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Abstract

Olive mill wastewater (OMWW) and cheese whey (CW) are two agro-industrial effluents that pose major environmental
challenges due to their high organic load and potential environmental impact. This study investigates a novel valorization
approach by cultivating the oleaginous yeast Rhodotorula glutinis on OMWW supplemented with CW, a nitrogen-rich
dairy byproduct. Four OMWW/CW ratios (25/75, 50/50, 75/25, 100/0, v/v) were evaluated to assess their impact on
microbial growth, metabolite production, and wastewater remediation. The 25/75 (v/v) and 50/50 (v/v) mixtures sup-
ported the highest biomass yields (>5 g L' within 3—5 days), while the 50/50 (v/v) mixture led to maximum lipid and
carotenoid accumulation after 8 days. Under this condition, substantial depollution was also observed, with near-complete
removal of hydroxytyrosol and tyrosol as well as significant reduction in chemical oxygen demand (COD). Carotenoids
extracted from R. glutinis showed thermal stability at 60 °C and exhibited strong antioxidant and antibacterial activities.
These findings demonstrate the feasibility of coupling waste treatment with the production of bioactive compounds. The
proposed bioprocess valorizes two problematic waste streams into valuable microbial biomass and functional metabolites,
with potential to reduce environmental impact.

Highlights

o OMWW and CW were co-utilized as an innovative fermentation medium for Rhodotorula glutinis cultivation.
e A 50/50 OMWW/CW (v/v) mixture maximized lipid and carotenoids production after 8 days.

e Significant COD and phenolic compound removal was achieved in the 50/50 OMWW/CW (v/v) mixture.

e (Crude carotenoids extract showed thermal stability and strong antioxidant activity.
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Introduction

The Mediterranean region is widely recognized as the main
hub for olive oil production worldwide. In 2019, 3.314 mil-
lion tons of olive oil were produced globally, 98% of which
derived from the Mediterranean region (Kaniewski et al.
2025). Algeria produced over 50,000 tons of olive oil in
2022, highlighting its role in this vital sector (Chikhi and
Bendi Djelloul, 2022).

However, the production of olive oil results in signifi-
cant quantities of a heavily polluted liquid waste known as
olive mill wastewater (OMWW), primarily due to the high
volume of water used during extraction (Al-Bsoul et al.
2020). The amount of OMWW generated typically ranges
from 0.3 to 1.2 m? per ton of olives processed, depending
on the extraction technique employed. The three-phase
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centrifugation technique is the most water-intensive, as it
requires additional water to improve the fluidity of the olive
paste. For example, processing one ton (1000 kg) of olives
using this method typically requires about 1000 kg of added
water and produces approximately 200 kg of olive oil, 600
kg of solid pomace, and 1200 kg of wastewater (Morillo et
al. 2009). Global OMWW generation is estimated to range
between 10 and 30 million m® annually (Akkam et al. 2024).
In Algeria, thousands of cubic meters of OMWW are pro-
duced alongside significant quantities of solid waste during
olive oil processing (Bougherara et al. 2021).

OMWW presents a major environmental concern due
to its low biodegradability, elevated organic loading, and
high levels of phenolic compounds, which are known to be
toxic to plants and inhibitory to soil microbial communities
(Fleyfel et al. 2024; Fernandes et al. 2025).
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Traditional OMWW management generally involves no
treatment, crude spreading on agricultural land, or evapora-
tion ponds, all of which are associated with uncontrolled
leachate release, soil and groundwater pollution, agricul-
tural productivity reduction, greenhouse gas emissions, and
odor problems (Khdair et al. 2017; Ammari et al. 2025).

Over the years, several treatment strategies have been pro-
posed to mitigate the negative impact of OMWW, including
processes such as electrocoagulation (Shahawy et al. 2021)
and the electro-Fenton technique (El-Gohary et al. 2009).
Other advanced technologies assessed for their potential
in OMWW treatment include reverse osmosis (Petrotos et
al. 2016), electrochemical oxidation (Martinez-Cruz et al.
2020), catalytic peroxidation (Esteves et al. 2022), distilla-
tion processes (Jaradat et al. 2018), and thermal conversion
(Crialesi et al. 2022).

In parallel, biotechnological approaches are increasingly
considered as complementary rather than competing alterna-
tives to physico-chemical methods, since microbial systems
not only aid in pollutant removal but also enable resource
recovery through the production of value-added compounds
(Chiavola et al. 2014). In particular, these processes do not
require chemical additives and operate under low-energy
conditions, thereby reducing both chemical demand and
overall environmental burden (Mohiuddin et al. 2024).
Moreover, their CO2 emissions are expected to be substan-
tially lower than those of evaporation or crude spreading,
since the organic load of OMWW is biologically valorized
rather than discharged untreated (Enaime et al. 2024).

Recently, the use of OMWW as a substrate for microbial
cultivation has emerged as a promising alternative offering
both waste treatment and valorization opportunities (Foti
et al. 2021; Paz et al. 2023). When appropriately selected,
microorganisms such as bacteria (Aouidi et al. 2009; Zavra et
al. 2024), yeasts (Arous et al. 2016; Ghilardi et al. 2020; Kes-
kin et al. 2023), and microalgae (Markou et al. 2012; Lenzuni
et al. 2025) can grow on OMWW-based media, simultane-
ously producing biomass and contributing to the biodegrada-
tion of toxic compounds like hydroxytyrosol and tyrosol.

Nonetheless, previous studies have consistently reported
that direct cultivation in raw OMWW is hindered by the
high concentration of polyphenols, which exert toxic and
inhibitory effects on microbial growth. To overcome this
limitation, acclimatization strategies have been explored,;
for example, Arous et al. (2018) demonstrated that stepwise
exposure to increasing OMWW concentration (COD levels
of 25, 50, and 75 g/L) enhanced microbial tolerance to the
high organic and phenolic content of OMWW. More com-
monly, OMWW is diluted with water, with optimal micro-
bial activity typically observed at dilutions of OMW W-water
(1/4 v:v) (Karakaya et al. 2012; Boutafda et al. 2019; Ghilardi
et al. 2020; Ghilardi et al. 2022). Although this procedure

facilitates microbial growth, it is water-intensive, particu-
larly in regions facing increasing water scarcity. Moreover,
the widespread adoption of such practices conflicts with
environmental policies advocating for water conservation
(Javan et al. 2024; Garrido-Baserba et al. 2024).

Additionally, OMWW is characterized by a low nitrogen
content, necessitating external nitrogen supplementation
to balance the carbon-to-nitrogen (C/N) ratio and support
microbial proliferation (El Yamani et al. 2019; Xiao et al.
2022). While supplements such as peptone, tryptone, or
yeast extract have proven effective in enhancing microbial
growth and metabolite production, their high cost limits the
feasibility of using OMWW as a microbial substrate (Christ-
wardana et al. 2025). Alternative inorganic nitrogen sources
such as urea and ammonium sulfate have shown promise,
but they remain non-negligible in terms of expenses, espe-
cially at large production scales. Furthermore, these strat-
egies do not eliminate the need for OMWW dilution, and
thus still contribute to water consumption (Konzonck et
al. 2022). Identifying alternative nitrogen sources that also
reduce the water requirements for OMWW dilution is there-
fore of growing interest. In this context, cheese whey (CW)
emerges as a suitable option. Generated in substantial quan-
tities as a byproduct of cheese manufacturing, CW is rich
in organic matter, including nitrogen (7-10 g L), as well
as essential minerals and vitamins, making it appropriate
for microbial cultivation. Its valorization as a complemen-
tary substrate to OMWW may help reduce water use and
address waste management challenges, while aligning with
recent advances in food waste valorization for bioactive
compounds and product management that reflect the grow-
ing interest in transforming diverse industrial side-streams
into valuable resources (Ahmad et al. 2019; OECD/FAO
2022; Nazos et al. 2023; Ozcelik et al. 2024; Kamalesh et
al. 2025a; Kamalesh et al. 2025b).

The economic potential of these strategies could be nota-
ble, as the recovery of high-value products such as carot-
enoids and lipids could help offset process costs, especially
when using agro-industrial wastes as substrates, as reported
in previous studies (Elkacmi and Bennajah 2018; Elkacmi
and Bennajah 2019; Girometti et al. 2025).

Rhodotorula glutinis is an oleaginous, red-pigmented
yeast widely recognized for its robust metabolic versatil-
ity and ability to synthesize a broad spectrum of valuable
metabolites from a variety of agro-industrial waste sub-
strates. These include industrially relevant enzymes such as
phenylalanine ammonia lyase (PAL), exopolysaccharides
(EPSs) with biotechnological applications, as well as organic
acids and proteins that enhance its nutritional and functional
value (Cho et al. 2001; Kot et al. 2016, Zhao and Li 2022).
In addition, R. glutinis is capable of accumulating high lipid
content (up to 70% of its dry weight) under nitrogen-limited
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conditions, making it a promising candidate for the produc-
tion of essential fatty acids such as linoleic and oleic acids. In
addition, R. glutinis produces valuable carotenoids, includ-
ing fB-carotene, torulene, and torularhodin, with antioxidant,
antimicrobial, and potential anticancer properties. Its ability
to utilize a broad range of carbon sources, including agro-
industrial waste streams, underlines its relevance for micro-
bial bioprocess development. These characteristics make R.
glutinis a suitable microbial platform for integrated waste
valorization targeting both depollution and bioproduct gen-
eration (Kot et al. 2018; Kot et al. 2020).

In contrast to previous studies in which Rhodotorula
species have been cultivated on single industrial effluents
or and solid waste such as lignocellulosic residues (Mast
et al. 2014; Liu et al. 2025; Machado et al. 2022), starchy
wastes (Kot et al. 2017; Sharma and Ghoshal, 2020), Jeru-
salem artichoke hydrolysates (Zhao et al. 2010, 2011; Wang
et al. 2014, 2019), and oily by-products (Saenge et al. 2011;
Hong-Wei et al. 2019; Yen et al. 2019; Sineli et al. 2022),

the present study investigates for the first time the co-
fermentation of OMWW and CW. While OMWW alone
requires organic and inorganic nitrogen supplementation
and significant water dilution (Karakaya et al. 2012; Ghilardi
et al. 2020; El Yamani et al. 2019, Taskin et al. 2016), the
addition of CW provides both nitrogen and complemen-
tary organic matter, thereby reducing the need for external
supplements and excessive water use. This dual-substrate
strategy directly addresses the limitations reported in earlier
works, namely substrate toxicity, nutrient imbalance, and
water-intensive pretreatment, while valorizing two major
agro-industrial effluents simultaneously.

Therefore, the primary objective of this study is to assess
the effect of utilizing different OMWW/CW ratios, which
result in varying C/N balances, as cultivation media for the
oleaginous yeast R. glutinis. This study focuses on evaluat-
ing biomass production and its composition, specifically the
protein, fatty acid, and carotenoid contents. Additionally, the
study examines the thermostability and biological activities
(antioxidant and antibacterial properties) of the produced
crude carotenoids. Furthermore, the depollution efficiency
of OMWW under these conditions is also assessed. To the
best of our knowledge, this is the first study to explore the
combined use of OMWW and CW as a co-substrate system
for R. glutinis cultivation.

Material and methods
Sampling of substrates

Two distinct types of agro-industrial wastewaters were eval-
uated as growth substrates in this study. Fresh samples of
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OMWW were collected from traditional three phases olive
mills factories located in Bejaia (Algeria). OMWW samples
were collected immediately after disposal to avoid any
change in polyphenols (PC) composition and maintained at
—20°C to prevent spontaneous fermentation. Prior to utili-
zation, the OMWW underwent centrifugation at 4000 rpm
for 30 min at 4 °C to remove suspended materials, then the
resulting supernatant was used as growth media formula-
tion. Cheese whey (CW) was sourced from a dairy facility in
Blida province (Algeria), that processes recombinant milk.
The collected CW was sterilized, after which thermosensi-
tive proteins were removed by centrifugation at 4000 rpm
for 30 min. This process resulted in a supernatant, which
was subsequently used for media preparation.

Microorganism and preculture

The oleaginous strain R. glutinis DSM 70398, kindly pro-
vided by DUZEN Laboratories Company in collaboration
with Ankara University - Chemical Engineering Departe-
ment (Turkey), was employed in the present study. This
strain was maintained at 4 °C on Dextrose-Sabouraud (DS)
medium comprising yeast extract (5 gL), peptone (5
gL, glucose (10 g L"), and agar (20 g L") and supple-
mented with 10% (v/v) of OMWW. The preculture of R.
glutinis DSM 70398 was carried out in sterilized DS broth
medium supplemented with 10% (v/v) of crudle OMWW
(6.33 g L' polyphenols) and incubated in a rotary thermo-
static shaker under 150 rpm at 30 °C, as suggested by Kara-
kaya et al. (2012).

Culture conditions

To assess the suitability of the OMWW-CW mixture as a
substrate for R. glutinis, a batch mode was selected, given
its simplicity and suitability for initial substrate screening.
Cultivation experiments were conducted in 250- mL Erlen-
meyer flasks, each containing 50 mL of different mixtures
based on OMWW and CW (Table 1). The initial pH of the
cultivation media was adjusted to 5.7 using 12 M NaOH.
After sterilization, the flasks were cooled to room tempera-
ture and then inoculated with 10% (v/v) of a 48h-aged pre-
culture on DS broth containing 4 x 10% cells mL™' (~0.04 g

Table 1 Characterization of OMWW and CW mixtures

Cultivation Mixture C/N PC (g/L) *
Medium code (%, v/v)

0C25 25% OMWW+75% CW 20:1 1.8+£0.12
0C50 50% OMWW +50% CW 35:1 2.6+0.14
OC75 75% OMWW +25% CW  72:1 3.3£0.27
0C100 100% OMWW +0% CW 287.5:1 6.33+0.53

*Determined using folin ciocalteu method (760 nm)
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L™"). The cultures were then incubated in a rotary shaker at
150 rpm at 30°C. A sacrificial culturing methodology was
employed, with samples collected every 48 h over a 10-day
cultivation period. Cultivation was carried out in triplicate
for each cultivation medium.

The optimal conditions were further validated at a 5-L
scale for large-scale carotenoid production, intended for
subsequent characterization, including antioxidant and anti-
bacterial activities, FTIR analysis, thermostability, and UV—
Visible spectrophotometry.

Analytical methods
Analyses of substrates

The analysis of OMWW and CW samples involved a
comprehensive assessment of several physicochemical
parameters. The pH of the samples was measured using
a pH-meter (HANNA instruments, HI 2210-02, Portu-
gal). Electrical conductivity (EC) was measured using a
conductivity-meter (HANNA instruments, HI 9033, Por-
tugal). Total suspended solids (TSS) were quantified by
filtering the samples through Whatman membrane filters
(nylon pore, size 0.45 pm, diam. 47 mm) followed by dry-
ing the residue at 105 °C until reaching a constant weight.
Total solids (TS) were determined by oven drying 10 mL
of the samples in an oven at 105 °C for 24 h, in accor-
dance with the APHA standard method (APHA 1998).
Total ash content was assessed by incinerating the TS at
550 °C for 6 h. Total Kjeldahl nitrogen (TKN) analysis
involved mineralization and distillation. Specifically, 5 mL
of OMWW was digested with a Kjeldahl catalyst tablet
(0.5 g) and 10 mL of H,SO, (96%) at 400 °C for 2 h. After
cooling, 100 mL of distilled water and 50 mL of NaOH
solution (40 g L) were added before distillation, follow-
ing AOAC guidelines (AOAC 2000). Chemical oxygen
demand (COD) was determined following the Standard
Methods for the Examination of Water and Wastewater
(APHA 1998). Wastewater samples were diluted up to 10°
times, and 2 mL of diluted OMWW were digested using
sulfuric acid, potassium dichromate, and mercuric sulfate
in a COD reactor at 150 °C for 120 min. COD concentra-
tion was measured calorimetrically at 600 nm. Total lipid
content was assessed using the Soxhlet method with hex-
ane as the solvent (AOAC 2000). Total sugar content was
estimated according to the method outlined by Dubois et
al. (1956), involving incubation of the samples with phe-
nol and concentrated sulfuric acid at 100 °C for 5 min,
and absorbance measurement at 490 nm. Reducing sugars
were analyzed following the method described by Miller
(1959), wherein samples were incubated with DNS reagent

in a boiling water bath, followed by absorbance measure-
ment at 540 nm. The concentration of reducing sugars (as
glucose equivalent in g L™!) was determined from a pre-
stablished standard curve. Polyphenolic compounds (PC)
were extracted from OMWW and purified with ethyl ace-
tate according to the method of Macheix et al. (1990) and
their concentration was assessed using Folin—Ciocalteu
reagent, followed by absorbance measurement at 760 nm.
The concentration of polyphenols (as gallic acid equiva-
lent in g L™!) was determined from a pre-established stan-
dard curve. All tests were carried out in triplicate at least.

Biomass concentration determination

Flasks were periodically removed from the rotary thermo-
static shaker and cell biomass was harvested by centrifuga-
tion of the culture medium at 6000 rpm for 30 min. The
pellets were then washed with distilled water and dried at
40 °C until a constant weight. The dried biomass was kept
in the dark at —20 °C until analysis.

Reducing sugar uptake

The reducing sugar uptake in the cultivation spent media
was calculated as follows (Eq. 1):

(Ri — Rf)
el (D

Reducing sugar uptake (%) =
where R; is the initial reducing sugar concentration before
cultivation and R, is the reducing sugar concentration after
cultivation. The test was carried out in triplicate.

Characterization of the media post cultivation
COD removal rate

COD rate from the spent cultivation media was calculated
using the following formula (Eq. 2):

(Pi— PY)

COD removal (%) =
where P; is the initial COD concentration before cultiva-
tion and P, is the final COD concentration (after cultiva-
tion). The test was carried out in triplicate. To validate the
degradation capacity of the studied strain, control cultures
were established without inoculating R. glutinis. These con-
trol experiments were conducted under identical cultivation
conditions, serving as a comparative baseline for evaluating
the effectiveness of COD removal by the strain.
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Polyphenols removal rate

Polyphenols removal rate from the spent cultivation media
was calculated using the following formula (Eq. 3):

Pi—Pf)

3
i 2100 3)

Polyphenols removal (%) =

where P, is the initial polyphenol concentration before cul-
tivation and P, is the final polyphenol concentration (after
cultivation). The test was carried out in triplicate. To vali-
date the degradation capacity of the studied strain, control
cultures were established without inoculating R. glutinis.
These control experiments were conducted under identical
cultivation conditions, serving as a comparative baseline
for evaluating the effectiveness of polyphenol removal by
the strain.

HPCL -phenolic compounds profile

Phenolic compounds profile in the spent media was deter-
mined by the method of Susamci et al. (2017) with some
modifications. An aliquot of 1.5 mL of polyphenol extract
was centrifuged for 5 min at 9000 rpm and subsequently
filtered into another tube through a 0.22 um filter. An ali-
quot of 0.25 mL of the supernatant was diluted with 0.5
mL of DMSO and 0.25 mL of 0.2 mM syringic acid pre-
pared in DMSO (internal standard). An aliquot of 20 pL
of the mixture was injected into the High-Performance
Liquid Chromatography (HPLC). The HPLC system
consisted of 1260 vial sampler (Agilent Technologies),
1100 (Quat. Pump) (Hewlett Packard), 1200 diode array
detector (Agilent Technologies). A Phenomenex Luna 5
pum C18 100A 250 x 4.6 mm column was also used. Sep-
aration was achieved using an elution gradient with an
initial composition of 90% (v/v) water (pH adjusted to
2.7 with phosphoric acid) and 10% (v/v) methanol. The
concentration of the second solvent was increased to 30,
40, 50, 60, 70 and 100% (v/v) over a total of 68 min.
A flow rate of 1 mL min ! and a temperature of 35 °C
were also used. Co-injections with commercial standards
including hydroxytyrosol, tyrosol, oleuropein, caffeic
acid, luteolin, apigenin and syringic acid were performed
to validate compound identity. Calibration curves for the
analyzed compounds were constructed by injecting 10
puL of standard solutions at five different concentrations.
The chromatograms were recorded at 280 and 330 nm
for phenolic compounds. The concentration of phenolic
compounds was expressed as mg kg™ ! of extract. The test
was carried out in triplicate.
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Biomass composition determination
Protein content determination

Protein content was determined using the Micro-Kjeldahl
method following the method described in Ogg (1960)
with slight modifications. Briefly, 15 mg of yeast sample
was placed in a micro-Kjeldahl digestion flask, followed
by the addition of 2 mL of concentrated sulfuric acid and
an appropriate amount of the catalyst. The mixture was
heated at 360—410°C until a clear solution was obtained.
After cooling, the digest was diluted with distilled water
and transferred to a distillation apparatus. A solution of
NaOH (40%) was added to release ammonia gas (NHs),
which was distilled and absorbed in a boric acid solution
(4%). The ammonia absorbed in boric acid was titrated
using 0.1 N H2SOs, with a mixed indicator to determine
the endpoint. Protein content was determined by calculat-
ing the total nitrogen from the volume of acid consumed,
applying blank correction, and multiplying by a conversion
factor of 6.25.

Lipid content determination

An aliquot of 5 mL of a methanol/water/HCI (30:3:1, v/v/v)
mixture was added to 30 mg of dried biomass, into clean,
screw-capped glass test tubes and incubated at 55 °C for
6 h (Rezanka et al. 2003). A total of 15 mL of cold water—
hexane (2:1, v/v) mixture was added to each sample and
homogenized for 20 s. The hexane layer was filtered and
concentrated to dryness under a stream of nitrogen. This
extraction was repeated three times using 5 mL chloroform
on the residue. The extract was filtered and concentrated to
dryness under a stream of nitrogen. All the obtained dried
extracts were combined and dissolved in 1 mL of hexane—
chloroform (1:1, v/v) mixture and then evaporated under a
nitrogen stream. The total lipid content was estimated gravi-
metrically and expressed in % DW. The test was carried out
in triplicate.

Fatty acid profile

Trans-esterification of lipids was performed in a two-
stage reaction (to prevent trans-isomer formation) using
CH,0 Na" and CH;0H/HCI following to the AFNOR
method (1984). Fatty acid methyl esters (FAME) were
analyzed in a Shimadzu, GC 17A Gas Chromatography
equipped with an FID detector and a capillary column (50
mx0.32 mm, 0.5 mm, PERICHROM Sarl, France). Nitro-

gen was used as carrier gas, at a flow rate of 1.13 mL min ™"
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The oven temperature was started from 100 °C, increased
to 150 °C at a rate of 30 °C min ! and held for 5 min. The
temperature was then increased to 190 °C at a rate of 10
°C min! and held for 14 min before being increased (at 5
°C min') to 255 °C and held for 10 min. The injector and
the detector temperature were adjusted at 255 and 270 °C,
respectively. The FAME peaks were identified by reference
to standards. The test was carried out in duplicate.

Total carotenoids content determination

To quantify carotenoid content, a solid-to-liquid ratio of 1:5
(w/v) was employed using dimethyl sulfoxide (DMSO) as
the solvent. Carotenoids were extracted using a mortar to
disrupt the yeast cells, and extraction was repeated multiple
times to achieve maximal recovery of intracellular carot-
enoids until the biomass appeared gray. Following extrac-
tion, samples were centrifuged at 7,000 rpm for 5 min to
separate solid particles from the carotenoid extract. Subse-
quently, 2 mL of acetone, petroleum ether, and 20% sodium
chloride solution were added to the extract. The resulting
samples were vigorously shaken for 1 h and centrifuged at
3,500 rpm for 5 min to facilitate phase separation. The col-
ored ether phase was then carefully transferred to a cuvette,
and its absorbance was measured spectrophotometrically at
490 nm. The total carotenoid content (ug/g dry mass) was
calculated using the following equation (Eq. 4) (Cheng et
al. 2016):

. ng . Amax.D.V
Total t d; —of b =
otal carotenoids ( . o 10mass> B W (4)

A .« Absorbance at 490 nm.
D: Sample dilution ratio.
V: Volume of extraction solvent (mL).
E: Extinction coefficient of total carotenoids (0.16).

W: Dry weight of yeast biomass (g).

Total carotenoid extract production and
characterization

R. glutinis biomass production was carried out in a 10 -L
reactor using the OC50 medium, inoculated at 10% (v/v).
The culture was maintained at 30 °C with continuous stir-
ring at 150 rpm. After 8 days of cultivation, the biomass was
harvested by centrifugation at 6000 rpm for 30 min and the
pellet was thoroughly washed and dried in an oven at 40 °C.
Total carotenoids were then extracted from the dried bio-
mass using DMSO, following the method described above.
The extracted total carotenoids (TCE) were stored in the
dark at —20 °C until further analysis.

FTIR and thermostability properties

To investigate the structural properties of the total carot-
enoid extract (TCE), Fourier-transform infrared (FTIR)
spectroscopy was performed using approximately 0.5 mg
of sample. The ample was analyzed with 32 scans per min-
ute and a resolution of 4 cm™! in the wavenumbers region
varying from 400 cm ™! to 4000 cm™! using a Nicolet FTIR
spectrometer equipped with an attenuated total reflection
(ATR) accessory.

The thermostability of TCE was assessed by exposing
TCE (50 pg/mL in DMSO) to various temperatures: 40, 60,
80, and 120 °C. Samples were collected at 0, 30, 60, 90, 120,
150, 180-, 210-, 240- and 270-min. Thermal degradation
was monitored by measuring the decrease in absorbance at
490 nm, corresponding to the carotenoid peak. TCE stabil-
ity was expressed as the relative remaining concentration
(Rycp, %), calculated using the equation:

Rrce% = (Arce (1)/Arce ¢)) X 100 (%)

where Arc (g 1s the absorbance at 490 nm after heat treat-
ment, Aqcg () i8 the initial absorbance at 490 nm.

Antioxidant properties
DPPH radical-scavenging assay

The DPPH radical-scavenging activity was determined
according to the method of Bersuder et al. (1998), with
slight modifications using TCE from R. glutinis solution
(6.43 to 102.8 pg mL™"). BHA was used as a positive con-
trol. The samples were incubated for 60 min at room tem-
perature. DPPH radical-scavenging activity was calculated
as follows:

DPPH radical — scavenging activity (%) 6)
= (AControl + (ABlank - ASample) /AControl) x 100

where A oo 15 the absorbance of the control (contain-
ing all reagents except the sample) at 517 nm, A g, 1S
the absorbance of the blank (containing all reagents except
the DPPH solution) at 517 nm. A g, is the absorbance
of the TCE solution at 517 nm. The test was carried out in
triplicate.

Ferric reducing antioxidant power
The TCE (6.43 to 102.8 pg mL™! ) ability to reduce iron

was determined according to the method of Yildirim et al.
(2001). BHA was used as a positive control. The absorbance

@ Springer
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of the resulting solutions was measured at 700 nm after
10 min of incubation. The test was carried out in triplicate.

Antibacterial activity

Antibacterial activity of TCE (50 ug mL ') was tested using
the well diffusion assay, following the method described
by Vlietinck (1991), against two Gram-negative strains
(Escherichia coli ATCC 25922 and Pseudomonas aerugi-
nosa ATCC 15442) and two Gram-positive strains (Staphy-
lococcus aureus ATCC 25923 and Bacillus subtilis ATCC
6633). S. aureus, E. coli and P. aeruginosa were selected
as foodborne and pathogenic bacteria commonly associ-
ated with food contamination and opportunistic infections
(Kuznetsova et al. 2025; Phan et al. 2025). Bacillus subti-
lis was included as a non-pathogenic Gram-positive model
with probiotic relevance for feed applications (Olmos et al.
2020). Briefly, a 18 h-culture suspension of each indicator
strain was adjusted to a concentration of 106 CFU mL™!
was uniformly spread on sterile Mueller Hinton agar plates.
Wells of 6 mm diameter were prepared on each plate with a
sterile cork borer. An aliquot of 75 uL of TCE solution was
then loaded in each well and allowed to diffuse at 4 °C for
2 h. DMSO was used as a control. Subsequently, plates were
kept at 37 °C for 18 h and the diameter of the growth inhibi-
tion zone (mm) around the well was measured in duplicate.

Statistical analysis

All experiments were conducted at least in duplicate. Data
were expressed as means+ SD (standard deviation) and ana-
lyzed using SPSS version 19.0 for Windows professional
edition (SPSSInc., Chicago, USA). Analysis of variance
(ANOVA) was then performed to estimate the statistical
significance at a 5% probability level (p = 0.05).

Results and discussion
Physicochemical characterization of substrates

The composition of the OMWW and CW employed in the
present study is indicated in Table 2. Clear differences were
found in total and reducing sugars, nitrogen, lipid con-
tents, COD and phenolic load. CW contained the highest
total sugars (48.23+1.52 g L-1) and nitrogen (1.7 g L-1),
whereas OMWW had more reducing sugars (34.53+2.17
g L-1) and minimal nitrogen (0.01+0.003 g L-1). These
complementary profiles highlight their potential as mixed
substrates, making the C/N ratio a key parameter for simul-
taneous microbial growth and metabolite production (Lopes
et al. 2020). OMWW showed a lower pH (4.48) than CW

@ Springer

Table 2 Physico-chemical characterization of OMWW and CW

Parameters OMWW CW

pH 4.48+0.06 5.42+0.04
EC (mS/cm) 12.59+0.1 3.83+0.2
TS (gL™ 111.60+4.3 39.06+1.35
COD (gL™) 129.90+13.05 54.85+6.01
Total ash (g L") 14.67+3.06 3.849+0.37
TKN (gL 0.01+0.00 1.70+0.20
Total Sugar (g L) 42.56+1.07 48.23+1.52
Reducing Sugar (g L) 34.53+2.17 23.12+1.10
Lipids (g L") 4.38+0.23 1.28+0.12
Polyphenols (g L) 6.33£0.49 /
Polyphenols profile (mg kg ):

* Hydroxytyrosol 230.37+0.77 /

* Tyrosol 98.68+3.44 /

* Oleuropein 53.85+1.14 /

« Caffeic acid 16.64+0.32 /

« Luteolin 37.88+0.39 /

» Apigenin 34.55+£0.43 /

(5.42), mainly due to organic acids and phenolics (Achak et
al. 2019). Both values are below the optimal yeast growth
pH (5.5-6.0) (Mussagy et al. 2020; Taskin et al. 2016;
Allahkarami et al. 2021), indicating the need for adjustment
before use. COD reached 129.9+£23.05 g L-1 in OMWW
and 54.85+£6.01 g L-1 in CW, confirming high organic
loads. OMWW also contained 6.33+0.49 g L-1 phenolic
compounds, within the 0.5-12 g L-1 reported in the litera-
ture (Keskin et al. 2023; Boutafda et al. 2019; El Feky et
al. 2019; Arous et al. 2016). Such parameters vary with ori-
gin, cultivar, ripeness, milling and extraction methods (Ben
Sassi et al. 2006; Souilem et al. 2017; Fleyfel et al. 2022;
Khelouf et al. 2023; Issa et al. 2023), and our results align
with these ranges.

The pH values of OMWW and CW also diverged,;
OMWW exhibited the lowest pH value (4.48) due to the
presence of organic acids resulting from auto-oxidation
reactions and phenolic compounds polymerisation (Achak
et al. 2019), while CW displayed a relatively higher pH
value (5.42). However, both pH values fall below the opti-
mal pH value for yeast growth ranging between 5.5 to 6.0
(Mussagy et al. 2020; Taskin et al. 2016; Allahkarami et
al. 2021), necessitating pH adjustment before utilizing
OMWW and CW as growth substrates. The COD values
in OMWW and CW were estimated at 129.9+23.05 g L'
and 54.85+6.01 g L', respectively, confirming a significant
organic load in both wastewaters. Additionally, OMWW
exhibited a high phenolic compound (PC) concentration of
6.33+0.49 g L !, which falls within the range reported in the
literature (0.5 to 12 g L) (Keskin et al. 2023; Boutafda et al.
2019; El Feky et al. 2019; Arous et al. 2016). It is important
to note that both PC and COD values can vary considerably
depending on several factors, including geographical origin,
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olive cultivar, fruit ripeness, milling method, and extraction
technique, as documented in previous studies (Ben Sassi et
al. 2006; Souilem et al. 2017; Fleyfel et al. 2022; Khelouf et
al. 2023; Issa et al. 2023). The values obtained in the present
study are therefore consistent with the variability observed
across different contexts.

Growth of R. glutinis on OMWW and CW mixtures—
based media

To evaluate the effect of C/N ratio on R. glutinis growth,
cultures were run for 10 days in media with varying
OMWW/CW mixtures (OC25-OC100; pH 5.7). As shown
in Fig. 1, the best growth occurred in OC25 and OC50 (C/N
20:1 and 35:1), reaching similar maxima of 5.16+0.18 and
5.19+0.11 g L™! after 3—5 days (Table 3). OC75 showed
slower accumulation, peaking at 2.67+0.13 g L-1 around
day 8. In contrast, OC100 (100% OMWW) strongly inhib-
ited growth, yielding only 0.58+0.06 g L-1 by day 10,
highlighting the unsuitability of undiluted OMWW. Indeed,
this result could be explained by the elevated polyphenols
concentration in OC100 (6.33 g L") that may have exerted

an inhibitory effect on yeast growth. A similar trend was
reported by Ghilardi et al. (2020), who observed growth
inhibition of R. mucilaginosa when cultured in a semi-lig-
uid olive mill wastewater medium referred to as “aqueous
extract of alperujo”, at 30% w/v, containing 7.6 g L™! of
polyphenols. Moreover, the media that supported the high-
est R. glutinis growth, OC25 and OC50, also exhibited the
highest final pH values, reaching 9.05+0.10 and 8.97+0.06,
respectively (Table 3).

This pH increase is attributed to the yeast’s metabolic
activity, particularly the assimilation of organic acids and
the deamination of amino acids, both of which lead to the
alkalinization of the medium (Hafidi et al. 2005). Similar
results were observed with R. glutinis grown on potato
wastes (Kot et al. 2017), olive mill wastewater (Karakaya
et al. 2012), and with a strain of R. mucilaginosa used to
treat olive mill wastewater (Jarboui et al. 2012) and alperujo
(Ghilardi et al. 2020).

Furthermore, the present findings demonstrate that the
OC25 and OC50 media, characterized by relatively low
carbon-to-nitrogen (C/N) ratios of 20:1 and 35:1, respec-
tively, significantly promoted the growth of R. glutinis, as

Fig. 1 Biomass concentration of R. glutinis
grown in OC25, OC50, OC75 and OC100 at 150
rpm and 30°C (pH 5.7) over 10 days. Error bars
presenting the standard deviation (n=3)
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Table 3 Growth parameters of R. glutinis cultivated in different OMWW-CW mixtures at 150 rpm and 30°C (pH 5.7)

Code C/Nratio  Polyphenols (gL ')  Endlogphase  Max. biomass at end log phase ~ Max. biomass at day 10 Final pH
(Day) (gL™ (gL™ (Day 10)
0C25 20 1.83 3 5.16+0.58%" 5.78+0.09% 9.05+0.10?
0C50 35 2.62 5 5.19+0.31%" 5.53+0.17%" 8.97+0.06
0C75 72 441 8 2.67+0.13%™ 2.98+0.35"" 6.87+0.03"
0C100  287.5 6.33 NG NG 0.58+0.05""" 5.90+£0.02¢

Different letters in the same line indicate significant difference (p<0.05). Different stars in the same column indicate significant difference

(p<0.05). (n=3). NG: No growth
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evidenced by the elevated biomass concentrations achieved
within the cultivation period. These results are consistent
with previous studies on various Rhodotorula species, in
which optimal biomass production was achieved at C/N
ratios ranging from 12 to 20 (Taskin et al. 2016; Ribeiro et
al. 2019; Tkacova et al. 2018).

In addition, the strain appeared to exhibit tolerance to
elevated polyphenol concentrations. Cultivation in the
IC50 medium, containing a relatively high polyphenol level
(2.6 g L"), resulted in a biomass yield of 5.19+0.3 gL!
within five days. When compared to previous studies,
similar biomass yields (approximately 5.70 g L'!) were
only achieved after six days of cultivation in water-diluted
OMWW, which contained a significantly lower polyphenol
concentration (approximately 0.5 gL™') and was supple-
mented with urea as a nitrogen source (0.5 g L™!) (Karakaya
et al. 2012; Boutafda et al. 2019; Ghilardi et al. 2022; Kes-
kin et al. 2023).

To the best of our knowledge, the combination of
OMWW and CW as a culture medium for R. glutinis cul-
tivation has never been previously explored. In the present
study, the enhanced growth performance observed in this
mixed substrate may be attributed to the nutrient-rich com-
position of CW, which provides readily assimilable lactose,
peptides, essential minerals, and vitamins, components
known to stimulate cell proliferation and previously associ-
ated with improved yeast productivity under similar condi-
tions (Prazeres et al. 2012; Braunwald et al. 2013; Arous et
al. 2016). Moreover, the presence of CW may mitigate the
inhibitory effects of the high polyphenol content in OMWW
by supplying metabolic precursors and buffering agents that
help maintain intracellular homeostasis, thereby enabling R.

glutinis to thrive under stress conditions. Collectively, these
findings highlight the dual role of CW as both a nitrogen-
rich substrate and a protective matrix, enhancing yeast via-
bility and productivity even in challenging environments.

Reducing sugar uptake

The reducing sugar (RS) uptake by R. glutinis cultivated on
varying mixtures of OMWW and CW (OC25, OC50, OC75
and OC100, pH 5.7) at 150 rpm and 30 °C, over 10-day
period and the results are presented in Fig. 2. The OC25
and OC50 media exhibited significantly higher RS uptake,
reaching the values of 56.21+0.87% and 51.96+1.91%,
respectively, by days 4 and 6, corresponding to the end of
the exponential growth phase of R. glutinis. No significant
increase in RS uptake was observed over days 4 and 6. The
favorable C/N ratios facilitated optimal sugar assimilation,
which also explains the observed rapid cell proliferation,
with the nitrogen supply from CW sustained growth and
enhanced metabolic activity, resulting in substantial sugar
consumption (Cai et al. 2022). In contrast, the uptake of
RS was lower in OC75 and OC100. This reduced uptake is
probably due to the elevated levels of polyphenols in those
media, which may inhibit key enzymes involved in the
metabolism of disaccharides and oligosaccharides. Indeed,
various natural polyphenols, including flavonoids and phe-
nolic alcohols, are known to act as potent enzyme inhibitors,
with reported ICso values as low as 0.6 mg L' (Rasouli et al.
2017; Renda et al. 2018; Lim et al. 2019), thereby limiting
sugar assimilation by the yeast. It is important to highlight
that the sugar uptake patterns align with the trends observed
in biomass production and pH under lower C/N conditions.

Fig. 2 Reducing sugar uptake by R. glutinis cul-
tivated in OC25, OC50, 0C75 and OC100 at 150
rpm and 30°C (pH 5.7) over 10 days. Error bars
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COD removal

Figure 3 shows the COD removal kinetics by R. gluti-
nis in different media. In OC100, only 1.84+0.06% COD
removal was achieved after 10 days versus 0.24+0.03% in
the control (Table 4), reflecting inhibition by high pheno-
lic content and low nitrogen. Conversely, OC25 and OC50
showed much higher removals: within 2 days 10.42+0.18%
and 3.73+0.043%, and by day 10 peaks of 55.92+0.88%
and 41.19+£0.25%, compared with 1.79+£0.62% and
1.25+£0.14% in the controls. These results confirm the
critical role of R. glutinis in the biodegradation process
and highlight the synergistic effect of co-substrate enrich-
ment on depollution performance and the yeast’s capacity to
metabolize biodegradable organic fractions, such as reduc-
ing sugars, soluble proteins, and simple phenolics.

The observed trends are consistent with previous find-
ings. Fakharedine et al. (2011) reported an 86.45% COD
reduction after 20 days of aerobic OMWW treatment
using R. glutinis, while Karakaya et al. (2012) achieved
approximately 80% COD removal in 14 days under simi-
lar conditions. Jarboui et al. (2012) further demonstrated
the versatility of the genus, with R. mucilaginosa remov-
ing between 38% and 56.91% COD over a 6-day period,
depending on initial substrate concentrations.

Polyphenols removal
Removal efficiency

As shown in Fig. 4, R. glutinis exhibited a progressive
increase in polyphenol removal efficiency from day 0 to day

Table 4 Polyphenols removal rate and COD removal in cultivation
media without R. glutinis inoculation at 150 rpm and 30°C (pH 5.7)
on day 10

0C25 0C50 0OC75 0C100
PC removal 2.42+0.12* 227+0.11° 1.33+0.04° 0.89+0.13¢
rate (%)
COD 1.79+0.62* 1.25+0.14* 0.46+0.19" 0.24+0.03°
removal
(%)

Different letters in the same line indicate significant difference
(p<0.05)

10 in all media, except OC100. By day 10, removal effi-
ciencies reached 58.05+1.10% for OC25, 57.37+1.56% for
0OC50, and 22.91+2.14% for OC75. The ability of yeasts in
general, and Rhodotorula strains in particular, to degrade
polyphenols is attributed to a multifactorial enzymatic sys-
tem involving both oxidative and non-oxidative pathways.
R. glutinis is known to exhibit laccase-like and peroxidase
activities, especially under stress or in the presence of com-
plex phenolic mixtures (Katayama-Hirayama et al. 1991;
Cadete et al. 2017; Mtui 2012). These enzymes facilitate
the oxidative breakdown of polyphenolic rings into sim-
pler and less toxic compounds. In parallel, reductases and
dehydrogenases contribute to detoxifying intermediate
metabolites, potentially enhancing overall bioremediation
performance (Liu et al. 2025). Moreover, under polypheno-
lic stress, R. glutinis induces antioxidant enzymes and other
stress-related mechanisms, further supporting its degrada-
tion capabilities (Salar et al. 2012).

In contrast, OC100 exhibited a significantly lower
removal efficiency of just 1.58+0.08%. This finding sup-
ports the hypothesis that high polyphenol concentrations in

Fig.3 COD removal by R. glutinis cultivated in
0C25, OC50, 0C75 and OC100 at 150 rpm and
30°C (pH 5.7) over 10 days. Error bars present- 100 -
ing the standard deviation (n=3) 0C25
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Fig.4 Polyphenols removal by R. glutinis culti-
vated in OC25, OC50, 0C75 and OC100 at 150
rpm and 30°C (pH 5.7) over 10 days. Error bars
. .. 100
presenting the standard deviation (n=3)
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OMWW, well-documented for their antimicrobial activity,
can inhibit yeast growth, disrupt enzymatic activity, and
limit biotransformation processes (Alrowais et al. 2023).
The observed gradient in removal efficiency across treat-
ments highlights the importance of OMWW dilution in
optimizing bioremediation performance, likely reflecting a
balance between substrate availability and toxicity. In this
context, the bioremediation role of the studied R. glutinis
was further confirmed through control cultivations per-
formed under similar conditions in OC25, OC50, OC75, and
OC100, but without strain inoculation. In the absence of R.
glutinis, removal rates were significantly lower, recorded at
2.42+0.12%, 2.27+0.11%, 1.33+0.04% and 0.89+0.13%
for OC25, OC50, OC75 and OC100, respectively, as shown
in Table 4.

These low values therefore confirm that the polyphenol
degradation observed in the inoculated.

cultures were largely due to the metabolic activity of R.
glutinis, rather than spontaneous degradation or abiotic fac-
tors. The performance observed in this study is consistent
with previous reports highlighting the sensitivity of poly-
phenol removal efficiency to the initial concentration of
phenolic compounds in OMWW.

Several studies have demonstrated that increasing poly-
phenol content can significantly reduce the bioremediation
potential of yeast strains, including those from the Rhodotor-
ula genus. In line with this, Karakaya et al. (2014) reported
that batch biodegradation with interval feedings was more
effective during the early stages of operation, but prolonged
exposure led to decreased dephenolization due to phenolic
accumulation inhibiting cell growth, even though the over-
all removal was higher than in simple batch cultures.

@ Springer

These findings are in line with previous studies demon-
strating the inhibitory effect of high phenolic concentra-
tions on yeast-mediated bioremediation. Boutafda et al.
(2019) reported that R. mucilaginosa achieved a polyphe-
nol removal efficiency of 96.98% in 25% diluted OMWW,
which progressively declined to 58.56%, 16.59%, and
11.86% in 50%, 75%, and 100% dilutions, respectively, over
a one-month cultivation period under static conditions. This
trend clearly supports the notion that phenolic toxicity at
higher concentrations suppresses yeast activity and enzyme
performance. Comparable results were equally observed by
Jarbaoui et al. (2012), who recorded polyphenol removal
rates of 34.81%, 27.89%, and just 5.84% at increasing ini-
tial polyphenol concentrations of 0.83, 1.66, and 3.3 g L,
respectively, after six days of R. mucilaginosa. In a related
study, R. glutinis demonstrated a removal efficiency of up
to 83% from OMWW containing 0.9 gL' polyphenols
when supplemented with 1 g L' yeast extract as a nitro-
gen source, following 19 days of aerobic cultivation at 150
rpm (Karakaya 2012). Additionally, Martinez-Garcia et al.
(2007) demonstrated that diluting OMWW with cheese
whey (CW) in a 75:25 (v/v) ratio enhanced phenol removal
by Candida tropicalis, achieving a 54% reduction. Overall,
these findings underscore the critical role of OMWW dilu-
tion, initial polyphenol concentration and nutrient supple-
mentation in determining the effectiveness of R. glutinis
bioremediation processes.

Polyphenols profile post cultivation process

Following the assessment of overall polyphenol removal
efficiency, the polyphenolic profile of the spent media was
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analyzed to investigate the degradation kinetics of individ-
ual compounds over time. Identification was performed by
comparing their retention times with those of standard com-
pounds and the data presenting the concentration variations
of key polyphenols in OC100, OC75, OC50, and OC25
media, sampled at 2, 4, 6, 8, and 10 days are presented in
Table 5.

Based on this analysis, six major polyphenolic com-
pounds were identified in the spent cultivation media
samples, namely hydroxytyrosol, tyrosol, caffeic acid,
oleuropein, luteolin, and apigenin, detected at absorption
wavelengths of 280 and 330 nm. Among these, hydroxyty-
rosol was the most abundant across all cultivation media,
followed by tyrosol, while oleuropein and caffeic acid were
also detected. These results align with previously reported
data on OMWW profile (El Abbassi et al. 2012; Otero et al.
2021; Zahi et al. 2022), including studies focusing on Alge-
rian OMWW (Ladhari et al. 2021; Gueboud;ji et al. 2022a,
2022b). However, no comprehensive or standardized poly-
phenolic composition of OMWW exists due to high vari-
ability influenced by olive cultivar, ripeness, storage and
processing (Cuffaro et al. 2023).

Due to their documented toxicity to microorganisms,
plants, and animals within the trophic chain, the biodegra-
dation of hydroxytyrosol and tyrosol represents an essen-
tial step toward mitigating the environmental impact of
OMWW (Fiorentino et al. 2003).

Both compounds were significantly degraded in all
media (p<0.05). In OC25 (C/N 20:1) and OC50 (C/N 35:1),

hydroxytyrosol decreased by 96.03% and 88.79%, and tyro-
sol by 85.92% and 76.89% after 10 days (SI.1). OC75 (C/N
72:1) showed lower removal (41.24% and 41.66%). Under
low C/N conditions, R. glutinis also degraded other poly-
phenols. Oleuropein was completely removed in OC25 by
day 2, versus 53.12% in OC50 and 24.98% in OC75. Caffeic
acid declined by 75.26%, 64.09% and 26.91%, respectively.
Luteolin and apigenin, though present in lower amounts,
were fully degraded within 6-8 days in OC25/0C50, but
only partially removed (66.35% and 76.18%) in OC75.
These results revealed that R. glutinis exhibited sig-
nificantly enhanced biodegradation activity in media with
lower C/N ratios, particularly in OC25 and OCS50. These
conditions, characterized by higher nitrogen availability
compared to OC75, likely supported increased metabolic
activity and biomass proliferation, thereby facilitating the
efficient degradation of key phenolics such as hydroxyty-
rosol and tyrosol. The complete removal of oleuropein in
0OC25 by day 2, along with the substantial reduction of caf-
feic acid under similar conditions, further highlights the
ability of R. glutinis to metabolize both simple and complex
polyphenolic compounds. This performance may be attrib-
uted to the increased activity of hydrolytic enzymes such as
flavonoid C8-hydroxylase (F8H) involved in breaking down
structurally complex polyphenols (Madej et al. 2012; Madej
et al. 2014; Sordon et al. 2016; Dulak et al. 2022) Over-
all, these findings suggest that nitrogen-rich environments
stimulate enzymatic pathways linked to detoxification and
phenolic assimilation, reinforcing the potential of R. glutinis

Table 5 Polyphenolic profile of the spent cultivation media of R. glutinis grown in different OMWW-CW mixtures at 150 rpm and 30°C (Ph 5.7)

over 10 days

Hydroxytyrosol Tyrosol Oleuropein Caffeic acid Luteolin Apigenin
(mgkg™)
OC75 (C/N 72:1) 0 197.52+1.84° 54.41+0.93 47.65+1.22% 9.44+0.06° 11.95+0.24° 10.41+0.10°
2 180.43+0.53° 48.02+0.62° 46.29+0.67* 8.13+0.82° 11.28+0.12° 8.78+£0.34%
4 168.64+2.35° 35.48+0.24° 39.36+0.23" 8.79+0.06° 10.57+0.63¢ 7.35+0.66°
6 146.98+0.24¢ 33.89+0.05¢ 36.36+0.30° 7.10+£0.17¢ 9.71+0.02¢ 7.09+0.08°
8 116.12+0.06° 32.19£0.51¢ 35.71+0.84¢ 6.95+0.04¢ 8.48+0.16° 6.40+0.32¢
10 115.96+0.16 31.25+1.22° 35.74+0.50° 6.90+0.17¢ 8.02+0.02° 6.48+0.08¢
0C50 (C/N 35:1) 0 114.63+2.49* 30.60+0.52° 26.04+0.69* 6.99+0.03° 6.72+0.13 5.86+0.06%
2 60.09+1.20° 15.76+0.35° 27.64+1.60% 5.31+0.46° 5.78+0.07° 4.94+0.19°
4 38.61+£1.32° 11.15+0.14¢ 17.95+0.13% 4.58+0.03¢ 4.82+0.36° 4.13+0.36°
6 26.43+0.13¢ 8.31+0.03¢ 15.73£0.17° 4.00+0.09¢ 3.77+0.01¢ 3.14+0.05¢
8 19.07+0.03¢ 7.86+0.29¢ 12.58+0.47¢ 3.80+0.02¢ 0.00+00° 0.00+00°
10 12.85+0.09f 7.07+0.68¢ 12.21+0.28¢ 2.51+0.09° 0.00+00° 0.00+00°
0C25 (C/N 20:1) 0 78.01+1.05 18.54+0.05* 11.19+1.06 3.72+0.01° 5.98+1.07* 4.79+0.81°
2 51.13+0.64° 11.63£0.21° 0.00+£00° 3.42£0.06° 4.2440.08° 2.87+0.07°
4 7.50+0.40° 3.90+0.05¢ 0.00+00° 2.88+£0.21¢ 3.50+0.34¢ 2.89+0.19°
6 6.93+0.02¢ 3.7840.23° 0.00+00° 2.47+0.05¢ 3.09+0.09° 2.51+0.12¢
8 4.15+0.09° 3.68+0.06° 0.00+£00° 2.16+00° 0.00+00¢ 0.00+00¢
10 3.09+0.03¢ 2.61+0.01¢ 0.00+00P 0.92+0.06° 0.00+00¢ 0.00+00¢
Different letters in the same column for the same cultivation medium indicate significant difference (n=3) (p<0.05)
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as a promising agent for the treatment of polyphenol-rich
effluents such as olive mill wastewater.

Furthermore, existing studies highlight the significant
polyphenol-degrading capabilities of the Rhodotorula
genus. Karakaya et al. (2012) reported that R. glutinis,
when cultivated in 25% OMWW supplemented with 2.27
g L' urea, achieved complete removal of hydroxytyrosol
and tyrosol within just five days. Similarly, Boutafda et al.
(2019) demonstrated that R. mucilaginosa achieved 97%
total polyphenol removal after one month of treatment in
25% diluted OMWW, including the complete degradation
of hydroxytyrosol, tyrosol, caffeic acid, p-coumaric acid,
and oleuropein.

R. glutinis biomass composition

To investigate the effect of the C/N ratio on biomass com-
position, the R. glutinis yeast biomass harversted from
0C25, OC50, and OC75 media were analyzed for their pro-
tein, total carotenoid, and lipid contents. Biomass obtained
from the OC100 medium was excluded from compositional
analysis due to its low yield (0.58+0.06 g L™! after 10 days
of fermentation), which was insufficient for reliable assess-
ment. The results are presented in Fig. 5.

Total protein content

The total protein content in R. glutinis biomass cultivated
on OC25, OC50, and OC75 media (pH 5.7), under 150
rpm agitation at 30 °C over a 10-day period, is depicted
in Fig. 5A. The data reveal a significant decline in protein
content with increasing C/N ratios (p<0.05). Indeed, in the
0C25 medium (C/N 20:1), protein content was initially
high reaching 73.56+0.92% (DW) on day 2 and gradually
decreased to 51.67+0.37% (DW) by day 10. In contrast, a
more significant decrease was observed in the OC50 (C/N
35:1) and OC75 (C/N 72:1) media, where protein content
decreased from 64.04+0.33% (DW) to 35.75+1.11% (DW)
and from 60.98+0.21% (DW) to 45.09+0.55% (DW) over
the same period, respectively.

In the present study, a clear inverse relationship was
observed between the C/N ratio and protein content. Indeed,
the initial higher C/N ratios observed in the OC75 medium,
resulted in lower protein levels compared to media with
lower C/N ratio such as OC25, where nitrogen is more
available. Furthermore, as fermentation progressed, nitro-
gen became significantly depleted leading to a progressive
increase in the C/N ratio over time.

Given the essential role of nitrogen in protein biosyn-
thesis, its depletion limited further protein accumulation
and likely triggered a metabolic shift toward the synthe-
sis of carbon-rich storage compounds such as lipids and
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carotenoids (El Bialy et al. 2011; Broach et al. 2012; Raita
et al. 2022). These findings align with those reported by Kot
et al. (2020), where protein content in R. gracilis grown in
potato wastewater supplemented with glycerol under high
C/N conditions, reached a maximum value of 51.6% (DW)
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after 2 days of cultivation time at 28 °C, followed by a sig-
nificant decline by 6 days, reaching 30% (DW) while the
lipid content increased by about 9% DW, suggesting a meta-
bolic shift towards lipid accumulation.

Total lipids content and fatty acids profile

Figure 4B shows the total lipid content of R. glutinis grown
on OC25, OC50 and OC75 (pH 5.7, 150 rpm, 30 °C, 10
days). Lipid content increased markedly over time in all
media. In OC25 (C/N 20:1) it rose from 14.44+1.1% to
31.83+1.2% (DW) by day 6 and reached 33.33+1.11% by
day 10. In OC50 (C/N 35:1) it increased from 21.23+1.59%
on day 2 to 47.56+2.5% on day 8. In OC75 (C/N 72:1) it
rose from 20.02+0.93% on day 2 to 37.91+1.29% by day
10 (p<0.05).

These results reveal the critical influence of the C/N
ratio on lipid production in R. glutinis and highlight that the
OC50 medium shows considerable potential as a lipogenic
environment, yielding the highest lipid content after 8 days
of cultivation.

Changes in lipid content during the cultivation period
are commonly observed in oleaginous microorganisms and
are influenced by various factors, including mainly growth
phase stages, C/N ratio as well as nutrient availability
(Fakas et al. 2007).

Several studies have shown that cell proliferation is the
primary process when both carbon and nitrogen are pres-
ent in the medium, while lipid synthesis is often initiated
when the medium is overloaded with carbon and depleted
of nitrogen sources (Weng et al. 2014; Abeln and Chuck
2021, Costa et al. 2024). Accordingly, the relatively lower
C/N ratio in the OC25 medium likely provided sufficient
nitrogen for growth and metabolic activities initially, lead-
ing to moderate lipid accumulation. As nitrogen became
limiting after the exponential growth phase, lipid accumula-
tion increased until a steady state was reached at stationary
phase. Conversely, in the OC50 medium, the higher initial
carbon availability and nitrogen limitation compared to the
OC25 medium supported the higher lipid accumulation with
lower growth. At this stage, the growth of yeast gradually
slows due to nitrogen limitation, and carbon available in
the substrate is used to accumulate lipids. Investigations of
nitrogen-limited cultures have shown that a C/N ratio>20
is required for oleaginous yeast, including Rhodotorula
strains, in particular, to reach the maximum lipid production
(Jiru et al. 2017; Lei et al. 2024). Indeed, under nitrogen-
deficient conditions, the activity of isocitrate dehydrogenase
is inhibited, leading to the accumulation of citrate in the
mitochondria, which is then translocated to the cytoplasm,
where it is released by adenosine triphosphate citrate lyase
and the formation of acetyl-CoA, the precursor of fatty acids

(Beopoulos et al. 2009; Chebbi et al. 2019; Ledesma-Amaro
etal. 2016).

On the other hand, the higher C/N ratio in the OC75
medium (72:1) provided an abundance of carbon compared
to nitrogen, promoting the observed continuous lipid accu-
mulation over the cultivation period. However, the slower
increase in lipid content compared to OC50 (35:1) suggests
that a higher C/N ratio might not be as efficient for lipid
biosynthesis. This may be due to higher initial substrate
concentrations leading to growth inhibition in batch culture
mode, resulting in lower cell growth rate and lipid yields
(Abeln and Chuck 2021; Caporusso et al. 2021; Karamerou
and Webb 2019; Valdes et al. 2021). A similar trend was
observed in the study conducted by Filippousi et al. (2022)
where lipid accumulation in R. foruloides under nitrogen-
limited conditions (initial C/N molar ratio of 50—240),
gradually decreased as the C/N ratio increased. Similarly,
Keskin et al. (2023) reported that R. glutinis cultivated
in olive mill wastewater (OMWW) containing 0.5 g L'
of polyphenols, under different concentrations of urea (0,
0.5, and 1 g L"), exhibited the highest total lipid content
of 15.12+0.20% at a urea concentration of 0 g L', after 6
days of cultivation. Lopes et al. (2020) reported an increase
in lipid yield in the R. toruloides cultivated in raw glycerol
at different range of C/N ratios (60, 80, 100, and 120). The
highest lipid yield was observed at C/N ratio between 60 and
100. In this study, the maximum lipid content achieved was
47.56+2.5% DW using a C/N ratio of 35 with a medium
consisting of 50% OMWW and 50% CW. This lipid yield
is competitive with lipid yield obtained with conventional
and non-conventional carbon sources in similar growth con-
ditions. For comparison, glucose-based media produced a
lipid yield of 47.24% (Maza et al. 2020), while sucrose and
fructose resulted in lower yields of 28% and 27.5%, respec-
tively (Gong et al. 2019). Non-conventional substrates such
as crude glycerol yielded a lipid content of 35.22% of total
biomass (Saenge et al. 2011), and the combination of glyc-
erol with used cooking oil achieved a lipid content of 46%
(Yen et al. 2019). Additionally, sugarcane molasses pro-
vided a lipid content of 45.0% (Lakshmidevi et al. 2021),
and residual glycerol from the biodiesel industry resulted
in lipid yields ranging from 40.66% to 46.86% (Sineli et
al. 2022).

Importantly, the OC50 and OC75 conditions, which
exhibited the highest lipid contents, were also associated
with the lowest protein contents, further confirming the
metabolic shift from protein synthesis to lipid accumulation
under nitrogen-limited conditions.

Following the assessment of lipid content, the fatty acid
(FA) profiles of R. glutinis cultivated under the same media
and conditions have been identified and the results are pre-
sented in Table 6. Results revealed that the major identified
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Table 6 Fatty acids profile of R. glutinis grown in different OMWW-CW mixtures at 150 rpm and 30°C (Ph 5.7) over 10 days

Cultivation Cul-  Palmitic acid Stearic acid Oleic acid Linoleic acid Linolenicacid N.I =~ UFAs SFAs Cl18:2/
Medium tiva-  (C16:0) (C18:0) (C18:1) (C18:2) (C18:3) C18:3

tion

Day
%
0C25 (20:1) 2 24.67+022°  15.09+£0.33° 55.89+0.93°  4.46+0.11° / 289 5735 3976 /
0C25 (20:1) 4 2346043  13.93+0.08¢ 52.19+1.53*  1042+041°  / / 62.61 3739 /
0C25 (20:1) 6 17.0140.16¢  11.76+1.3°  51.58+0.86"°  18.6+0.68° 0.35+0.00° 0.7 70.53 2877 53.14
0C25 (20:1) 8 15.13£0.07°  7.24+1.1° 50.6+1.62% 2493+027¢  0.76+0.17° 134 7629 2237 32.80
0C25 (20:1) 10 13.66+0.5%" 57404 50.45+0.48" 27424036  0.99+0.1° 378 78.86 19.36  26.69
0C50 (35:1) 2 2431+£0.37° 17.4+127°  50.17+1.76°  6.48+0.33% / 2.64 5829 4171 /
0C50 (35:1) 4 21.31+0.12¢  13.34+0.89¢  49.07+1.47°  12.24+1.2° 2.78+0.04° 126 64.09 34.65 4.50
0C50 (35:1) 6 16.50+0.18°  8.17£0.55¢  47.20+1.21°  22.11+1.09°  3.78+0.16"*  1.84 7349 2467 5.96
0C50 (35:1) 8 15.97+£0.00"  7.04+0.67°  42.63+2.01*° 27.63+0.88¢  4.53+0.18° 220 7479 23.0l 6.10
0C50 (35:1) 10 12.04+0.70*"  8.13+1.41°"  40.55+ 1.19*"" 33.67+1.71°"" 4.44+0.78" 3.17 79.66 18.17 6.19
0OC75 (72:1) 2 19.14+£0.78°  14.52+0.12°  62.12+2.23%  2.23+0.03 0.48+0.01°  1.61 64.83 33.56 4.65
0OC75 (72:1) 4 16.96+0.67¢  11.44+0.36% 60.66+1.15>  5.72+0.1° 1.82+£0.07°  3.40 682 284 3.14
0C75 (72:1) 6 14.45+£0.98°  7.43+£0.87°  57.34+1.16*  12.79+0.74°  3.01£025° 498 73.14 21.88 425
0C75 (72:1) 8 13.02£043%  6.35+0.52°  55.01+1.7° 20.13+1.24%  3.53+0.66°  1.96 78.67 1937 5.70
0C75 (72:1) 10 11.97+0.528"  6.15+0.94%"  54.1+1.32%"""  22.06+2.02°" 3.24+0.89%" 248 794 1812 6.8I

Different letters in the same column indicate significant difference. Different starts in the same column indicate significant difference (n=3)

(p<0.05)

fatty acids were palmitic acid (C16:0), stearic acid (C18:0),
oleic acid (C18:1), linoleic acid (C18:2), and linolenic acid
(C18:3). These findings align with those reported in the lit-
erature for Rhodotorula strains cultivated in synthetic or
waste-derived effluent-based media (Shneider et al. 2013;
Kot et al. 2017; Ribeiro et al. 2019; Keskin et al. 2023).

Moreover, results revealed that oleic acid, followed by
linoleic acid and palmitic acid, were the most abundant fatty
acids in the studied strain, particularly in OC50 medium
(Table 3). Ratledge (1994) reported similar trends, high-
lighting oleic acid (C18:1) as the principal fatty acid (up to
70% w/w) accumulated by yeast cells, followed by linoleic
acid (C18:2) (15-25% w/w) and palmitic acid (C16:0).

Furthermore, significant variations and shifts in the fatty
acid profile of R. glutinis were observed across all media
during the 10-day cultivation period. Indeed, palmitic
acid and stearic acid exhibited a significant decrease, with
the most significant decrease observed in OC50 (64.7%,
50.5%, and 21.7%, respectively, p>0.05). Globally, oleic
acid maintained relatively high proportions in all media
(between 40-55%). Conversely, the levels of polyunsatu-
rated fatty acids (PUFAs) increased significantly from day 2
to day 10 across all media (p<0.05).

This trend was particularly pronounced in OC50 com-
pared to OC25 and OC75, where R. glutinis biomass
exhibited the highest linoleic and linolenic acid contents,
increasing from 6.46% to 33.67% and from 0% to 4.44%,
respectively (Table 6).

The simultaneous decrease in SFAs and increase in
PUFAs is likely due to enhanced desaturase activity, a
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physiological adaptation maintaining membrane fluid-
ity under stress such as nutrient limitation (Uemura 2012;
Sakamoto & Murata 2002; Zhou et al. 2021). A high C/N
ratio may further shift metabolic flux toward PUFA biosyn-
thesis by increasing desaturation substrates and cofactors
(Bellou et al. 2016).

Studies on R. glutinis confirm these trends: under higher
C/N ratios or nutrient depletion, SFAs decrease and UFAs
increase, with oleic acid dominant (Zhang et al. 2011,
Shneider et al. 2013; Braunwald et al. 2013; Mast et al.
2014; Kot et al. 2020; Lopes et al. 2020; Keskin et al. 2023;
Gientka et al. 2022). For example, Keskin et al. (2023)
reported 63.94% oleic acid in undiluted OMWW medium
at 30 °C, pH 6.0 after 6 days. Similarly, in this study oleic
acid reached 57.34% in OC75 at day 6. Braunwald et al.
(2013) found that at C/N 20 oleic acid was 39.9—44.4% and
linoleic 31.2-42.3%, while palmitic and stearic acids were
minimized; Zhang et al. (2011) noted linoleic acid rising
from 8.5% to 12.7% over 9 days.

The composition of UFAs, MUFAs and PUFAs deter-
mines lipid applications: high MUFA/PUFA fractions are
valued in food and feed, while high SFA fractions suit bio-
diesel (Arous et al. 2016; Nunes et al. 2024). In this study,
lipids from early cultivation (2—4 days) were SFA-rich and
biodiesel-oriented, whereas later stages showed increased
PUFAs, especially in OC50 at day 10, indicating suitability
for feed applications.

Moreover, the C18:2/C18:3 ratio observed in the OC50
and OC75 media, ranging from 4:1 to 6:1 (Table 6), could
be considered promising for animal nutrition, supporting
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immune function, reducing inflammatory risks, and enhanc-
ing metabolic efficiency in livestock (Alagawany et al. 2019;
Palupi et al. 2025). Additionally, the high content of oleic
acid (C18:1) in all biomasses increases the digestibility and
energy density of the lipids, which is particularly beneficial
for improving feed conversion efficiency and supporting
growth performance in monogastric animals such as poultry
and swine (Piccinin et al. 2019; Coniglio et al. 2023). These
findings indicate that microbial oils produced under OC50
and OC75 conditions could serve as viable and functional
lipid sources in modern animal feeding strategies.

Total carotenoids content

The total carotenoids content in R. glutinis biomass culti-
vated on OC25, OC50, and OC75 media (pH 5.7), under
150 rpm agitation at 30 °C over a 10-day period, is dis-
played in Fig. 5C. In the OC25 medium (C/N 20:1), the total
carotenoids content increased significantly from 256.01+19
to 992.13+38 pg g ' (DW) between day 2 and day 6
(p<0.05). After day 6 of fermentation, the total carotenoids
content decreased sharply reaching a value of 277.51+79
ng g~ ' (DW) at day 10 (p<0.05). In the OC50 medium (C/N
35:1), the same trend was observed. The total carotenoids
content significantly reached the maximum content at day
8 with a value of 1281.8+75 ug g ' (DW) then decreased
to reach a content of 755.0+33 pg g ! (DW) (p<0.05). The
maximum total carotenoid content detected in OC25 on
day 6 and in OC50 on day 8, corresponding to the station-
ary phase, is attributed to nutrient depletion, which induces
physiological stress and enhances carotenoid biosynthesis
as a survival response (Byrtusova et al. 2021; Fakankun et
al. 2021; Sereti et al. 2023). Furthermore, the decline in total
carotenoids observed in OC25 and OC50 after days 6 and 8
can be attributed to severe depletion of nitrogen and other
carotenoid precursors, which drastically increases the C/N
ratio and may trigger Rhodotorula cells to shift from carot-
enoid synthesis toward lipid accumulation (Somashekar
and Joseph 2000; Mussagy et al. 2020). Additionally, the
nutrient-depleted medium may activate oxidative enzymes,
increase oxidative stress and lead to the consumption of
carotenoids, which act as antioxidants to support cell main-
tenance and stress resistance (Mantzouridou et al. 2002).
Accordingly, in their study, Yimyoo et al. (2011) reported
that R. paludigenum DMKU3-LPK4 produced the highest
total carotenoid levels at a C/N ratio between 40 and 60,
while lower (C/N 20) or higher (C/N 100) ratios led to a
significant decrease in total carotenoid production. The
stressful effect of a high C/N ratio on carotenoid production
can be confirmed by the trend clearly observed in the OC75
medium (C/N 72:1) (Fig. 5C), where total carotenoid con-
tent was significantly lower than those observed in OC25

and OC50, ranging from 157+17 ug g (DW) on day 2 to
409+43 pg g ! (DW) on day 10.

These findings indicate that both the initial C/N ratio and
the fermentation duration are critical for effective carot-
enoid accumulation in R. glutinis. Moderate initial C/N
ratios (around 20:1 to 35:1) combined with moderate to late
stationary phase depending on the media (OC25 or OC50)
seem to favor carotenoid biosynthesis.

Based on the biomass composition results, it is clearly
shown that OC50 is the best medium, as it supports both
high biomass production and lipid accumulation with a
favorable profile, while also boosting carotenoid content.
This demonstrates that OMWW and CW can be success-
fully used as an effective cultivation medium.

Total carotenoids extract (TCE) characterization

FTIR

Figure 6 represents the FTIR spectrum of TCE extracted
from R. glutinis biomass cultivated on OC50 (pH 5.7) at
150 rpm under 30 °C over an 8-day period.

The TCE FTIR profile showed bands observed around
2800 cm! and 3500 cm!, with specific peaks at 2850.2
em™' and 3283.5 cm™!, corresponding to the stretching
vibrations of O—-H groups, attributed to residual moisture
or hydroxyl functional groups (Rubio-Diaz et al. 2010). The
strong absorption peak at 1643.05 cm™! is attributed to the
C=0 stretching vibration, indicative of conjugated ketones
or ester groups commonly found in carotenoids (Quijano-
Ortega et al. 2020). The region between 1000 cm™' and 1500
cm™! displays peaks at 1031.7 cm™! and 1542.7 cm™! corre-
sponding to C-O and C=C stretching, as well as C-H bend-
ing vibrations, reflecting the presence of conjugated polyene
chains (Schliicker et al. 2003; Berezin et al. 2005). The
fingerprint region below 1000 cm™! exhibits characteristic
bands associated with the skeletal vibrations of the polyene
backbone (Meléndez-Martinez et al. 2023), confirming the
presence of carotenoid-specific structural motifs. Overall,
this FTIR profile is consistent with the presence of highly
conjugated double bonds, which are responsible for the
optical and antioxidant properties of carotenoids.

The FTIR profile thus confirms the carotenoid nature of
the extract. These results are similar to those reported by
Mabhajan et al. (2024) for carotenoids extracted from Rhodo-
torula sp. cultivated on potato waste (Mahajan et al. 2024).

Thermostability
The thermostability of TCE solution (~50 ug mL ') was

evaluated by incubating the samples at varying temperatures
(40, 60, 80, and 120 °C) over different time intervals (30, 60,
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Fig.6 FTIR spectrum of carotenoid produced by
R. glutinis at OC50 (150 rpm, 30°C, pH 5.7) over

8 days 100 -
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120, 150, 180, 210, 240 and 270 min). As shown in Fig. 7,
low heat treatment at 40 °C appears ideal for long-term pres-
ervation of TCE in food or feed matrices. TCE maintained
over 85% of its initial stability (Rycg=86.57+0.67%) even
after 270 min at this temperature, indicating minimal ther-
mal degradation. Moderate heating at 60 °C caused a sig-
nificant decline in stability, with Rycp values falling below
80% after 120 min and further declining to 68.17+0.66% at
270 min (p<0.05). These findings suggest that 60 °C may
still be appropriate for short-duration applications such as
low-temperature pasteurization, provided the exposure time
remains under 60 min.

However, high temperatures of 80°C and 120 °C
induced rapid and extensive degradation, with Ry values
dropping to 42.78+1.22% and 27.54+0.86%, respectively,
after 270 min. Even after 30 min, visible degradation was
noted at 80 °C. Therefore, such temperatures should be
avoided during prolonged exposure in processing steps such
as sterilization or cooking. Nevertheless, their use in rapid,
short-duration processes may still be acceptable.

The degradation behavior observed in the present study
is consistent with previous reports on carotenoid thermosen-
sitivity, attributable to the structural vulnerability of conju-
gated polyene chains to thermal isomerization, oxidation,

Fig. 7 Thermostability TCE from R. glutinis
cultivated at OC50 at 40°C, 60°C, 80 °C and 120
°C. Rycg: Relative TCE

RTCE (%)

T T T — T T U
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and cleavage (Boon et al. 2010, Mordi et al. 2020; Yahia et
al. 2017). This loss in structural integrity could be critical as
it may affect the biofunctional and sensory qualities of TCE-
rich products (Martin et al. 2019).

From a formulation perspective, these results underscore
the need for appropriate thermal control during product devel-
opment and storage. Moreover, this study supports the use of
temperatures between 40 and 60 °C as a safe thermal process-
ing window, particularly when combined with short exposure
times. Future studies could focus on the kinetics of degradation,
protective encapsulation techniques, or synergistic use of anti-
oxidants to mitigate thermally induced breakdown and extend
the usability of TCE under broader processing conditions.

To the best of our knowledge, only Mahajan and Nikhanj
(2024) have examined thermal degradation in Rhodotorula-
derived carotenoids, reporting similar trends with high sta-
bility up to 70 °C and notable browning beyond this point.
Other studies involving plant, yeast, or microalgae-derived
carotenoids also support these findings, reporting rapid fad-
ing or functional loss when exposed to temperatures ranging
between 70 and 120 °C for 30 to 60 min (Rodriguez-Amaya
et al. 2021; Seregelj et al. 2022).

Antioxidant activity

The antioxidant capacity of the TCE was evaluated using
two in vitro antioxidant mechanisms. Based on the data pre-
sented in Fig. 8. TCE exhibited a concentration-dependent
antioxidant effect. The antioxidant activity increased signifi-
cantly with the increase of TCE concentrations from 6.43 to
102.8 pg mL'. At 102.8 pg mL"!, the TCE exhibited sig-
nificant activity of 96.6+1.41% and 2.83+0.08 for DPPH
radical scavenging and reducing power tests, respectively.

The ICs, and ECs, values were 25.01 pg mL! and 15.77
pg mL! for the DPPH and reducing power assays, respec-
tively, indicating the strong antioxidant activity of TCE via
proton and electron donation. Nevertheless, these values
were lower than those of BHA (control at the same concen-
trations range).

The potent antioxidant activity of carotenoids is mainly
attributed to their extended system of conjugated double
bonds, which generates an electron-rich structure effective
in scavenging free radicals (Stahl and Sies 2003; Mandelli et
al. 2012). Additionally, their molecular architecture charac-
terized by cyclic B-ionone rings facilitates multiple antioxi-
dant mechanisms, including electron transfer and hydrogen
atom donation (Sandhiya et al. 2022; Abubakar et al. 2025).

Indeed, torularhodin, comprising 13 double bonds,
was identified as one of the most effective carotenoids in
terms of antioxidant activity (Kot et al. 2018; Sereti et al.
2023, 2024). The present findings are consistent with those
reported by Mahajan et al. (2024), Keceli et al. (2013), and

Page 19 0f 26 434
A
2 100 4
=
2
2 80-
Qo
©
o
£
D 60
(3
>
©
o
2 40
©
2
3 ——BHA
= 204 ——TCE
T
o
o
o
0 T T T T T
0 20 40 60 80 100
Concentration (ug/mL)
B
34
)
o
~
[=)
S 2
@
3
°
-3
o
£
ERRE
S .
© — BHA
——TCE
0 T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Concentration (ug/mL)

Fig. 8 DPPH radical scavenging activity (A) and reducing power (B)
TCE extracted R. glutinis cultivated in OC50 (150 rpm, 30°C, pH 5.7,
8 days)

Ribeiro et al. (2023), who also emphasized the strong anti-
oxidant potential of carotenoids derived from Rhodotorula
strains.

Antibacterial properties
Table 7 summarized the average inhibition values for

the antibacterial properties of TCE. The use of TCE at
50 pg mL~! showed inhibition zone diameters of 13.0, 10.0,

Table 7 Antibacterial activity of TCE from R. glutinis biomass culti-
vated in OC50

Inhibition zone (mm)

TCE (50 pg mL™") Gentamicin
E. coli (ATCC 25922) 13.00+0.41? 30.00°
B. Subtilis (ATCC 15442) 11.50+0.71* 25.00°
S. aureus (ATCC 25923) 15.50+0.71* 34.00°
P. aerogenosa (ATCC 6633) 0.00+0.00? 0.00*

Different letters in the same line for the same cultivation medium
indicate significant difference (p<0.05) (n=3)
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15.5, and 0.0 mm against E. coli, B. subtilis, S. aureus,
and P. aeruginosa, respectively (SI.2). Nevertheless, the
antibacterial capacity of TCE was significantly lower than
that of gentamicin (used as control) with inhibition zone
diameters higher than 25 mm (p<0.05). The activity against
E. coli and S. aureus supports the TCE relevance for food
preservation. Inhibition of B. subtilis, a non-pathogenic
Gram-positive bacterium, indicates that potential effects on
beneficial strains should be considered when TCE is used as
a coloring or preservative agent in food or feed formulation.

The antibacterial activity of TCE could be attributed to
the presence of torularhodin as the major carotenoids in R.
glutinis (Zoz et al. 2015; Kot et al. 2018; Sebastian et al.
2023). Several studies confirmed the antibacterial proper-
ties of carotenoids extracted from red yeasts, including
various Rhodotorula strains, which have demonstrated sig-
nificant inhibitory effects against both Gram-positive and
Gram-negative bacteria (Karanjgaokar and Tarfe 2017;
Serati et al. 2024; Mahajan et al. 2024).

Conclusion

OMWW is a major agro-industrial effluent characterized
by high organic and phenolic content, making its valoriza-
tion a continuing challenge. In this study, R. glutinis was
investigated as a biotechnological tool to mitigate this issue.
To enable microbial growth in OMWW possible, CW was
incorporated as a dual-functional agent, serving both as a
nitrogen source and a diluting medium, thereby providing a
more suitable C/N ratio for microbial development. Under
these conditions, when cultivated in OMWW-CW mixtures
(25/75, 50/50, 75/25, 100/0, v/v), R. glutinis achieved the
highest biomass concentration (>5 g L!) after 3 days in
the 25% OMWW and 75% CW mixture, followed by the
50% OMWW and 50% CW mixture after 5 days. However,
lipid and carotenoid accumulation peaked when R. glutinis
was cultivated in a 50% OMWW and 50% CW medium for
8 days. Moreover, this study demonstrated that R. glutinis
effectively depolluted OMWW-CW mixtures, especially
when CW was added at 50% or 75% (v/v), by reducing
COD and nearly eliminating hydroxytyrosol and tyrosol.
The 50% OMWW and 50% CW mixture was identified as
the most favorable for lipid and carotenoid production while
simultaneously enhancing wastewater bioremediation. Fur-
thermore, carotenoids extracted from R. glutinis cultivated
in the 50% OMWW and 50% CW mixture retained 50%
stability at 70 °C after 50 min of exposure and exhibited
strong antioxidant and antibacterial activities, suggesting
their potential application as bioactive ingredients in food
formulations. Overall, these findings highlight a promising
biotechnological approach in which combining OMWW

@ Springer

and CW provides a feasible valorization route that not only
supports the microbial production of high-value compounds
but also couples effluent remediation with environmental
sustainability. The present study also establishes the basis
for subsequent scale-up efforts aimed at advancing the pro-
cess toward pilot- and industrial-level applications.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11274-025-04644-9.
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