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Abstract: Rhodotorula yeasts which are known as carotenogenic yeasts have a great industrial
value due to their ability to produce carotenoids. In particular, the isolated yeast Rhodotorula sp.
(strain ATL72) has been reported to be a promising producer of high concentrations of carotenoids.
A combination of central composite design (CCD) and Plackett-Burman (PB) design was used to op-
timize carotenoids produced by this yeast. The optimum production of carotenoids was completed
when the yeast was grown in a production medium composed of 3.7 g/L malt extract, 7.7 g /L fructose,
9g/Lurea, 35g/L NaCl, and 1 g/L yeast extract at 27.5 °C, pH 6.7, and 180 rpm. Two batch runsin1 L
and 7 L bioreactors were conducted which increased the productivity of carotenoid concentration from
21.5 mg/L after 98 h of incubation at the level of the shake flask to 229.9 mg/L after 47 h of incubation
at the level of 7 L bioreactor. The carotenoid pigment was extracted in dimethylsulfoxide (DMSO),
acetone, petroleum ether, and sodium chloride, and subsequently identified and characterized using
UV-visible scanning, thin layer chromatography, and gas chromatography/mass spectrometry.

Keywords: carotenogenic yeast; Plackett-Burman; central composite design

1. Introduction

Microorganisms, such as bacteria and yeast, are considered as a vital source of
biopigments like carotenoids [1,2]. Animals and higher plants are also able to synthe-
size carotenoids [3]. Carotenoids are a group of natural pigments present in egg, fish, fruits,
and vegetables and can be synthesized by different organisms such as Rhodotorula [4,5]. The
yellow, orange, pink, or red carotenoids are secondary metabolites produced by different
organisms including yeast Rhodotorula sp. [6].

There are a variety of natural sources of carotenoids. Photosynthetic organisms such
as cyanobacteria and algae and non-photosynthetic organisms such as yeast, bacteria, and
fungi are good natural sources of carotenoids. Additionally, aquatic animals, microalgae,
and all of the colorful vegetables and fruits are a major natural sources of carotenoids [7].
On the other hand, carotenoids are synthesized chemically, through different chemical
reactions [8].

Carotenoids have a significant medical, industrial, food and pharmaceutical impor-
tance due to their antioxidative function, which increases their activity against chronic and
cancer diseases and also enhance immunity and vision [9].Carotenoids were reported to
have antioxidant, anticancer, and antiobesity effects [10,11]. Synthetic carotenoids have a
deleterious effect on the environment and public health compared to natural pigments. On
the other hand, carotenoids from higher plants and animals suffer from uncontrolled issues
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related to the weather and geographical problems [12], while the microbial carotenoids are
considered the optimal eco-friendly and economic alternative.

Globally, the demand for using carotenoids as naturally derived pigments is increasing.
To fulfill these demands, new biotechnological applications should be used. Scaling up the
production of any microbial products can be performed precisely by detecting the optimum
natural conditions. Recent studies aim to use high-carotenoid production yeasts such as
Rhodotorula, agro-industrial wastes, and bioreactor design to cover the worldwide demand
of naturally synthesized carotenoids [13].

Over the years, different methods of optimization were developed and each one
pretended to be the perfect method. Those methods include Build-Test-Fix [14], One Factor
at a Time (OFAT) [15], and Design of Experiments (DOE) [16]. There are two types of DOE
experiments. First, factorial designs that test the effects of all factors and the interaction
between them by factorial experiment which includes a two-level full factorial design, two-
level fractional factorial design [17], and screening factorial design [18]. Second, Response
Surface Methodology (RSM) that determines the optimal settings of the experimental factors
and includes central composites, Box-Behnken designs, 3-level factorials, and Draper—
Lin design. RSM explains the interaction effect between the factors in a fermentation
process [19].

Response Surface Methodology (RSM), Plackett-Burman design (PBD), and the biore-
actor optimized the production of carotenoids from Rhodotorula ATL72 [20,21]. This study
aimed to use the biotechnological process as optimization and a bioreactor to enhance the
production of carotenoids by Rhodotorula ATL72.

2. Materials and Methods
2.1. The Strain and the Produced Pigment

The used strain has been previously isolated and identified by the authors and it was
found to be more closely related to Rhodotorula bloemfonteinensis (EU075187) based on 185
rRINA gene analysis. This locally isolated strain has been found to be a potential high
producer of the pink carotenoids pigment [22].

2.2. Optimization of Various Physico-Chemical Parameters Using Central Composite Design

CCD design was utilized to optimize variable factors such as pH, temperature, and
salinity to determine the optimum conditions for the cultivation at the level of the shake
flask, through defining the main effects and the interaction between the previous factors on
the yeast growth and the production of carotenoids [23]. Each variable in the CCD matrix
has five levels, which were chosen according to previous studies [22,23] that showed the
effects of these variables on the production of carotenoids, as shown in Table 1.

Table 1. Variables and their levels used for the CCD experiment for temperature, pH, and salinity.

Levels
Variables
-2 -1 0 +1 +2
Temperature (°C) 22 25 30 35 38
pH 5.3 6 7 8 8.6
Salinity (%) 0.7 25 5 7.5 9.2

To test the effect of each variable, enriched broth media was used which consisted of
yeast extract 5 g/L, glucose 10 g/L, and sea water. The experiments were performed in a
50 mL flask and each one was incubated at 180 rpm in a shaking incubator according to what
is displayed in the matrix in Table 1. The growth rate was detected by recording O.Dg,
while the carotenoid production was detected by calculating the carotenoid concentration.
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2.3. Screening the Medium Components by Placket—Burman Design

The main aim of using Placket-Burman design is to screen the important components
of the media concerning their individual major effects not the effects that result from the
interaction between different medium components [24].

Thirteen different kinds of relatively cheap available components of the media were
utilized, including glucose, peptone, sucrose, urea, glycerol, malt extract, fructose, molasses,
ammonium chloride, whey, yeast extract, potato extract, NH4sNO3, and one dummy factor
to measure the standard error of the design. All chemicals were purchased from Sigma-
Aldrich Egypt, each factor was utilized at a maximum concentration (+) and minimum
concentration (—) where the maximum level of all the tested variables is 1 g/L and the
minimum value to be tested is the complete absence of the variable.

The major effect of each factor was determined by the (Equation (1)).

E(Xi) = 2[ZYi+ — Yi—]/N 1)

where E(Xi) is the effect of the tested factor, Yi+ and Yi— are the calculated responses.
The significance level (p-value) for each factor was detected using Student’s ¢-test

t(Xi) = E(xi)/SE @)

where (SE) is the standard error for the factors. Any factor with p-value < 0.1 is significant
at the 90% confidence level.

The relationship between the significant factors and the response within 2-level facto-
rial design depends on first order polynomial order (Equation (3)) as no interactions could
be calculated by this screening design.

Y=p0+XRXi(1=1,2,... ... ... ,K) 3)

where Y is the calculated response, 30 is model intercept, i is the regression coefficient
for each corresponding variable, Xi is the corresponding variable, and K is the number of
variables [25].

The experiments were performed in Erlenmeyer flasks containing 50 mL of basal
media (yeast extract 1 g/L and NaCl 35 g/L) besides the components of each trial and
incubated in optimized conditions of 180 rpm and 27.5 °C for 96 h. Responses were
estimated in terms of ODgp and carotenoid content (mg/L).

2.4. Optimization of the Production Medium by Central Composite Design

After utilizing PBD, to detect the most potential components of the production
medium, the optimum concentration of each factor was defined using CCD. The ma-
trix of the central composite design has 5 levels for each factor, 6-star points and center
points to detect the curvature. The CCD studied the major effect of each factor and the
interaction between them.

A second-order polynomial model was used for the prediction of the optimum com-
ponents of the production medium for carotenoid production, as shown in (Equation (4)):

Y = B0 + LRiXi + LRiixii + LRijXij @)

where i represents the regression coefficient of each variable, 3ii represents the regression
coefficient for square effects and (3ij represents the regression coefficient of the interactions.
Using Design Expert 8.0 statistical package (StatEase, Inc., Minneapolis, MN, USA), an
analysis of variance (ANOA) was completed.

CCD was used to optimize the potential components of the media through 25 trials
with 3 variables and 5 levels as shown in Table 2 [26].
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Table 2. Factors and their levels of the performed CCD for optimization of media components.

Levels
Factors (g/L)
-2 -1 0 +1 +2
Malt Extract 2.6 4 6 8 9.3
Fructose 2.6 4 6 8 9.3
Urea 2.6 4 6 8 9.3

Factors with a major positive effect on both growth of yeast and carotenoid production
were malt extract, urea, and fructose. Each factor was studied at a maximum concentration
(+) and at a minimum concentration (—) where the maximum concentration is expressed as
9.3 g/L and the minimum concentration is expressed as 2.6 g/L.

2.5. Time Course of Carotenoid Production by Rhodotorula ATL72

The time course for the growth and carotenoid production was studied by culturing
the yeast on the optimized media. In total, 200 mL of overnight seed culture was inoculated
with O.Dgpp 1 nm and incubated at 27.5 °C, 6.7 pH, and 180 rpm for 72 h. Twenty flasks
with 100 mL working volume for each were inoculated with 10 mL of the seed culture
and incubated at 27.5 °C and 180 rpm for 98 h. Samples were withdrawn at different time
intervals for analysis [27].

2.6. Batch Run in 1 L Bioreactor

A culture system in Figure 1 using a 1 L flask, 3-neck Woulff bottle was used for scaling
up the growth and the carotenoid production for the yeast Rhodotorula ATL72. Two lines
were fitted at the shoulders of the flask, one for aeration and the other for inoculation and
harvesting. Each line was supplied with a microbial filter to prevent contamination. Air
flow was supplied using an air pump and sparged to the system by passing through a
microbial filter prior to entering into the media. The temperature was adjusted by placing
the flask in the incubator at 27.5 °C. The agitation speed was adjusted using a magnetic
stirrer at a speed of 250 rpm. The seed culture of 100 mL was prepared from freshly cultured
broth, which had the exact concentrations of the nutrients of the production medium. The
concentrations of the nutrients in the production medium were the following (g/L): malt
extract 3.7, fructose 7.7, urea 9, yeast extract 1, and NaCl 35 and inoculated in 1000 mL of
the optimized media. Samples were withdrawn at different time intervals for calculation
of the growth rate (optical density at 600 nm) and carotenoid content (mg/L). Figure 1
displays the proposed bioreactor design.

Power -
Supply { Air Pump” ’

- .

Microbial _ _l_ Anm #h_ Microbial

[

Filter Filter

3 neck
woulff

l. bottle

Magnetic
Stirrer

e
Seed Culture

Figure 1. The 1 L bioreactor used in the batch run for carotenoid production.



J. Fungi 2022, 8, 160

50f19

2.7. Batch Run in the 7 L Bioreactor

A batch run was performed using an Eppendorf-New Brunswick 7 L Rushton turbine
Stirred Tank Bioreactor with a working volume of 3 L. The bioreactor was set after ster-
ilization. The seed culture was inoculated by a loopful of fresh plate of the yeast, of age
48 h, and maintained at 27.5 °C, pH 6.7, and 180 rpm. The batch run occurred at 27.5 °C,
180 rpm, uncontrolled pH, and controlled dissolved oxygen (D.O) at 10%. For calculations
of the growth and carotenoid content, samples were withdrawn at constant time intervals.

A total of 700 mL of the seed culture was prepared, which had the exact concentrations
of the nutrients of the production medium. The concentrations of the nutrients in the
production medium were the following (g/L): malt extract 3.7, fructose 7.7, urea 9, yeast
extract 1, and NaCl 35.

2.8. Extraction and Determination of Carotenoids

Extraction of carotenoids from yeast was performed according to Sedmak et al. [28].
The extraction was completed as follows: the yeast biomass was harvested by centrifugation
and washed with distilled water three times. Then, the extraction was performed as follows:
5 mL of dimethylsulfoxide (DMSQO), acetone, petroleum ether, and 20% NaCl were added
serially to the harvested pellet with vortexing [29-31].

The total carotenoid was determined by measuring the optical density according
to [28,30]. The total carotenoid content from the yeast pellet was expressed as volumet-
ric carotenoids (mg/L). The extension coefficient (E}S/i") 2680 was used according to the
following equation:

6
Volumetric carotenoids (mg/L) = Am}l/ilo
E;S - 100
where:
A: absorbance at 490, V: total volume: extinction coefficient
All the above procedures were performed under low light to avoid pigment degrada-
tion [26,32,33].

3. Results
3.1. Optimization of Various Physico-Chemical Parameters Using CCD

The carotenoid production and the growth rate were affected by vital factors such
as temperature, pH, and salinity and their levels were determined according to previ-
ous research. Therefore, the optical density of the growth and carotenoid concentration
(expressed as ODg for growth and mg/L for carotenoid concentration) were used as
calculated responses to be optimized. Twenty different experiments were performed, each
one with its characteristic conditions, in a shaking flask at 180 rpm and the responses were
measured and reported for each experiment. Table 3 shows the matrix and responses for
the CCD design.

Table 3. Matrix and responses for the CCD experiment for temperature, pH, and salinity.

Variables Responses
Runs Temp. °C pH Salinity %  Growth (ODgqg) Carotenoid Conc. (mg/L)
1 35 6 7.5 0.332 4.17
2 30 7 5 0.658 17.23
3 35 8 2.5 0.22 5.82
4 25 6 7.5 0.696 11.34
5 25 6 25 0.805 18.8
6 35 6 2.5 0.334 8.95
7 30 7 5 0.658 17.23
8 30 7 5 0.789 2291
9 30 7 9.2 0.045 1.79
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Table 3. Cont.
Variables Responses
Runs
Temp. °C pH Salinity % Growth (ODgg) Carotenoid Conc. (mg/L)
10 30 7 5 0.789 2291
11 35 8 7.5 0.66 6.34
12 30 8.68 5 0.63 11.26
13 21.5 7 5 0.677 15.97
14 25 8 7.5 0.742 13.35
15 25 8 2.5 0.586 17.38
16 30 7 5 0.866 25.14
17 38 7 5 0.081 4.25
18 30 7 5 0.866 25.14
19 30 7 0.7 0.857 22.16
20 30 5.31 5 0.7 16.64

The maximum amount of the carotenoid’s concentration was obtained on run numbers
(16 and 18) achieving 25.14 mg/L. Meanwhile, the minimum amount was obtained on
run number (9) where the concentration of carotenoids was reduced to 1.79 mg/L. The
maximum growth of the isolated yeast Rhodotorula ATL72 was obtained on run numbers
(16 and 18) achieving 0.866 at O.Dggo. Meanwhile, the minimum growth was obtained on
run number (9) where the growth was reduced to 0.045 at O.Dgqp. Interactions between
factors and linear variance, in addition to analysis of the quadratic effect, are shown in
Table 4. The factors were considered to be significant when p-value < 0.1 and marked
in Bold. The responses of the experiment were subjected to the analysis of variance and
parameter estimates and results are summarized in Table 4.

Table 4. Analysis of variance of the experiment of CCD for optimization of temperature, pH, and
salinity, the significant values are shown in Bold.

Reponses
Variables ODgqo Carotenoid Conc.
Sum of F Value p-Value Sum of F Value p-Value
Squares Squares
A: temp 0.3824 10.42 0.009 223.93 16.62 0.002
B: pH 0.0004 0.01 0.916 6.64 0.48 0.503
C: salinity 0.0567 1.55 0.242 183.12 13.59 0.004
A2 0.1898 6.12 0.033 197.61 19.37 0.001
B2 0.0028 0.22 0.648 94.02 8.99 0.013
C? 0.1424 3.88 0.077 186.64 13.84 0.004
AB 0.0187 0.51 0.492 0.30 0.02 0.884
AC 0.0191 0.52 0.487 6.53 0.48 0.502
BC 0.0624 1.70 0.221 9.53 1.70 0.420

ANOVA analysis showed that the most influential factor on the growth rate of the
yeast is temperature with a p-value of 0.009 while the main effects of both salinity and pH
were found to be insignificant with p-values of 0.242 and 0.916, respectively.

The quadratic effects of both temperature and salinity were found to be significant
factors affecting the yeast growth while the main effects of both temperature and salinity
and the quadratic effect of temperature, salinity, and pH were found to be significantly
affecting the carotenoid production. The interactions between each of the tested variables
are shown in the form of contour plots (Figures 2 and 3).

Optimum conditions for carotenoid production were temperature 27.5 °C, pH 6.7, and
salinity 3.5% leading to 25.14 mg/L.
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Figure 2. Color contour plot for the interaction between pH and temperature (A), salinity and
temperature (B), and salinity and pH (C) for optimal growth of the yeast.
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Figure 3. Color contour plot for the interaction between pH and temperature (A), salinity and
temperature (B), and salinity and pH (C) for optimal production of carotenoids.
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3.2. Screening of the Medium Components by Placket—-Burman Design

PBD trials were utilized to define the most significant components for production of
carotenoids and yeast growth, which was subsequently optimized by Response Surface
Methodology to detect the optimum combination and construct a mathematical model that
could be used in the prediction process. Thirteen different components of the media were
screened and each one was investigated at high level (+) and low level (—) in addition
to a dummy factor which was used to estimate the standard error of the experiment.
Twenty experiments, each one with its characteristic combination of the tested factors, were
performed and values of growth and carotenoid conc. were calculated as in Table 5.

Table 5. The 20 different media components and their effects on the growth of yeast and carotenoid
concentrations through Plackett-Burman design for the isolated yeast.

Variables Responses

v u = & o o 2 _ T . . .~ 2

O & @ ©) Eﬂ E z2 05 Z § s A o e E §
1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 0.001 24
2 +1 -1 +1 +1 +1 +1 -1 -1 +1 +1 1 +1 +1 -1 0.035 34
3 +1 +1 +1 -1 -1 +1 +1 -1 +1 +1 -1 -1 -1 -1 0.037 34
4 -1 +1 -1 +1 +1 +1 +1 -1 -1 +1 +1 -1 +1 +1 0.072 43
5 +1 -1 +1 -1 +1 +1 +1 +1 -1 -1 +1 +1 -1 +1 0.039 2.6
6 -1 -1 +1 -1 +1 -1 +1 +1 +1 +1 -1 -1 +1 +1 0.010 51
7 +1 +1 -1 -1 -1 -1 +1 -1 +1 -1 +1 +1 +1 +1 0.003 14
8 -1 +1 +1 -1 -1 -1 -1 +1 -1 +1 -1 +1 +1 +1 0.01 29
9 -1 +1 -1 +1 -1 +1 +1 +1 +1 -1 -1 +1 +1 -1 0.089 49
10 +1 +1 -1 +1 +1 -1 -1 -1 -1 +1 -1 +1 -1 +1 0.001 2.5
11 -1 -1 -1 +1 -1 +1 -1 +1 +1 +1 +1 -1 -1 +1 0.026 34
12 +1 +1 +1 +1 -1 -1 +1 +1 -1 +1 +1 -1 -1 -1 0.005 1.7
13 +1 +1 -1 -1 +1 +1 -1 +1 +1 -1 -1 -1 -1 +1 0.018 2.1
14 -1 +1 +1 -1 +1 +1 -1 -1 -1 -1 +1 -1 +1 -1 0.009 2.6
15 +1 -1 -1 -1 -1 +1 -1 +1 -1 +1 +1 +1 +1 -1 0.007 2
16 +1 -1 +1 +1 -1 -1 -1 -1 +1 -1 +1 -1 +1 +1 0.019 3.5
17 -1 -1 -1 -1 +1 -1 +1 -1 +1 +1 +1 +1 -1 -1 0.024 1.5
18 +1 -1 -1 +1 +1 -1 +1 +1 -1 -1 -1 -1 +1 -1 0.007 22
19 -1 -1 +1 +1 -1 +1 +1 -1 -1 -1 -1 +1 -1 +1 0.040 24
20 -1 +1 +1 +1 +1 -1 -1 +1 +1 -1 +1 +1 -1 -1 0.012 14

The maximum production of the carotenoids was 5.1 (run 6) and 4.9 mg/L (run 9),
while the maximum growth of yeast was 2.58 (run 4) and 2.37 (run 9). The minimum
production of carotenoids was 1.7 mg/L (run 7) and for the growth was 0.095 (run 7).
Table 6 shows the analysis of the responses, estimates of the parameter, and results. The
analysis of the responses declared that urea, malt extract, and fructose have a statistically
positive effect on growth of the yeast while malt extract and potato ex. have a statistically
positive effect on the production of carotenoids as explained in Table 5. Statistical analysis
of the responses, using Minitab 16, defines the factors with positive major effects on both
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the growth of the yeast and carotenoid conc. at confidence level of 90%. A significant
negative effect means that the factor has a major effect in low concentrations. Meanwhile, a
significant positive effect means that the factor has a major effect in high concentrations.

Table 6. Statistical analysis of PBD for optimizing media components for the growth of yeast and
carotenoid conc.

Dry Weight(g/L) Carotenoid Conc. (mg/L)
Variable
Effect Coeffect T-Value p-Value Effect Coeffect T-Value p-Value

Glucose 0.01233 0.006165 1.58 0.0158 0.61 0.3 1.61 0.130
Peptone 0.00495 0.002475 0.63 0.546 0.13 0.065 0.28 0.794
Urea 0.01487 0.007435 19 0.098 0.37 0.185 0.79 0.468
Malt extract 0.02835 0.014175 3.63 0.008 0.65 0.325 1.72 0.109
Fructose 0.018630 0.009315 2.39 0.048 0.33 0.165 0.7 0.515
Molasses 0.00823 0.004115 1.05 0.327 0.45 0.225 0.96 0.383
Yeast extract 0.00533 0.002665 0.68 0.517 0.57 0.285 1.51 0.155
Whey 0.00307 0.001535 0.39 0.706 0.69 0.345 1.83 0.091
Potato extract 0.00585 0.002925 0.75 0.478 0.89 0.454 2.36 0.035
NH4NO3 0.00175 0.000875 0.22 0.829 0.09 0.045 0.19 0.865
Sucrose 0.00323 0.001615 0.41 0.691 0.23 0.115 0.49 0.646
NH4CL 0.00105 0.000525 0.11 0.914 0.47 0.235 1.24 0.236
Glycerol 0.00097 0.000485 0.11 0.920 0.03 0.015 0.06 0.952

The interaction between factors and calculated responses can be mathematically ex-
pressed using first order polynomial models as follows:

Y1 =0.007435 x Urea + 0.014175 x Malt extract + 0.009315 x Fructose + 0.002665 x Yeast extract — 0.000525 x NH4Cl

For Carotenoid conc. (mg/L)

Y2 =Malt extract — 0.285 x Yeast extract — 0.0044 x Whey + 0.445 x Potato Ex.

The standardized effect was drawn in a normal plot, as shown in Figure 4, demon-
strating that the factors that are statistically significant have a positive effect and are found
on the right of the line, whereas those found on the left have a negative effect.

Malt extract, fructose, and urea have a statistically significant positive effect on the
growth of the yeast with p-values < 0.1. Potato extract has a positive effect on the carotenoid
conc. with p-values < 0.1 while whey has a negative significant effect as represented
in Figure 5.

3.3. Optimization of the Production Medium by Central Composite Design

Malt extract, fructose, and urea were found to have a positive significant effect on
growth of the yeast as reported during the screening PBD. To define the optimal medium
components, CCD was performed as shown in Table 7.

Table 7. Matrix and responses of the CCD for the significant media components.

Variables Responses
Run i
Malt Extract g/ Fructose g/  Urea g/L Dry Wt. g/L Carote;:;;i Conc.
1 4 8 8 0.015 23.35
2 6 6 6 0.015 21.19
3 6 6 6 0.015 16.04
4 6 2.6 6 0.014 20.37
5 4 8 4 0.017 12.83
6 6 9.3 6 0.021 16.71
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Table 7. Cont.

Variables Responses
Run Malt Extract g/ Fructose g/  Urea g/L Dry Wt. g/L Carote;;;ﬂ Conc.
7 6 6 6 0.015 15.07
8 4 4 8 0.013 14.85
9 8 4 8 0.01 11.41
10 8 4 4 0.017 11.86
11 4 4 4 0.017 16.19
12 6 6 6 0.015 17.08
13 6 6 6 0.015 15.22
14 8 8 4 0.019 12.68
15 9.3 6 6 0.024 24.62
16 6 6 9.3 0.012 10.97
17 6 6 2.6 0.012 19.77
18 2.6 6 6 0.017 13.35
19 8 8 8 0.01 11.49
20 6 6 6 0.016 17.67

The main goal of the optimization process is generating a cheap and available medium
which decreases the production cost of carotenoids and increases its productivity.

Normal Plot of the Standardized Effects
(response is carotenoid content (mg/1), Alpha = 0.10)

Effect Type
@ Not Significant
| Significant

Percent
g

1
A 75 2 1 0 | 2 3

Standardized Effect

Normal Plot of the Standardized Effects
(response is Dry wt., Alpha = 0.10)

Effect Type
@ Not Significant
W Significant

B majt

B fructose

W urea

Percent
g

1 T T T T T T
-3 B -2 -1 0 1 2 3 4
Standardized Effect

Figure 4. Normal plot showing the significant effect of each variable on (A) carotenoid conc. and
(B) dry weight.
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Carotenoid Conc. . Carotenoid Conc.

Urea

260 4 595 763 930 260 B 4% 595 763 930

A: Malt extract A: Malt extract

Carotenoid Conc.

Urea

B: Fructose

Figure 5. Color contour plot showing the optimum interaction between urea and malt extract (A),
fructose and malt extract (B), and urea and fructose (C) for maximum carotenoid production.

The experimental responses were subjected to analysis of variance and parameter
estimates and results are summarized in Table 8.

Table 8. Analysis of variance of the CCD experiment for the calculated responses.

Responses
Variable Growth (Dry Weight) Carotenoids (mg/L)
Sum of Sum of
Squares f-Value p-Value Squares f-Value p-Value
A: malt 0.000002 0.32 0.583 0.05 0.000 0.965
extract
B: fructose 0.000018 241 0.152 0.001 0.000 0.995
C: urea 0.000035 4.69 0.056 3.859 0.16 0.701
A? 0.000036 4.07 0.071 0.18 0.000 0.986
B? 0.000004 0.31 0.592 0.038 0.02 0.893
C? 0.000034 4.54 0.059 24.394 0.99 0.344
AB 0.000000 0.00 1.00 2.247 0.09 0.769
AC 0.000012 0.00 1.00 14.634 0.59 0.459

BC 0.000000 1.65 0.227 15.457 0.63 0.447
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Upon applying the ANOVA, the following terms were found to have a statically
significant effect on the growth of the isolate including urea, the quadratic effect of malt
extract, and the quadratic effect of urea. The color contour plot shows the optimum
concentrations of malt extract, fructose, and urea on the optimal production of carotenoids
as shown in Figure 5.

For urea, the optimum concentration ranges between 2.5 and 4.2 g/L and for malt
extract, the range is between 8 and 9.3 g/L. For fructose, the optimum concentration ranges
between 2.6 and 3.5 g/L. For malt extract, the range is between 8.3 and 9.3 g/L. For urea,
the optimum concentration ranges between 4 and 4.5 g/L and for fructose the range is
between 2.6 and 3.2 g/L, as shown in Figure 5.

Model Validation

The maximum optical density and carotenoid conc. could be achieved using another
combination of other concentrations of malt extract, fructose, and urea, according to the
model prediction.

The predicted experiments for the optimal combination between the variables are
shown in Table 9.

Table 9. The predicted experiments for the optimal interaction between the media components.

Variables Responses
Run Malt Ex Fructose Urea ODgqo Carotenoid Conc. mg/L
1 9.3 2.6 2.6 1.54 134
2 2.6 9.3 9.3 1.83 9.7
3 2.7 6 9.3 1.70 11.19
4 8.8 9.3 8.5 1.72 11.9
5 3.7 7.7 9 3.77 24.6

The predicted experiments were verified experimentally as shown in Table 9, the
maximum growth and carotenoid conc. occurs at 3.7, 7.7, 9, 1, and 35 g/L of malt extract,
fructose, and urea, respectively, leading to maximum carotenoid production of 24.6 mg/L
and 3.77 O.Dgq for growth.

3.4. Time Course of Carotenoid Production by Rhodotorula ATL72

A total of 100 mL of the developed optimized production medium was inoculated
by the isolate Rhodotorula ATL72 and incubated at 27.5 °C, at 6.7 pH, and 180 rpm.
Samples were withdrawn at time intervals every two hours in order to monitor the
growth and productivity of the isolate under investigation when growing on the pro-
posed developed medium.

The analysis of the samples revealed that carotenoid production is not a growth-
associated product as the carotenoid production increases the growth stopped at the sta-
tionary phase and the maximum amount of carotenoid obtained after 98 h was 21.5 mg/L,
as shown in Figure 6.

3.5. Bioreactor Batch Runs

As a crucial step toward the scaling up and development of a suitable industrial
process for carotenoid production by the isolate Rhodotorula ATL72, the growth and produc-
tivity behavior of the isolate within the bioreactor environment was tested. Two subsequent
reactors were tested at two different scales (1 L and 7 L reactors).
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3.5.1. Batch Run in the 1 L Bioreactor

A 1L flask, 3-neck Woulff bottle of 1 L working volume was used as the culture system.
A seed culture of 100 mL was used for inoculating 900 mL of the optimized media. The
conditions were adjusted at 27 °C and 6.7 pH, with an air flow of 2 L/min.

The results are summarized in Figure 7. The maximum amount of growth obtained
was 9.19 O.Dggp, while the maximum achieved production of carotenoids was 149.18 mg/L

after 119 h.
4 |—— Dry weight (g/l) - 24
O.D 600 (nm) [ oo
—a— Carotenoid (mg/l) -

- 20
-18
3 4 B =
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Figure 6. Yeast growth and carotenoid production in relation to incubation time (h) at shake flask
level showing the maximum production of carotenoids (21.5 mg/L) after 98h (bars represent standard

deviation of the mean).
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Figure 7. Yeast growth, pH, and carotenoid production in relation to incubation period (h) at 1 L
bioreactor level showing a maximum carotenoid conc. value of 149.18 mg/L after 119 h (bars represent
standard deviation of the mean).
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The amount of carotenoid was significantly increased when growing the cells in a
bioreactor compared to the growth in a shake flask from 21.5 mg/L after 98 h to 18 mg/L
after 119 h (approximately 5 times greater carotenoid production was achieved in bioreac-
tor). The significant increase in the amount of carotenoids could be due to the sparging of
air and replacing shaking with stirring when cells were grown in a bioreactor.

3.5.2. Batch Run in the 7 L Bioreactor

A loopful of freshly activated yeast plate of age 48 h was used for inoculating the
seed culture and kept at 27.5 °C, 6.7 pH, and 180 rpm in an orbital shaker incubator for
24 h. Once the seed culture achieved 0.7 O.Dg, it was used to inoculate the 7 L bioreactor.
The conditions of the bioreactor batch run were temperature 27.5 °C, agitation 180 rpm,
pH uncontrolled, and dissolved oxygen controlled at 10% (air was sparged at a speed
of 2 L/m). The samples were taken at constant time intervals for the calculations of the
growth (optical density at 600 nm) and the carotenoid conc. (mg/L), and the results are
illustrated in Figure 8, as the maximum production of carotenoid was 229.9 mg/L that was
achieved after 47 h inoculation in the bioreactor.

——D.O (%)
0.D 600 (nm)
—o— Carotenoid (mg/l) %%
—*—pH
P #—¥ |-200F85
g 3
£ T
= [«
'S |100F80
3
=]
T
Ot
-0 |75
—

Time (h)

Figure 8. Time trajectory for growth and productivity of Rhodotorula ATL72 in a bioreactor on the
optimized production medium under precise conditions (27.5 °C, controlled dissolved oxygen 10%,
and 180 rpm, bars represent standard deviation of the mean).

The production medium used for the batch run contained (g/L) malt extract 3.7,
fructose 7.7, urea 9, NaCl 35, and yeast extract 1.

Under these experimentation conditions, the D.O decreased by increasing the yeast
growth (ODgqp) and carotenoids started to appear after 8 h of inoculation and reached
the maximum growth value of 13.4 O.Dgp9 and maximum carotenoid conc. value of
229.9 mg/L, after 47 h inoculation in the bioreactor.

4. Discussion

In recent years, the interest in natural pigments has increased worldwide as a safe
alternative to synthetic ones. Hence, seeking a natural, economical, and safe alternative
for synthetic carotenoids is a must. The production of carotenoids varies between species
in the genus Rhodotorula and is affected by the environmental conditions and the medium
components [31]. This work highlights the factors affecting the production of carotenoids
and scaling up of both carotenoid production and cellular growth.
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Rhodotorula ATL72 produces a large amount of the carotenoid pigments in the growth
medium. Carotenoids are lipid-soluble pigments and vital membrane components, and
they are present within the membrane lipid core [32].

The production of carotenoids in the natural environment is insufficient for commer-
cialization. Thus, microbial production of carotenoids at industrial scale has some criteria
for scaling up of the production process, such as consuming several inexpensive carbon
and nitrogen sources, pH tolerance, requirement of temperature, developing the cultivation
strategies, and utilizing inexpensive downstream process [33].

Design of Experiments (DOE) is an alternate experiment which confirms testing of
all variables and their interactions, and the analysis of DOE provides more reliable and
complete information than that from One Factor at a Time (OFAT) experiments which
causes a decline in the interactions and provides misleading results [34].

CCD was applied to study the effect of temperature, pH, and salinity on carotenoid
production and yeast growth. Then, Plackett-Burman design (PBD) was used for screening
the effective carbon and nitrogen sources for the production of carotenoids. Twenty different
experiments, each with their characteristic combination, were applied and the responses to
be optimized were evaluated at the end of each trial. The maximum amount of carotenoids
was found to be 25.14 mg/L at trial numbers 16 and 18. The results were analyzed by a
multi-way ANOVA analysis (Table 4). For indicating the statistical significance of a factor, a
p-value of <0.1 was used as a cut-off point at 90% confidence level. A p-value is significant
when equal to or less than « [23]. The main effect of temperature was found to be the most
significant factor affecting the yeast growth, while the main effects of both pH and salinity
were found to be insignificant factors.

The quadratic effects of both temperature and salinity were found to be significant
factors, which are affecting the yeast growth. In the case of factors affecting carotenoid
production, the main effects of temperature and salinity and the quadratic effects of temper-
ature, salinity, and pH were found to be the most significant factors. On the other hand, the
main effect of pH and the interactions between pH, salinity, and temperature were found
to be insignificant factors, as shown in Table 4.

The color contour plots were generated to show the interaction of the tested variables
with the carotenoid production and the optimum combination. The optimum range was
found to be 27.5 °C, pH 6.7, and salinity 3.5% NaCl, which agreed with what has been
reported by [35]. Rhodotorula spp. can grow in a wide range of temperatures (5-35 °C), but
the optimum temperature and its activity depend on the species specificity of the yeast [36].

Rhodotorula ATL72 produced the maximum amount of carotenoid pigments at 27.5 °C
and the rate was reduced as the temperature increased, which is in agreement with the
mainstream directions in the literature. Most researchers have reported the optimum
range of temperature for carotenoid production to be around 20 °C and decreases as the
temperature increases to 30 °C. Bhosale and Gadre [37] have reported that (3-carotene
accumulation was found to be higher at 20 °C and decreases as the temperature increases.
On the other hand, Muthezhilan et al. [38] have reported that the optimum conditions of
carotenoid production by Rhodotorula sp. AMBY109 are temperature 34.29 °C, pH 8.54, and
salinity 20.15 ppt.

The increase in the pigmentation of Rhodotorula ATL72 can be attributed to the activity
of 3-carotene synthase which is more active at low temperature, compared to dehydrogena-
tion and decarboxylation which are responsible for the torulene synthesis [39].

The optimum pH for the carotenoid production was found to be 6.7, which is con-
firmed by Wang et al. [40] who have reported that the optimal pH for the carotenoid
production by Rhodotorula glutinis (R. glutinis) was 6.7 which indicates the preference of the
yeast for a slightly acidic pH near 6 [41].

There was a significant increase in both the growth and the carotenoid production by
Rhodotorula ATL72 at 3.5% NaCl which agreed with the findings of Kanzy, Nasr, El-Shazly
and Barakat [30] which can be explained by the carotenoids acting as protective agents
protecting the cells from free radicals, hence, the biosynthesis of the carotenoids represents
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a stress response mechanism. Exposure of the cells to mild stress as salt stress leads to
overproduction of different substrates and tolerance to higher doses of stress or tolerance
to stress by other agents which is known as cross-protection [42], Therefore, the addition of
salts induces carotenogensis by the isolate ATL72.

Statistical experimental designs including Plackett-Burman design (PBD) and central
composite design (CCD) were used for optimization and enhancement of the growth and
carotenoid production. The media that resulted from using these strategies, supported
good growth of the yeast and improved the carotenoid biosynthesis at the same time.

Plackett-Burman design (PBD) was utilized for screening 13 relatively cheap and
available carbon and nitrogen sources for their effect on carotenogensis and the yeast
growth. Three of them (malt extract, fructose, and urea) showed the most positively
significant effects on both carotenoid production and yeast growth.

The most significant factor for carotenogenesis and yeast growth was malt extract
as the carbon source having high concentrations of carbohydrates. There is a significant
effect of malt extract as reported by [43,44]. The second significant factor for carotenoid
production and yeast growth was fructose as an additional carbon source as reported by
Latha et al. [45-47]. The third significant factor was urea as a nitrogen source for carotenoid
production and yeast growth as reported by Park et al. [48].

After defining these carbon and nitrogen sources as the most significant medium
components for optimizing the carotenoid production, a central composite design matrix
was applied to detect the optimum medium compositions and interactions between the
variables for optimizing the carotenoid production. The analysis was completed using an
ANOVA (Table 6) and it was found that the optimum medium for carotenoid production
was as follows (g/L); malt extract 3.7, fructose 7.7, and urea 9. The maximum experimen-
tal response for carotenoid production was 24.6 mg/L. The growth conditions and the
medium components were found to be vital to carotenoid production by different strains
of Rhodotorula [44,49-51]. No definite medium was reported to be the optimized one, but it
varies depending on the growth conditions and the strain.

The scaling up process from the shake flask to the bioreactor level was completed
at two stages; the first stage using a 1 L bioreactor under the optimized medium which
increased the productivity to 149.18 mg/L after 119 h. The second stage was completed
using a 7 L bioreactor under the optimized medium, showing a remarkable increase in the
carotenoid productivity reaching a value of 229.9 mg/L 47 h after inoculating the bioreactor,
which represents the stationary phase of the growth. These results agreed with those
reported by Malisorn and Suntornsuk [52] for Rhodotorula glutinis DM28 while the highest (3-
carotene production was 201 pg/L after 24 h under the optimized condition of temperature
of 30 °C, pH of 6, and dissolved oxygen of 80% in a stirred tank reactor. Meanwhile, Saenge
et al. [53] achieved a maximum total carotenoid production of 125.75 mg/L using batch
fermentation and 180.20 mg/L after 120 h using fed-batch fermentation in a 2 L stirred tank
bioreactor. The increase in carotenoid production is due to the high aeration rate which
agreed with the findings of Varmira et al. [32,54].

5. Conclusions

Carotenoids, a group of metabolites produced by different organisms, including
Rhodotorula, have gained massive attention due to their medicinal and industrial benefits
for human life. First, carotenoids from Rhodotorula ATL72 were extracted and characterized
to detect their chemical structure and molecular weight. Then, a sequence of optimization
processes was completed using Design of Experiments tools to define the optimum condi-
tions for yeast growth and carotenoid production. The optimum carotenoid production was
gained when incubated at 6.7 pH, 27.5 °C, and 3.5% NaCl at 180 rpm supplemented with
malt extract, fructose, urea, and yeast extract as the best media components for optimizing
the carotenoid production. The scaling up process from shake flask to 1 L bioreactor fol-
lowed by another scaling up from a 1 L bioreactor to a 7 L bioreactor showed a remarkable
increase in the carotenoid production.



J. Fungi 2022, 8, 160 17 of 19

Author Contributions: Conceptualization, A.E., H.S.,, M.A.E.-E. and A.A.; methodology, A.D., A.A,,
M.AE.-E. and A E; validation, A.E., H.S,, BN.S,, EK. and A A ; formal analysis, A.D., A.A.,, M.AE.-
E. and A.A; investigation, H.S., AE., A.A. and A.D,; resources, BN.S., EK.,, M. AE.-E. and A.E;
data curation, A.D., H.S., A.A. and A.E.; writing—original draft preparation, A.D., A.E., M.A.E.-E.
and A.A,; discussion, review and editing, A.D., A.E., HS, M.AE.-E,, AA,EK,, AFA. and BN.S;
visualization, M.A.E.-E., A.E., H.S., A.A,, EK. and B.N.S,; project supervision and administration,
A.E., M.AE.-E. and H.S; funding acquisition, E.K. and B.N.S. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by Taif University Researchers Supporting Project number
(TURSP-2020/307), Taif University, Taif, Saudi Arabia.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data supporting this study are included within the article.

Acknowledgments: The authors extend their appreciation to Taif University for funding this current
work by Taif University Researchers Supporting Project number (TURSP-2020/307), Taif University,
Taif, Saudi Arabia.

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

References

1.

10.

11.

12.
13.

14.

15.

16.

17.

18.

Cabello, L.O. Microorganisms as alternative sources of new natural products. In Bioactive Compounds in Nutraceutical and Functional
Food for Good Human Health; IntechOpen: London, UK, 2020.

Madhukar, C.V. Antimicrobial and Antioxidant potentials of Carotenoid Pigment Produced by Indigenous Novel Soil Isolate
Rhodococcus kroppenstedtii. World 2021, 10, 29-34. [CrossRef]

Sajjad, W.; Din, G.; Rafiq, M.; Igbal, A.; Khan, S.; Zada, S.; Ali, B.; Kang, S. Pigment production by cold-adapted bacteria and
fungi: Colorful tale of cryosphere with wide range applications. Extremophiles 2020, 24, 447-473. [CrossRef] [PubMed]

Buzzini, P.; Martini, A. Production of carotenoids by strains of Rhodotorula glutinis cultured in raw materials of agro-industrial
origin. Bioresour. Technol. 2000, 71, 41-44. [CrossRef]

Ejoh, S.I.; Wireko-Manu, ED.; Page, D.; Renard, CM.G.C. Traditional green leafy vegetables as underutilised sources of
micronutrients in a rural farming community in south-west Nigeria I: Estimation of vitamin C, carotenoids and mineral contents.
S. Afr. ]. Clin. Nutr. 2021, 34, 40-45. [CrossRef]

Peng, T.; Fakankun, I.; Levin, D.B. Accumulation of neutral lipids and carotenoids of Rhodotorula diobovata and Rhodosporidium
babjevae cultivated under nitrogen-limited conditions with glycerol as a sole carbon source. FEMS Microbiol. Lett. 2021,
368, fnab126. [CrossRef]

Mezzomo, N.; Ferreira, S.R.S. Carotenoids functionality, sources, and processing by supercritical technology: A review. . Chem.
2016, 2016, 3164312. [CrossRef]

Moss, G.P. Physico-chemical and synthetic studies on carotenoids. In Carotenoids°C 5; Elsevier: Amsterdam, The Netherlands,
1979; pp. 507-514.

Sayahi, M.; Shirali, S. The antidiabetic and antioxidant effects of carotenoids: A review. Asian J. Pharm. Res. Health Care 2017, 9,
186-191. [CrossRef]

Rao, A.R.; Baskaran, V,; Sarada, R.; Ravishankar, G.A. In vivo bioavailability and antioxidant activity of carotenoids from
microalgal biomass—A repeated dose study. Food Res. Int. 2013, 54, 711-717.

Gammone, M.A.; D’Orazio, N. Anti-obesity activity of the marine carotenoid fucoxanthin. Mar. Drugs 2015, 13, 2196-2214.
[CrossRef]

Counsell, ].J.D.i.f.c. Some synthetic carotenoids as food colours. Mar. Drugs 1980, 151, 187.

Mata-Goémez, L.C.; Montafiez, J.C.; Méndez-Zavala, A.; Aguilar, C.N. Biotechnological production of carotenoids by yeasts: An
overview. Microb. Cell Factories 2014, 13, 1-11. [CrossRef] [PubMed]

Athreya, S.; Venkatesh, Y.D. Application of Taguchi method for optimization of process parameters in improving the surface
roughness of lathe facing operation. Int. Refereed ]. Eng. Sci. 2012, 1, 13-19.

Beg, Q.K; Sahai, V.; Gupta, R. Statistical media optimization and alkaline protease production from Bacillus mojavensis in a
bioreactor. Process Biochem. 2003, 39, 203-209. [CrossRef]

Prasad, K.K.; Mohan, S.V.; Bhaskar, Y.V.; Ramanaiah, S.; Babu, V.L.; Pati, B.; Sarma, P.N. Laccase production using Pleurotus
ostreatus 1804 immobilized on PUF cubes in batch and packed bed reactors: Influence of culture conditions. . Microbiol. 2005, 43,
301-307. [PubMed]

Krishna, P.S.; Vani, K.; Prasad, M.R.; Samatha, B.; Surya, N.S.V.S.S,; Bindu, L.H.; Charya, M.A.S.; Shetty, P.R. In-silico molecular
docking analysis of prodigiosin and cycloprodigiosin as COX-2 inhibitors. Springerplus 2013, 2, 1-6. [CrossRef] [PubMed]
Anderson, M.].; Whitcomb, PJ. Design of experiments. Kirk-Othmer Encycl. Chem. Technol. 2000, 1-22. [CrossRef]


http://doi.org/10.51847/9QrSrJyTN2
http://doi.org/10.1007/s00792-020-01180-2
http://www.ncbi.nlm.nih.gov/pubmed/32488508
http://doi.org/10.1016/S0960-8524(99)00056-5
http://doi.org/10.1080/16070658.2019.1652963
http://doi.org/10.1093/femsle/fnab126
http://doi.org/10.1155/2016/3164312
http://doi.org/10.18311/ajprhc/2017/7689
http://doi.org/10.3390/md13042196
http://doi.org/10.1186/1475-2859-13-12
http://www.ncbi.nlm.nih.gov/pubmed/24443802
http://doi.org/10.1016/S0032-9592(03)00064-5
http://www.ncbi.nlm.nih.gov/pubmed/15995650
http://doi.org/10.1186/2193-1801-2-172
http://www.ncbi.nlm.nih.gov/pubmed/23741639
http://doi.org/10.1002/0471238961.0405190908010814.a01.pub3

J. Fungi 2022, 8, 160 18 of 19

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Elibol, M. Optimization of medium composition for actinorhodin production by Streptomyces coelicolor A3 (2) with response
surface methodology. Process Biochem. 2004, 39, 1057-1062. [CrossRef]

Desmarchelier, C.; Borel, P. Overview of carotenoid bioavailability determinants: From dietary factors to host genetic variations.
Trends Food Sci. Technol. 2017, 69, 270-280. [CrossRef]

Szabo, K.; Emé&ke Teleky, B.; Ranga, E; Simon, E.; Lelia Pop, O.; Babalau-Fuss, V.; Kapsalis, N.; Cristian Vodnar, D. Bioaccessibility
of microencapsulated carotenoids, recovered from tomato processing industrial by-products, using in vitro digestion model. LWT
2021, 152, 112285. [CrossRef]

Soliman, H.; Elsayed, A.; Dyaa, A. Antimicrobial activity of silver nanoparticles biosynthesised by Rhodotorula sp. strain ATL72.
Egypt. ]. Basic Appl. Sci. 2018, 5, 228-233. [CrossRef]

Abd Elrazak, A.; Ward, A.C.; Glassey, ]. Polyunsaturated fatty acid production by marine bacteria. Bioprocess Biosyst. Eng. 2013,
36, 1641-1652. [CrossRef] [PubMed]

Elsanhoty, R.M.; Al-Turki, I.; Ramadan, M.F. Screening of medium components by Plackett-Burman design for carotenoid
production using date (Phoenix dactylifera) wastes. Ind. Crops Prod. 2012, 36, 313-320. [CrossRef]

Husseiny, S.M.; Abdelhafez, A.A.; Ali, A.A.-A.; Sand, H.M. Optimization of 3-Carotene Production from Rhodotorula glutinis
ATCC 4054 Growing on Agro-industrial Substrate Using Plackett-Burman Design. Proc. Natl. Acad. Sci. India Sect. B Biol. Sci.
2018, 88, 1637-1646. [CrossRef]

Abd El Razak, A.; Ward, A.C.; Glassey, J. Screening of marine bacterial producers of polyunsaturated fatty acids and optimisation
of production. Microb. Ecol. 2014, 67, 454-464. [CrossRef] [PubMed]

Yimyoo, T.; Yongmanitchai, W.; Limtong, S. Carotenoid production by Rhodosporidium paludigenum DMKU3-LPK4 using glycerol
as the carbon source. Agric. Nat. Resour. 2011, 45, 90-100.

Sedmak, J.J.; Weerasinghe, D.K; Jolly, S.O. Extraction and quantitation of astaxanthin from Phaffia rhodozyma. Biotechnol. Tech.
1990, 4, 107-112. [CrossRef]

Gu, W,; An, G.; Johnson, E.A. Ethanol increases carotenoid production in Phaffia rthodozyma. ]. Ind. Microbiol. Biotechnol. 1997, 19,
114-117. [CrossRef]

Kanzy, HM.; Nasr, N.; El-Shazly, H.A.; Barakat, O.S. Optimization of carotenoids production by yeast strains of Rhodotorula using
salted cheese whey. Int. ]. Curr. Microbiol. Appl. Sci. 2015, 4, 456-469.

Tkacova, J.; Caplové, J.; Klempova, T.; Certik, M. Correlation between lipid and carotenoid synthesis in torularhodin-producing
Rhodotorula glutinis. Ann. Microbiol. 2017, 67, 541-551. [CrossRef]

Hendry, G.A.F,; Houghton, J. Natural Food Colorants; Springer Science & Business Media: Berlin/Heidelberg, Germany, 1996.
Bhosale, P. Environmental and cultural stimulants in the production of carotenoids from microorganisms. Appl. Microbiol.
Biotechnol. 2004, 63, 351-361. [CrossRef]

Czitrom, V. One-factor-at-a-time versus designed experiments. Am. Stat. 1999, 53, 126-131.

Vijayalakshmi, G.; Shobha, B.; Vanajakshi, V.; Divakar, S.; Manohar, B. Response surface methodology for optimization of growth
parameters for the production of carotenoids by a mutant strain of Rhodotorula gracilis. Eur. Food Res. Technol. 2001, 213, 234-239.
[CrossRef]

Marova, L; Certik, M.; Breierova, E. Production of enriched biomass by carotenogenic yeasts—Application of whole-cell yeast
biomass to production of pigments and other lipid compounds. Remote Sens. Biomass Princ. Appl. Book 2011, 4, 345-384.
Bhosale, P; Gadre, R.V. Manipulation of temperature and illumination conditions for enhanced {3-carotene production by mutant
32 of Rhodotorula glutinis. Lett. Appl. Microbiol. 2002, 34, 349-353. [CrossRef]

Muthezhilan, R.; Ragul, R.; Pushpam, A.C.; Narayanan, R.L.; Hussain, A.J. Isolation, optimization and extraction of microbial
pigments from marine yeast Rhodotorula Sp (Amby109) as food colourants. Biosci. Biotechnol. Res. Asia 2014, 11, 271-278.
[CrossRef]

Frengova, G.I.; Beshkova, D.M. Carotenoids from Rhodotorula and Phaffia: Yeasts of biotechnological importance. J. Ind. Microbiol.
Biotechnol. 2009, 36, 163. [CrossRef]

Wang, Q.; Liu, D.; Yang, Q.; Wang, P. Enhancing carotenoid production in Rhodotorula mucilaginosa KC8 by combining mutation
and metabolic engineering. Ann. Microbiol. 2017, 67, 425-431. [CrossRef]

Tinoi, J.; Rakariyatham, N.; Deming, R.L. Simplex optimization of carotenoid production by Rhodotorula glutinis using hydrolyzed
mung bean waste flour as substrate. Process Biochem. 2005, 40, 2551-2557. [CrossRef]

Sigler, K.; Chaloupka, J.; Brozmanova, J.; Stadler, N.; Hofer, M. Oxidative stress in microorganisms—I. Folia Microbiol. 1999, 44,
587-624. [CrossRef] [PubMed]

Parajo, J.; Santos, V.; Vazquez, M. Optimization of carotenoid production by Phaffia rhodozyma cells grown on xylose. Process
Biochem. 1998, 33, 181-187. [CrossRef]

Chandi, G.K;; Singh, S.P.; Gill, B.S; Sogi, D.S.; Singh, P. Optimization of carotenoids by Rhodotorula glutinis. Food Sci. Biotechnol.
2010, 19, 881-887. [CrossRef]

Latha, B.; Jeevaratnam, K.; Murali, H.; Manja, K.S. Influence of growth factors on carotenoid pigmentation of Rhodotorula glutinis
DFR-PDY from natural source. IJBT 2005, 4, 353-357.

Ferdes, M.; Ungureanu, C.; Mihalcea, A.; Chirvase, A.A.; Mocanu, E.J. The influence of the carbon source on torularhodin pigment
biosynthesis. Rev. Chim. 2011, 62, 339-343.

Voaides, C.; Dima, R.J.A.Z. Effect of carbon source on carotenoid production by Rhodotorula sp. Arch. Zootech. 2011, 14, 75.


http://doi.org/10.1016/S0032-9592(03)00232-2
http://doi.org/10.1016/j.tifs.2017.03.002
http://doi.org/10.1016/j.lwt.2021.112285
http://doi.org/10.1016/j.ejbas.2018.05.005
http://doi.org/10.1007/s00449-013-0936-0
http://www.ncbi.nlm.nih.gov/pubmed/23525832
http://doi.org/10.1016/j.indcrop.2011.10.013
http://doi.org/10.1007/s40011-017-0908-2
http://doi.org/10.1007/s00248-013-0332-y
http://www.ncbi.nlm.nih.gov/pubmed/24292901
http://doi.org/10.1007/BF00163282
http://doi.org/10.1038/sj.jim.2900425
http://doi.org/10.1007/s13213-017-1284-0
http://doi.org/10.1007/s00253-003-1441-1
http://doi.org/10.1007/s002170100356
http://doi.org/10.1046/j.1472-765X.2002.01095.x
http://doi.org/10.13005/bbra/1420
http://doi.org/10.1007/s10295-008-0492-9
http://doi.org/10.1007/s13213-017-1274-2
http://doi.org/10.1016/j.procbio.2004.11.005
http://doi.org/10.1007/BF02825650
http://www.ncbi.nlm.nih.gov/pubmed/11097021
http://doi.org/10.1016/S0032-9592(97)00045-9
http://doi.org/10.1007/s10068-010-0125-8

J. Fungi 2022, 8, 160 19 of 19

48.

49.

50.

51.

52.

53.

54.

Park, P; Cho, D.; Kim, E.; Chu, K.H. Optimization of carotenoid production by Rhodotorula glutinis using statistical experimental
design. World ]. Microbiol. Biotechnol. 2005, 21, 429-434. [CrossRef]

Chen, D; Han, Y.; Gu, Z. Application of statistical methodology to the optimization of fermentative medium for carotenoids
production by Rhodobacter sphaeroides. Process Biochem. 2006, 41, 1773-1778. [CrossRef]

Maldonade, I.R.; Rodriguez-Amaya, D.B.; Scamparini, A.R.P. Statistical optimisation of cell growth and carotenoid production by
Rhodotorula mucilaginosa. Braz. ]. Microbiol. 2012, 43, 109-115. [CrossRef] [PubMed]

Cutzu, R.; Coi, A; Rosso, E; Bardi, L.; Ciani, M.; Budroni, M.; Zara, G.; Zara, S.; Mannazzu, I. From crude glycerol to carotenoids
by using a Rhodotorula glutinis mutant. World |. Microbiol. Biotechnol. 2013, 29, 1009-1017. [CrossRef]

Malisorn, C.; Suntornsuk, W. Optimization of 3-carotene production by Rhodotorula glutinis DM28 in fermented radish brine.
Bioresour. Technol. 2008, 99, 2281-2287. [CrossRef]

Saenge, C.; Cheirsilp, B.; Suksaroge, T.T.; Bourtoom, T. Potential use of oleaginous red yeast Rhodotorula glutinis for the
bioconversion of crude glycerol from biodiesel plant to lipids and carotenoids. Process Biochem. 2011, 46, 210-218. [CrossRef]
Varmira, K.; Habibi, A.; Moradi, S.; Bahramian, E.J.B.; Biotechnology, A. Statistical optimization of airlift photobioreactor for high
concentration production of torularhodin pigment. Biocatal. Agric. Biotechnol. 2016, 8, 197-203. [CrossRef]


http://doi.org/10.1007/s11274-004-1891-3
http://doi.org/10.1016/j.procbio.2006.03.023
http://doi.org/10.1590/S1517-83822012000100012
http://www.ncbi.nlm.nih.gov/pubmed/24031809
http://doi.org/10.1007/s11274-013-1264-x
http://doi.org/10.1016/j.biortech.2007.05.019
http://doi.org/10.1016/j.procbio.2010.08.009
http://doi.org/10.1016/j.bcab.2016.09.013

	Introduction 
	Materials and Methods 
	The Strain and the Produced Pigment 
	Optimization of Various Physico-Chemical Parameters Using Central Composite Design 
	Screening the Medium Components by Placket–Burman Design 
	Optimization of the Production Medium by Central Composite Design 
	Time Course of Carotenoid Production by Rhodotorula ATL72 
	Batch Run in 1 L Bioreactor 
	Batch Run in the 7 L Bioreactor 
	Extraction and Determination of Carotenoids 

	Results 
	Optimization of Various Physico-Chemical Parameters Using CCD 
	Screening of the Medium Components by Placket–Burman Design 
	Optimization of the Production Medium by Central Composite Design 
	Time Course of Carotenoid Production by Rhodotorula ATL72 
	Bioreactor Batch Runs 
	Batch Run in the 1 L Bioreactor 
	Batch Run in the 7 L Bioreactor 


	Discussion 
	Conclusions 
	References

