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Abstract

The effective use of biowaste resources becomes crucial for the development of bioprocess-
ing alternatives to current oil- and chemical-based value chains. Targeting the development
of multi-product biorefinery approaches benefits the viability and profitability of these
process schemes. Certain oleaginous microorganisms, such as oleaginous red yeast, can
co-produce industrially relevant bio-based products. This work aims to explore the use
of industrial and urban waste as cost-effective feedstock for producing microbial oil and
carotenoids using Rhodosporidium toruloides. The soluble fraction, resulting from homoge-
nization, crushing, and centrifugation of discarded vegetable waste, was used as substrate
under a pulse-feeding strategy with a concentrated enzymatic hydrolysate from municipal
forestry residue obtained after steam explosion pretreatment (190 °C, 10 min, and 40 mg
H,S04/g residue). Additionally, the initial nutrient content was investigated to enhance
process productivity values. The promising results of these cultivation strategies yield
a final cell concentration of 36.4-55.5 g/L dry cell weight (DCW), with an intracellular
lipid content of up to 42-45% (w/w) and 665-736 ug/g DCW of carotenoids. These results
demonstrate the potential for optimizing the use of waste resources to provide effective
alternative uses to current biowaste management practices, also contributing to the market
of industrially relevant products with lower environmental impacts.
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1. Introduction

Multi-product biorefineries play a crucial role in the development and implementa-
tion of a sustainable bioeconomy, particularly in the context of significant environmental
challenges, including fossil fuel depletion, climate change, and waste management. These
facilities target the complete fractionation and valorization of a wide range of biomass
resources for producing both bulk and specialty co-products, making the bioprocessing
cost-competitive [1]. Biomass residues such as agro-food waste (e.g., discarded vegetables)
and lignocellulosic residues (e.g., woody residues, agricultural wastes, and energy crops)
are primary raw materials for these multi-product biorefineries [2]. Therefore, the efficient
use of these feedstocks is crucial to obtain a wide range of value-added products, including
biofuels and other bio-based products with applications in the chemical, pharmaceutical,
food/feed, or material sectors. However, the heterogeneity and diverse nature of waste
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resources may represent a significant limitation during bioconversion processes [2]. This
fact is due to the need to use different methodologies to obtain the sugars contained in these
feedstocks (e.g., agro-food residues mainly require crushing and liquid/solid separation
steps, while lignocellulose require pretreatment and enzymatic hydrolysis steps), as well as
the need of converting a wide range of carbon sources and facing different stress factors
(e.g., the presence of inhibitory compounds).

One of the most attractive products that can be obtained from biowastes is microbial
oil, also known as Single-Cell Oil (SCO) [3]. The production of microbial oil has grown
considerably in recent years due to their potential to replace the vegetable oil used in
sectors as diverse as food (nutritional supplements or food additives), energy (biofuels),
the pharmaceutical industry (arachidonic acid, docosahexaenoic acid) and the material
sector (biopolymers, bioplastics). Yeast, microalgae, or bacteria produce SCO. These mi-
croorganisms exhibit faster growth cycles compared to plant crops, can utilize a wide
range of carbon sources for lipid accumulation, and can be cultivated under well-controlled
conditions without the need to use fertile land, thus extending the possibility of dedicating
these areas to other crops. In addition, oleaginous microorganisms can be subjected to
genetic engineering to design and develop novel strains, targeting increased process effi-
ciency, providing relevant insights into the conversion pathway, and /or reducing process
costs through the simultaneous co-production of value-added compounds [4]. The red
yeast Rhodosporidium toruloides is an oleaginous microorganism with great biotechnological
potential [5-7]. This is due to its capacity to grow on a wide range of carbon sources, its
tolerance to different biomass-related inhibitory compounds, and its robustness to other
stress factors associated with bio-based processes [8]. In addition to accumulating SCOs,
this yeast naturally produces carotenoids, which confer its red colour and are important
value-added products with antioxidant properties. Due to their antioxidant and colourant
properties, carotenoids may have multiple applications in the food industry (dietary sup-
plements), cosmetics (colourants and photoprotective additives), or the pharmaceutical
sector (vitamin precursors, active compounds that modulate the immune system) [9]. Cur-
rently, carotenoids are obtained from plants, microbial-based biosynthesis, or chemical
synthesis—the synthetic production of carotenoids. However, the growing demand for
natural products by global consumers calls for the development of new research with
emerging and alternative ways to obtain these products [10]. The Polaris Market Research
report valued the global natural beta-carotene market in 2024 at $1.28 billion [11]. These
figures are projected to exceed $2.06 billion by 2034. All these advantages make R. toruloides
an excellent microbial candidate for the conversion of biowastes within a multi-product
biorefinery perspective.

Cost-effective carbon sources and media composition are important aspects to consider
during SCO production. Nutrient-limiting conditions and high carbon/nitrogen (C/N)
ratios are required to trigger lipid production in yeast cells [2]. Sulphur, nitrogen, and
phosphorus are the main nutrient-limiting factors utilized to activate lipogenesis [12,13].
However, the stress caused by low nutrient concentration may also result in reduced cell
biomass production and/or cell growth inhibition. Nutrient-rich streams are therefore
required to boost cell growth at the initial stages of SCO production, thus improving
product volumetric productivity and shortening overall process times. In this context,
agro-food biowastes and lignocellulosic residues represent attractive raw materials for SCO
production as examples of nutrient-rich and nutrient-limiting media, respectively [2,14,15].

In addition to utilizing diverse carbon sources, oleaginous yeast can be cultivated
under various processes and strategies to enhance overall conversion yields and/or vol-
umetric productivities [16]. Several schemes have been investigated for SCO production
using oleaginous yeasts, including batch operation, fed-batch, and continuous approaches.
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Among them, fed-batch and continuous cultivation modes usually exhibit higher conver-
sion yields than the batch operational mode due to improved substrate utilization [17,18]

The use of agro-food industrial waste from the horticulture sector and lignocellulosic
residues from urban waste (waste from municipal forestry pruning) as cost-effective carbon
sources to produce microbial oil and carotenoid compounds without supplementing exter-
nal nutrient components is explored. However, scarce literature on this topic is found. The
present research assessed the use of both lignocellulosic and non-lignocellulosic residues
under different pulse-feeding cultivation strategies to evaluate the intracellular accumu-
lation of lipids and carotenoids in the yeast R. toruloides. Cell biomass formation, cell
viability, glucose consumption, and intracellular accumulation of lipids and carotenoids
were monitored during these processes. Special attention was given to growth rates and
final cell biomass concentrations with the aim of evaluating the volumetric productivity
during these processes. For that, different initial nutrient concentrations were evaluated by
concentrating the agro-food waste stream to avoid external nutrient addition. Overall, the
results presented herein will contribute to the development of an effective bioconversion
process using biowaste resources, supporting the development of a multi-product biore-
finery and providing alternative waste treatment solutions to support sustainability and
responsible environmental management.

2. Materials and Methods
2.1. Microorganism and Media Preparation

R. toruloides ATCC 204091 was used to produce lipids and carotenoids. Yeast cells
were maintained in 20% glycerol stock at —80 °C. They were activated overnight in 50 mL
YPD liquid medium (20 g/L glucose, 10 g/L yeast extract, and 20 g/L peptone) at 180 rpm
and 28 °C, using 250-mL baffled conical Erlenmeyer flasks.

Due to their differences in nutrient composition, agro-food waste and lignocellulosic
urban residues were used to promote cell growth and trigger intracellular lipid accumu-
lation. The agri-food waste used came from the Spanish horticulture sector, specifically
from a mixture of discarded tomatoes, peppers, and cucumbers. These wastes were col-
lected and provided by Fundacién Cajamar (Almeria, Spain). The soluble fraction obtained
after homogenization, crushing, and centrifugation of the waste was used as a culture
medium for yeast growth. The discarded vegetables were subjected to crushing using an
industrial blender (Dianamix TR/bM 330, SAMMIC, Azkoitia, Spain) and then subjected
to centrifugation (3000 g, 15 min) using a basket centrifuge RTL2BD (Comfeifa, Barcelona,
Spain). The soluble fraction was then collected and filter sterilized using a 0.22 pm Nal-
gene™ Rapid-Flow™ Sterile Disposable Filter Units (ThermoFisher Scientific, Waltham,
MA, USA). With the aim of increasing the initial sugar content, the resulting liquid was also
subjected to concentration using a rotavapor (Biichi, Uster, Switzerland) until the initial
sugar concentration was doubled. Both non-concentrated and concentrated liquid fractions
were analyzed, as described below.

On the other hand, the hydrolysate resulting from subjecting a lignocellulosic urban
tree pruning residue to pretreatment and enzymatic hydrolysis was used as a medium for
lipid accumulation. This residue was collected and supplied by CEDER-CIEMAT (Soria,
Spain). This residue was mainly composed of collected pruning mixtures from elms, plane,
and acacia trees. This municipal forestry waste was chopped and milled at 8-10 mm
before pretreatment. The residue, whose composition in main components was as follows
(% dry weight basis): Cellulose 34.7; hemicellulose 18.7; and Lignin 26.4, was pretreated at
CIEMAT-Moncloa (Madrid, Spain) using a 2-L steam explosion reactor designed based on
Mansonite technology. The pretreatment conditions (190 °C, 10 min, and 40 mg H»SO4/g
lignocellulosic biomass) were selected based on previous results, considering solid recovery
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after pretreatment, its chemical composition, and the enzymatic hydrolysis yields [19].
After pretreatment, the water-insoluble solids were separated by filtration and subjected
to 72 h of enzymatic hydrolysis at 15% (w/w) solids concentration, an enzyme loading
of 20 mg of protein/g glucan (SAE0020, 220 mg protein/mL; Merck, Germany), 50 °C
temperature, and pH 5.0. The resulting hydrolysate was collected by filtration, concentrated
by vacuum evaporation using a rotavapor until a glucose concentration of about 250 g/L
(to prevent dilution during the pulse-feeding cultivation strategy), and then filter-sterilized
through a 0.22 um filter. The concentrated hydrolysate was analyzed prior to its use as
described below.

2.2. Pulse-Feeding Cultivation Strategy

R. toruloides ATCC 204091 (purchased through LGC Standards, S.L.U, Barcelona, Spain)
was cultivated following a pulse-feeding strategy according to the procedure described
by Gallego-Garcia et al. [20]. For that, 0.5-L bioreactors (MiniBio Applikon® Biotechnol-
ogy, Delft, The Netherlands) with an initial working volume of 250 mL of growth media
(i.e., non-concentrated and concentrated liquid fractions obtained from agro-food waste)
and operating at 30 °C and pH 6 (pH control with 2 M KOH and 2 M HCl) were used.
Antifoam A (Merck, Darmstadt, Germany) was used for foam control with an initial con-
centration of 0.02% (v/v). A continuous air supply was used to maintain the aerobic
conditions, and the dissolved oxygen level was set at 20% by adjusting the agitation speed
(500-1500 rpm). After sugar depletion (i.e., when having a sugar concentration <5 g/L
and/or when observing an increase in dissolved oxygen levels), 50 mL of the concen-
trated enzymatic hydrolysate from the lignocellulosic urban pruning residue was added
to trigger lipid accumulation. Before the pulse addition, 50 mL of the corresponding cul-
ture was harvested to determine the intracellular lipid content, fatty acid and carotenoid
profile, and to evaluate the conversion yields. In order to boost lipid accumulation, two
pulses of the enzymatic hydrolysate were added to the corresponding cultures to ensure
nutrient-limiting conditions.

Collected cells were then harvested by centrifugation (5000x g, 4 °C, and 15 min),
washed twice with sterile water, freeze-dried (Telstar LyoQuest, Barcelona, Spain), and
stored under dark conditions in a desiccator until further use.

2.3. Analytical Methods

Sugars were analyzed by high-performance liquid chromatography (HPLC) in a
Waters 2695 chromatograph with an IR Detector (2414). A CarbosepCHO 782 column
operating at 75 °C with water as mobile phase (0.5 mL/min) was used for separation. A
more detailed description can be found elsewhere [21].

Cell growth was monitored spectrophotometrically at a wavelength of 600 nm
(DO600nm), while cell viability, total cells, and viable cells were analyzed using a Vi-Cell XR
system (Beckman Coulter, Brea, CA, USA). Dry cell weight was determined gravimetrically
after lyophilization. An aliquot of the medium was collected and centrifuged, and the cells
were washed twice and freeze-dried. The weight of freeze-dried cells was determined and
referenced to the volume of the medium collected.

The intracellular content of carotenoids was analysed using 35 mg of freeze-dried
cells, as described by Moliné et al., with some modifications [22]. Cells were incubated
twice in 1 mL of DMSO (with BHT as an additive at 0.05%) at 50 °C for 1 h. Subsequently,
both cells and supernatants were collected by centrifugation (3000 g, 5 min), and 1 mL of
acetone was added to the cell pellets to extract the carotenoids. The supernatant was then
collected by centrifugation and mixed with the DMSO fraction. This step was repeated
until total carotenoid extraction (i.e., when observing a colourless pellet). Then, 2 mL of
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hexane and 0.5 mL of 20% NaCl were added to the supernatants. Finally, the organic phase
was collected by centrifugation (3000 g, 10 min, 4 °C) and evaporated under a nitrogen
atmosphere using a Turbo VAp LV (Zymark, Hopkinton, MA, USA). It was then dissolved
in ethanol. Total carotenoid content was determined spectrophotometrically at 450 nm
after appropriate dilution, and its concentration was calculated using a standard curve
(0.5-10 mg/L B-carotene in ethanol with BHT 0.05%). An HPLC Agilent 1200 Series using
a Diode-Array detector-UV detector at 450 nm was also used to determine the carotene
profile. A C18 Agilent Poroshell 120-EC column operating at 30 °C was employed. A
gradient approach of two solutions at 0.8 mL/min was used as an elution strategy. For that,
Solvent A (80:20 of a methanol: aqueous solution containing 1 mM tetrabutylammonium
phosphate and 1 mM propionic acid); and solvent B (60:40 of acetonitrile: methanol) were
used according to the following gradient: 0-30 min 100% solvent A to 100% solvent B;
30-33 min 100% solvent B; 33—-40 min 100% solvent A.

In addition, total lipid content was determined by the gravimetric method, following
the method described by Sha [23] with certain modifications as detailed before [24]. Between
70-80 mg of freeze-dried cells were mixed with 3.2 mL of 4 M HCl and incubated in a bath
at 55 °C for 2 h for cell lysis. After this period, 8 mL of a 2:1 (v/v) chloroform-methanol
solution was added to the cells, and incubation was continued in the bath at 20 °C for
3 h for lipid extraction. After the incubation step, the solution was transferred to a glass
tube for centrifugation at 2000 g for 15 min using a swinging rotor to facilitate obtaining
different phases, including the organic chloroform phase with dissolved lipids. The lower
phase, where the lipids are collected, was recovered in a new pre-weighed glass tube.
To the remaining aqueous phase, 4 mL of chloroform was added and centrifuged again
to ensure complete extraction of all lipids present in the solution with cell debris. The
organic phase generated was transferred to the glass tube. Finally, the chloroform was
evaporated under a nitrogen stream in a TurboVap LV evaporator (Zymark, Hopkinton,
MA, USA). The tubes were incubated in a vacuum oven (Heraeus Instruments, Liedekerke,
Belgium) at 40 °C until constant weight was obtained. The resulting lipid content was
determined as g lipid per 100 g freeze-dried or dried cell. The lipid yield was calculated as
a function of this content and its ratio to the amount of total sugars consumed by the yeasts
(g lipids/g sugars consumed).

The composition of fatty acid methyl esters (FAMEs) was determined using freeze-
dried cells according to the methodology described by Gallego-Garcia et al. [20] and based
on Van Wychen et al.’s methodology [25]. The method involves a transesterification process
of the fatty acids present in the freeze-dried yeast (approximately 10 mg) to determine
their total content in the form of fatty acid methyl esters. For this purpose, the cells were
treated with HCIL: methanol (0.6 M HCI [2.1% ©v/v] in methanol) and chloroform: methanol
(2:1, v/v) solutions for cell lysis and extraction of the lipids, which were finally extracted
from the methanol phase with hexane, leaving behind polar compounds such as glycerol
formed after transesterification. An Agilent 7890A gas chromatograph (Santa Clara, CA,
USA), equipped with a flame ionization detector and a split injector (“split” mode 1/20),
and an Agilent DB-23 polysiloxane capillary column (length 30 m and 25 mm internal
diameter) were used for the analysis of the fatty acids obtained. The injector and detector
were operated at 250 °C and 280 °C, respectively. A 10 mg/mL solution of tridecanoic acid
methyl ester (C13:0ME) was used as an internal standard to quantify the total content of
fatty acid methyl esters, and a C8:0-C24:0 fatty acid calibration mixture standard was used
to determine the lipid profile.
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3. Results and Discussion
3.1. Potential of Biowastes as Culture Media

As listed in Table 1, a mixture of discarded vegetable residues can yield a liquid fraction
after a simple crushing and centrifugation process with a total carbohydrate content of
31.3 g/L. Glucose and fructose are major sugar monomers of this stream, accounting for
more than 95% of these carbohydrates. These sugar components are easily assimilated
by most microorganisms, thus making these streams a promising feedstock for microbial-
based processes. The production of vegetables under horticulturally intensive systems,
such as greenhouse-type industries, is one of the major producers of organic waste. It is
important to note that currently, agro-food residues are poorly exploited, often directly
discharged into the environment and/or landfilled [14]. In addition, during its treatment,
80% of this biowaste is converted into bacterial biomass with no added value and with
associated treatment and disposal costs [26]. Using agro-food biowaste as feedstock in
bioprocessing will therefore benefit its sustainable management as a valuable raw material.

Table 1. Carbohydrate composition of the biowaste streams resulting from a mix of discarded vegeta-
bles (agro-food waste) and the hydrolysate obtained after pretreatment and enzymatic hydrolysis of
a lignocellulosic urban pruning residue.

Concentrated Agro-Food Concentrated Enzymatic

Carbohydrate Agro-Food Biowaste Bi Hydrolysate from Lignocellulosic
iowaste .
Urban Residue
Glucose 14.40 + 0.04 28.54 +0.18 24413 £3.21
Xylose 0.11 £ 0.02 0.27 £0.02 9.17 £ 0.02
Galactose 0.27+0.02 0.43 £ 0.05 0.46 £ 0.02
Arabinose 0.71 £0.03 0.39 £ 0.04 0.16 £ 0.02
Mannose 0.16 £ 0.01 0.26 £0.01 0.52 £0.02
Fructose 15.64 + 0.30 31.16 + 0.47 n.d.

Values expressed in g/L. n.d., not detected.

Lignocellulosic residues are another sugar-rich source that can represent an important
raw material for bioprocessing. In contrast to agro-food biowastes, lignocellulosic residues
require pretreatment and enzymatic hydrolysis to obtain a sugar-rich stream or hydrolysate.
As highlighted in Table 2, the water-insoluble fraction recovered after steam explosion
pretreatment of a lignocellulosic urban pruning residue is made of 48% carbohydrates,
considering both cellulose and hemicellulose components. After the enzymatic hydrolysis
of the pretreated solid fraction and a subsequent vacuum evaporation step, a glucose-rich
stream was obtained with a final total sugar concentration of about 250 g/L (Table 1).
Before vacuum evaporation, a glucose concentration of around 60 g/L was obtained,
corresponding to an enzymatic hydrolysis yield of about 70%. Negro et al. [19] have
previously reported similar yield values during the enzymatic hydrolysis of a steam-
exploded urban pruning residue obtained under similar pretreatment conditions. The use
of residual lignocellulosic biomass as feedstock for SCO production has been previously
investigated. Sugarcane bagasse, rice straw, or wastepaper are some examples [27-29].
Xavier et al. [28] reported the production of lipids using the hemicellulosic hydrolysate
obtained after dilute acid pretreatment of sugarcane bagasse and the yeast Lipomyces starkeyi.
The resulting lipids showed a similar fatty acid (FAMEs) profile to palm oil, commonly used
in biodiesel production. Tang et al. [27] subjected rice straw to a glycerol-FeCls pretreatment.
The resulting enzymatic hydrolysate was used as media for lipid production with the yeast
Cryptococcus curvatus ATCC 20509, obtaining 8.8 g/L of lipids with conversion yields of
0.17 g/g. On the other hand, Annamalai et al. [16] obtained 5.4 g/L of lipids using an
enzymatic hydrolysate of pretreated waste office paper (5% (w/v) substrate concentration
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in a 0.5% hydrogen peroxide solution; 121 °C, 30 min). Due to its high glucose content, the
potential of using the lignocellulosic urban pruning residues as a carbon source for SCO
production, which may contribute to the development of biorefining processes both from
the economic and from the environmental point of view.

Table 2. Chemical composition of the water-insoluble solid fraction resulting from steam explosion
pretreatment (190 °C, 10 min, 40 mg H,SO, /g raw biomass) of the lignocellulosic urban pruning residue.

Component 8/100 g of Pretreated Biomass
Glucan (Cellulose) 43.96 + 0.44
Hemicellulose 3.74

Xylan 2.84 £0.14

Galactan 0.69 + 0.05

Arabinan 0.06 + 0.01

Mannan 0.16 £ 0.01
Acid-insoluble lignin 42.17 +0.81
Ash 241 +0.31

3.2. Optimization of the Pulse-Feeding Strategy for the Cultivation of R. toruloides Using
Biowastes with Different Nature

Different strategies have been investigated for SCO production using oleaginous
yeasts, including batch operation, fed-batch, and continuous approaches. Among them,
fed-batch and continuous cultivation modes usually exhibit higher conversion yields than
the batch operational mode due to improved substrate utilization [17]. A pulse-feeding
strategy was designed to optimize the sugar-rich streams obtained from the agro-food
waste and the lignocellulosic urban pruning residue. In addition, the yeast R. foruloides was
selected as a microbial cell factory due to its potential to obtain carotenoids simultaneously
during SCO production. R. toruloides was cultivated in the agro-food stream to foster cell
growth. Subsequently, after sugar depletion, two pulses of the concentrated lignocellulosic
hydrolysate were added to the culture to trigger lipid accumulation. Figure 1 shows
the time-course cultivation process for R. toruloides following this pulse-feeding strategy.
R. toruloides cells could consume both glucose and fructose within the first 24 h, reaching a
cell concentration of 21.0 g/L. The sugar consumption rates decreased significantly after the
first and second pulse additions. The second pulse was added after 72 h from inoculation,
thus requiring 48 h for sugar depletion after the first pulse addition. In addition, a total
sugar concentration of 28.3 g/L still remained in the medium after 120 h of cultivation.
A final cell biomass concentration of 36.4 g/L was observed at this point. It is important
to note that although the total number of viable cells remained constant after 24 h of the
cultivation process, cell viability decreased from 92.8% at 24 h to 51.9% and 35.7% after
72 h (before the second pulse addition) and 120 h, respectively.

The lower sugar consumption rates and the reduction in cell viability might be in-
dicative of cells suffering from nutrient limitation. With the aim of increasing the initial
nutrient content in the system and avoiding external nutrient addition, the agro-food
residue was concentrated by vacuum evaporation before inoculation until the sugar con-
tent was doubled. As can be observed in Figure 2, the use of the two-time concentrated
agro-food stream improved both sugar consumption rates and cell viability within the
cultivation processes. In this case, pulses were added after 24 h and 48 h, and complete
sugar depletion was observed after 96 h of cultivation. Due to the higher initial sugar
concentration, the cell biomass content also increased up to 32.1 g/L and 55.5 g/L after 24 h
and 96 h, respectively. On the other hand, the cell viability remained above 75% until the
second pulse addition (48 h) and 3-3.5 times higher number of total viable cells (2.8-3.9-10°
vs. 0.9-1.2-10° viable cells/mL) were observed, being indicative of the lower stress pressure
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Figure 1. Time-course cultivation of R. toruloides ATCC 204091 in fed-batch mode using agro-food
waste stream and a pulse-feeding strategy with a concentrated steam-exploded lignocellulosic urban
pruning residue hydrolysate. (a) Sugar consumption and cell biomass production; (b) Cell viability
and the total number of cells/mL (in logarithmic scale). Arrows are indicative of a pulse addition.
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Figure 2. Time-course cultivation of R. toruloides ATCC 204091 in fed-batch mode using a concentrated
agro-food waste stream and a pulse-feeding strategy with a concentrated steam-exploded lignocel-
lulosic urban pruning residue hydrolysate. (a) Sugar consumption and cell biomass production;
(b) Cell viability and the total number of viable cells/mL (in logarithmic scale). Arrows are indicative

of a pulse addition.

Microbial growth rates are directly linked to the availability of both macronutrients and
micronutrients and suitable environmental conditions [31,32]. Under nutrient limitation,
microorganisms can activate specific pathways for the production of secondary metabolites,
such as storage lipids, as survival mechanisms [33]. These nutrient-limiting conditions
usually compromise cell growth, leading to a regulation between cell biomass formation
and the secondary metabolite, and can even promote severe growth inhibition [34]. During
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SCO production, cell biomass concentrations are directly related to the concentrations
of the final product. Therefore, high productivity values require the production of high
concentrations of cell biomass within relatively short times. The concentration of the agro-
food waste stream benefits cell viability during the cultivation of R. toruloides ATCC 204091
under a pulse-feeding strategy using the enzymatic hydrolysate of a lignocellulosic urban
pruning residue, allowing a total sugar consumption within 96 h of overall process time
and a 65% increase in the final cell biomass concentration.

3.3. Effects of Media Composition on the Intracellular Accumulation of Lipids and Carotenoids

The oleaginous yeast R. toruloides is a promising microorganism that can co-produce
both lipids and carotenoids from acetyl-CoA. As depicted in Figure 3, the designed pulse-
feeding strategy allowed the accumulation of a total lipid content of 42-45% (w/w), inde-
pendently of using the non-concentrated and the concentrated agro-food waste streams for
the growth phase. The total amount of FAMEs showed, however, different accumulation
percentages, accounting for up to 43.5% and 35.7%, respectively. In addition, lower sugar-
to-lipid conversion yields were also estimated when using the concentrated agro-food
waste stream (0.25 g/g vs. 0.20 g/g) (Table 3). These differences in the accumulation of
fatty acids (FAs) and the conversion yields can be attributed to the lower stress exerted on
yeast cells when using the concentrated growth medium, thus supporting the differences
observed for the cultivation parameters. It is important to note that the higher cell biomass
concentration reached allowed the final lipid concentration to increase from 16.4 g/L to
23.3 g/L. Moreover, despite the differences in the content of FAMEs, both the distribution
of major groups and the individual percentage of FAs were similar when using the non-
concentrated and the concentrated agro-food waste media (Figure 3, Table 3). Saturated
and monounsaturated FAs represent more than 85% of the total FA content, with palmitic
acid (C16:0), stearic acid (C18:0), and oleic acid (C18:1) major contributors.

=C16 mC16:1 mC18 oC18:1
50 +
45 + A A
1 A

ol ]
= 30 +
Q J
[a]
o 25 + A
o p A
o
= 20 +
o J

15 +

10 +

5 ==
0
Before 1st Before 2nd Final Before 1st Before 2nd Final
pulse pulse pulse pulse
Agro-food stream Concentrated agro-food stream

Figure 3. Total lipid production and fatty acid distribution after cultivating R. toruloides ATCC 204091
in the non-concentrated and concentrated agro-food waste streams as growth media following a
pulse-feeding strategy with the enzymatic hydrolysate of a lignocellulosic urban pruning residue to
trigger lipid accumulation.
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Table 3. Lipid concentration, lipid yield, and distribution of major fatty acid methyl esters (FAMEs)
groups obtained after cultivating R. toruloides ATCC 204091 in the non-concentrated and concentrated
agro-food waste streams as growth media following a pulse-feeding strategy with the enzymatic
hydrolysate of a lignocellulosic urban pruning residue to trigger lipid accumulation. SFAs: Saturated
fatty acids; MFAs: Monounsaturated fatty acids; PFAs: Polyunsaturated fatty acids.

. Lipids Yield Lipids/Sugars SFAs MFAs PFAs
Growth Medium (g/L) (g/2) (%) (%) (%)
Non-concentrated 16.42 + 0.76 0.25 £+ 0.02 4442 + 0.27 43.21 £ 0.27 13.57 +0.03
Concentrated 23.32 +1.16 0.20 £ 0.01 45.86 + 0.10 40.96 + 0.10 13.78 + 1.04

The content in FAMEs is directly correlated with storage lipids. The mechanisms
to increase storage lipids depend on the microbial strain. Under nitrogen limitation,
the model yeast Yarrowia lipolytica increases its lipid pool by mainly driving the carbon
source into the lipid biosynthetic pathways with minor transcriptional regulation [35].
In contrast, Mishra et al. [33] have reported a significant lipid regulation in R. toruloides
during nitrogen starvation, supporting the hypothesis of an active lipid remodeling process
in this yeast species. These authors observed a shift in the distribution of lipids from
mostly phospholipids towards mostly storage lipids. Similarly, the severe nutrient-limiting
conditions when using the non-concentrated agro-food waste during the growth phase
resulted both in a higher content of storage lipids and lower differences between the storage
lipids and the total lipids (Figure 3).

In addition to lipids, a total intracellular content of 665 and 736 ng/g DCW of
carotenoids was observed during the pulse-feeding strategy using the non-concentrated
and the concentrated agro-food waste, respectively (Figure 4). The highest concentrations
were reached at the end of the cultivation process, which might be indicative of the benefit
of having nutrient-limiting conditions to favor carotenoid accumulation. Among the differ-
ent carotenoids produced by R. toruloides, major components considering the distribution
profile are torulene > y-carotene > torularhodin > (3-carotene (Table 4). During the culti-
vation process, y-carotene and [3-carotene remained constant or slightly decreased, while
the concentration of torulene and torularhodin increased after each pulse addition, almost
doubling their concentration between the growth phase and at the end of the overall process.

m Agro-food stream Concentrated agro-food stream
800
700 1
600 7
500 ‘
400 -
300 -

200

Total Carotenoids (ug/gDCW)

100 +

Before 1st pulse Before 2nd pulse Final

Figure 4. Intracellular carotenoid accumulation after cultivating R. toruloides ATCC 204091 in the
non-concentrated and concentrated agro-food waste streams as growth media following a pulse-
feeding strategy with the enzymatic hydrolysate of a lignocellulosic urban pruning residue to trigger
lipid accumulation.
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Table 4. Carotenoid profile at different time points during the cultivation of R. toruloides ATCC 204091
in the non-concentrated and concentrated agro-food waste streams as growth media following a
pulse-feeding strategy with the enzymatic hydrolysate of a lignocellulosic urban residue to trigger
lipid accumulation. Data in pug/g DCW.

Growth Medium Process Time Torularhodin Torulene vy-Carotene p-Carotene
Aerofood Before 1st pulse 62+4 1157 109 &2 628
gro-food waste  pafore ond pulse 68+ 5 14144 106 + 6 4343
stream Final 94 4 289 + 6 100 + 8 40 +3
Concentrated Before 1st pulse 72 +8 166 + 6 145 + 4 71+3
agro-food waste Before 2nd pulse 119 £ 5 211 +4 127 £5 61 +£4
stream Final 132 £ 16 341 + 11 103 £ 21 59 + 12

Microbial carotenoid production is considered a promising bioprocessing alternative
to current practices. Different yeast species from the Rhodotorula, Rhodosporidium, and
Sporobolomyces genera have been investigated for carotenoid production due to their natural
capacity to produce these components. Similar total carotenoid production has been
previously reported for other R. toruloides strains. Yang et al. [36] observed a carotenoid
production of 763.85 ug/g DCW when using the UV-mutant R. toruloides M5 strain and
optimizing the culture conditions. Sharma and Ghoshal [37] observed a total carotenoid
production of 717.35 ug/g DCW with the yeast Rhodotorula mucilaginosa MTCC-1403 and
using an acidic extract of onion peel and mung bean husk. The yeast Sporobolomyces
roseus CFGU-5005 showed a final carotenoid production of 3.43 mg/L from a fed-batch
culture and using a concentrated pasta processing waste hydrolysate as medium [38].
Higher values of carotenoid accumulation have also been reported in the literature. A total
[3-carotene accumulation of 1.42-2.03 mg/g DCW has been observed when cultivating the
yeast Rhodotorula glutinis in crude glycerol and sugar cane molasses [39,40]. Thumkasem
et al. [32] reported a final concentration of 3-carotene as high as 2.80 mg/g DCW using the
yeast Rhodotorula paludigena CM33 and a glucose-based synthetic medium. These authors
even increased this value up to 3.25 mg/g DCW by optimizing media composition with
external nutrient addition and the use of sucrose as a carbon source. In the present study,
biowastes with different nature have been used for the production of both lipids and
carotenoids without the need of supplementing the medium with external nutrients. These
results show the great potential of this approach as bioprocessing alternative to provide
added value and contribute to the better management of resources, thus reducing the
associated environmental impact of waste.

4. Conclusions

Agro-food wastes and lignocellulosic urban pruning residues exhibit high potential as
sugar-rich feedstock for microbial-based processing. In this context, the yeast R. foruloides
was capable of accumulating up to 45% of its dry weight of intracellular lipids and 665 pug/g
of carotenoids when using the corresponding waste-derived streams as culture media un-
der a pulse-feeding strategy. With the aim of improving the process productivity values, the
agro-food waste stream was concentrated to increase the initial nutrient concentration. This
strategy allowed complete sugar consumption within 96 h without the need for external
nutrient supplementation, increasing final cell biomass concentration, lipid concentration,
and carotenoid concentrations up to 55.5 g/L, 23.3 g/L, and 736 ng/g, respectively. In
contrast, the sugar-to-lipid conversion yields and the storage lipids percentage decreased
from 0.25 g/g and 43.5% to 0.20 g/g and 35.7%, respectively, as indicative of the lower
stress pressure caused on yeast cells from the nutrient-limiting conditions. Overall, these
results show great potential to provide effective alternative uses to current biowaste man-
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agement practices, also contributing to placing industrially relevant products with lower
environmental impacts in the market.

Author Contributions: Conceptualization, M.J.N.; formal analysis, A.R.-L., ].L.E-R. and L.B.; investi-
gation, AR.-L., J.L.E-R. and I.B.; data curation, A.R.-L., M.].N. and A.D.M.; writing—original draft
preparation, M.J.N. and A.D.M.; writing—review and editing, M.].N., L.B. and A.D.M.; supervision,
M.].N.; project administration, M.J.N.; funding acquisition, M.].N. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by MCIN/AEI/ (10.13039/501100011033, project BIOMIO+CAR,
grant number PID2020-119403RB-C22).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Acknowledgments: Fundacién Cajamar (Almeria, Spain) and CEDER-CIEMAT (Soria, Spain) are
greatly acknowledged for providing the agro-food and the lignocellulosic urban pruning residues
used in this study.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

C/N Carbon/nitrogen ratio
DCW Dry cell weight

FAs Fatty acids

FAMES  Fatty acid methyl esters
SCO Single-cell oil

References

1.  Farzad, S.; Mandegari, M.A.; Guo, M.; Haigh, K.E; Shah, N.; Gorgens, ].E. Multi-product biorefineries from lignocelluloses: A
pathway to revitalisation of the sugar industry? Biotechnol. Biofuels 2017, 10, 87. [CrossRef] [PubMed]

2. Gallego-Garcia, M.; Susmozas, A.; Negro, M.].; Moreno, A.D. Challenges and prospects of yeast-based microbial oil production
within a biorefinery concept. Microb. Cell Fact. 2023, 22, 246. [CrossRef] [PubMed]

3.  Talluri, G. Market Uptake Support for Intermediate Bioenergy Carriers. Scarperia e San Piero. 2022. Available online: https:
/ /www.music-h2020.eu/ (accessed on 31 December 2024).

4. Larroude, M.; Celinska, E.; Back, A.; Thomas, S.; Nicaud, J.-M.; Ledesma-Amaro, R. A synthetic biology approach to transform
Yarrowia lipolytica into a competitive biotechnological producer of 3-carotene. Biotechnol. Bioeng. 2018, 115, 464-472. [CrossRef]

5. Wen, Z,; Zhang, S.; Odoh, C.K;; Jin, M.; Zhao, Z.K. Rhodosporidium toruloides—A potential red yeast chassis for lipids and
beyond. FEMS Yeast Res. 2020, 20, foaa038. [CrossRef]

6. Kot, AM,; Blazejak, S.; Kurcz, A.; Gientka, I.; Kieliszek, M. Rhodotorula glutinis—Potential source of lipids, carotenoids, and
enzymes for use in industries. Appl. Microbiol. Biotechnol. 2016, 100, 6103—6117. [CrossRef]

7. Zhao, Y.; Song, B.; Li, J.; Zhang, J. Rhodotorula toruloides: An ideal microbial cell factory to produce oleochemicals, carotenoids,
and other products. World ]. Microbiol. Biotechnol. 2021, 38, 13. [CrossRef] [PubMed]

8.  Antunes, M.; Mota, M.N.; Fernandes, P.A.R.; Coelho, E.; Coimbra, M.A.; Sd-Correia, I. Cell wall alterations occurring in an
evolved multi-stress tolerant strain of the oleaginous yeast Rhodotorula toruloides. Sci. Rep. 2024, 14, 23366. [CrossRef]

9. Singh, R.V.; Sambyal, K. An overview of 3-carotene production: Current status and future prospects. Food Biosci. 2022, 47, 101717.
[CrossRef]

10. Lopes da Silva, T.; Fontes, A.; Reis, A.; Siva, C.; Girio, F. Oleaginous yeast biorefinery: Feedstocks, processes, techniques,

bioproducts. Fermentation 2023, 9, 1013. [CrossRef]


https://doi.org/10.1186/s13068-017-0761-9
https://www.ncbi.nlm.nih.gov/pubmed/28400858
https://doi.org/10.1186/s12934-023-02254-4
https://www.ncbi.nlm.nih.gov/pubmed/38053171
https://www.music-h2020.eu/
https://www.music-h2020.eu/
https://doi.org/10.1002/bit.26473
https://doi.org/10.1093/femsyr/foaa038
https://doi.org/10.1007/s00253-016-7611-8
https://doi.org/10.1007/s11274-021-03201-4
https://www.ncbi.nlm.nih.gov/pubmed/34873661
https://doi.org/10.1038/s41598-024-74919-y
https://doi.org/10.1016/j.fbio.2022.101717
https://doi.org/10.3390/fermentation9121013

Appl. Sci. 2025, 15, 7240 13 0f 14

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

PMR&C. Natural Beta Carotene Market Share, S., Trends, Industry Analysis Report: By Source (Algae, Fruit & Vegetable,
Fungi, and Palm Oil), Form, Application, and Region (North America, Europe, Asia Pacific, Latin America, and Middle East
& Africa)—Market Forecast, 2025-2034. Dover, DE, USA. 2024. Available online: https://www.polarismarketresearch.com/
industry-analysis/natural-beta-carotene-market/analysis-type (accessed on 31 December 2024).

Wu, S.; Zhao, X.; Shen, H.; Wang, Q.; Zhao, Z.K. Microbial lipid production by Rhodosporidium toruloides under sulfate-limited
conditions. Bioresour. Technol. 2011, 102, 1803-1807. [CrossRef]

Wang, Y.; Zhang, S.; Zhu, Z.; Shen, H.; Lin, X,; Jin, X.; Jiao, X.; Zhao, Z.K. Systems analysis of phosphate-limitation-induced lipid
accumulation by the oleaginous yeast Rhodosporidium toruloides. Biotechnol. Biofuels 2018, 11, 148. [CrossRef] [PubMed]
Bansfield, D.; Spilling, K.; Mikola, A.; Piiparinen, J. Growth of fungi and yeasts in food production waste streams: A feasibility
study. BMC Microbiol. 2023, 23, 328. [CrossRef]

Yu, Y;; Xu, Z.; Chen, S.; Jin, M. Microbial lipid production from dilute acid and dilute alkali pretreated corn stover via Trichosporon
dermatis. Bioresour. Technol. 2020, 295, 122253. [CrossRef]

Poontawee, R.; Lorliam, W.; Polburee, P.; Limtong, S. Oleaginous yeasts: Biodiversity and cultivation. Fungal Biol. Rev. 2023,
44,100295. [CrossRef]

Rakicka, M.; Lazar, Z.; Dulermo, T.; Fickers, P.; Nicaud, ].M. Lipid production by the oleaginous yeast Yarrowia lipolytica using
industrial by-products under different culture conditions. Biotechnol. Biofuels 2015, 8, 104. [CrossRef]

Lu, T,; Liu, F; Jiang, C.; Cao, ].; Ma, X,; Su, E. Strategies for cultivation, enhancing lipid production, and recovery in oleaginous
yeasts. Bioresour. Technol. 2025, 416, 131770. [CrossRef]

Negro, M.J.; Alvarez, C.; Doménech, P, Iglesias, R.; Ballesteros, I. Sugars production from municipal forestry and greening wastes
pretreated by an integrated steam explosion-based process. Energies 2020, 13, 4432. [CrossRef]

Gallego-Garcia, M.; Moreno, A.D.; Gonzalez, A.; Negro, M.]. Efficient use of discarded vegetal residues as cost-effective feedstocks
for microbial oil production. Biotechnol. Biofuels Biopod 2023, 16, 21. [CrossRef]

Ballesteros, I.; Duque, A.; Negro, M.].; Coll, C.; Latorre-Sdnchez, M.; Hereza, J.; Iglesias, R. Valorisation of cellulosic rejections
from wastewater treatment plants through sugar production. J. Environ. Manag. 2022, 312, 114931. [CrossRef]

Moliné, M.; Libkind, D.; van Broock, M. Production of torularhodin, torulene, and [3-carotene by Rhodotorula yeasts. Methods Mol.
Biol. 2012, 898, 275-283. [CrossRef]

Shah, Q. A Comparative Study on Four Oleaginous Yeasts on Their Lipid Accumulating Capacity; Swedish University of Agricultural
Sciences Uppsala: Uppsala, Sweden, 2013.

Gallego-Garcia, M.; Susmozas, A.; Moreno, A.D.; Negro, M.]. Evaluation and Identification of key economic bottlenecks for
cost-effective microbial oil production from fruit and vegetable residues. Fermentation 2022, 8, 334. [CrossRef]

Van Wychen, S.; Ramirez, K.; Laurens, L.M. Determination of total lipids as fatty acid methyl esters (FAME) by in situ transesteri-
fication: Laboratory analytical procedure (LAP). Natl. Renew. Energy Lab. 2015. [CrossRef]

Sankaran, S.; Khanal, S.K,; Jasti, N.; Jin, B.; Pometto, LL.I.A.L.; Van Leeuwen, J.H. Use of filamentous fungi for wastewater
treatment and production of high value fungal byproducts: A review. Crit. Rev. Environ. Sci. Technol. 2010, 40, 400-449. [CrossRef]
Tang, S.; Dong, Q.; Fang, Z.; Cong, W.-j.; Zhang, H. Microbial lipid production from rice straw hydrolysates and recycled
pretreated glycerol. Bioresour. Technol. 2020, 312, 123580. [CrossRef] [PubMed]

Xavier, M.C.A.; Coradini, A.L.V,; Deckmann, A.C.; Franco, T.T. Lipid production from hemicellulose hydrolysate and acetic acid
by Lipomyces starkeyi and the ability of yeast to metabolize inhibitors. Biochem. Eng. J. 2017, 118, 11-19. [CrossRef]

Annamalai, N.; Sivakumar, N.; Oleskowicz-Popiel, P. Enhanced production of microbial lipids from waste office paper by the
oleaginous yeast Cryptococcus curvatus. Fuel 2018, 217, 420-426. [CrossRef]

Ma, X.; Gao, Z.; Gao, M.; Ma, Y.; Ma, H.; Zhang, M.; Liu, Y.; Wang, Q. Microbial lipid production from food waste saccharified
liquid and the effects of compositions. Energy Convers. Manag. 2018, 172, 306-315. [CrossRef]

Gonzalez, ].M.; Aranda, B. Microbial growth under limiting conditions-Future perspectives. Microorganisms 2023, 11, 1641.
[CrossRef]

Thumkasem, N.; On-mee, T.; Kongsinkaew, C.; Chittapun, S.; Pornpukdeewattana, S.; Ketudat-Cairns, M.; Thongprajukaew, K,;
Antimanon, S.; Charoenrat, T. Enhanced high 3-carotene yeast cell production by Rhodotorula paludigena CM33 and in vitro
digestibility in aquatic animals. Sci. Rep. 2024, 14, 9188. [CrossRef]

Mishra, S.; Deewan, A.; Zhao, H.; Rao, C.V. Nitrogen starvation causes lipid remodeling in Rhodotorula toruloides. Microb. Cell Fact.
2024, 23, 141. [CrossRef]

Lopes, H].S.; Bonturi, N.; Kerkhoven, EJ.; Miranda, E.A.; Lahtvee, P.J. C/N ratio and carbon source-dependent lipid production
profiling in Rhodotorula toruloides. Appl. Microbiol. Biotechnol. 2020, 104, 2639-2649. [CrossRef] [PubMed]

Kerkhoven, E.J.; Pomraning, K.R.; Baker, S.E.; Nielsen, J. Regulation of amino-acid metabolism controls flux to lipid accumulation
in Yarrowia lipolytica. NPJ Syst. Biol. Appl. 2016, 2, 16005. [CrossRef] [PubMed]

Yang, Y.; Ye, Z.; Guo, M.; Chen, G. Ultraviolet-diethyl sulfate composite mutagenesis of Rhodosporidium toruloides and culture
optimization to improve carotenoid production. LWT 2024, 212, 116979. [CrossRef]


https://www.polarismarketresearch.com/industry-analysis/natural-beta-carotene-market/analysis-type
https://www.polarismarketresearch.com/industry-analysis/natural-beta-carotene-market/analysis-type
https://doi.org/10.1016/j.biortech.2010.09.033
https://doi.org/10.1186/s13068-018-1134-8
https://www.ncbi.nlm.nih.gov/pubmed/29849765
https://doi.org/10.1186/s12866-023-03083-6
https://doi.org/10.1016/j.biortech.2019.122253
https://doi.org/10.1016/j.fbr.2022.11.003
https://doi.org/10.1186/s13068-015-0286-z
https://doi.org/10.1016/j.biortech.2024.131770
https://doi.org/10.3390/en13174432
https://doi.org/10.1186/s13068-023-02268-5
https://doi.org/10.1016/j.jenvman.2022.114931
https://doi.org/10.1007/978-1-61779-918-1_19
https://doi.org/10.3390/fermentation8070334
https://doi.org/10.2172/1118085
https://doi.org/10.1080/10643380802278943
https://doi.org/10.1016/j.biortech.2020.123580
https://www.ncbi.nlm.nih.gov/pubmed/32502891
https://doi.org/10.1016/j.bej.2016.11.007
https://doi.org/10.1016/j.fuel.2017.12.108
https://doi.org/10.1016/j.enconman.2018.07.005
https://doi.org/10.3390/microorganisms11071641
https://doi.org/10.1038/s41598-024-59809-7
https://doi.org/10.1186/s12934-024-02414-0
https://doi.org/10.1007/s00253-020-10386-5
https://www.ncbi.nlm.nih.gov/pubmed/31980919
https://doi.org/10.1038/npjsba.2016.5
https://www.ncbi.nlm.nih.gov/pubmed/28725468
https://doi.org/10.1016/j.lwt.2024.116979

Appl. Sci. 2025, 15, 7240 14 of 14

37. Sharma, R.; Ghoshal, G. Optimization of carotenoids production by Rhodotorula mucilaginosa (MTCC-1403) using agro-industrial
waste in bioreactor: A statistical approach. Biotechnol. Rep. 2020, 25, €00407. [CrossRef]

38. Villegas-Méndez, M.A.; Montafiez, J.; Contreras-Esquivel, J.C.; Salmerén, I.; Koutinas, A.A.; Morales-Oyervides, L. Scale-up
and fed-batch cultivation strategy for the enhanced co-production of microbial lipids and carotenoids using renewable waste
feedstock. J. Environ. Manag. 2023, 339, 117866. [CrossRef]

39. Yen, H.-W,; Liu, Y.X.; Chang, J.-S. The effects of feeding criteria on the growth of oleaginous yeast—Rhodotorula glutinis in a
pilot-scale airlift bioreactor. J. Taiwan Inst. Chem. Eng. 2015, 49, 67-71. [CrossRef]

40. Bhosale, P; Gadre, R.V. Beta-Carotene production in sugarcane molasses by a Rhodotorula glutinis mutant. J. Ind. Microbiol.
Biotechnol. 2001, 26, 327-332. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.btre.2019.e00407
https://doi.org/10.1016/j.jenvman.2023.117866
https://doi.org/10.1016/j.jtice.2014.11.019
https://doi.org/10.1038/sj.jim.7000138

	Introduction 
	Materials and Methods 
	Microorganism and Media Preparation 
	Pulse-Feeding Cultivation Strategy 
	Analytical Methods 

	Results and Discussion 
	Potential of Biowastes as Culture Media 
	Optimization of the Pulse-Feeding Strategy for the Cultivation of R. toruloides Using Biowastes with Different Nature 
	Effects of Media Composition on the Intracellular Accumulation of Lipids and Carotenoids 

	Conclusions 
	References

