genera Rhodotorula, Sporidiobolus, and
Sporobolomyces (Kot et al., 2018). Previous studies have proved that
torulene and torularhodin are safe food additives and bait in feedstock
for livestock, cosmetics, and ingredients in medicines (Li et al., 2019).
Still, torulene and torularhodin have been elucidated clinically owing to
their antioxidant and health-promoting properties. So far, difficulties still
stand in the way of torulene and torularhodin production on a large scale
(C.U. Mussagy et al., 2022). The productivity of torulene and tor-
ularhodin does rely on the yeast species or strains simply, but also on the
different optimization strategies customized for their bioproduction.

3.3. Comparison with different microbial carotenoid producer

Rhodotorula species are of talent producer in producing carotenoids. A
number of Rhodotorula isolates have been applied for carotenoids pro-
duction since they share the same features and profiles of carotenoids as
R. mucilaginosa, such as R. glutinis and R. toruloides (Kot et al., 2016; Zhao
et al., 2022), that is the two red yeast which have been well-studied for
β-carotene, torulene, and torularhodin production. In addition, it is worth
mentioning that the carotenoids (major in lycopene and β-carotene) for
food grade are mainly produced industrially by Blakeslea trispora at
present (Shi et al., 2012; He et al., 2017). This mold is fast-growing, with
high β-carotene yield in single unit organism,.as one of the earliest mi-
croorganisms for natural carotenoid production. Commonly, B. trispora is



Figure 1. Chemical structures of major carotenoids biosynthesis by Rhodotorula species. Groups of different carotenoids are boxed in color (A) β-carotene; (B)
Torulene; (C) Torularhodin.
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used for β-carotene production by means of mixing mating types species
in specific ratios. During the mixed fermentation of two mating types,
trisporic acid was numerously generated, and played a key role in
β-carotene synthesis (Papadaki and Mantzouridou, 2021; Wang et al.,
2021).

Another major carotenoid producer on industrial scale is the photo-
synthetic microalgae (major in β-carotene and xanthophyll), such as
Chlorella, Dunaliella, Arthrospira, and Haematococcus (Cezare-Gomes
et al., 2019). Compared with the carotenoid bioprocess in yeasts or
molds, microalgae typically use the open pond system or closed
photo-bioreactors in cultivation for carotenoid production. But problems
in production and cultivation often occur in microalgae during the pro-
cess of production and cultivation, including severe concerns about water
loss, carbon source deficiency, other needed nutrients, and worry about
weather conditions (Gong and Bassi, 2016). Furthermore, the production
capacity in microalgae was still hindered and blocked by the naturally
time-consuming growth, relatively low cell yielding, danger of contam-
ination by protozoa or bacteria, scale-up for cultivation, and highly
susceptibility to unfavorable weather conditions, which has become one
of the bottlenecks for scaling up in light-driven carotenoids production
(Liu et al., 2021). The comparison of carotenoids productivity among
several R. mucilaginosa, other different red yeasts, B. trispora, and
microalgae strains was summarized in Table 1.

Although the unit yield of carotenoids by R. mucilaginosa is relatively
low as compared to that of B. trispora, it is of great practical value to
produce carotenoids due to their numerous advantages. For example, the
specific growth rate of R. mucilaginosa is high, and a substantial amount of
cell biomass is relatively effortless to acquire at lab and pilot plant scale
levels (Dias Rodrigues et al., 2019; Banerjee et al., 2020). R. mucilaginosa
can be cultivated in ordinary bioreactors and biomass can be utilized as
feed or an additive in pharmaceutical products (Costa et al., 2020; Hamidi
et al., 2020). Besides, R. mucilaginosa can suit a variety of environmental
conditions, and the biomass can grow under a broad range of carbon and
3

nitrogen sources (da Silva et al., 2020; Rodrigues et al., 2022). These ad-
vantages are both directly favorable conditions for carotenoids production
in R. mucilaginosa as compared with B. trispora and microalgae.

3.4. Functions of carotenoids in ultraviolet radiation

Photo-radiation is vital for sustaining living beings. However, intense
ultraviolet radiation (UVR) is extremely hazardous and causes multiple
types of damage to living organisms, such as causing damage to organic
molecules and leading to the accumulation of ROS, inhibiting the growth
of microorganisms (Krinsky, 1989). This damage could be caused by
direct damage or indirect damage. When UVR is absorbed by cellular
macromolecules, such as DNA, proteins, and lipids, it causes direct harm.
And the ROS wreaks indirect damage when the UVR is absorbed by an
intermediate molecule. ROS is subsequently generated and leads to the
impairment of biological function (Apel and Hirt, 2004).

Living organisms have different strategies to coexist with the damage
caused by UVR. The most significant and widespread strategy for mi-
croorganisms may be the avoidance of harm by the synthesis of UV-
cleaning chemicals, such as carotenoids. The antioxidant capacity of
carotenoids has been observed in bacteria, algae, fungi, and plants. In
fungi, carotenoids serve a variety of activities. They are responsible for
the protection against UVR and ROS, and are associated with membrane
lipids. The presence of carotenoids thus endows the cells with increased
cellular resistance to radiation, heat, and oxidation (Johnson and
Schroeder, 1996). Generally, radio-tolerant yeasts that survive in envi-
ronments with high UVR synthesize photoprotective compounds such as
pigments. More and more evidence of carotenoids' putative photo-
protective effect in yeast has been discovered over the years (Molin�e
et al., 2010). Yeast carotenoids have long been related with antioxidant
activity. Furthermore, some studies have revealed that pigments can
compensate for a lack of specific antioxidant enzymes like superoxide
dismutase or peroxidase (Johnson and Schroeder, 1996).



Table 1. The comparison between different microorganism in carotenoids production.

Microorganism Substrates yield Reference

R. glutinis TISTR 5159 Crude glycerol 135.2 mg/L Saenge et al. (2011)

R. acheniorum Whey ultrafiltrate 263 mg/L (10.76 mg/g) Nasrabadi and Razavi (2012)

R. mucilaginosa CCY 20-7-31 Potato medium with 5% salt 55.9 mg/L Marova et al. (2012)

Sporobolomyces roseus CCY 19-4-8 Whey medium 29.4 mg/L

R. glutinis CCY 20-2-26 Whey/Whey medium 51.22 mg/L

R. glutinis 2.27 YPD Medium 42.32 mg/L Li et al. (2015)

R. mucilaginosa CCT 7688 Corn steep liquor, sugar cane
molasses and raw glycerol

3.73 mg/L Dias Rodrigues et al. (2019)

B. trispora ATCC 14271 (þ), B. trispora ATCC 14272 (-) Lye and washing water 64.1 mg/L Papadaki and Mantzouridou (2021)

B. trispora CGMCC 3.7855 (þ), B. trispora CGMCC 3.7819 (-) Synthetic medium 523.8 mg/L Ding et al. (2020)

B. trispora ATCC 14271 (þ), B. trispora ATCC 14272 (-) Synthetic medium 1870.0 mg/L He et al. (2017)

B. trispora ATCC 14271 (þ), B. trispora ATCC 14272 (-) Synthetic medium 578 mg/L Shi et al. (2012)

Phormidium autumnale Slaughterhouse wastewater 183.03 μg/g Rodrigues et al. (2014)

Nannochloropsis oculata NANN OCUL-1 Low-cost medium 311.33 μg/L Fa�e Neto et al. (2018)

Selenastraceae sp. B10 Kuhl medium with glucose 7.49 mg/g Gong and Huang (2020)

Coelastrum cf. pseudomicroporum Urban wastewater 91.2 pg/Cell Úbeda et al. (2017)
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4. Mechanism of carotenoid biosynthesis by R. mucilaginosa

Indeed, Rhodotorula species have a similar biosynthetic pathway for
carotenoids. As shown in Figure 2, the carotenoids biosynthetic pathway
begins with the conversion of acetyl-CoA to 3-hydroxy-3-methylglutaryl-
CoA (HMG-CoA) catalyzed by the catalysis of HMG-CA synthetase.
Subsequently, the HMG-CoA is reduced to mevalonic acid (MVA). Later,
the MVA successively undergoes phosphorylation, and is decarboxylated
to form isopentenyl pyrophosphate (IPP). Then, the IPP is isomerized to
form dimethylallyl diphosphate (DMAPP), which is further transformed
into geranylgeranyl pyrophosphate (GGPP) through multiple steps with
three IPP molecules. Then, two molecules of GGPP are condensed,
resulting in phytoene formation (the first 40-carbon compounds of
carotenoid biosynthesis). Phytoene is then converted to lycopene and
3,4-didehydrolycopene, catalyzed by phytoene desaturase through four-
and five-step dehydrogenation, respectively. Lycopene is transformed
into γ-carotene and β-carotene catalyzed by bifunctional lycopene
cyclase/phytoene synthase through one- and two-step cyclization,
respectively. Moreover, 3, 4-didehydrolycopene could be converted into
torulene catalyzed by bifunctional lycopene cyclase/phytoene synthase
through one-step cyclization. According to the latest research and pro-
posal, this step is currently the most possible way of torulene trans-
forming in carotenoid biosynthetic pathway. Furthermore, torulene can
be converted to torularhodin via the intermediate 16’-hydroxytorulene
through a series of hydroxylation and oxidation. Remarkably, previous
studies have proved that the γ-carotene could not transform into tor-
ulene, suggesting that γ-carotene is not the precursor of torulene
(Hausmann and Sandmann, 2000; Sandmann et al., 2006; Herz et al.,
2007). It is worth mentioning that the biosynthetic pathway of torulene
and torularhodin in Rhodotorula species has been controversial for a
decade. However, the hypothesis of the metabolic pathway “lycopene →
3,4-didehydrolycopene → torulene → 16’-hydroxytorulene → tor-
ularhodin” is more plausible given the available findings.

5. Potential applications of carotenoids produced by
R. mucilaginosa

5.1. As antioxidant

Reactive oxygen species (ROS) are produced in pathological processes
and aerobic metabolism in living organisms, and are extremely harmful
at high concentrations. When the level of ROS is out of the balance be-
tween production and elimination, cells will suffer excessive oxidative
stress, and therefore trigger lipid peroxidation, protein oxidation, nucleic
acid damage, and enzyme inactivation, resulting in programmed cell
4

death (Kreiner et al., 2003; Stahl and Sies, 2005). The presence of con-
jugated double bonds in the carotenoid structure enables these com-
pounds to accept electrons from oxidative stress, and neutralize free
radicals as a consequence (Rutz et al., 2016; Shi et al., 2021). The
beneficial effects of carotenoids on living cells are mainly attributed to
their antioxidant properties as the major scavengers of ROS. β-carotene,
one of the most well-studied carotenoids, possesses a relatively strong
antioxidant capability in neutralizing excess ROS, and further preventing
destruction of biomacromolecules. Meanwhile, the β-carotene has been
served as the most-applied carotene to prevent UV irradiation from
human skin cells (Borello et al., 2021; Favas et al., 2022). Previous
studies have conducted that β-carotene is of great importance in human
health promotion.

Previous study conducted that β-carotene treatment in workers
exposed to lead (Pb) (Kasperczyk et al., 2014). The results indicated that
β-carotene plays the role in antioxidant, which significantly reduced
oxidative stress parameters and reduced the release of antioxidant en-
zymes intracellular. Another study suggested that β-carotene plays an
effective antioxidant role in reducing H2O2-depent oxidative stress. The
results were observed that β-carotene induces increased cell proliferation
and cytokine release in the pathogenesis of Graves’ orbitopathy (GO)
(Rotondo Dottore et al., 2018).

Meanwhile, studies have proved that torulene has better antioxidant
activity than β-carotene. The report suggested that torulene possesses a
better radical scavenging capability. A lower EC50 indicates torulene
(EC50 ¼ 2.03) as an effective scavenger of 2,20-Azino-bis diammonium
salt (ABTS) than β-carotene (EC50 ¼ 3.02) (Han et al., 2016). Further, it
has been reported that torulene shows the most noticeable antioxidant
effect, which protects SK-HEP-1 cells from the damage caused by
hydrogen peroxide (Liu et al., 2019b). Previous study also conducted on
the relative antioxidant efficiency among torulene, lycopene and
β-carotene. The report observed that torulene is found to be the most
easily oxidized carotenoid in polar and nonpolar environments, followed
by lycopene and β-carotene (Galano, 2007).

What’s more, studies have proved that torularhodin possesses the
capability to ameliorate oxidative damage and against oxidation in liver
injury-induced mice (Liu et al., 2019a). The antioxidative activity of
torularhodin against H2O2- induced liver damage has been reported. It
was elucidated that the protective effects mechanism against oxidative
damage involved cell integrity maintaining and enhancement of anti-
oxidant enzymes activities in torularhodin treated Buffalo rat liver cells
(Li J et al., 2019).

In view of the chemical structures of β-carotene, torulene, and tor-
ularhodin, it is reasonable to presume that the most potent antioxidant
activity is carried by torularhodin, followed by torulene, and β-carotene.



Figure 2. Integrated metabolic pathways for biotechnology in Rhodotorula species. Metabolic pathways are depicted, along with the metabolites and enzymes.
Abbreviations are used for the generally used names of metabolites and enzymes. Endoplasmic reticulum and mitochondria are also mentioned as cellular com-
partments. Metabolites with red-dotted lines represent prospective products to target in future methodologies.
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For example, Sakaki et al. confirmed that torularhodin possesses a much
stronger antioxidative effect and shows a highly potent inhibitory effect
on substrate degradation by singlet oxygen than that of β-carotene
(Sakaki et al., 2001). Moreover, it has been observed that the addition of
singlet oxygen, superoxide anion radicals, and peroxy radicals does not
affect the biosynthesis of β-carotene while having significant enhance-
ment on torulene and torularhodin in Rhodotorula glutinis. This result
suggests that torulene and torularhodin possess a more effective scav-
enging capability of active oxygen species than β-carotene (Sakaki et al.,
2002).
5

5.2. As provitamin A

Vitamin A (retinol) is structurally one-half of the molecule of
β-carotene. Therefore, carotenoids containing at least one unsubstituted
β-ionone ring with a C11 polyene chain (e.g., β-carotene, α-carotene,
γ-carotene, and β-cryptoxanthin) are classified as provitamin A caroten-
oids (Blomme et al., 2020; Watkins and Pogson, 2020). Each of these
carotenoids has one unsubstituted β-ionone ring and could be converted
into retinol by humans and animals (Tang, 2010; Bai et al., 2011). From
γ-carotene, one molecule of vitamin A while from β-carotene two
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molecules of vitamin A could be synthesized (Grune et al., 2010). Studies
related to the provitamin A property in torulene and torularhodin have
not yet been reported at present. Humans cannot synthesize carotenoids
naturally, and are thus dependent on diets as sources. Indeed, vitamin A
is closely associated with human health, being required in bioprocesses
of vision, immunity, reproduction, proliferation, cell differentiation, and
growth and development of biological processes (Mayo-Wilson et al.,
2011). In general, the common clinical symptoms of vitamin A deficiency
may cause xerophthalmia, fetal development, an increased risk of severe
infection, and other adverse effects on growth (Wirth et al., 2017;
Wiseman et al., 2017; Surman et al., 2020). Increasing the provitamin A
content in stable from agriculture is one way to settle vitamin A defi-
ciency (Borel et al., 2021). However, in obtaining vitamin A from animal
diets, difficulties remain in breeding area and productiveness, so it is
strongly recommended that increase the consumption of microbial
sources rich in vitamin A precursor carotenoids to reduce vitamin A
deficiency.

5.3. As anti-cancer

Previous studies have shown that β-carotene, torulene, torularhodin
exhibit anti-cancer and anti-tumor activities (Park et al., 2015; Du et al.,
2017; Duli�nska-Litewka et al., 2021). β-carotene could cause DNA dam-
age on human hepatocellular carcinoma cells HepG2, and thus leading to
enhanced apoptosis and necrosis of cells. Dietary β-carotene intakes may
cause cytotoxic and genotoxic damage to HepG2 cells, as well as
enhanced oxidative damage, in contradiction to their protective activity
on healthy cells (Yurtcu et al., 2011). Still, β-carotene exhibits
anti-tumorigenic properties in pituitary adenoma AtT-20 cells. The re-
sults suggested that β-carotene inhibits the growth of AtT-20 cells. The
relevant mechanisms may induce cell apoptosis and cycle arrest (Haddad
et al., 2013). β-carotene decreases Ku 70/80 levels and Ku-DNA-binding
activity in gastric cancer cells via raising intracellular ROS levels and
enhancing caspase-3 activation, ultimately causing apoptosis (Park et al.,
2015). Previous studies also identified that β-carotene has an anti-
proliferative effect in esophageal squamous carcinoma cells. The level of
anti-apoptosis protein phosphorylation is dramatically inhibited by
β-carotene, which leads to an increase in the apoptosis protein Bax/Bcl-2
ratio and the activity of caspase-3 (Zhu et al., 2016). Similar results
observed that β-carotene inhibits the growth and self-renewal capacity of
colon cancer stem cells by regulating epigenetic modifications and reg-
ulates miRNAs with increased the expression of miRNA-mediated histone
acetylation (Kim et al., 2019). What’s more, further research explained
the β-carotene predominant anti-cancer activity at a concentration of 1
μM, which successfully promotes apoptosis by regulating anti-apoptotic
protein expression and hindering cell survival signals (Sowmya Shree
et al., 2017). β-carotene combined with other bioactive agent exhibits
higher anticancer activity, compared to liposomes containing single
bioactive types (Bai et al., 2019). Similar results reported that the com-
bination of a low-dose doxorubicin treatment with β-carotene has a cell
growth inhibitory and a proapoptotic impact on breast cancer cells (Vijay
et al., 2018).

Recent progress in discovering the role of torulene and torularhodin
in prostatic physiology has proved their excellent anti-cancer ability
focused on prostate diseases (Duli�nska-Litewka et al., 2021). Previous
study had proved that torularhodin possesses the capability to against
prostate cancer LNCaP cells. The results showed that torularhodin
significantly down-regulates the expression levels of androgen receptor
and prostate-specific antigen expression. The potential anti-prostate
cancer mechanism of torularhodin may correspond with the loss of
mitochondrial transmembrane potential, the increased intracellular cal-
cium concentration, and the regulation of Bcl-2 proteins (Du et al., 2015).
It has been observed that torulene and torularhodin treatment signifi-
cantly enhanced degradation and apoptosis in tumor tissues (Du et al.,
2016). The supplementation of torulene and torularhodin significantly
inhibited the growth of prostate cancer in PC-3-treated mice.
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Additionally, torularhodin possesses the capability to maintain cell
integrity, regulate the cell cycle and the activity of intracellular enzymes.
The results of transcriptome analysis also revealed that the genes related
to the cell cycle process regulation, response to oxygenated compounds
were significantly differentially expressed as treated with torularhodin.
The KEGG pathway enrichment analysis showed these genes mainly
function in antioxidation, metabolic pathways, cell cycle processes,
cancer, and senility (Li et al., 2019a). Moreover, the presence of tor-
ularhodin was a positively protective agent against alcoholic liver disease
through transcriptome analysis (Li et al., 2019b). Previous study noted
that the influence of torularhodin toward memory dysfunction and
neuroinflammation induced by Alzheimer’s disease (AD). It was deter-
mined that torularhodin may be a potential therapeutic agent in treating
AD via the activation of relevant anti-aging and antioxidative transcrip-
tion factors (Zhang et al., 2020).

These findings highlight the importance of β-carotene, torulene and
torularhodin in human anticancer. Such carotenoids may therefore be
exploited for functional medicine because of their potential health ben-
efits with various bioactivity. In other words, scientific achievements
have brightened the prospects for the applications of carotenoid pro-
duced by R. mucilaginosa, yet there is still a need to evaluate the safety of
carotenoids. Thus, establishing recommendations for appropriate dos-
ages to be used in the prevention and treatment of different carcinosis in
humans is necessary.

6. Influence of selected factors in carotenoid biosynthesis

Many studies have paid the efforts to augment carotenoid production
in R. mucilaginosa by optimizing carotenoid fermentation conditions,
tended to produce as much as possible in targeted carotenoid. However,
the yield and efficiency of carotenoid biosynthesis by R. mucilaginosa
depend on a good deal of factors (El-Banna et al., 2012; Mannazzu et al.,
2015). Light/irradiation is a crucial factor which can affect the growth of
Rhodotorula species and pigmentation (Zhang et al., 2014). It has been
observed that the carotenoid productivity of R. mucilaginosa K-1 is
significantly different among irradiation treatments. The results indi-
cated that appropriate irradiation can promote the growth and produc-
tivity of carotenoids while strong illumination shows a negative effect on
the growth and inhibits glucose metabolism in K-1 cells (Kong et al.,
2019). Previous study found UV serves as the exogenous factor which
mostly effects the production of carotenoids. Exposure to UV has a pos-
itive effect on carotenoid production in R. mucilaginosa AJB01 with 350
μg/g of carotenoids generated (Garcia-Cortes et al., 2021).

Moreover, carotenoids synthesis is highly influenced by the temper-
ature of incubation in R. mucilaginosa. The possible mechanism may bear
on the bioactivity of the enzymes that participate in the biosynthesis
process. The conducted study showed the effect of temperature on
R. mucilaginosa CCT 3892 carotenoid generation. The results were
observed that the highest volumetric production of carotenoids (1.13 g/
L) is cultured at 22 �C, while the lowest carotenoid (0.34 g/L) at 34 �C (da
Silva et al., 2020). Previous study also indicated the increased temper-
ature (up to 28 �C) accompanied with the rising carotenoid formation
rates (2.43 mg/L), while sharply reduces above 35 �C (0.60 mg/L) in all
cultivated R. mucilaginosa isolates (Allahkarami et al., 2021).

Carotenogenesis is an aerobic bioprocess in Rhodotorula species. The
combined action of aeration and agitation can meet the demand for ox-
ygen during fermentation. This is a necessary element for yeast growth
rate, cell mass, and carotenoid production, as well as for substrate
assimilation (Saenge et al., 2011). Aeration results in better mixing of the
fermentation broth, which helps the maintenance of a concentration
gradient between the inner and exterior environments of the yeast cell.
The influence of aeration on the fermentation of carotenoids has been
studied previously. It was observed that the maximum amount of ca-
rotenoids obtained by R. mucilaginosa MTCC-1403 in aerobic fermenta-
tion conditions was 819.23 mg/g, while 717.35 mg/g for the control
(Sharma and Ghoshal, 2020). Aeration results in a concentration
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gradient, which may play a key role in fermentation provess. The
improved diffusion process facilitates the intake of sources in medium by
yeast cells and the removal of gases and other byproducts in the culti-
vation process.

Some divalent cations have been identified as the stimulants of ca-
rotenoids production in Rhodotorula species (Kot et al., 2021a). It has
been reported that the carotenoid profile in R. graminis was selectively
affected by certain trace elements. The results indicated that the pres-
ences of Al3þ and Zn2þ have a boosting influence on β-carotene and
γ-carotene synthesis, whereas Zn2þ and Mn2þ had inhibitory effects on
the biosynthesis of torulene and torularhodin (Buzzini et al., 2005).
Specific carotenogenic enzymes may be activated or inhibited as a result
of the action of the trace elements indicated above (Bhosale and Gadre,
2001).

The supplementation of solvents and chemical or natural agents has
also been studied on carotenoid biosynthesis (Wang et al., 2001). It has
been conducted that the effect of cotton seed oil for R. mucilaginosa
NRRL-2502 carotenoid production. The results showed an increased ca-
rotenoids production at 57.6 mg/L in supplemented with cotton seed oil,
while the control was at 39.5 mg/L (Aksu and Eren, 2005). Still, it has
also been conducted that niacin has a positive effect on carotenoid gen-
esis. According to the finding of Kot et al., R. mucilaginosa MK1 produces
more torularhodin when niacin is added to the medium, increasing from
23.31% to 33.79% (Kot et al., 2021b).

The profile of carotenoids produced by Rhodotorula yeasts is greatly
influenced by stress conditions. Previous study has synthetically sum-
marized the effect of exogenous stress factors (osmotic stress, white light
irradiation, low temperature, and oxidative stress) towards on the
biosynthesis of carotenoids (Kot et al., 2019). The results revealed that
the Rhodotorula yeasts (R. mucilaginosa, R. glutinis, and R. gracilis) are
capable of growing and biosynthesizing carotenoid in the presence of
applied stress stimuli. Induction of osmotic stress significantly stimulates
the generation of β-carotene in R.mucilaginosa (more than 50%), and low
temperature at 20 �C shows the same effect (up to 73.9% of the β-caro-
tene in total carotenoid content). Likewise, the above results also sug-
gested that yeast synthesizes torulene more efficiently in oxidative stress
conditions (up to 82.2%) than that of the other conditions. It has been
discovered that oxidative stress induced by 5 mM hydrogen peroxide
promotes torulene production in R. mucilaginosa RCL-11. The proportion
of torulene in the overall pool of carotenoids increased from 21.3 to
45.6%, with an increase from 1.8 m/L to 6.2 mg/L (Irazusta et al., 2013).

Yet, the presence of inhibitors will modify the profile of carotenoids.
Study has been conducted on the influence of diphenylamine (DPA) and
nicotine on the constituents of carotenoids in Rhodotorula yeasts. The
results suggested that a prominent reduction is caused in the tor-
ularhodin/torulene ratio with the supplementation of 5 mmol DPA, from
1.5 to 0.5 for R. rubra, and 0.8 to 0.5 for R. glutinis. The β-carotene
accumulation is increased from 13 to 47% in R. mucilaginosa, and
36–43% in R. glutinis. The addition of 20 mmol nicotine causes an
obvious increase in lycopene by 77% of the total carotenoids, accom-
panied by a decrease in torulene and torularhodin (Squina and Merca-
dante, 2005). Researchers cultivated R. mucilaginosa RCL-11 with the
addition of 50 μM DPA and 0.5 mM of CuSO4. The results indicated that
50 μM DPA causes an inhibitory effect on carotenoid synthesis, which
decreases the pigment concentration to 0.26 mg/L than that of the con-
trol in 1.7 mg/L without CuSO4. And the cultivation of cells in both
presences produce carotenoids below 1.0 mg/L (Irazusta et al., 2013).

The great potential of carotenoid biological features in Rhodotorula
species has stimulated the advancement in industrialization culture and
genetic modification technologies. Efforts have been made to improve
the production of carotenoids by regulating the endogenous enzymes of
these yeasts. Through homologous recombination or non-homologous
end joining mechanisms, the bacterial-type II CRISPR/Cas9 system
could be a prospective genome-editing application for Rhodotorula
yeasts. Jiao et al. conducted studies on CARI (encoding phytoene dehy-
drogenase), CAR2 (encoding bifunctional protein catalyzing phytoene
7

synthase and carotene cyclase). The results showed that an increased rate
of gene deletion is performed (Jiao et al., 2019). Similarly, researchers
conducted the study on carotenoid biosynthetic gene CARI with the use
of agrobacterium-mediated transformation in R. toruloides NP11. It was
indicated that the CRTI locus functions in RHTO_04602 (phytoene
desaturase gene) in carotenoids biosynthesis (Sun et al., 2017). These
findings offer valuable information for the metabolic engineering of this
burgeoning yeast species.

7. Lipogenesis characteristics of R. mucilaginosa

One of the primary factors driving the expansion of the global bio-
energy market is the rising concern for the environment and energy se-
curity. For this reason, some countries are exploring alternate energy
sources to replace nonrenewable fossil fuels (Mohr et al., 2015). Due to
the non-renewability of fossil fuels and the ever-decreasing supply, re-
searchers are focusing on investigating clean and renewable alternatives
(Abas et al., 2015). Bioenergy is quickly becoming one of the most
important alternatives to traditional energy sources, helping to diversify
the energy mix and lessen reliance on global oil markets, and is expected
to replace conventional petroleum or diesel fuels (Sheehan et al., 2020).
The global bioenergy market is rapidly expanding. It is projected that the
bioenergy size will reach to 640 billion by 2027, exhibiting a compound
annual growth rate of 8.0% during the forecast period (Market Data
Forecast: Bioenergy, 2022).

Bioenergy is a type of renewable energy that is obtained from bio-
logical sources. Biodiesel is considered as a branch of bioenergy. Bio-
diesel is defined as a fuel composed of monoalkyl long-chain fatty acid
esters, of which themost common are methyl esters (Knothe et al., 2006).
Fuel produced from biomass feedstock by microorganisms is a useful
precursor for conversion to biodiesel, with renewable and biodegradable
feasibility (Koles�arov�a et al., 2011; Lin et al., 2013). Microbial lipids are
promising substrates which can be used as new biodiesel, and are called
single cell oil (SCO) in literatures (Beopoulos et al., 2011). According to
the types of substrates and raw materials used for production, there are
three types of biofuels: (1) the biodiesel traditionally extracted from
plants (Durrett et al., 2008); (2) the biodiesel produced from oleaginous
non-food raw materials (Ramos et al., 2019); (3) the biodiesel produced
and synthesized frommicroorganisms (Papanikolaou and Aggelis, 2011).

Rhodotorula strains have a lipid storage capacity of around 40% of
their dry weight, with TAG accounting for 65%–90% of the content.
Lipids synthesized by R. mucilaginosa contain mainly myristic acid
(0.29%), stearic (5.41%), palmitic (C16:0, 8.64%), oleic (C18:1,
35.38%), linoleic (C18:2, 28.97%), and linolenic acids (C18:3, 21.31%)
(Gupta et al., 2012; Yang et al., 2014). Differences may exist in certain
strains accompanied by changes in proportions of fatty acids owing to
various environmental conditions. Microbial lipids produced by R.
mucilaginosa could be in the service of food additives, dietary supple-
ments, and substitutes for precious fats, and possess the capability to be
used to replace high-value oils in commerce, as well as feedstocks and
raw materials for biodiesel production (B�eligon et al., 2016; Shields--
Menard et al., 2018; Ghazani and Marangoni, 2022). The lipids produced
by R. mucilaginosa have several advantages over traditional extraction
methods from plants, like growing fast, covering less space, adapting
better to demands, and having a broad spectrum of substrates (Jones
et al., 2019). And the method of producing lipids by R.mucilaginosa is not
limited by climate, season, or geographical conditions. Interestingly,
another convenience of microbial lipids is that the yeast strains could be
designed or engineered to synthesize high-value lipids, which are usually
not generated or produced at poor yields. This engineering project usu-
ally involves the insertion or overexpression of enzymes that are related
to lipid biosynthesis. Remarkably, the oleaginous yeast has attracted
great attention because of its interesting potential for biotechnological
applications (Kot et al., 2016; Spagnuolo et al., 2017; Park et al., 2018).
More importantly, the application of biodiesel is eco-friendly to the
ecosystem, mainly for the reason of reducing the emissions of greenhouse
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gases (Ray et al., 2021). Thus, biodiesel exhibits a sharp increase in in-
terest owing to the ecological and economic aspects that people consider
most. However, the so-called third-generation biodiesel industrialization
in large-scale was hindered by the high cost of synthesis by microor-
ganisms at present (Rajnish et al., 2021). But it is noted that costly
chemical steps could be avoided because the use of these fatty acids in
commerce directly is available (Szczepa�nska et al., 2022). Therefore,
further research should focus on the economization of operating costs.
This can be accomplished by using genetically modified techniques to
improve microorganism biosynthesis efficiency or by utilizing waste as
medium components (Sheehan et al., 2020).

8. Mechanism of lipid biosynthesis by R. mucilaginosa

Lipid biosynthesis occurs mostly in the cytoplasm of yeast cells, via a
sequence of enzyme processes that convert the biosynthetic substrates
saccharides, glycerol, or acetyl-CoA to long chain fatty acids. This bio-
process keeps a close relationship with glycolysis, the Krebs cycle, and
the citrate/malate shuttle, as shown in Figure 2 (Beopoulos et al., 2011;
Dourou et al., 2018). Lipids may be accumulated in yeast cells by de novo
pathway that metabolizes saccharides or glycerol as the substrates for
lipid production (Fakas, 2017). The biosynthetic precursor of lipids in
this process is glycerol-3-phosphate (G3P), which is derived from the
glycolytic pathway. Then, lipid synthesis starts with the acylation of G3P
by the G3P-acyltransferases (encoded by SCT and GPT2 genes) to yield
lysophosphatidic acid (LA), which is acylated to phosphatidic acid (PA)
by the lysophospholipid acyltransferases (encoded by SLC and ALE
genes). Then that is diacylglycerol (DAG) which is formed by the
dephosphorylation of PA catalyzed by PA phosphatase (encoded by PAH
gene). With the acylation by diacylglycerol acyltransferase (encoded by
DGAT gene), DAG is to form TAG in the final step of triglyceride synthesis
(Beopoulos et al., 2009; Papanikolaou et al., 2011; Beopoulos and
Nicaud, 2012).

It is worth noting that after the depletion of nitrogen supplies from the
culture environment, the overproduction of intracellular lipids occurs,
which is associated to the activation of myoadenylate (AMP) deaminase
(AMP deaminase) in de novo synthesis. AMP deaminase catalyzes the
breakdown of AMP into inosine monophosphate (IMP) and ammonium,
which serve as a supplementary nitrogen source. The drop in adenosine
monophosphate levels impedes the Krebs cycle process for that it acti-
vates isocitrate dehydrogenase, which catalyzes the conversion of iso-
citrate to α-ketoglutarate. With the participation of aconitase, the
mitochondrion accumulates isocitrate to balance the concentration of
citrate. When citric acid reaches a critical concentration, it is divided by
ATP-citrate lyase into acetyl-CoA and oxaloacetate, which are then
transported from the mitochondrion to the cytoplasm. The carboxylation
of acetyl-CoA produces malonyl CoA, which is the initial step in the
production of fatty acids. The complex of fatty acid synthase then cata-
lyzes a series of enzymatic processes (FAS). The fatty acids produced
could be used in the triacylglycerol production pathway. The main
pathways and major metabolites in lipogenesis by Rhodotorula species,
with initial substrates of glucose or glycerol, is shown in Figure 2.

9. Influence of selected factors in lipid biosynthesis

Nowadays, the lipid biosynthesis mechanism in microorganisms has
not been fully clarified. The yield and efficiency of lipid biosynthesis by
R. mucilaginosa are determined by many factors. The high C/N molar
ratio is the crucial factor for yeast accumulating lipids. Researchers have
conducted lipid production at different C/N ratios by cultivating R.
mucilaginosa LP-2. The results were observed that R. mucilaginosa LP-2
yields the highest lipid at the C/N ratio of 65 (6.0 g/L, 46.7%),
compared with the ratio of 25 at 5.7 g/L (35.7%), 45 at 5.7 g/L (38.7%),
and 85 at 4.4 g/L (44.6%), respectively. Most of the fatty acids are oleic
acid (C18: 1), palmitic acid (C16: 1), and stearic acid (C18: 0) (Liang
et al., 2021). It has been reported that R. mucilaginosa R2 exhibits the
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maximum lipid content at a C/N ratio of 40, which leads to a lipid con-
centration of 0.58 g/L (22.21%) after 96 h of cultivation (Bardhan et al.,
2020).

Furthermore, the bioprocess of lipid production by R. mucilaginosa is
also temperature dependent. The effect of incubation temperature on
lipid accumulation and the profile of fatty acid unsaturation in R. muci-
laginosa has been investigated. Previous study proposed that intracellular
lipid content varied at 7, 15, and 26 �C. The reports observed that the
profile of fact acids content of R. mucilaginosa varied widely, yet per-
formed no significant effect on the yield of lipids. The highest unsatu-
rated fatty acid (63.4%) is obtained at 15 �C with a monounsaturated
fatty acid of 31.38% and a polyunsaturated fatty acid of 32.02%,
compared with unsaturated fatty acid of 57.4% and 43.49% cultivated at
7 �C and 26 �C, respectively (Adel et al., 2021).

The effect of medial pH value or acidity also plays a significant role in
lipid biosynthesis. It has been conducted that the experiments were
performed at pH 4 to 7 for the purpose of investigating the influence of
pH value. The results suggested that R. mucilaginosa shows its maximum
lipid content as 69.5% (dry cell weight) and methyl ester as 92.3% at pH
5, whereas at pH 4, 6, and 7, its lipid content amounts to 50.8%, 51.7%,
and 64.5%, respectively (Karatay and D€onmez, 2010). Moreover, the
carbon composition of various starchy wastes also has a considerable
effect on yeast lipid generation. Previous study used different types of
wastes as medium to support R. mucilaginosa Y-1 growth and lipid pro-
duction. The fermentation performances showed the highest lipid pro-
ductivity (8.3 g/g starch) was obtained from barley residue with 14.91%
lipid content (dry yeast biomass), followed by potato peel of 6.0 g/g with
13.42%, banana peel of 6.0 g/g with 6.04%, and corn residue of 5.9 g/g
with 14.09%, respectively (Chaturvedi et al., 2019).

Studies on culture parameters in bio-progress are of great importance
which greatly affect the productivity and profile of targeted products.
These findings raise the possibility of cultivating R. mucilaginosa for lipid
production, provide available options to researchers who purposed in
perfecting lipid production. Regarding R. mucilaginosa applications, it
appears evident that more advances will occur in production through
metabolic engineering, which has not yet been completely utilized in
lipid genesis.

10. Valorization of low-cost substrate

What is even more interesting is that R. mucilaginosa can thrive on a
variety of carbon sources and is resistant to inhibitory chemicals common
in unrefined substrates, which could be applied to product carotenoids
and lipids in favored form (Kot et al., 2019; Costa et al., 2020). The
industrialization of microbial production tremendously depends on the
rawmaterial cost for the purpose of raising productivity. Usually, in most
biotechnological processes, the cost of the medium components is the
deciding issue. Carbon and nitrogen sources can cost more than a third of
the entire cost of the bioprocess (Bautista et al., 2012). Nonetheless, some
articles have looked into alternate and less expensive carbon sources like
glycerol, sugarcane, wheat straw hydrolysate, and other waste products
from agricultural activities to replace the use of traditional carbon
sources such as glucose. Several studies have examined the viability of
employing raw materials as carbon sources and found that these sub-
strates are economically viable (Kot et al., 2019, 2021). A strategy for
carotenoids and lipids by cultivating with low-cost substrates can satisfy
the needs of growth in yeast cells and industrial desired products.

Sugarcane bagasse and molasses are economical carbon sources in
waste substrates with cost-saving interest. R. mucilaginosa CCT-7688
yields carotenoid and lipid content of 1794.2 μg/L (121.4 μg/g) and
43.2% (w/w), respectively, with the cultivation medium composed of
sugarcane molasses and corn steep liquor (Rodrigues et al., 2022). Re-
searchers cultivated R. mucilaginosa CCT3892 on medium containing
residual sugarcane molasses. It was determined that the yeast produces
total lipids and carotenoids at 16.50% and 53.0 μg/g, respectively, and
the lipid generates the most interesting profile by the content of oleic acid
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at 74.05% (Costa et al., 2020). Previous study was conducted with the
use of sugarcane bagasse for R. mucilaginosa IIPL32 growth and lipo-
genesis. The results obtained 97.23 mg of lipid as FAME per gram of dry
biomass, and showed the major presence of monounsaturated fatty esters
at 35–55%, which is suitable for the properties of biodiesel (18:1, 16:1)
(Khot and Ghosh, 2017).

It has also been conducted that banana peel extract can serve as the
substrate for R. mucilaginosa UANL-001L. Yields are highest in 317 μg/g
carotenoids and 0.55 mg/g fatty acids in dry biomass, compared with the
results in 298 μg/g and 0.46 mg/g while obtained in the yeast malt broth
(Torres-Alvarez et al., 2022). It has also been found that onion peel
powder and mung bean husks serve as the appropriate composition for R.
mucilaginosa MTCC-1403 carotenoids genesis. The results suggested that
the highest concentration of carotenoids obtained is 819.23 μg/g in
aerobic conditions (Sharma and Ghoshal, 2021). R. mucilaginosa
KKUSY14 was conducted on the medium composited by durian peel
hydrolysate to produce biodiesel. It was observed that the fatty acid
methyl ester (FAME) production is 81.57% in wet yeast cells (Leesing
et al., 2021). It has been found that R. mucilaginosa ATCC 66034 exhibits
high lipid production potential in waste glycerol with a yield of 3.24 g/L
(Gientka et al., 2017). The utilization of wheat bran also composed the
fermentation medium for R. mucilaginosa Y-MG1 lipid production. The
results showed that yields are highest at 11 g/L dry biomass and fatty
acid of 38.7%, respectively, while relative fatty acid composition shows
the presence of increased levels of monounsaturated and saturated fatty
acids in lipids at 66.8% and 23.4%, respectively (Ayadi et al., 2019).
Cheng and Yang conducted carotenoids production with the use of
reused molasses and waste ketchup as the cultivating medium for R.
mucilaginosa F-1. It was observed that total carotenoids are produced at
268.6 μg/g, and 376.3 μg/g, respectively, with the composition of ca-
rotenoids in β-carotene, torulene, and torularhodin, at 23.8%, 67.5%,
and 8.7%, respectively (Cheng and Yang, 2016). Previous study also
conducted the use of bagasse hydrolyzate for R. mucilaginosa CCT 3892
production. It was observed that the yeast yielded the highest carotenoid
at 1.13 mg/L, and lipids at 0.54 g/L, rich in oleic and linoleic (Allah-
karami et al., 2021). Still, study has tested the olive mill waste for
carotenoid production. The report observed that total carotenoid pro-
duced by R. mucilaginosa sp. is achieved at a maximum of 7.3 mg/L,
mainly in torulene and torularhodin (Ghilardi et al., 2020). All these
Table 2. Targeted products produced using agro-industrial waste by different strains

Strains Agro-industrial waste Targeted product Cultivation meth

CCT-7688 Sugarcane molasses
and corn steep liquor

Lipids
Carotenoids

Batch
Fed-Batch
Batch
Fed-Batch

UANL-001L Banana peel extract Carotenoids,
Lipids

-

KKUSY14 Durian peel hydrolysate Lipids -

CCT 3892 Sisal bagasse hydrolyzate Carotenoids
Lipids

-

MTCC-1403 Onion peel powder
and mung bean husks

Carotenoids -

- Olive mill waste Carotenoids -

CCT 3892 Sugarcane molasses Carotenoids
Lipids

-

CCT-7688 Sugarcane molasses, corn
steep liquor and raw glycerol

Carotenoids Batch
Fed-Batch

Y-MG1 Wheat bran and sugarcane bagasse Lipids Fed-Batch

IIPL32 Sugarcane bagasse Lipids -

F-1 Molasses and waste ketchup Carotenoids -

Note: “-”: Name of strain was not mentioned in the article.

9

findings demonstrate the feasibility of using low-cost mediums as cheap
substrates to produce targeted bioproducts. Here, we summarized the
information mentioned above in Table 2.

11. Enzymes produced by R. mucilaginosa

Enzymes are extremely efficient catalysts, their application in in-
dustries can greatly increase efficiency and productivity (Hammes--
Schiffer, 2013). Compared with traditional physical and chemical
extraction or degradation, enzymatic extraction shows the mildest de-
mand for biological activation (Nandy, 2016). From this, a large amount
of energy could be saved for cost expenditure. Still, reactions catalyzed
by biological enzymes are time-saving (Frey, 2007). However, an abun-
dant and stable enzyme source is a prerequisite for biocatalysts in com-
mercial applications. R. mucilaginosa is of great interest as it is capable to
synthesize enzymes naturally, which can be applied in various industries,
especially in the production of phenylalanine ammonia lyase, endo-1,
4-glucanases, and lipase. All are relevant to the agricultural and chemi-
cal industries.

11.1. L-phenylalanine ammonia-lyase

L-phenylalanine ammonia-lyase (PAL, E.C. 4.3.1.24) catalyzes the
non-oxidative deamination of L-phenylalanine to trans-cinnamic acid and
ammonia. PAL is widely distributed in higher plants and yeasts, and thus
plays a key role in phenylpropanoid metabolism (MacDonald and
D'Cunha, 2007; Barros and Dixon, 2020). PAL functions as a catabolic
enzyme in microorganisms, allowing yeasts, fungi, and Streptomyces to
use L-phenylalanine as the only carbon and nitrogen source (Orndorff
et al., 1988; Hyun et al., 2011). It has multiplex potential and functions in
industrial and medical applications (Kawatra et al., 2020). Clinically, it
could be used as a reliable method for the treatment of phenylketonuria,
a metabolic disorder of amino acid metabolism for the deficiency of PAL
by the nature property of decomposing L-phenylalanine (Lee et al., 2016;
Levy et al., 2018). It should be noted that the reverse process has been
implemented to produce L-phenylalanine under controlled conditions.
L-phenylalanine is one of the necessary amino acids that humans cannot
produce or synthesize at a rate that is insufficient to meet the needs of the
organism (Mahalakshmi et al., 2006). L-phenylalanine could be used to
of R. mucilaginosa.

od Cultivation conditions Biosynthesis efficiency References

25 �C, pH 6.0
180 rpm,
144 h

43.20 %
34.70 %
121.3 μg/g
121.1 μg/g

Rodrigues et al. (2022)

- 317 μg/g
550 μg/g

Torres-Alvarez et al. (2022)

- 15.83 % Leesing et al. (2021)

28 �C, pH 6.0
150 rpm, 120 h

1.13 mg/L
0.54 g/L

Allahkarami et al. (2021)

25.8 �C, pH 6.1
119.6 rpm, 84 h

819.2 μg/g Sharma and Ghoshal (2020)

30 �C, pH 5.15–5.39
150 rpm, 6 d

7.30 mg/L Ghilardi et al. (2020)

30 �C, pH 6.49
200 rpm, 120 h

53.0 μg/g
16.50%

Costa et al. (2020)

25 �C
180 rpm
216 h

152.5 μg/g
118.8 μg/g

Amore et al. (2019)

- 32.76 % Ayadi et al. (2019)

- 97.23 mg/gd.w. Khot and Ghosh (2017)

25 �C, pH 5.0,
120 rpm, 216 h

268.6 μg/g Cheng and Yang (2016)
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produce the noncaloric sweetener, aspartame, in further industrial pro-
duction (MacDonald and D'Cunha, 2007).

Previous studies have shown that Rhodotorula species are capable of
producing PAL. It has been shown that the presence of the PAL in R.
glutinis is dependent on the addition of L-phenylalanine. Yet, the opinion
was soon to be overturned by the study showing that the PAL was also
induced significantly during carbon starvation, indicating that the
appearance of the PAL enzyme in R. glutinis was not dependent (Wick
et al., 1982; Kane and Fiske, 1985). Based on its industrial importance,
PAL with viability and stability are determinants in production. Re-
searchers are devoted to making PAL keep stable activity due to the rapid
loss of enzyme activity and stability in vitro. Subunit dissociation,
autolysis, or proteolysis by proteases could be avoided by using the
immobilization methods, which would allow the PAL to maintain a
relatively high activity for a certain time (Ateş and Dogan, 2010). The
report showed R. glutinis cells retain nearly 85% of the original PAL ac-
tivity for at least 12 weeks, with the addition of 0.01% Mn2þ in the
enzyme buffer, compared to 73% in the case of isolated PAL (Wall et al.,
2008). Yet the expected characteristics of PAL from Rhodotorula species
show low expectations in repeat-does studies. Researchers applied a
technique called cross-linked enzyme aggregates for PAL (PAL-CLEAs)
which encapsulated the PAL of R. glutinis in polyallylamine mediated
biomimetic silica. The encapsulated PAL retained 46% of its original
enzymatic activity after storage for about 3 weeks, whereas the free
enzyme retained only 10% (Cui et al., 2015). What’s more, novel CLEAs
got 70% of the original PAL activity remained after 13 cycles (Cui et al.,
2017). There have also been investigators focused on PAL heterologous
expression, making it not restricted to the Rhodotorula species. The
full-length gene coding for the R. glutinis PAL (RgPAL) was sequenced,
length of 2121 bp, encoding 706 amino acids, was first reported and
isolated by Zhu et al. and expressed in E. coli successfully (Zhu et al.,
2013). Immediately afterward, site-directed mutagenesis of PAL was
performed by the above researchers to construct RgPAL with higher
catalytic efficiency, resulting in 29% conversion to D-PAL and 93% full
conversion efficiency at pH 7 in R. glutinis JN-1. More than that, some
scientists are making efforts to access the new PTAL (EC 4.3.1.26), the
enzyme that shows dual specificity toward L-Phe and L-Tyr. When pre-
sent in R. glutinis, it catalyzes the conversion of L-tyrosine methyl ester
(L-TM) to the methyl ester of para-hydroxycinnamic acid (p-HCAM).
Derivatives of p-HCAM can be widely used in health, pharmaceutical, as
well as food applications and can act as antibacterial agents with sig-
nificant antibacterial activity against three common pathogenic bacteria
(E. coli, S. aureus, and Klebsiella pneumoniae). Compared with the standard
antibiotic, Ampicillin, with a 9 mm zone of inhibition, the diameters of
the inhibition zones were 5 mm, 6 mm, and 8 mm, respectively (Mac-
Donald et al., 2016). However, currently available reports on PAL pro-
duction of R. mucilaginosa are still very limited at present. Zhang and Cui
reported that R. mucilaginosa CICC 32917 produced PAL in optimized
fermentation. The reports indicated that PAL production was enhanced
by 8.0 folds of 41 U/g dry cell weight and found that L-phenylalanine
could induce the biosynthesis of PAL by 18.5% more than that of control
(Zhang and Cui, 2012). Yet reports of R. mucilaginosa related to PAL
production are still scarce in the literature.

11.2. Endo-β-1,4-glucanases

Cellulose is the most abundant carbohydrate produced by plants. As a
renewable bio-resource on earth, this substance is considered as a po-
tential alternative energy source (Kulkarni et al., 2011). The hydrolysis of
plant polysaccharides could be completed by microbial cellulases, which
catalyze the hydrolytic cleavage of cellulose into cello-oligosaccharides
or glucose, allowing the organisms to utilize cellulose as carbon sour-
ces (Oikawa et al., 1998). These enzymes include endo-β-1,4-glucanases
(EC 3.2.1.4, EGase), cellobiohydrolases, cellodextrinases, and β-glucosi-
dases (B�eguin and Aubert, 1994; Boyce and Walsh, 2007). Converting
cellobiose by EGase is an important factor for reducing cellobiose piling
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up and enhancing the efficiency of cellulolytic enzymes for bio-energy
production. This enzyme could be found in many species, of which the
most commercialized method for EGase is extracted from Bacillus species
(Chaari et al., 2012; Cezare-Gomes et al., 2019). And likewise, the Rho-
dotorula species possess the ability to produce EGase. Previous study
found that R. glutinis KUJ 2731 is capable of producing EGase extracel-
lularly. The reports indicated that this enzyme is active at a wide range of
temperatures (0–70 �C), catalyzes hydrolysis of cellulose, glucose,
cellobiose, and cellotriose (Oikawa et al., 1998). Pi et al. pioneered the
engineering of R. glutinis for simultaneous β-carotene and cellulase pro-
duction. Transformed the β-carotene biogenesis genes (crtI, crtE, crtYB,
and HMG1) and cellulase genes (CBHI, CBHII, EgI, EgIII, EglA and BGS,
coding for cellobiohydrolases and endo-β-1,4-glucanases) into the R.
glutini genome. The transformant produces β-carotene 27.13 mg/g than
the wild type and exhibits cellulase activity (Pi et al., 2018). Researchers
have also proved that supplementation with organics has a promoting
effect on the catalytic activity of EGase in R. glutinis (Oikawa et al., 2001).

11.3. Lipase

Lipase (triacylglycerol acyl hydrolase, EC 3.1.1.3) belongs to the class
of hydrolases, which are ubiquitous enzymes with considerable indus-
trial potential, which are among the most important classes of industrial
enzymes (Singh and Mukhopadhyay, 2012). Lipases catalyze the hy-
drolysis and the synthesis of esters formed from glycerol and long-chain
fatty acids, which are extremely versatile because they also catalyze
numerous other different reactions. Lipases are frequently implemented
by various applications such as dairy and food manufacturing, leather
and detergent manufacturing, pharmaceutical and cosmetics production,
and organic synthesis processes, particularly those that operate in both
aquatic and non-aquatic environments, which distinguishes them from
esterase (Orlando Beys Silva et al., 2005; Goswami et al., 2013; Chandra
et al., 2020). And cold active lipase has a wide-range of application in
various sectors and industries (Marx et al., 2007; Joseph et al., 2008;
Duarte et al., 2018). Numerous microorganisms have been reported for
their capability to produce lipase (Sharma et al., 2001; Chennupati et al.,
2009). Rhodotorula species are considered as microbial-derived lipases
producer of that lipase also seems to be the expected bio-platform for the
biorefinery strategy (Papaparaskevas et al., 1992; Szotkowski et al.,
2019). Previous studies have proved R. mucilaginosa can produce lipase.

It has been reported that R. mucilaginosa sp. generates lipase which
exhibits maximum activity at pH 4.0 and 5.0. The maximum lipase
production by the isolate is obtained by the utilization of olive oil and
maltose, and the highest lipase activity is shown with the utilization of
peptone (Hammamchı and Cihangir, 2017). Previous study demon-
strated that R.mucilaginosa P11I89 is a producer of whole cell lipase at its
maximal lipase production of 272.72 U/L. It was observed that R. muci-
laginosa P11I89 achieves high activity of transesterification between
palm-oil and methanol, which increased FAME yield from 84.0 to
92.89% than that of the initial medium (Nuylert and Hongpattarakere,
2013). The lipase produced by R. mucilaginosa MTCC 8737 was also re-
ported, which suggested that the activity of lipase could reach up to 72
U/mL in fermentation with 1% molasses concentration for only medium
with 2 vvm aeration and 200 rpm agitation (Potumarthi et al., 2008). The
yeast of R. mucilaginosa with lipase produce-property is also found in
contaminated environments. The isolates of R.mucilaginosa D17 and D42
show lipase activity in the medium consisted of tributyrin, yet the certain
characteristic of lipase in these two isolates was not been fully demon-
strated (Yalçın et al., 2014).

12. Beneficial effect of R. mucilaginosa on plants and
environment

Present studies have demonstrated that R. mucilaginosa is a good
natural generator of carotenoids and lipids, both of which are of great
relevance in industry. Moreover, the beneficial effect of R. mucilaginosa
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yeast on plants and the environment emerges as a potentially new di-
rection has been reported in recent years. These new directions include
but are not limited to microbial fertilizers, biocontrol against pathogenic
microorganisms, and environmental bioremediation agents. The rising
innovative studies of R. mucilaginosa have enriched its applications in
various sectors.

12.1. Effect of plant growth promoting

Atmospheric nitrogen is extremely abundant. However, the extremely
low nitrogen use efficiency in cultivated land is a common cosmopolitan
problem. With the rapid development of the chemical fertilizer industry,
the amount of nitrogen fertilizer application is being exponentially
expanded, but the nitrogen recovery is often less than 40% (Good and
Beatty, 2011; Kant, 2018; Anas et al., 2020), which causes a serious waste
of resources. Therefore, raising nitrogen use efficiency is thus considered
to be a key research topic.

Plant nitrogen metabolism is close to growth and development, yet
plants cannot use nitrogen directly and need to reduce atmospheric N2

into absorbable nitrogen, which can be absorbed and utilized by plants
(Poulton et al., 2012). This process is known as biological nitrogen fix-
ation, which can biochemically turn the nitrogen into ammonia nitrogen
that can be utilized by plants through microbial nitrogenase (de Bruijn,
2015). Biological nitrogen fixation plays an important role in agricultural
production practice, which can provide nitrogen nutrition for plant use
effectively, especially in crop cultivation. Aiming at perfect nitrogen
supply for plants, microorganisms play a key role in raising crop yield,
reducing chemical fertilizer consumption, and cutting production costs
(Geisseler and Scow, 2014; Li et al., 2019).

The strain of R. mucilaginosa JGTA-S1, an endophytic yeast of plants
living in heavy metal-contaminated areas in India (Saha and Seal, 2015).
It is able to act as a microbial fertilizer and probiotic, raising the plant
nutrient supply, and providing it with ammonium nitrogen due to its
biological nitrogen fixation capability by some prokaryotic genes. As
JGTA-S1 possesses the nitrogen reductase gene of Pseudomonas aerugi-
nosa, a wonderful synergistic relationship (plant-yeast-bacteria) provides
the plant with rich nitrogen nutrition (Sen et al., 2019). Treated with R.
mucilaginosa JGTA-S1 to rice (Oryza sativa), the research found that the
growth and yield of rice were remarkably promoted by its plant
growth-promoting (PGP) effect. The relative nitrogen usage efficiency of
JGTA-S1 treated biomass rose 2.62-fold greater than that of control (Paul
et al., 2020).

The large existed aluminum (Al) was reported to be serve as the
phytotoxic element which inhibits the growth of plant in acidic arable
lands. Al could be converted into a soluble state at high acidity in soil (pH
< 5) and consequently release toxic Al3þ. The negative effect of uptake
Al3þ is mainly relevant to the damage of plant roots, which interrupts
essential element absorption and transmembrane transport, resulting in
poor growth in plants (Kochian, 1995; Kochian et al., 2004). It has been
reported that R. mucilaginosa CAM4 is capable to reduce the accumula-
tion of Al in Lactuca sativa, which confers Al tolerance to the plants.
Research has been conducted that R.mucilaginosa CAM4 could be applied
as a biofertilizer for crop production that is healthy and safe. The results
proposed that the PGP effect was achieved by several mechanisms, such
as the tolerance to abiotic stress by inoculation of R. mucilaginosa CAM4,
the enhanced morphological and biochemical characteristics of L. sativa,
which enables the plants to grow under abiotic stress conditions, and the
increased accumulation of antioxidant enzymes that scavenge ROS
generated by the overexposure of Al (Silambarasan et al., 2019). Yet the
application of R. mucilaginosa in agriculture is still relatively rare.

12.2. Plant pathogen antagonist and biocontrol agent

With the development of human civilization, the food supply has
restricted the fate of human survival. The great famine in Ireland was
caused by Phytophthora infestans, the pathogenic fungi of potato (Solanum
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tuberosum L.) late blight disease, resulting in significant economic and
social upheaval (Huang et al., 2021). Human beings have never stopped
phytopathology since they realized the severity of plant pathogens to
crops. Ensuring the quality and productivity of stable crops is of great
importance in agricultural production, which has a significant impact on
the economy. One of the effective methods against plant pathogens is the
application of biological control by using antagonistic organisms (Cook,
1993; Haggag and Mohamed, 2007). This organism could cooperate with
the immune response of the plant or coordinate with substances such as
reactive oxygen species to eliminate the extrinsic infections caused by
pathogens. R. mucilaginosa is used as a biocontrol agent against Phy-
tophthora capsica in vivo, the cause of basal stem rot disease in black
pepper plants. Safitri et al. found two isolates of R. mucilaginosa to be
effective in controlling basal stem rot (BSR) disease caused by Phytoph-
thora capsica in black pepper plants. The results indicated that R. muci-
laginosa (isolate END6) exhibits anti-pathogen activities against P.
capsica. The biocontrol effects of END6 were achieved by several mech-
anisms, such as the hyperparasitism process, which damaged the hyphae
cell walls of P. capsica (Safitri et al., 2021). It has been suggested that the
EPS produced by R. mucilaginosa UANL-001L was capable of inhibiting
the growth of three bacterial pathogens: E. coli, Pseudomonas aeruginosa,
and S. aureus (Vazquez-Rodriguez et al., 2018). Previous study conducted
the effect of R. mucilaginosa on its antagonistic activity against two
postharvest fungi diseases of strawberries, Rhizopus stolonifer and Botrytis
cinerea, which cause Rhizopus decay and gray mold separately. The
findings revealed that the biocontrol activity of yeast is significantly
upgraded by cultured in media containing chitosan. This substance en-
hances the ability of nutrient competitiveness and the generation of de-
fense enzymes against the fungal pathogen (Zhang et al., 2014). Previous
researches have shown that R. glutinis is capable of producing spores and
a crystalliferous protein per yeast cell, and produces a salmon/red
pigment in the logarithmic growth phase. This pigment is consistent with
melanin both physically and chemically. Previous study indicated that
the R. glutinis suspensions possessed insecticidal activity against Aedes
aegypti and Trichoplusia ni. Still, the salmon/red pigment genes are suc-
cessfully expressed in E. coli. The results showed that transformants
contain melanin pigments and insecticidal toxins. Therefore, it is
reasonable to presume that melanin pigments and insecticidal toxins are
co-expressed and may co-evolve in Rhodotorula species (Oloke and Glick,
2006).

12.3. Environmental bioremediate agent

Countless heavy metal pollutants are produced through frequent in-
dustrial activities. Polluted water without effective treatment will
continue to harm the ecological environment. In contrast to physical or
chemical treatment, researchers have found the benefits of applying
biological systems to remediate contaminants as a natural alternative.
For waste-water treatment, bioremediation has gained attention for its
natural process of treating waste by biotransformation (Singh and Pra-
sad, 2014; Gavrilescu et al., 2015). It is a feasible choice to apply mi-
croorganisms with the ability to degrade heavy metals as the
bioremediate agent for ecological restoration (Sun et al., 2020). The
treatment of environmental pollution can be actively promoted by mi-
croorganisms whose growth environment is demanding modestly and
possess the ability to transform toxic contaminants into toxic-free, and
stable substances, which can achieve the purpose of pollutant degrada-
tion, and meet the needs of contaminant decomposition (Zafar et al.,
2007; Gavrilescu et al., 2015).

The application of R. mucilaginosa for heavy metal detoxification
comes as a cost-effective and environment-friendly option for the treat-
ment of polluted ecosystems. Cudowski and Pietryczuk determined the
influence of iron (III) ions on the growth and metabolism of the yeast R.
mucilaginosa commonly occurring in water. The results indicated that
iron (III) ions have an adverse influence on the yeast cells since the ac-
tivity of antioxidant enzymes was increased at higher iron (III) ion
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concentrations. The bioremediation efficiency of R. mucilaginosa was
observed that iron (III) ions in yeast cells was improved 9-fold in com-
parison to the control under the influence of 1 mg/L iron (III) ions and
11-fold under the influence of 100 mg/L and showed no decrease in the
R. mucilaginosa biomass at high concentrations of iron (III) ions in the
medium (Cudowski and Pietryczuk, 2019). Aibeche et al. isolated R.
mucilaginosa RO7 with high lead (Pb) resistance. The isolate exhibits lead
removal ability in living yeast cells. The experiments indicated that a lead
concentration of 31.25 ppm resulted in strong purification activity in the
presence of 1 g of biomass, with a high percentage of purification at
95.32%. The removal efficiency of lead by R. mucilaginosa RO7 reached
its maximum level at 15.55 mg/g with the smallest amount of fresh yeast
biomass (0.6 g) and the highest amount of lead (125 ppm) (Aibeche et al.,
2022). Zhang et al. conducted the study on the response mechanisms to
cadmium (Cd) exposure and provided the potential bioremediation
capability of R. mucilaginosa AN5. The results indicated that the
composition and contents of saccharides, amino acids, and organic acids
are significantly changed. This change is to form a metabolic network to
against cadmium stress (Zhang et al., 2022). Different strains of R.
mucilaginosa exhibit various capabilities, involving protease (Lario et al.,
2015, 2020; Chaud et al., 2016), laccase (Zhang et al., 2020) and cutinase
(Zhang et al., 2015). Table 3 summarizes different R. mucilaginosa strains
with various functions.

13. Other bio-properties of R. mucilaginosa

13.1. Exopolysaccharides

As a natural source, yeast EPS is increasingly being developed and
used. Exopolysaccharides or extracellular polysaccharides are known as
extracellular polymeric substances which have shown the properties in
antioxidant, immunomodulatory, anti-radiation, anti-inflammation, anti-
tumor, and anti-fatigue, in previous studies (Castro et al., 2014; Huang
et al., 2017; Li et al., 2020). These functional biopolymers are mostly
monosaccharides with some non-carbohydrate substituents such as pro-
teins, phospholipids, glycoproteins, and other acids. EPS secreted by
microorganisms during the metabolic process and then released into the
surrounding environment may be effective in protecting microorganisms
Table 3. Other bio-properties of R. mucilaginosa in different strains.

Strains Property Target

JGTA-S1 Plant Growth Promoting Nitrogen Fertilizer

CAM4 Plant Growth Promoting Biofertilizer for Al

- Antimycotics Phytopthora capsici

T1 Antimycotics Destructive Molds

UANL-001L Anti-bacterium E. coli, P.aeruginosa

- Antimycotics R. stolonifer and B.

AN5 Bioremediation Cadmium (Cd) Ada

RO7 Bioremediation Lead (Pb) Remova

CGMCC-16597 Biosorption Lead (Pb) Remova

- Biosorption Iron (III) (Fe) Rem

R1 Bioremediation Hydrargyrum (Hg)

CCMB 604 Enzyme producing Inulinase

LSL Enzyme producing Aldo-keto reductas

CBMAI 1528 Enzyme producing Protease

JM401 Enzyme producing Laccase

L7 Enzyme producing Protease

L7 Enzyme producing Acid Protease

- Enzyme producing Glycosidase

- Enzyme producing Cutinase

- Enzyme producing Urethanase

MTCC 8737 Enzyme producing Lipase

Note: ‘-’ means the name of strain was not shown in the article.
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from extreme environments or abiotic stress, and with physiological
abilities in nourishment storage, and tolerance to toxic heavy metals (Ma
et al., 2018; Li et al., 2019; Rahbar et al., 2021). R. mucilaginosa is one of
the outstanding microorganisms in producing EPS used in industrial
applications. EPS produced by R. mucilaginosa YL-1 was characterized in
immunomodulatory activity. The results revealed that these EPS are
made up of four monosaccharides: glucose, mannose, galactose, and
fucose, with an average molecular weight of 1200 kDa. The trial also
showed that it has the function of stimulating the expression of more
cytokines (IL-6, 18, TNF-α, and IL-1β) with great immunomodulatory
activity on macrophage cell lines RAW264.7 (Li et al., 2020). EPS pro-
duced by R.mucilaginosa sp. GUMS16 was reported to have an anti-tumor
effect on chronic myeloid leukemia K562 cell line. The results suggested
that apoptosis is induced in EPS-treated cells by an antiproliferative and
growth-inhibitory effect (Kheyrandish et al., 2022). EPS from Rhodotor-
ula sp. RY 1801 was investigated. It has been reported that these EPS are
capable of scavenging both superoxide anion and hydroxyl radicals in
vitro. The max scavenging rates for them, are 29% and 84%, respectively.
Results also showed that these EPS may be used as a carbon and energy
source, which could be applied to promote the growth of two prebiotic
strains, Lactobacillus acidophilus and L. plantarum (Wang et al., 2021).

Microbial EPS are also considered as critical extracellular zones to
shield the cells against stress (Andrew and Jayaraman, 2020). Some R.
mucilaginosa with EPS secreted properties were explored to bio-
accumulate and detoxify heavy metal ions owing to the oversupply of
heavy metals in human activities (Duda-Chodak et al., 2012; Gientka
et al., 2015). It was conducted that R.mucilaginosa R1 exhibited the talent
of Cu2þ sorption and chelation. The results were observed that physio-
logical activity of R. mucilaginosa R1 is kept by the EPS when the Cu2þ is
less than 100 mg/L, but might have limited ability to high Cu2þ stress
(more than 200 mg/L) (Wang et al., 2020). It was purposed that R.
mucilaginosa R1 also exhibits strong lead (Pb) adsorbing ability owing to
the presence of EPS assembled with glutathione, which is responsible for
the nature to resist the Pb toxicity (Li et al., 2019). EPS are important
substances in yeast bioproducts with significance from industrial per-
spectives. However, relevant mechanisms of yeast EPS for their nature
still need to be elucidated for the purposes of pharmaceutical and food
industries in the future.
Reference

in Rice Paul et al. (2020)

Detoxification, Salt and Drought Stress Silambarasan et al. (2019)

in Black Pepper Plants Safitri et al. (2021)

in Apple Fruit Sukmawati et al. (2020)

and S.aureus Vazquez-Rodriguez et al. (2018)

cinerea in Strawberries Zhang et al. (2014)

ptability Zhang et al. (2022)

l Aibeche et al. (2022)

l Wang et al. (2021)

oval Cudowski (2019)

Removal Liu et al. (2017)

da Silva et al. (2020)

e Anello et al. (2020)

Lario et al. (2020)

Duarte et al., 2018

Chaud et al. (2016)

Lario et al. (2015)

Hu et al. (2016)

Zhang et al. (2015)

Wu et al. (2013)

Potumarthi et al. (2008)
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13.2. Antifungal activity

Interestingly, R. mucilaginosa also exhibits the biosynthesis capability
of an antifungal agent. Previous study has conducted that the antifungal
agent of silver nanoparticles (AgNPs) produced by R. mucilaginosa pos-
sesses antagonistic activity against Candida parapsilosis. The results were
observed that the minimum inhibition concentration (MIC) of AgNPs
against C. parapsilosis is in the range of 0.80–0.025 μg/mL, while flu-
conazole ranges from 2-8 μg/mL as the control, which proved C. para-
psilosis is extremely susceptible to the AgNPs. Still, the activity of
fluconazole conjugated with produced AgNPs against C. parapsilosis was
promoted by 29.7%. It was also reported that the AgNPs cell toxicity
effect was only observed in high concentrations at 10.0 μg/mL (Cunha
et al., 2018).

14. Conclusion and future directions

Apparently, R. mucilaginosa has attracted major interest in academia
and industry since the unique physiological features and a wide range of
valuable potentials which have been applied in various industrial sectors.
R. mucilaginosa is capable to conveniently produce carotenoids fulfill the
needs of growing consumers who are aware of the detrimental impact of
synthetic colorants on health. These carotenoids have been proved
clinically safe which used in medicine and pharmacy to against oxidative
stress, anti-cancer, and health promoting. Still, R.mucilaginosa belongs to
the group of oleaginous microorganisms and is capable of producing and
accumulating more than 40% of lipids in dry cell weight. These lipids
meet the needs and standards of the newly third biodiesel, which shows
minimal stress on the ecological environment. The generation of yeast
biodiesel is the result of a diminution in the reliance on nonrenewable
fossil fuels. Enzymes are substances with bioactivity that have great
practical value for industrial production due to their energy saving, mild
condition to activate, and catalytic efficiency. These features would bring
industries a competitive advantage.

Producing high-value products can easily increase the economic
feasibility of the R. mucilaginosa bioprocess, and the development of low-
cost biotechnologies for R. mucilaginosa biotechnological manufacturing
is energizing scientists and businesses. Bioprocessing could be operated
by utilizing low-cost substrates from agro-industrial waste by means of
metabolic engineering strategies, bioreactor design, and customized
product control strategies, which will help to decompose and reuse
pollutants in the ecosystem. Generally, the waste contains a large amount
of carbon, nitrogen sources, and some other useful salt components for
fermentation bioprocesses, which may improve economic feasibility and
mitigate environmental impacts. Furthermore, using low-cost substrates
as an alternative natural resource will help to lower industrial expendi-
tures. To meet the demand of industries for microbial products with
biotechnology properties, direct study into the utilization of agro-
industrial waste is necessary.

Existing molecular biology technologies are then available and may
be applied to R. mucilaginosa to speed up biotechnological progress. The
following future directions are written below here. Studies available on
the genetic engineering and gene editing of R. mucilaginosa need to be
upgraded and synchronized at present. Fruitful efforts have been estab-
lished and yielded in two traditional red yeasts, R. toruloides and
R. glutinis for industrial application (Kot et al., 2016; Park et al., 2018;
Wen et al., 2020). Relevant researchers may get inspired by the results
and achievements that have been achieved in other Rhodotorula species,
and get motivated to perform corresponding molecular biology or
phenotypic editing on R. mucilaginosa. Based on the fact that acetyl-CoA
is a common precursor for fatty acids and carotenoid biosynthesis in
Rhodotorula species, it is achievable to genetically engineer
R. mucilaginosa to boost or impair carbon flow from one of the pathways,
allowing more flow of acetyl-CoA to another biosynthesis production.
Tk�a�cov�a et al. conducted a relevant study on R.mucilaginosa C2.5t1. With
T-DNA insertion, R. mucilaginosa C2.5t1 generated a mutation in the
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CAR1 gene (coding for phytoene desaturase), which resulted in an in-
crease in CAR2 gene (coding for phytoene synthase/lycopene cyclase)
expression. Themutation of the CAR1 gene causes significant increases in
the production of phytoene, CoQ10, and sterols, all of which are
high-value metabolites in industrials (Tk�a�cov�a et al., 2022). This was a
successful experiment that confirmed the hypothesis that the impairment
of carotenoid biosynthesis would redirect carbon flux towards to the
bioprocessing of lipids, which can be conducted to advance the
biotechnological exploitation of R. mucilaginosa for the upgraded pro-
duction of secondary metabolites with practical production.

However, the main weakness of the study is the neglect to consider
how to balance the production and growth of yeast. As a producer of
carotenoids, lipids, enzymes, and some other bio-functional secondary
metabolites, researchers should pay attention to the balance between the
production and growth of R. mucilaginosa for that there is a high possi-
bility of adverse impact corresponding with the growth and development
process in yeast cells. For Rhodotorula species, the overproduction of
carotenoids or lipids results from a signal that the yeast cells sense the
deficiency in nitrogen elements since this is the cell stress response to
nutrition in natural circumstances. In conclusion, R. mucilaginosa holds
the promise of accessing more secondary metabolites of great academic
and economic importance. Well-established engineered strains for
application in biotechnology and genetically engineered approaches will
probably be a practicable choice.
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