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Abstract: Astaxanthin is a carotenoid pigment extensively used in various industries. Rhodotorula
sp. CP72-2, isolated from Calotropis gigantea, showed potential astaxanthin production. In this study,
strain CP72-2 was identified as a putative new species in the genus Rhodotorula based on the 265 rRNA
gene sequence (98% identity). It was first used as the microbial source for producing astaxanthin.
Strain CP72-2 was screened for its astaxanthin production and was identified and quantified by
High-Performance Liquid Chromatography (HPLC), Liquid Chromatography-Mass Spectrometry
(LC-MS), and UV-Vis spectrophotometer. After a screening of astaxanthin production, various carbon
sources, pH, temperature, and incubation period were evaluated for their effect on the astaxanthin
production of strain CP72-2. Among the several experimental factors, the most efficient conditions
for astaxanthin production were glucose (50 g/L), pH 4.5, 25 °C, and three days of cultivation. The
assembly genome of strain CP72-2 has a total length of 21,358,924 bp and a GC content of 64.90%. The
putative candidate astaxanthin biosynthesis-associated genes (i.e., CrtE, CrtYB, CrtI, CrtS, CrtR, CrtW,
CrtO, and CrtZ) were found. This research presents the first report on the production and optimization
of astaxanthin from strain CP72-2 and its genome analysis, focusing on the biotechnological potential
of the astaxanthin producer.

Keywords: yeast; Rhodotorula; biotechnological potential; astaxanthin production; optimization;
genomic analysis

1. Introduction

Coloration is fundamental in various industries, including pharmaceuticals, food,
cosmetics, and healthcare; pigments are often the key ingredients used for this purpose.
Pigments are crucial in the food industry [1]. Their specific origin determines their opera-
tional, functional, and health properties, thus shaping their importance and application
in food production. Natural and chemical processes are the two methods for obtaining
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pigments in the food industry [2]. While chemical pigment production may suffer from sev-
eral limitations, such as by-products with adverse environmental effects and the potential
for toxicity, natural resources obtained from plants, animals, and microorganisms that can
produce pigments on a large scale offer a viable alternative. As such, consumers are now
inclined to prefer natural pigments over their artificial counterparts [1]. Utilizing novel
colors derived from biotechnology produced by microorganisms presents a promising and
sophisticated solution for meeting this demand.

Astaxanthin (3,3’ -dihydroxy-f3, B-caroten-4,4'-dione), an oxygenated carotenoid, dis-
plays a vivid spectrum of colors ranging from yellow to red and is coveted across multiple
industries, including aquaculture, cosmetics, pharmaceuticals, food, feed, and medicine, for
its remarkable health-promoting properties. This naturally occurring pigment is a potent
antioxidant, anti-inflammatory, and anticancer agent, conferring a wide array of benefits
for the eye, heart, liver, skin, and immune system [3-6]. Although several microorganisms
can synthesize astaxanthin [2], Haematococcus pluvialis has become the most significant
commercial source [7]. However, the practical implementation of H. pluvialis is limited by
its lengthy autotrophic cultivation process and the necessity of disrupting the cell wall for
astaxanthin extraction. In contrast, Xanthophyllomyces dendrorhous, a red yeast previously
known as Phaffia rhodozyma, shows promise as a desirable alternative for astaxanthin pro-
duction [2,8]. Notably, yeasts offer several advantages over microalgae, including rapid
growth rates, independence from changing climatic and seasonal conditions, no land space
requirements for cultivation, and the ability to utilize various carbon sources. Additionally,
X. dendrorhous can accumulate astaxanthin in its cytoplasmic membrane, precluding the
need for cell wall disruption during extraction [9].

Astaxanthin production is a significant factor in determining the economic viability
of the process. In order to reduce the production costs of astaxanthin and optimize the
cultivation medium and conditions, basic research has been conducted to improve the
process for industrial applications. Utilizing the One-Factor-At-A-Time (OFAAT) technique
is a highly efficacious approach to optimizing astaxanthin levels and mitigating the inher-
ent variability in its quantity. The OFAAT technique allows for systematically exploring
individual factors and their impact on the targeted outcome, ultimately leading to an
enhanced understanding of the underlying mechanisms and their interplay. Therefore, the
OFAAT technique can provide a robust and reliable means of achieving optimal astaxanthin
production with reduced variance, thereby ensuring a more consistent and high-quality end
product. In this context, our study presents the OFFAT approach to investigate astaxanthin
production, optimize its yield, and focus on the astaxanthin biosynthesis-associated genes
of Rhodotorula sp. CP72-2. Notably, this study aims to address the knowledge gap by
investigating the whole-genome sequencing and optimization of astaxanthin production,
which has yet to be published. Additionally, this study identified a strain, CP72-2, in the
Thai Crown Flower (Calotropis gigantea), which presents a promising source for discovering
a candidate astaxanthin-producing strain. Our study provides an innovative and compre-
hensive approach to astaxanthin production and will contribute to advancing the field of
natural pigment production.

2. Materials and Methods
2.1. Characterization of Strain CP72-2

Rhodotorula sp. CP72-2 was isolated from the Crown Flower (Calotropis gigantea)
in Prachinburi province, Thailand. The inoculum was cultivated in Erlenmeyer flasks
of 250 mL, which contained 50 mL of Yeast extract-Malt extract (YM) medium (in g/L
deionized water): peptone (bacteriological) (5.0), malt extract (3.0), yeast extract (3.0),
glucose (10.0). The pH of the YM medium was adjusted to 5.5, and the cultivation was
carried out on a temperature-controlled orbital shaker at 25 °C with a rotation speed of
200 rpm for 48 h.
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2.1.1. Phenotypic Characteristics

The morphological and biochemical characteristics of the strain CP72-2 were deter-
mined and compared to the description of type strains [10]. Yeast cell morphology was
observed using light microscopy, while the colony morphology, including the texture,
color, surface, elevation, and margin, was visually recorded. Carbon assimilation tests
were conducted using the ID 32 C kit (BioMerieux, Marcy—l’Etoile, France), following the
manufacturer’s instructions.

2.1.2. Genotypic Characteristics
Genomic DNA Extraction

To extract the genomic DNA from the strain CP72-2, a loop full of yeast cells was
suspended in 200 pL of lysis buffer (100 mM Tris (pH 8.0), 30 mM EDTA (pH 8.0), 0.5%
SDS) and then boiled in a water bath for 15 min. Following this, 200 pL of 2.5 M potassium
acetate (pH 7.5) was added, mixed, and rapidly cooled on ice for 1 h. The supernatant
was collected by centrifugation at 13,000 rpm for 5 min at 4 °C and extracted twice with
1 volume of CHCl3-isoamyl alcohol (24:1, v/v). After centrifugation at 13,000 rpm for
5 min, the resulting supernatant was mixed with 1 volume of cold isopropanol and then
centrifuged at 14,500 rpm for 16 min at 4 °C. The DNA pellet was washed with 70% and
90% ethanol, then centrifuged (14,500 rpm, 4 °C for 16 min). The washed DNA pellet was
dried at 37 °C, dissolved in 30 uL of sterile nano pure water, and kept at —20 °C until used.

Sequencing of the 265 rRNA Gene (D1/D2 Domain)

The LSUD1/D2 domain of the 265 rRNA gene was amplified through PCR using the
NL1 (5-GCATATCAATAAGCGGAGGAAAAG-3') and NL4 (5'-GGTCCGTGTTTCAAGACGG-
3’) primers [11]. The PCR reaction consisted of a 20 uL volume containing 2 pL of DNA
template, 0.4 pL of each primer (10 pmol/uL), 10 puL of 2X Go Tag green, and 7.2 uL of
distilled water. The reaction was subjected to thermocycling at 94 °C for 3 min, followed by
36 cycles of 94 °C, 52 °C, and 72 °C for 30 s each, and a final extension at 72 °C for 5 min.
The PCR product was purified using the Gel/PCR DNA fragment extraction kit (Geneaid
Biotech Ltd., New Taipei, Taiwan). The purified PCR products were sequenced in both
directions using the BT sequencing technique (Celemics, Inc., Seoul, Republic of Korea)
and blasted against the NCBI database.

Genome Sequencing, Gene Prediction, and Functional Annotation

The genome of Rhodotorula sp. CP72-2 was sequenced using Illumina Hiseq Xten/Novaseq/
MGI2000 platforms. The reads were quality controlled and then assembled using Vel-
vet. Gap-filling was performed with SSPACE and GapFiller [12-16]. Coding genes in the
genome were identified using the Augustus gene-finding software (version 3.3) [17]. Trans-
fer RNAs (tRNAs) were detected using the program tRNAscan-SE with default parameter
settings [18], and rRNA was identified using Barrnap. Other RN As were identified using
the RNA families database (rfam). The ANI value between strain CP72-2 and closely related
species was calculated using FASTANI (version 1.3) [19]. The circular genomic map and
Venn diagram were generated using the Prokee server [20] and Orthovenn2 web-based
tool [21].

The coding genes were annotated with the National Center for Biotechnology Informa-
tion (NCBI), and their functions were annotated using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) [22] and KOfamKOALA tools [23]. Identification of carbohydrate-active
enzymes was performed using the dbCAN meta server (https://bcb.unl.edu/dbCAN2
/blast.php: accessed on 13 April 2023) with HMMER: biosequence analysis with profile
hidden Markov models (version: 3.3.2), and all data generated in dbCAN were based on
the family classification from the CAZy database (http://www.cazy.org/: accessed on
13 April 2023) [24,25].

The assembled genome was deposited in DDB]/ENA /GenBank under accession no.
PRJNA938253.
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2.2. Cultivation for Astaxanthin Production

A loopful of strain CP72-2 grown on YM agar was transferred into 50 mL of YM broth
in a 250 mL flask and incubated at 25 °C with shaking at 200 rpm for 24 h. After that, 5 mL
of the culture was inoculated into 45 mL of YM broth in a 250 mL flask and incubated at the
same conditions for 72 h. The cells were harvested by centrifugation at 7830 rpm at 4 °C for
10 min, washed twice with distilled water, and lyophilized to determine the biomass’s dry
cell weight (DCW). The lyophilized cells were then used for further analysis of astaxanthin.

2.2.1. Qualitative Analysis for Astaxanthin Production by Thin-Layer Chromatography
(TLC), High-Performance Liquid Chromatography (HPLC), and Liquid
Chromatography-Mass Spectrometry (LC-MS)

TLC Identification

The astaxanthin extraction and qualitative analysis were performed using slightly
modified methods described by Ushakumari and Ramanujan [26]. Firstly, 0.01 g DCW of
lyophilized cells were suspended in 1 mL of acetone and homogenized using a pestle motor
at room temperature for 3 min. Then, the supernatant was collected by centrifugation at
14,000 rpm for 10 min. A 20 pL aliquot of the extracted sample was applied to a TLC silica
gel G plate using capillary and standard astaxanthin (Dayang Chem Co., Ltd., Hangzhou,
China). The mobile phase for spot development was a mixture of acetone and hexane at a
ratio of 1:3 (v/v). The appearance of colored bands was directly observed after development
and compared with the standard astaxanthin band under visible light. Additionally, the R¢
value was calculated to quantify the movement of the materials along the plate.

HPLC Identification

The lyophilized cells of Rhodotorula sp. CP72-2 (0.05 g DCW) were suspended in
5 mL of DMSO, mixed, sonicated at 37 kHz (Elmasonic E60H, Elma Schmidbauer GmbH,
Singen, Germany) at 55 °C for 5 min, and centrifuged at 5000 rpm at 25 °C for 10 min. The
resultant supernatant was filtered through a 0.22-um membrane filter. The filtered sample
was subjected to analysis by HPLC. The astaxanthin was identified using HPLC, with
slight modifications [27]. A UHPLC Nexera X2 (Shimadzu, Kyoto, Japan) was equipped
with an LC-30AD binary pump, an SIL-30AC autosampler, a CTO-20AC column oven,
and an SPD-M30A detector. The system was computer controlled and installed with a
Lab Solutions chromatography workstation to analyze data. The chromatographic column
(GL Science InertSustain C18 column (4.6 mm x 150 mm, 5 pm)) was used to separate
astaxanthin. The flow rates were 0.5 mL/min (0.00 to 03.00 min) and 1.0 mL/min (03.01 to
20.00 min), the detection wavelength was 480 nm, the column temperature was 30 °C, and
the injection volume was 5 puL. Mobile phase A consisted of methanol/acetonitrile/ethyl
acetate/formic acid (75.9:12:12:0.1, v/v), and mobile phase B consisted of methanol.

LC-MS Identification

The astaxanthin identification was conducted using LC-MS as previously described,
with slight modifications [27]. Liquid Chromatography-Mass Spectrometry (LC-QqQ; LC-
Triple quadrupole) was used to obtain the mass spectrum of the pigment. Initially, the
sample was run through the UHPLC-Nexera series and detected with a triple quadrupole
mass spectrometer (LCMS-8060NX, Shimadzu, Japan) using an InertSustain C18 column
(150 mm x 4.6 mm i.d., 5 um, GL Sciences, Tokyo, Japan) for separation. Ten microliters
of the sample was injected into the column, maintained at an oven temperature of 30 °C,
and eluted with a mobile phase A consisting of methanol, acetonitrile, and ethyl acetate
(76:12:12, v/v), and mobile phase B consisted of methanol. The flow rate was kept constant
at 1.0 mL/min.

The triple quadrupole mass spectrometer was used to detect analytes with Electron
Spray lonization (ESI) in negative mode, using optimization settings that included N,
nebulizing gas flow at 3 L/min, heating gas flow at 15 L/min, drying gas flow at 6 L/min,
interface temperature at 350 °C, DL temperature at 250 °C, and heat block temperature at
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350 °C. The optimization of the MS/MS parameter for astaxanthin detection was performed
in MRM mode (MS/MS) by selecting a precursor ion of 595.3822 [M-H]- and 3 product
ions of 513.2000, 430.7500, and 348.9000 with Collision Energy (CE) at 25.0, 12.0, and 48.0,
respectively. All extracted samples were analyzed by MS negative scan mode (MS) and
recorded mass per charge (1/z) from 100 to 2000 Da.

2.2.2. Quantification Analysis of Astaxanthin Production

The methods previously described, with slight modifications, were used to extract
and measure astaxanthin [28]. To extract the intracellular carotenoid content, 50 mg of
lyophilized cells were suspended in 5 mL of DMSO (Sigma-Aldrich, St. Louis, MI, USA),
ultrasonicated at 37 kHz and 50 °C for 30 min (Elmasonic, E6GOH model, Munich, Germany),
and then centrifuged at 14,000 rpm and 4 °C for 40 min. The resulting cell extract was
then centrifuged at 14,000 rpm for 5 min, and the extraction process was repeated until the
supernatant became colorless. The concentration of astaxanthin was determined using a
Cary 60 UV-Vis spectrophotometer (Agilent) at 530 nm against the pure DMSO blank [7,28].
A standard curve of absorbance versus astaxanthin concentrations was generated using
the following concentrations: 0, 0.25, 0.5, 1, 2, 4, 6, and 8 pug/mL in DMSO. Astaxanthin
concentration was calculated using the equation of the astaxanthin standard calibration
curve (R? = 1.0), and the results were reported as the mean of triplicate measurements.

2.3. Optimization of Astaxanthin Production

A study was conducted to investigate the production of astaxanthin by Rhodotorula
sp. CP72-2. The strain CP72-2 was initially inoculated on YM agar and then incubated
at 25 °C for 48 h. One loop culture was transferred into a 250 mL Erlenmeyer flask
containing 50 mL YM broth and then incubated at 25 °C with 200 rpm shaking for 24 h.
The cells were harvested by centrifugation at 7830 rpm at 4 °C for 10 min. The resulting
cell pellet was washed twice and re-suspended in a 0.85% (w/v) NaCl solution. The yeast
suspension was adjusted to achieve a cell suspension with an ODggy of 1.00 &= 0.1 for
use as an inoculum starter for investigating the optimization of astaxanthin production.
Fermentation experiments were carried out in 250 mL Erlenmeyer flasks containing 50 mL
of astaxanthin production (AP) medium (10 g/L of glucose, 3 g/L of yeast extract, 3 g/L of
malt extract, and 5 g/L of peptone, pH 5.5). Each flask was inoculated with a starter culture
(5% v/v) and then incubated at 25 °C with 200 rpm shaking for 72 h. After incubation,
the cells were harvested by centrifugation at 7830 rpm at 4 °C for 10 min, washed twice
with deionized water, and centrifuged again. The cells were dried by lyophilization and
weighed to obtain the DCW of the resultant cell biomass. The astaxanthin was extracted
and quantified according to Li, Miao, Geng, Lu, Zhang, and Zeng [28].

Using the OFAAT method, astaxanthin production was optimized in Rhodotorula sp.
CP72-2. The following parameters were varied: (1) type of carbon source (10 g/L of glucose,
10 g/L of sucrose, 10 g/L of fructose, or 10 g/L of maltose); (2) concentration of the selected
carbon source (10, 20, 30, 40, or 50 g/L); (3) initial pH (4.5, 5.5, 6.5, 7.5, or 8.5) of the AP
medium with an optimal carbon source and concentration; (4) incubation temperature at
15, 20, 25, 30, and 35 °C; and (5) incubation period at 1, 3, 5, and 7 days. The condition that
resulted in the highest astaxanthin yield was selected for further experiments.

2.4. Statistical Analysis

All data were analyzed using One-way Analysis of Variance (ANOVA), and multiple
comparison tests (Duncan’s and Tukey’s-tests) were performed using SPSS Statistic 22.0
software. Data were presented as mean =+ standard deviation; p < 0.05 was considered
statistically significant.
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3. Results
3.1. Characteristics of Strain CP72-2

The study emphasizes the characterization, production, and optimization of astaxan-
thin and the genomic insights of a putatively new Rhodotorula sp. CP72-2 isolated from Thai
Calotropis gigantea. The colony culture of strain CP72-2 on YM agar showed a distinct and
characteristic appearance—pink-colored, butyrous, semi-shiny, globose-like morphology
with an entire margin. The strain CP72-2’s carbon assimilation abilities were determined
(Table S1). Characterizing its colony characteristics, individual morphology, and physio-
logical and biochemical characteristics was consistent with the description of Rhodotorula
species, as reported by Kurtzman and Robnett [29]. Based on the characteristics, it was
suggested that CP72-2 belongs to the genus Rhodotorula. This information is relevant to
identifying the strain and is consistent with the characteristics of Rhodotorula species.

Based on the 26S rRNA (LSU D1/D2 domain) gene sequencing, strain CP72-2 was
found to be closely related to Rhodotorula kratochvilovae, with a 98% identity (595/604)
(Table 1). According to the guideline of Kurtzman and Robnett [29], strains that differ by
six or more nucleotide substitutions (>1%) should be considered different species. The term
‘aff.” (species affinis) was used to indicate that the strain may be a potentially new species
affiliated with, but not identical to, its closest known species [29].

Table 1. 265 rRNA gene sequence similarity (%) of the strain CP72-2 and nearest relatives.

Strain Nearest Relatives Similarity (%)  Length (bp) Accession No.
R. kratochvilovae CBS 74367 98.35 604 NG_042345
R. evergladensis CBS 10880" 98.18 604 NG_057805

CP72-2 R araucariae CBS 60317 98.12 639 NG_058387
R. glutinis CBS 20T 97.57 1350 NG_055728
R. babjevae CBS 78087 97.52 604 NG_042339

T, indicated the type material strain.

Furthermore, the ANI value (Table S2) of the whole genomes between strain Rhodotorula
sp. CP72-2 and R. kratochvilovae CBS 74361, R. kratochvilovae LS11, R. kratochvilovae YM25235,
R. babjevae CBS 78081 R. diobovata UCD-FST 08-225, R. glutinis ZHK, R. graminis WP1, and
R. paludigena CM33 were 83.1646%, 83.1079%, 83.0901%, 80.3203%, 80.2167%, 80.1658%,
80.0865%, and 79.3643%, respectively. The ANI value of the whole genomes between strain
Rhodotorula sp. CP72-2 and closely related species were lower than the species boundary
value (ANI < 95-96%) [30]. Based on these results and criteria, strain CP72-2 was considered
a putatively new species.

3.2. Genomic Features of Strain CP72-2

This study proudly presents the results of the whole-genome analysis of Rhodotorula
sp. CP72-2 to investigate the genomics features and gene annotation.

The assembled genome strain CP72-2 comprised 295 contigs, totaling 21,358,924 bp,
and a high GC content of 64.90%. Furthermore, this assembly had an N50 value of
223,398 bp, an L50 value of 29 bp, and a maximum scaffold length of 748,751 bp. The
program tRNAscan-SE identified 170 transfer RNAs (tRNAs) and 189 non-coding RNAs
(ncRNAs) in the CP72-2 genome. The circular genomic map of Rhodotorula sp. CP72-2
is shown in Figure 1. Notably, the genome size of strain CP72-2 is consistent with other
known red yeasts, including R. graminis WP1, R. glutinis ATCC 204091, R. toruloides NP11,
and Rhodotorula sp. JG-1b has a genome size of approximatel 20-21 Mbp [31]. These results
provide valuable insights into the genomic characteristics of red yeasts and contribute to
our overall understanding of their biology.
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"I ORF
GC Skew+
GC Skew-
"1 GC Content

Figure 1. Circular genomic map of Rhodotorula sp. CP72-2. The information is indicated as fol-
lows: open reading frames (ORFs) (green), GC skew (+) (pink), GC skew (—) (yellow), and GC
content (purple).

Furthermore, this study undertakes a comparative genomics investigation to unravel
the genetic variations and peculiarities that distinguish Rhodotorula sp. CP72-2 from its
four closely related species. The key objective of the study is to scrutinize the proteins
that display similarities between protein sequences in the four yeast species (7670 proteins
for Rhodotorula sp. CP72-2, 8257 proteins for R. kratochvilovae CBS 7436", 7509 proteins for
R. babjevae CBS 7808T, and 7518 proteins for R. paludigena CM33), as showcased in Figure 2.
Notably, the investigation reveals that Rhodotorula sp. CP72-2, R. kratochvilovae CBS 74367,
R. babjevae CBS 78087, and R. paludigena CM33 have 44, 89, 334, and 62 species/strains-
specific proteins, respectively.

R. babjevaeCBS7308" R. kratochvilovae CBS 7436

334

87

197
62

Rhodotorulasp.CP72-2 R. paludigena CM33

137

Figure 2. Venn diagram showing the shared/unique protein in Rhodotorula sp. CP72-2 and compari-
son with those in R. kratochvilovae CBS 74367, R. babjevae CBS 78087, and R. paludigena CM33.

Furthermore, the whole-genome sequence of strain CP72-2 annotated by the National
Center for Biotechnology Information (NCBI) is estimated to have 6527 protein-coding
genes and an average gene length of 1489.15 bp. In addition, 2291 genes involved in
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(A)

KEGG metabolic pathway analysis were classified into five major categories: Metabolism
Class (1043), followed by Genetic Information Processing (740), Environmental Information
Processing (181), Organismal Systems (86), and Cellular Processes (241).

The genome of CP72-2 was analyzed using the dbCAN meta server, which identified
229 genes distributed among the five classes of the Carbohydrate-Active enZymes (CAZy)
database, including 30 Auxiliary Activity (AA) genes, 18 Carbohydrate Esterase (CE) genes,
two Carbohydrate-Binding Module (CBM) genes, 83 Glycoside Hydrolase (GH) genes, and
88 Glycosyltransferase (GT) genes. GH family enzymes in CP72-2 suggest its ability to
break down cellulose and hemicellulose, major components of plant material, and use these
complex carbohydrates for growth and survival [24]. The possession of GTs in CP72-2's
genome indicates its ability to synthesize the complex carbohydrates, such as glycoproteins
and glycolipids, required for various biological functions [32]. The presence of CBMs
in CP72-2's genome suggests its ability to recognize and bind specific carbohydrates,
such as plant cell walls and microbial surfaces [33]. AAs, crucial for breaking down
plant biomass and recycling carbon and energy in the environment, were also identified
in CP72-2's genome, indicating its ability to degrade lignin in plant cell walls and use
lignocellulose for growth [34]. All these impressive traits suggest that Rhodotorula sp. CP72-
2 can potentially produce astaxanthin from lignocellulose and other waste resources from
the agricultural industry.

3.3. Screening of Astaxanthin Production

Identifying and confirming astaxanthin production in strain CP72-2 is a significant
finding. The accuracy and reliability of the results were ensured by using multiple tech-
niques, including TLC, HPLC, and LC-MS.

TLC was initially used to confirm the presence of astaxanthin, with an R¢ value of 0.28
(Figure 3A).

By

£

widia
+10 ppan ATX standard

R 1)

Peak height (sAU)

"7 Extracted astaxanthin (ATX) R, 2.061

Time (min) g ~
Figure 3. Thin Layer Chromatography (TLC) of an acetone extract of strain CP72-2 and astaxanthin
standard (A); The determination HPLC chromatogram of extracted astaxanthin (non-spiked) and
extracted astaxanthin + 10 ppm astaxanthin standard (spiked) of strain CP72-2 in DMSO (B); LC-MS
chromatograms (MRM, negative scan mode) of extracted astaxanthin of strain CP72-2 in DMSO (C).
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The HPLC chromatogram further confirmed the presence of astaxanthin, with the
extracted astaxanthin of strain CP72-2 and the extracted astaxanthin containing 10 ppm of
astaxanthin standard peak appearing at retention times of 2.063 and 2.083 min, respectively
(Figure 3B).

Furthermore, mass spectrometric analysis was performed using MS/MS detection in
negative scan mode. The extracted astaxanthin of strain CP72-2 in DMSO showed product
ions (513.20, 430.75, 348.90) similar to the astaxanthin standard, which contained precursor
ion (595.3822) and product ions (513.20 (CE = 25.0), 430.75 (CE = 12.0), 348.90 (CE = 48.0))
(Figure 3C). The optimization of the MS/MS parameter for astaxanthin detection was
performed in MRM mode (MS/MS) by selecting a precursor ion of 595.3822 [M-H]- and
three product ions of 513.2000, 430.7500, and 348.9000 with collision energy (CE) at 25.0,
12.0, and 48.0, respectively.

3.4. Astaxanthin Biosynthesis-Associated Genes from Strain CP72-2 Genome

This study also annotated putatively key enzyme genes associated with astaxanthin
production in the CP72-2 genome. In the genome of strain CP72-2, the putative genes
associated with astaxanthin biosynthesis were annotated and are listed in Table 2. The
biosynthesis of astaxanthin is a complex process that involves the activity of several genes,
including geranylgeranyl pyrophosphate synthase (CrtE), phytoene synthase/lycopene
beta-cyclase (CrtYB), phytoene desaturase (Crtl), beta-carotene 4-ketolase /3-hydroxylase or
astaxanthin synthase (CrtS), cytochrome P450 reductase (CrtR), beta-carotene/zeaxanthin
4-ketolase (CrtW), beta-carotene ketolase (CrtO), and beta-carotene hydroxylase (CrtZ).

Table 2. The putative candidate astaxanthin synthesis-associated genes from strain CP72-2 genome.

Biosynthetic Pathways Putative Genes Gene Product Scaffold ID
Mevalonate ACAT Acetyl-CoA acetyltransferase (EC:2.3.1.9) scaffold3.g328
Hydroxymethylglutaryl-CoA synthase
HMGCS (EC2.3.3.10) scaffold118.g7197
Hydroxymethylglutaryl-CoA reductase

HMGCR (EC:1.1.1.34) scaffold69.g5807

PMVK Phosphomevalonate kinase (EC:2.7.4.2) scaffold3.g296

Diphosphomevalonate decarboxylase

MVD (EC:4.1.1.33) scaffold42.g4393

Isoprene biosynthesis IDI Isopentenyl-diphosphate delta-isomerase scaffold3.g272

(EC:5.3.3.2)
Geranylgeranyl diphosphate synthase (EC:2.5.1.1
GGPS 2.5.1.10 2.5.1.29) scaffold33.g3627
FDPS Farnesyl dlphosp;;tle ig)nthase (EC:2.5.1.1 scaffold10.g1242
CrtE Geranylgeranyl pyrophosphate synthase
o . Phytoene synthase/Lycopene beta-cyclase
Astaxanthin biosynthesis CrtYB (EC:251.325.5.1.19) scaffold16.g1927
Crtl Phytoene desaturase (EC:1.3.99.30) scaffold16.g1930
Beta-carotene 4-ketolase/3-hydroxylase (also
Astaxanthin biosynthesis CrtS known as astaxanthin synthase) (EC:1.14.99.63 scaffold40.g4227
1.14.15.24 1.14.99.-)
CrtR Cytochrome P450 reductase (EC:1.14.14.1 1.6.2.4) scaffold80.g6179
Beta-carotene/zeaxanthin 4-ketolase (EC:

Crtw EC:1.14.99.63 1.14.99.64) scaffold38.g4135
CrtO Beta-carotene ketolase (EC:1.14.99.63) scaffold16.g1930
Crtz Beta-carotene hydroxylase (EC:1.14.13.-) scaffold69.g5865
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The important enzymes in astaxanthin production have been previously documented [35,36].
The process starts with the combination of dimethylallyl pyrophosphate (DMAPP) and
three molecules of isopentenyl pyrophosphate (IPP) using GGPP synthase, resulting in
the production of geranylgeranyl pyrophosphate (GGPP). The enzyme phytoene synthase
(CrtYB gene) couples two molecules of GGPP to form phytoene. The phytoene desaturase
(CrtI gene) introduces four double bonds in phytoene to produce lycopene. Lycopene
cyclase (CrtYB gene) converts one of the 1 acyclic ends of lycopene into the (3-ring to
form y-carotene, which is then converted into 3-carotene. The process starts with the
combination of dimethylallyl pyrophosphate (DMAPP) and three molecules of isopentenyl
pyrophosphate (IPP) using GGPP synthase, resulting in the production of geranylger-
anyl pyrophosphate (GGPP). The enzyme phytoene synthase (CrtYB gene) couples two
molecules of GGPP to form phytoene. The phytoene desaturase (CrtI gene) introduces four
double bonds in phytoene to produce lycopene. Lycopene cyclase (CrtYB gene) converts
one of the 1 acyclic ends of lycopene into the -ring to form y-carotene, which is then
converted into 3-carotene. The conversion of (3-carotene and y-carotene into xanthophylls
involves adding two 4-keto groups to the 3-carotene molecule by ketolase activity and
two 3-hydroxy groups by hydroxylase activity. These ketolase and hydroxylase activities
are present in a single enzyme called astaxanthin synthetase (CrtS). To aid in the pro-
cess, the cytochrome P450 reductase encoded by the CrtR gene acts as a helper protein
for CrtS by providing electrons for substrate oxygenation [36]. The identification and
cataloging of putative genes associated with astaxanthin biosynthesis, the prediction of
their functions, and this putatively predictable pathway serve as a significant basis for the
astaxanthin production in Rhodotorula sp. CP72-2 provides insights into the production of
this valuable compound and a foundation for further research endeavors to enhance our
understanding of the biosynthetic pathway of astaxanthin and develop novel bioprocesses
for its production.

Following the in vitro confirmation of astaxanthin production and a comprehensive in
silico investigation, it is unequivocally established that the Rhodotorula sp. CP72-2 strain
possesses the ability to produce astaxanthin.

3.5. Optimization of Astaxanthin Production

The strain Rhodotorula sp. CP72-2 displays promise as a source for astaxanthin produc-
tion, with an initial astaxanthin content of 202 £ 0.15 ug/g DCW and astaxanthin yield
of 1.49 £ 0.0012 mg/L in YM medium after 72 h of cultivation at 25 °C and 200 rpm. To
optimize production, a study was undertaken to investigate the effects of key factors, such
as carbon sources and concentrations, pH, temperature, and incubation periods, on the
growth and astaxanthin production of Rhodotorula sp. CP72-2.

3.5.1. Effects of Different Carbon Sources on Astaxanthin Production

The study examined the astaxanthin production of Rhodotorula sp. CP72-2 using
four different carbon sources (glucose, maltose, fructose, and sucrose) at 10 g/L in an AP
medium. The fermentation process was carried out at 25 °C and 200 rpm for 72 h. Surpris-
ingly, the highest astaxanthin content (281.60 £ 054 pg/g DCW) and yield
(1.73 £ 0.08 mg/L) were detected in the AP medium containing glucose (Figure 4A).
Although the highest biomass (6.75 &= 0.07 g/L) was obtained in the AP medium containing
sucrose, the content and yield of astaxanthin produced in this condition were significantly
lower compared to the AP medium with glucose. As a result, glucose was identified as the
optimal carbon source for further optimization of astaxanthin production.
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Figure 4. Effect of carbon sources (A), glucose concentration (B), pH (C), temperature (D), and incu-
bation period (E) on the astaxanthin content (mg/g DCW), biomass (g/L), astaxanthin yield (mg/L),
and productivity (mg/L/day) of strain CP72-2. All experiments were performed in triplicate, and
the results were reported as the mean + Standard Deviation (SD). Letters above the bars coded by
different colors represent biomass, astaxanthin content, and astaxanthin concentration, respectively.
According to Duncan’s test (p < 0.05), the levels not connected by the same letter are significantly
different. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article).

Our research efforts revealed that Rhodotorula sp. CP72-2 exhibited an impressive
ability to utilize diverse carbon sources and demonstrated vigorous growth. To achieve
maximum astaxanthin production in strain CP72-2, this study meticulously optimized the
medium composition and environmental factors. Our investigation into various carbon
sources revealed that glucose medium was the most favorable for astaxanthin production,
resulting in a maximum astaxanthin content of 281.60 & 0.54 ug/g DCW and a maximum
astaxanthin yield of 1.73 £ 0.08 mg/L. Conversely, the sucrose medium demonstrated
the highest biomass production. The study of Wu and Yu [37] explained that glucose and
sucrose are efficient carbon sources for promoting yeast growth and astaxanthin synthesis.
Furthermore, the study observed that glucose and sucrose contributed to a moderate
upregulation of carotenogenic genes such as Crtl, CrtYB, CrtE, and CrtS (or ast). This

strongly supports the assertion that glucose is the preferred carbon source for astaxanthin
synthesis.
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3.5.2. Effect of Glucose Concentration on the Astaxanthin Production

The optimal glucose concentration for maximum astaxanthin content, yield, and
biomass production of Rhodotorula sp. CP72-2 was investigated. To achieve this, various
glucose concentrations (10, 20, 30, 40, and 50 g/L) were examined in an AP medium
and incubated at 25 °C and 200 rpm for 72 h. The findings showed that an AP medium
containing 20 g/L glucose was the best carbon source for maximum astaxanthin content
(337.34 £ 6.97 ug/g DCW), as demonstrated in Figure 4B. However, the highest astaxanthin
yield (4.14 £ 0.15 mg/L) and biomass (16.50 £ 0.229 g/L) were obtained when the medium
contained 50 g/L glucose. Therefore, the AP medium containing 50 g/L glucose was used
in further experiments.

Furthermore, Rhodotorula sp. CP72-2 was found to have the highest astaxanthin
yield when cultured in an AP medium with an optimal glucose concentration of 50 g/L.
Under 20 g/L glucose, astaxanthin content reached 337.34 £ 6.97 ng/g DCW. However,
with 50 g/L glucose, the astaxanthin yield and biomass were significantly increased to
4.14 £ 0.15 mg/L and 16.50 £ 0.229 g/L, respectively. Miao et al. [38] conducted a study
that supported the reduced astaxanthin content at 50 g/L glucose observed in our study.
Their research explained that high glucose levels inhibited astaxanthin synthesis by repress-
ing the lycopene-to-f3-carotene and (3-carotene-to-astaxanthin steps in the pathway. This
inhibition was caused by the limited transfer of precursors (such as GGPP and phytoene)
to carotenoids, which occurred at glucose concentrations exceeding 40 g/L. As a result, it
appears that 3-carotene synthesis is the limiting factor for astaxanthin synthesis at high
glucose levels.

Additionally, high glucose may indicate a potential blockage of the astaxanthin syn-
thesis pathway at the FPP-to-GGPP or GGPP-to-phytoene step. Moreover, as the glucose
concentration rises beyond 40 g/L, there is a rapid decrease in CrtE expression, indicating
that glucose primarily represses astaxanthin synthesis during the production of GGPP,
phytoene, and lycopene. Moreover, it has been observed that the CP72-2 strain exhibits the
crabtree effect, characterized by the overproduction of fermentation byproducts. This phe-
nomenon significantly impedes astaxanthin synthesis when glucose concentrations exceed
40 g/L, consistent with previous findings [39,40]. These results suggest that optimizing
the glucose concentration is crucial to achieving maximum astaxanthin yield, as a balance
must be struck between astaxanthin synthesis and precursor transfer.

3.5.3. Effect of Initial pH of the AP Medium on the Astaxanthin Production

The impact of initial pH on astaxanthin production was investigated in an optimum
AP medium supplemented with 50 g/L glucose. The fermentation was carried out at 25 °C
and 200 rpm for three days, with pH levels ranging from 4.5 to 8.5. The results revealed
that the highest astaxanthin content and yield were achieved at pH 4.5, with values of
27794 + 4.29 ug/g DCW and 4.78 £ 0.14 mg/L, respectively (Figure 4C). The highest
biomass of 18.02 + 0.15 g/L was observed at pH 7.5, while acidic and alkaline pH levels
resulted in decreased biomass. Therefore, a pH of 4.5 was selected as the optimal initial pH
of the AP medium for maximum astaxanthin production by Rhodotorula sp. CP72-2 in the
AP medium supplemented with 50 g/L glucose.

The production of astaxanthin by Rhodotorula sp. CP72-2 was found to be affected by
the pH of the fermentation medium. Reducing the initial pH value from 8.5 to 4.5led to a
rise in astaxanthin yield from 3.53 £ 0.07 to 4.78 & 0.14 mg/L. These findings suggest that
an acidic environment pH of 4.5 promotes astaxanthin synthesis in strain CP72-2. Hence,
pH stress has emerged as a promising approach to stimulate astaxanthin production in
cellular environments. The maximum astaxanthin content and yield were obtained at
pH 4.5. Therefore, the optimal pH for the astaxanthin content and yield of Rhodotorula sp.
CP72-2 was found to be 4.5. The results of this research align with earlier studies that
indicated an acidic pH as the optimum condition for astaxanthin production [41-43]. These
results underscore the importance of pH control as a critical factor in optimizing astaxanthin
production by strain CP72-2.
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3.5.4. Effect of Temperature on the Astaxanthin Production

The production of astaxanthin by Rhodotorula sp. CP72-2 was investigated at various
incubation temperatures (15, 20, 25, 30, and 35 °C). To determine the optimal temperature,
the astaxanthin yield of strain CP72-2 was compared when grown in an AP medium
supplemented with 50 g/L of glucose and at pH 4.5. The results revealed that the greatest
astaxanthin yield (5.39 £ 0.21 mg/L), biomass (17.28 & 0.21 g/L), and astaxanthin content
(311.99 £ 8.69 nug/gDCW) were obtained at an incubation temperature of 25 °C (Figure 4D).
Thus, this temperature was considered the optimal temperature for astaxanthin production
by Rhodotorula sp. CP72-2.

Alterations in various biosynthetic pathways, including those involved in carotenoid
biosynthesis, can be attributed to temperature changes. The impact of temperature on
carotenoid synthesis is contingent on the species- and/or strain-specific characteristics and
can result in fluctuations in the yield of produced carotenoids [44]. However, the effect of
temperature on carotenoid production can indeed vary among different strains [41,45-47].
In our study, we discovered a unique optimal temperature for the growth and astaxanthin
production of strain CP72-2, which was determined to be 25 °C. It is worth noting that
our findings contrast with the investigation conducted by Polulyakh et al. [48], in which
they observed high astaxanthin content (85%) in Phaffia rhodozyma when cultivated at
20 °C. Hence, maintaining optimal temperature is crucial for cell metabolism. It reg-
ulates the catabolic rate of enzymes and the half-life of proteins, which can directly
impact the cell’s metabolic processes [49]. In addition, the impact of temperature on
astaxanthin production may be attributed to the temperature-dependent nature of the
enzymatic activities involved in its biosynthesis [50]. Moreover, environmental changes
influence various essential genes linked to astaxanthin synthesis [49]. Hayman et al. [51]
reported that temperature influences the regulation of two crucial enzymes involved in
carotenoid biosynthesis: beta-carotene synthetase and torulene synthetase. These results
highlight the critical role of incubation temperature as a key determinant of optimal as-
taxanthin production in this strain and underscore the importance of temperature control
during cultivation.

3.5.5. Effect of Incubation Period on the Astaxanthin Production

The aim of this study was to investigate the impact of the incubation period on as-
taxanthin production in Rhodotorula sp. CP72-2. The strain was grown in AP medium,
supplemented with 50 g/L of glucose, and incubated at 25 °C and 200 rpm, with the
incubation period varied from 1 to 7 days. The results demonstrated that the highest astax-
anthin content (283.34 £ 6.26 ug/g DCW) and astaxanthin yield (4.48 & 0.15 mg/L) were
obtained at 7 and 5 days of the incubation period, respectively (Figure 4E). However, the
greatest astaxanthin productivity (1.38 & 0.04 mg/L/day) and biomass (17.17 & 0.19 g/L)
were observed on day 3, and it was significantly different from the productivity on day 5
(0.90 £ 0.03 mg/L/day) and day 7 (0.64 & 0.01 mg/L/day). Therefore, the optimal incu-
bation period for astaxanthin production in Rhodotorula sp. CP72-2 was determined to be
three days. Another factor influencing astaxanthin production was the incubation period.
Carotenoid biosynthesis in yeasts begins in the late logarithmic phase and progresses to the
stationary phase. The maximum astaxanthin yield was obtained at five days of the incuba-
tion (4.48 + 0.15 mg/L); however, the maximum astaxanthin productivity (mg/L/day) of
Rhodotorula sp. CP72-2 was accessed at an incubation period of three days. According to
Naghavi et al. [52], the optimal incubation period for maximum carotenoid biosynthesis of
R. slooffine was 72 h. Based on the result of astaxanthin productivity, it could be summarized
that the optimal incubation period for astaxanthin production in Rhodotorula sp. CP72-2
was three days. Therefore, careful monitoring and control of the incubation period are
crucial in optimizing the astaxanthin production process.

In this work, the maximum astaxanthin productivity produced by Rhodotorula sp.
CP72-2 in the optimized AP medium at optimal condition was 1.38 £ 0.04 mg/L/day
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(astaxanthin content of 240.64 & 5.82 ug/g DCW). It is noteworthy that further extension
of the incubation time beyond three days reduced the biomass of strain CP72-2.

4. Conclusions

After considering the previous discussion, it is clear that Rhodotorula sp. CP72-2
holds immense potential for producing valuable carotenoids with countless applications.
The recently discovered strain CP72-2 (accession number: 26S rRNA: OP547513; WGS
project accession: PRINA938253) is a putatively new addition to the yeast species found in
Thailand’s Prachinburi province and one of the few species reported from other parts of
the world. Notably, strain CP72-2 has shown the ability to synthesize astaxanthin, a highly
sought-after compound across various industries worldwide. Optimization experiments
have determined that the best conditions for producing astaxanthin from strain CP72-2
involve using 50 g/L glucose, initially setting the pH to 4.5, incubating at 25 °C, and
agitating at 200 rpm for three days. These conditions resulted in an impressive astaxanthin
content of 240.64 £ 5.82 pg/g DCW, 17.17 g/L biomass, 4.13 £ 0.133 mg/L astaxanthin
yield, and a productivity rate of 1.38 £ 0.04 mg/L/day astaxanthin. Furthermore, the
whole-genome sequencing analysis of strain CP72-2 was annotated. Several putative
candidate genes were explored, including CrtE, CrtYB, Crtl, CrtS, CrtR, CrtW, CrtO, and
CrtZ, associated with astaxanthin biosynthesis. These findings provide a solid foundation
for future research on characterizing, optimizing, and understanding the genomic insights
of astaxanthin production from strain CP72-2.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fermentation9060501/s1, Table S1: Carbon assimilation of strain
CP72-2; Table S2: ANI (%) values between the draft genomes of the Rhodotorula sp. CP72-2;
R. kratochvilovae CBS 743671 ; R. kratochvilovae LS11; R. kratochvilovae YM25235; R. babjevae CBS 7808T;
R. diobovata UCD-FST 08-225; R. glutinis ZHK; R. graminis WP1; and R. paludigena CM33. Table S3: The
effect of different carbon sources on astaxanthin production and growth of Rhodotorula sp. CP72-2.
Table S4: The effect of glucose concentration on astaxanthin production and growth of Rhodotorula sp.
CP72-2. Table S5: The effect of pH on astaxanthin production and growth of Rhodotorula sp. CP72-2.
Table S6: The effect of temperature on astaxanthin production and growth of Rhodotorula sp. CP72-2.
Table S7: The effect of incubation period on astaxanthin production and growth of Rhodotorula sp.
CP72-2.
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