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Abstract: Torularhodin is a fungus-derived carotenoid, and the lack of downstream processing of
torularhodin is still a challenge for its large-scale production. To support the industrial production
of torularhodin, this work initially evaluated the efficiency of carotenoid release from Rhodotorula
mucilaginosa using thermal acid treatment, saponification and ultrasound-assisted enzymatic lysis.
Based on the polarity, torularhodin was then purified using methanol/acetone/hexane (2/2/1,v/v/v)
solution eluting from a silica cartridge. Thermal acid treatment was considered the most appropriate
method for total carotenoid release and torularhodin recovery. The highest carotenoid content was
121.3 £ 7.0 ug/g dry cell weight and 63.0 & 6.1% of torularhodin (50.5 & 3.0 pug/g dry cell weight in
total) was recovered after purification. To fast quantify the content of torularhodin extracted from
yeast, the absorption coefficient (E%z/;’n = 3342) of torularhodin dissolved in chloroform was assayed.
With the developed strategy for torularhodin recovery, purification and quantification, the potential
of this yeast to produce torularhodin using xylose and glycerol was further evaluated. It was found
that carbon sources may influence the proportion of carotenoids in this yeast, but torularhodin was
still the dominant pigment. The results obtained in this study identified the feasibility of sustainable
production of torularhodin from Rhodotorula mucilaginosa with high efficiency and purity.
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1. Introduction

Carotenoids are important natural isoprenoid pigments. Due to appealing colors and
bioactivities, carotenoids have been widely utilized in cosmetic, medical and food industries.
The estimated global market for carotenoids could reach USD 2.0 billion in 2026 [1]. There
are more than 700 different types of carotenoids, and they can be naturally synthesized by
plants, bacteria and fungi [2]. Although many carotenoids can be synthesized artificially,
the safety concerns and negative assessments of synthetic pigments from consumers have
led to a great interest in natural colorants [3]. It has been suggested that synthetic pigments
may cause such adverse toxicological effects as allergic and carcinogenic effects, while
natural carotenoids may be healthier and exhibit stronger antioxidant activity [4]. For
instance, compared with synthetic astaxanthin, natural astaxanthin is 50 times stronger in
singlet oxygen quenching and 20 times stronger in neutralizing free radicals [5]. Therefore,
carotenoids from natural sources, especially microbial sources, have attracted increasing
attentions, as their production is not affected by season, location or climate variations [6].

Rhodotorula species have been regarded as potential natural carotenoid producers.
The major pigments produced by these microorganisms include torularhodin, torulene,
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y-carotene and [3-carotene [7]. Torularhodin is a unique carotenoid among others, as it has
a long carbon chain skeleton rich in conjugated double bonds and a terminal carboxylic
group (Figure 1), which is considered to possess stronger antioxidant activity than that of
lycopene and (-carotene [8,9]. Studies previously reported that torularhodin also exhibits
a wide range of biological activities, including anti-inflammatory and antibacterial activity,
liver protection and anticancer activity [10]. Nevertheless, only fungi are able to produce
torularhodin, and it is an intracellular product of yeasts. The rigid yeast cell wall and
a mixture of several carotenoids in yeast result in difficulties extracting and purifying
torularhodin effectively [6]. Thus, development of appropriate cell disruption methods and
purification technologies is the key to large-scale production of torularhodin.
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Figure 1. Chemical structures of y-carotene, 3-carotene, torulene and torularhodin.

Organic solvent extraction is the most common, simplest and easiest method for labo-
ratory and small-scale carotenoid extraction applications [11]. However, these methods
usually take a long time and require a large number of organic solvents [12]. There-
fore, various alternative technologies such as thermal acid treatment, saponification and
ultrasound-assisted enzymatic lysis have been developed. Liu et al. [12] compared several
cell wall disruption methods and found that the efficiency of HCI treatment was the most
effective one and the astaxanthin recovery from Haematococcus pluvialis was more than
80%. It was also reported that alcoholic saponification resulted in a higher carotenoid and
lipid recovery yield from Rhodosporidium toruloides [1]. Furthermore, Michelon et al. [13]
noted that the extractability of carotenoids in Phaffia rhodozyma increased by 12% using
ultrasound-assisted enzymatic lysis compared with that without ultrasound. However,
most of these techniques are applied in total carotenoid recovery from yeast; there are
scant studies on single carotenoid purification, especially for torularhodin. Purified sin-
gle carotenoid may possess a higher value and have wider industrial applications. Due
to differences in polarity, carotenoids from Rhodotorula can be separated using different
organic solvent elution. Generally, such nonpolar solvents as hexane and petroleum ether
are good choices for the elution of nonpolar carotenoids, while polar solvents such as
acetone, ethanol and ethyl acetate are more suitable for the elution of polar carotenoids [14].
Therefore, it is possible to develop a simple and effective strategy to extract and separate
torularhodin from yeasts for an industrial utilization.

In addition, the use of cheap, nonedible and renewable carbon sources for strain
cultivation is also crucial for microbial carotenoid production on a large scale. The yeast
Rhodotorula mucilaginosa has been proven able to use glucose, galactose, sucrose, xylose
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and glycerol for propagation [15]. Xylose, a pentose, together with glucose, is the essential
component of lignocellulosic feedstocks. Lignocellulosic biomass can be obtained from
nonedible agricultural and forest residues, as well as herbaceous materials and urban
wastes, and it is also one of the most abundant renewable resources on the planet [16].
Glycerol is the byproduct of biodiesel production, and this waste can also be used as a
low-cost substrate for the production of high-value products [17]. Effective utilization
of industrial byproducts as alternative nutrient sources through microbial carotenoid
production processes can minimize production costs.

In present work, the effectiveness of thermal acid treatment, saponification and
ultrasound-assisted enzymatic lysis for the cell disruption of R. mucilaginosa was initially
compared and a suitable method for the recovery and purification of torularhodin was
further developed. Then, a rapid assay for torularhodin quantification was also proposed.
After that, the developed strategy was applied to extract, purify and quantify torularhodin
accumulated by R. mucilaginosa using xylose and glycerol as the sole carbon sources. The
completion of this study could provide supports for microbial torularhodin production in a
sustainable way.

2. Materials and Methods
2.1. Microorganism Cultivation

The used strain, Rhodotorula mucilaginosa 12002, was isolated from a fermented steamed
bread in Yunnan province, China. It was identified by morphological, physiological
characteristics and ITS rDNA gene sequence blasting with R. mucilaginosa strains in NCBI
GenBank (similarity 99.8%). When cultivated on yeast extract peptone dextrose (YPD)
agar plates (containing 10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose and 20 g/L
agar), the colony of this strain was orange-red in color, with a bright surface, soft and sticky
texture. There was no obvious change in medium color and no exudate. The strain is
preserved in 40% of glycerol at —80 °C in the strain collection of Kunming University of
Science and Technology.

For experiments, yeast strain was maintained in YPD agar plates at 4 °C and trans-
ferred to fresh plates once a month. In the pre-cultivation step, one loop of yeast cells was
inoculated into 250 mL Erlenmeyer flasks containing 100 mL of YPD medium at 30 °C,
210 rpm for 72 h. After that, cells were collected by centrifugation at 2772 g for 5 min and
transferred to the synthetic media with an inoculum concentration of 1 g/L dry weight
cells. The synthetic media were initially composed of 50 g/L glucose, xylose or glycerol as
the sole carbon source, 1.7 g/L yeast nitrogen base without amino acids and ammonium
sulfate (Y1251, Sigma-Aldrich, St. Louis, MO, USA). As red yeasts can accumulate more
carotenoids under nitrogen-limited conditions [18], different amount of ammonium sulfate
as nitrogen source was supplemented to reach a carbon-to-nitrogen (C/N) molar ratio of
around 200 according to Tao et al. [19].

To evaluate the carotenoid accumulation ability of this strain, yeast was cultivated
in synthetic media with different carbon sources previously described. All flasks were
incubated at 30 °C, 210 rpm. After 96 h fermentation, cells were harvested by centrifugation
(2772 g, 5 min) and washed twice with distilled water. After that, the cell pellets were
lyophilized in a freeze dryer (SCIENTZ-10N, Ningbo Scientz Biotechnology Co., Ltd.,
Ningbo, China) and stored in the dark at —40 °C for further treatments. The biomass
of yeast cells was determined gravimetrically after drying at 60 °C to a constant weight
(approx. 24 h).

2.2. Characterization of Yeast Cells

Total carbohydrates in yeast cells were quantified as described by Postma et al. [20].
For total protein content on a dry weight basis, 2.5 mg of freeze-dried yeast cells were
resuspended in 1 mL of 0.4 mol/L NaOH and incubated in a boiling water bath for 60 min.
The protein content in the supernatant was examined using an Enhanced BCA Protein
Assay Kit (Beyotime, Shanghai, China).



Fermentation 2023, 9, 846

40f16

For total lipid quantification, freeze-dried cells (approx. 200 mg) were mixed in the
flask with 100 mg pyrogallic acid, 2 mL 95% ethanol and 10 mL HCI and hydrolyzed at
70-80 °C for 40 min. Then, 10 mL of 95% ethanol and 50 mL of diethyl ether/petroleum
ether (1/1, v/v) were added to the sample, shaken for 5 min and separated using a liquid-
liquid extraction funnel. Lipids were extracted 3 times; the ether phases were collected
and dried with rotary evaporation. The extracts were saponified by heating at 85 °C for
30 min in 2 mL of 2% methanolic NaOH. After that, 3 mL of 14% methanolic boron trifluo-
ride was added for further heating at the same temperature for 30 min for esterification.
After cooling to room temperature, the sample was added with 1 mL n-hexane and vortexed
for 2 min. When a phase separation was observed (approx. 1 h), 100 uL of the supernatant
hexane phase was withdrawn, diluted to 1 mL with n-hexane, and filtered through a
0.45 um filter.

Fatty acid analysis was performed on a gas chromatograph system (Agilent 7890A, Agilent
Technologies, Santa Clara, CA, USA) equipped with a TG-FAME (50 m x 0.25 mm x 0.2 pm,
Thermo Fisher Scientific, Cleveland, OH, USA) capillary column. Nitrogen gas was used
as the carrier at a flow rate of 0.63 mL/min. The temperature program was as follows:
first maintained at 80 °C for 1 min, and increased to 160 °C kept for 1.5 min at a speed of
20 °C/min; for the second stage, the column temperature further increased to 250 °C at a
speed of 3 °C/min and kept at 250 °C for 3 min. The flame ionization detector temperature
was set at 280 °C. The injector was set at 270 °C with a split ratio of 100:1. The fatty acid
compositions of samples were identified as the peak areas relative to the retention times of
the Supelco 37 Component FAME Mix (Sigma-Aldrich, Shanghai, China).

2.3. Cell Disruption and Carotenoid Extraction
2.3.1. Sample Preparation

Before treated with different cell disruption methods, the freeze-dried yeast cells were
mixed with distilled water to get wet and then collected by centrifugation (2772 g, 20 min).
All the operations were performed under subdued light to avoid pigment degradation.

2.3.2. Thermal Acid Treatment

Thermal acid treatment was performed according to Xiao et al. [21] with minor modi-
fications. Briefly, yeast cells were resuspended in 2 mol/L HCI to reach a cell density of
around 10 g/L and stirred at 65 °C for 35 min (300 rpm). After that, the samples were
quickly placed on ice, and washed with distilled water to remove excess acid. Then, the cell
debris was mixed with the absolute ethanol to reach a density of around 10 g/L and fully
vortexed. Later, the same volume of distilled water and n-hexane was added to extract
carotenoids (n-hexane and some certain low-toxic organic solvents have been approved to
be used in the pharmaceutical industries by the Food and Drug Administration [22,23]).
After vortex and centrifugation (2772 g, 5 min), the n-hexane phase (up layer) containing
pigments was transferred into a new tube, and the extraction was repeated until the cell
debris became entirely colorless. The crude carotenoid extracts were dried under N, gas
flow and used for further isolation.

2.3.3. Saponification

The saponification processing of yeast cells was conducted in accordance with Liu
et al. [1]. The wet cells were saponified with 1.1 mol/L KOH in ethanol to reach a cell
density of around 10 g/L and stirred at 65 °C for 3 h (300 rpm). The same volume of
distilled water and n-hexane was then added to extract carotenoids. After vortex and
centrifugation (2772x g, 5 min), the organic phase containing carotenoids was dried under
N, gas flow.

2.3.4. Ultrasound-Assisted Enzymatic Lysis

The ultrasound-assisted enzymatic lysis was performed according to the description of
Machado et al. [24] with some modifications. Cells were disrupted with 71.4 U/mL lyticase
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(Bioss Inc., Beijing, China) in a 1.2 mol/L sorbitol phosphate buffer, which was prepared
with 0.1 mol/L disodium hydrogen phosphate and sodium dihydrogen phosphate. Cells
density in buffer was 0.7 g/L. After incubation at 30 °C for 30 min (100 rpm), samples were
subjected to an ultrasonic cell disruptor (SB-5200DTD, Ningbo Scientz Biotechnology Co.,
Ltd., Ningbo, China) for a treatment at 40 kHz for 30 min (360 W). After that, cell debris
was collected by 2772 x g, 5 min centrifugation and resuspended in distilled water to reach
its density of 15 g/L. The same volume of chloroform/methanol (1/1.25, v/v) solution
was then added in the suspension and vortexed to extract carotenoids. The following
step was centrifugation at 2772 x g for 5 min to separate the organic phase (bottom phase)
and aqueous phase (top phase). The extraction process was repeated until cell debris
became white. Afterward, all the bottom phase solution was combined and dried under
Ny atmosphere.

2.4. Carotenoid Separation and Analysis

The crude carotenoid extracts were redissolved in 0.5 mL n-hexane/diethyl ether
(7/1, v/v) solution and loaded to a Sep-Pak Silica 6cc Vac cartridge (1 g sorbent per
cartridge, 55-105 um, Waters, Dublin, Ireland) equilibrated with n-hexane previously.
Nonpolar carotenoids were firstly eluted out using n-hexane/diethyl ether (7/1, v/v) solu-
tion. The polar carotenoids were subsequently eluted out using methanol/acetone/hexane
(2/2/1, v/v/v) solution. All fractions were evaporated under Ny gas flow and used for
carotenoid analysis.

Total carotenoids, polar and nonpolar carotenoids were solubilized in 1.5 mL acetone
containing 0.2% (w/v) BHT (butylated hydroxytoluene) and filtered through
0.45 um microporous film before injecting. The extracts were analyzed using a HPLC
system (Agilent 1260, Agilent Technologies, Santa Clara, CA, USA) equipped with a DAD
detector. Carotenoids were separated using a TC-C18 column (250 x 4.6 mm, 5 um par-
ticle size, Agilent, Amstelveen, The Netherlands) maintained at 25 °C. According to Li
et al. [25], mobile phases A and B consisted of acetonitrile/H,O (9/1, v/v) and ethyl acetate,
respectively. The gradient elution was as follows (1 mL/min): a 6 min linear gradient from
20% B to 60% B, a 9 min hold at 60% B, a 5 min linear gradient from 60% B to 100% B, a
5 min gradient back to 20% B and kept at 20% B for 5 min. The total run time was
30 min and injection volume was 20 pL. Torularhodin and torulene standards were pur-
chased from CaroteNature (Miinsingen, Switzerland); 3-carotene and lycopene standards
were purchased from Yuanye (Shanghai, China); y-carotene standard was purchased from
Sigma-Aldrich (Buchs, Switzerland). The calibration curve for each carotenoid was acquired
at each maximal absorption wavelength (494 nm for torularhodin, 486 nm for torulene,
450 nm for 3-carotene and 461 nm for y-carotene). The carotenoid recovery (%) was calcu-
lated by Equation (1). Carotenoids extracted from thermal acid treatment were considered
as the total, as the highest release of carotenoids was obtained with this method.

Carotenoid recovery = Carotenoids recovered in each fraction/Total carotenoids in the cell mass x 100% 1)

2.5. Determination of the Absorption Coefficient (E1”° ) of Torularhodin

lcm

Torularhodin standard was dissolved in acetone, chloroform or n-hexane/ethanol
(1/1, v/v) solution containing 0.2% (w/v) BHT, respectively, to determine the absorbance of
torularhodin in different solvents using UV-Vis spectroscopy (SpectraMax M5; Molecular
Device, Sunnyvale, CA, USA). The absorbance of torularhodin in different solvents was
measured at each maximum absorbance wavelength at 494 nm for acetone, 514 nm for
chloroform and 499 nm for n-hexane/ethanol solution (Figure 2) under three different
dilutions. Moreover, polar carotenoids obtained from thermal acid treatment were also
solubilized in these three solvents and analyzed using HPLC and UV-Vis spectroscopy to
assay the concentration and corresponding absorbance of torularhodin, respectively. All
samples were filtrated with 0.45 um microporous film prior to determination. Based on
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the Beer—Lambert law, the absorption coefficient (EX% ) of torularhodin was calculated

lem
according to Equation (2) for each concentration.
1% _
El% = A/d ©)
Acetone Chloroform n-Hexane/Ethanol (1/1, v/v)
=—514nm |« 499nm
! 1
!
4730m ! I<f528nm
T T T T T T T T T T T T T T
350 400 500 550 350 400 450 500 550 350 400 450 500 550
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 2. UV-Vis absorption spectra of torularhodin in different solvents.

In this equation, where A represents the absorbance of torularhodin at different
concentrations, c is the concentration of torularhodin (g/100 mL) and | indicates the path
length (1 cm).

2.6. Statistical Analysis

Results were analyzed using SPSS statistics software (version 25) and all plots were
made using Origin 2018 software (Origin Lab Corporation, Northampton, MA, USA). The
data were presented as mean + standard deviation of three independent batches. One-way
ANOVA and Tukey’s test were performed at a significance level of 0.05 (p < 0.05) to compare
the content and recovery of carotenoids using different cell disruption methods.

3. Results and Discussion
3.1. The Characterization of Yeast Cells

To develop the strategy for torularhodin extraction, purification and quantification,
the chemical characterization of R. mucilaginosa cultivated in glucose medium was initially
performed. It was found that R. mucilaginosa was composed of 65.7 = 3.0% of carbohydrates,
22.5 + 0.4% of proteins and 11.5 £ 0.4% of lipids.

Carbohydrates represent the most abundant components in R. mucilaginosa. This may
be a general response of yeast cells to nutrient limitation (nitrogen deficiency) conditions,
as a previous study reported that when Saccharomyces cerevisiae cultivated in a medium
lacking nitrogen, sulfur or phosphorus, the content of glycogen and trehalose increased [26].
Additionally, the second major compound of yeast biomass, protein, is also considered a
valuable recyclable product of yeast cells, as they can be used for animal feeding or as a
nutrient source during microbial cultivation [1].

Lipids present in yeast cells are energy storage units (cytoplasmic droplets, mainly
triglycerides) and structural components (cell membranes, mainly phospholipids) [27].
Rhodotorula genus has been considered as an oleaginous yeast for microbial oil produc-
tion [7]. The fatty acid composition of this strain was therefore quantified. However, a
different result was obtained and only around 11% of cell mass in this yeast comprised
lipids. This could be due to the differences in strains. As shown in Table S1, oleic acid
(C18:1n9c¢) was the dominant fatty acid in this strain (79.7 £ 0.1% of total lipids), reaching
92.0 & 3.1 mg/g dry cell weight, followed by palmitic acid (C16:0) (9.6 & 0.1% of total
lipids) and linoleic acid (C18:2n6c) (4.5 & 0.1% of total lipids). Similarly, oleic and palmitic
acid were found to be the most abundant fatty acids presented in Rhodotorurla genus [28,29].
These two fatty acids have been reported as ideal alternatives for biodiesel production [30].



Fermentation 2023, 9, 846

7 of 16

3.2. Effect of Different Cell Disruption Techniques on Release of Carotenoids

Carotenoids found in Rhodotorula genus include (3-carotene, y-carotene, torulene and
torularhodin [31]. The proportion of carotenoids in red yeast largely depends on species
and yeast cultivation conditions. For example, a study on Brazilian yeast showed that
torularhodin was the third most abundant carotenoid in R. mucilaginosa, but it was not
detected in R. graminis and R. minuta, after 5 days of cultivation in YM broth [32]. According
to Frengova et al. [33], the fermentation temperatures also affected the proportion of
carotenoids in R. glutinis.

Carotenoids are distributed as a mixture in the lipid droplets of yeast and cell dis-
ruption is therefore a necessary step for pigment release [1]. In this study, thermal acid
treatment, saponification and ultrasound-assisted enzymatic lysis were employed to disrupt
yeast cells and for carotenoid characterization. As illustrated in Figure 3A, cell disrup-
tion methods had significant effects on carotenoid recovery in yeast cells. Thermal acid
treatment was the most effective technology for carotenoid release in this yeast. A total of
121.3 £ 7.0 pg/g dry cell weight carotenoids were obtained using this method. The fol-
lowing one was saponification, resulting in 84.9 & 11.0 ug/g dry cell weight carotenoid
release. In contrast, ultrasound-assisted enzymatic lysis was the least effective approach for
carotenoid release in this case; 68.1 = 7.0 ng/g dry cell weight carotenoids were released
using this technology. As a result, carotenoids in yeast cells ranged from 0.7 £ 0.1%00
to 1.2 & 0.1%00 of dry cell mass with different cell disrupt methods. Although the total
carotenoid content was relatively low in cell mass, it has been reported that only accounting
for 1% of cell mass, microbial carotenoids may have commercial potential [34], as this strain
possesses a higher carbohydrate content in cells, and these carbohydrates, including glucan,
mannan and chitin, are important components of the yeast cell wall [35]. These compounds
are sensitive to acidic conditions, as acids effectively cause degradation in polymer gluco-
sidic chains [36]. Thermal acid treatment therefore resulted in a higher efficiency of cell
disruption in this yeast. Enzymatic lysis is normally considered as a mild technology to
release bioactive compounds from microorganisms. Therefore, the enzymatic hydrolysis
disruption method is less effective, resulting in a lower carotenoid release. Moreover, acous-
tic cavitation caused during the ultrasonic process may contribute to the accumulation of
radicals and lead to the consuming of antioxidant compounds (carotenoids) [14,37].

A 60 )
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_ 50 — y-carotene I
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$ 40 H
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Figure 3. Cont.
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Figure 3. (A) Effects of cell disruption techniques on the carotenoid composition of yeast cells.
Different letters (a—c) indicate significant differences between each carotenoid obtained from different
treatments. Values in bars marked with the same letter(s) are not significantly different according
to Tukey’s test (p < 0.05); (B) HPLC chromatogram of carotenoid standards at a concentration of
2 mg/mL; (C) HPLC chromatogram of total carotenoids obtained using thermal acid treatment.

It was worthy to note that cell disruption technologies also yield a dramatic effect on
single carotenoid release. The highest torularhodin release (50.5 &= 3.0 ug/g dry cell weight)
was obtained using thermal acid treatment. Conversely, only 12.0 £ 2.0 pg/g dry cell
weight torularhodin released when saponification cell disruption was adopted. However,
there were no significant differences (p < 0.05) in other carotenoid contents between thermal
acid treatment and saponification. It was widely accepted that carotenoids are more
stable in alkaline conditions [38]. Nevertheless, torularhodin is a unique carotenoid with a
carboxyl; the hydrogen ions can be replaced and neutralized by the KOH present in the
saponification solution, resulting in the change in and loss of torularhodin. Nagaraj et al. [7]
also reported that torularhodin was considerably affected by saponification, since there was
a significant decrease in the concentration of torularhodin standard after saponification.
In addition, it is worth noting that there were usually two incompletely separated peaks
present in the chromatogram of torulene (Figure 3C). This may be due to the existence of
torulene isomers. According to the spectrum obtained using the DAD detector, the first
peak observed obvious absorption at 380 nm (Figure S3A), which was reported to be the
characteristic cis-peak of torulene [3,32], but no such characterization absorption was found
in the subsequent peak (Figure S3B), suggesting that it was a trans isomer. Meanwhile,
Squina and Mercadante [39] also found that the cis isomer of torulene extracted from
5 Rhodotorula strains had a peak at 378 nm. Thus, torulene in R. mucilaginosa may consist of
a common trans isomer and a cis isomer.

To conclude, thermal acid treatment was the most suitable method for releasing
carotenoids produced by R. mucilaginosa. The highest carotenoid and torularhodin releases
were obtained with this method. In addition, this method is low cost and easy to scale up.
Therefore, carotenoids released using thermal acid treatment was considered as the total
carotenoids to calculate the recovery of each carotenoid in further study.

3.3. Effect of Different Cell Disruption Techniques on the Recovery of Torularhodin

Due to differences in polarity, carotenoids extracted from R. mucilaginosa can be sepa-
rated using a solid-phase extraction cartridge eluted with different solvents (Figure 4A). As
shown in Figure 4B, the pink to red pigment eluted out using the polar solvent (mixture
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solution of methanol, acetone and n-hexane) was identified as torularhodin. The yellow to
orange compounds eluted out using the nonpolar solvent (mixture solution of n-hexane
and diethyl ether) were identified as torulene, y-carotene and (3-carotene. Similarly, Mus-
sagy et al. [40] found that torularhodin had higher polarity than torulene and (3-carotene;
torularhodin can therefore be eluted out using polar solvents.

A

Polar Phase

b 486 nm

mAU

C y-carotene
120 B-carotene
Torulene

a a &
Torularhodin I L]
100 - Total a l

o

g
=)
B
° 80
g b b a
o |
3 60 i I I
[
o
= C
15}
5 I
S 40
<
@]
i
20
b
0 T T T
Ultrasound assisted enzymatic lysis  Saponification Thermal acid treatment

Figure 4. (A) Separation of carotenoids by silica cartridge elution; (B) HPLC chromatogram of polar
(a) and nonpolar (b) carotenoids obtained from the thermal acid treatment; (C) recovery of carotenoids
using different cell disruption methods. Different letters (a—c) indicate significant differences between
each carotenoid obtained using different treatments. Values in bars marked with the same letter(s)
are not significantly different according to Tukey’s test (p < 0.05).
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As shown in Figure 4C, almost all 3-carotene, y-carotene, torulene was recovered after
cartridge separation. However, the content of torularhodin decreased significantly; the re-
covery of torularhodin using thermal acid treatment, saponification and ultrasound-assisted
enzymatic lysis were 63.0 £ 6.1%, 13.6 £+ 0.4% and 21.7 + 2.2%, respectively. Among
these cell disruption methods, saponification was a special one, as it can separate lipids
and carotenoids from yeast cells [1] and provided a considerable recovery efficiency for
y-carotene (103.7 = 4.9%), B-carotene (102.6 £ 7.1%) and torulene (92.6 £ 4.7%). Similarly,
a previous study found that saponification only reduced the concentrations of 3-carotene
and y-carotene standards by 14% and 7%, respectively [7]. However, saponification process
resulted in a significant loss in torularhodin and the recovery efficiency of torularhodin
was only 13.6 £ 0.4%. As mentioned earlier, saponification may lead to a change in and
loss of torularhodin. There was an unidentified peak found in the HPLC chromatogram of
samples treated using saponification (Figure S1). This peak was eluted out together with
torularhodin in the polar phase and present in front of torularhodin, indicating that the
torularhodin neutralized by KOH and converted into potassium salt. As the elution order
of carotenoids in an octadecyl bonded silica phase is consistent with their polarity [41],
the potassium salt of torularhodin possess a higher polarity than itself. It is strongly sug-
gested that saponification was not suitable for the recovery of torularhodin. As discussed
earlier, due to less effective in carotenoid release, ultrasound-assisted enzymatic lysis
showed low carotenoid recovery efficiency. The total carotenoid recovery was as low as
46.6 £ 2.4%. Therefore, thermal acid treatment is optimal for torularhodin recovery, and
the saponification process is better for the separation of lipids and other carotenoids
in yeast.

3.4. Absorption Coefficient (E ) of Torularhodin in Different Solvents

Absorption coefficient (E{?* ) is usually employed to quickly quantify a substance
with light absorption properties. Selecting the appropriate solvents is critical to dissolve,
extract and quantify carotenoids. Acetone, chloroform and n-hexane/ethanol are the most
frequently used solvents for carotenoid extraction [14]. To develop a rapid method for toru-
larhodin quantification after separation, torularhodin standard and extracted torularhodin
were dissolved in the above solvents to determine its E%Z/;’n, respectively. According to
Figure 2, it was found that the UV-Vis absorption spectra of torularhodin varied with the
solvent used. The maximum absorption of torularhodin in acetone was at 494 nm, which
was similar to that in the mixture solvent of n-hexane/ethanol (1/1, v/v), but was different
from that in chloroform.

Similarly, as shown in Table 1, the E}* of torularhodin differed from the applied
solvents. However, the E%Z/;’n of extracted torularhodin in different solvents were much
higher than those of standards. This may be due to the presence of other compounds in ex-
tracted torularhodin, affecting the absorbance of samples. Another study also reported that
carotenoid content measured by spectroscopy were higher than HPLC [2,7]. Furthermore,
the E%Z/fn of torularhodin is related to the solvent properties. The polarity of these four
solvents is ethanol > acetone > chloroform > n-hexane. Torularhodin is a polar carotenoid,
and its polarity might be close to that of chloroform; a more stable E1”* was detected
when torularhodin was dissolved in chloroform. Therefore, chloroform can be used as a
solvent to dissolve torularhodin extracted and purified from yeast cells for spectroscopy
rapid quantification.
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Table 1. The maximum absorption wavelength and E

The Maximum

Sample Source Solvents Absorption E%Z/;’n Reference
Wavelength (nm)
. Acetone 494 2303 £ 119 -
Torularhodin Chloroform 514 2829 4 143 -
standard n-Hexane/ethanol (1/1, v/0) 499 2174 + 25 ;
Acetone 494 3257 £ 52 -
Extracted Chloroform 514 3342 + 46 -
torularhodin n-Hexane/ethanol (1/1, v/v) 499 3578 + 39 ;
Previous Petroleum ether 474-500-533 2580 [42]
reports Hexane 468-502-539 2040 [42]
Chloroform 515 1932 [43]

3.5. Effect of Different Carbon Sources on Carotenoid Production by R. mucilaginosa

Except from effective strategies for torularhodin extraction and purification, the uti-
lization of low cost and alternative carbon sources for microbial torularhodin production
is also essential for sustainable processing. It has been proven that R. mucilaginosa was
able to use glucose, galactose, sucrose, xylose and glycerol for growth [15]. In this study,
xylose and glycerol were used as the single carbon source to cultivate R. mucilaginosa and
evaluate the efficiency of this strain for torularhodin production in comparison with a
control glucose medium.

Results showed that R. mucilaginosa could metabolize both xylose and glycerol for
cell growth, but its growth performance was better when glucose was used as a media
(Table S2). After 96 h fermentation, the highest biomass of 4.7 & 0.3 g/L was achieved
in glucose medium, followed by glycerol medium (2.4 & 0.1 g/L) and xylose medium
(1.9 £ 01 g/L). Correspondingly, the concentration of total carotenoids
(566.6 £ 31.0 pg/L) obtained in glucose medium was also higher, while only
185.5 £ 7.0 ng/L and 104.9 = 10.0 pug/L were detected in glycerol and xylose medium after
thermal acid treatment and extraction, respectively.

According to Figure 5, in terms of carotenoid accumulation ability of yeast culti-
vated in different mediums, it was found that the total carotenoid production was higher
in glucose medium (121.3 £ 7.0 pug/g dry cell weight) compared to glycerol medium
(78.1 £ 3.0 ug/g dry cell weight) and xylose medium (56.0 £ 6.0 pug/g dry cell weight).
Moreover, the accumulation of each carotenoid in glucose medium was also superior to
those obtained in xylose and glycerol. It was worthy to note that torularhodin was the
most abundant carotenoid in this yeast using different carbon sources. The accumulation of
torularhodin reached up to 50.5 &= 3.0 nug/g dry cell weight (41.7 £ 0.0% of total carotenoids)
in glucose medium, 32.0 + 1.0 ug/g dry cell weight (41.0 &= 2.2% of total carotenoids) in
glycerol medium and 17.4 & 1.0 pg/g dry cell weight (31.1 & 1.5% of total carotenoids)
in xylose medium. Similarly, Moliné et al. [44] found that R. mucilaginosa produced toru-
larhodin as a major carotenoid pigment (comprising 60-80% of total carotenoids) when
cultured in MMS medium (containing 10 g/L glucose, 2 g/L (NH4)2SO4, 2 g/L KH(POy),
0.5 g/L MgSO4-7H,0 and 1 g/L yeast extract). The differences of torularhodin content
in yeast cells using different carbon sources can also be detected from the color of cells.
As torularhodin is a rosy-red pigment [45], yeast cells cultivated in glucose and glycerol
medium showed a deeper color (Figure 5). Additionally, it is remarkable that a higher
proportion of torulene (accounting for 30.1 = 1.5% of total carotenoids) and y-carotene (ac-
counting for 11.3 &+ 0.6% of total carotenoids) was obtained when this yeast was cultivated
in xylose medium. Furthermore, the proportion of 3-carotene was higher in yeast culti-
vated in glycerol medium (34.7 & 1.9% of total carotenoids) compared to those in xylose
(27.5 & 0.0% of total carotenoids) and glucose medium (25.5 £ 0.4% of total carotenoids).
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Figure 5. Carotenoids accumulation of R. mucilaginosa cultivated in synthetic media with different
carbon sources. Different letters (a—c) indicate significant differences in the proportion of each
carotenoid among all carbon sources. Values in bars followed by the same letter(s) are not significantly
different according to Tukey’s test (p < 0.05).

The accumulation of carotenoid differences in this yeast caused by different carbon
sources could be partially explained by the utilization efficiency of carbon sources of yeasts.
These carbon sources are assimilated through different metabolic pathways in yeast before
entering the carotenoid synthesis pathway and the utilization efficiency of unconventional
carbon sources (xylose, glycerol and arabinose) in yeast has been proven to be lower than
those of conventional carbon sources (glucose, sucrose and fructose), which were reflected
in the longer consumption of time for unconventional sugars [46]. In the work performed
by Tiukova et al. [47], the uptake rate of glucose by R. toruloides was approximately twice
the xylose uptake rate during exponential phase. The consumption of xylose in the medium
was accompanied by the synthesis of arabitol and xylitol, which were then utilized by R.
toruloides to generate cell biomass and produce carotenoids at the late growth phase [48].
This may be the reason why cell biomass and carotenoid accumulation were relatively low
in xylose medium after 96 h fermentation. Additionally, a maximum specific growth rate of
Rhodosporidium toruloides in glycerol medium was also observed lower than that in glucose
medium [49]. Therefore, it is possible that the utilization of these three carbon sources
by R. mucilaginosa was varied, which led to the differences in the efficiency of carotenoid
production. More carotenoids may be obtained by prolonging the fermentation time of R.
mucilaginosa, especially in xylose and glycerol medium.

In addition, variations in carotenoid composition of yeast cultivated in different
mediums may also be caused by the expression of carotenoid synthesis genes crtI (phytoene
desaturase encoding gene) and crtYB (lycopene cyclase and phytoene synthase encoding
gene) [50]. Fermentation parameters usually have significant effects on gene expression and
activities of enzymes coded by these two genes. For example, Li et al. [50] observed that
the production of torulene and torularhodin in R. glutinis increased accompanied by the
upregulation of gene crtl under salt stress. Another research reported that even if crt] and
crtYB of Rhodosporidiobolus colostri were downregulated at low temperature (16 °C), their
respective enzymatic activities might be enhanced, leading to an increase in (3-carotene
and torulene accumulation and a decrease in torularhodin accumulation [51]. Additionally,
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according to Gong et al. [46], total carotenoids produced by R. glutinis increased under
irradiation was found along with an upregulation of crt] and crtYB genes. Thus, it could be
speculated that the presence of different carbon sources or their degradation products may
affect the level of gene transcription and enzyme activities, resulting in different carotenoid
proportions.

Furthermore, the developed strategy was used to extract and purify torularhodin
produced by R. mucilaginosa cultivated in medium composed of different carbon sources.
Absorption coefficient 3342 measured in chloroform was adopted to quantify the obtained
torularhodin. The 92.3 & 6.8% and 88.0 £ 1.9% of total torularhodin were recovered from
yeast cells cultivated in xylose and glycerol medium, respectively (Table 2). This result
indicated the feasibility of the developed process for torularhodin extraction, purification
and quantification produced by red yeast using different carbon sources.

Table 2. Torularhodin recovered from R. mucilaginosa cultivated in synthetic media with different
carbon sources.

Torularhodin Content (ug/g Dry Cell Weight)

Torularhodin

Before Separation * After Separation ** Recovery (%)
Xylose 174 £ 1.0 16.1 £2.0 923 £ 6.8
Glycerol 320+ 1.0 28.1+£2.0 88.0+ 1.9

*: HPLC was used to quantify. **: samples were dissolved in chloroform and quantified by UV-Vis spectroscopy

using the E}Z"“ of torularhodin sample determined above.

To conclude, R. mucilaginosa could use renewable carbon sources (xylose and glycerol)
to produce carotenoids, and the developed process of purifying microbial torularhodin
was feasible. In fact, the ability of R. mucilaginosa to produce torularhodin, (3-carotene,
and torulene from agro-industrial waste has also been proven [52]. Cheng and Yang [53]
reported that the cell growth and carotenoid synthesis by R. mucilaginosa in molasses waste
were both better than those in YM medium, the percentages of (3-carotene, torulene and
torularhodin in molasses waste were 23.8%, 67.5% and 8.7%, respectively. Moreover, it was
observed that the carotenoid yield of R. mucilaginosa was higher in whey lactose as a carbon
source (35.0 mg total carotenoids per gram of dry cells) compared to molasses sucrose
as a carbon source [54]. However, most of the study was to maximize the production of
carotenoids by using low cost and alternative carbon sources. There were rare works on
the whole process of purifying microbial carotenoids by using renewable carbon sources,
especially for torularhodin. The completion of this work could provide solutions to the
downstream processing of torularhodin in large scale production.

4. Conclusions

An established strategy including cell disruption and elution with suitable solvents
was proven to be feasible for recovery and purification of torularhodin from red yeast R.
mucilaginosa. Saponification allowed for the separation of lipids and carotenoids produced
by this yeast, but it resulted in a significant loss of torularhodin due to carboxyl present
in torularhodin molecules. Ultrasound-assisted enzymatic lysis was not strong enough to
disrupt yeast cells and release carotenoids in this case. Thermal acid treatment was therefore
to be the most effective method for both carotenoid release and torularhodin recovery in
this study. The determination of absorption coefficient of torularhodin provided a rapid
quantitative way for the extracted torularhodin. Chloroform was found an appropriate
solvent for torularhodin determination, and the absorption coefficient (E}Z/;’n = 3342) for
torularhodin was obtained. For the potential of this yeast to produce torularhodin using
low-cost and renewable carbon sources, xylose and glycerol were found utilizable for this
yeast. Although xylose and glycerol resulted in an increased 3-carotene accumulation,
torularhodin was still the major carotenoid produced by this yeast. The proposed processing
in this study could promote the progress of industrial production of torularhodin.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fermentation9090846/s1, Figure S1: HPLC chromatogram of
total (A), polar (B) and nonpolar (C) carotenoids obtained from saponification; Figure S2: HPLC
chromatogram of total (A), polar (B) and nonpolar (C) carotenoids obtained using ultrasound-
assisted enzymatic lysis; Figure S3: UV-Vis absorption spectra of cis (A) and trans (B) isomers
of torulene obtained in the present study; Figure S4: HPLC chromatogram of total carotenoids
from R. mucilaginosa cultivated in synthetic medium with glucose (A), xylose (B) and glycerol (C);
Table S1: Lipid accumulation of R. mucilaginosa cultivated in glucose medium; Table S2: Biomass
and total carotenoids produced by R. mucilaginosa cultivated in synthetic medium with different
carbon sources.
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