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The production of carotenoids by Rhodotorula glutinis were optimized applying
two statistical designs.

R. glutinis produced simultaneously carotenoids (-carotene, torularhodin and
torulene) and lipids.

Combined supplementation with organic and inorganic nitrogen sources have a
key role in the production of carotenoids.

The production yield of biomass and carotenoids were increased in the stirred-

tank bioreactor.

Abstract

Rhodotorula strains can produce industrial valuable bioproducts. In this work, the

production of carotenoids, and lipids by Rhodotorula glutinis using different

nitrogen sources was evaluated. Two statistical experimental designs were applied

to improve carotenoid production: a first 251 fractional factorial design evaluating

the influence of independent variables pH, nitrogen source, glucose, KH2PO4 and

MgSOa4 concentrations; a second 22 central factorial design to optimize the effect of



pH and nitrogen sources. After the optimization using two statistical designs, a
culture media composed of (in g/L) glucose (10), asparagine (10), NH4NOs3 (4),
KH2PO4 (0.52), MgS0Oa4 (0.52) was found as the best for the production of
carotenoids at a pH 5 and 30 °C. The best bioprocess was scaled-uptoa 5L
stirred-tank bioreactor. The change to a bioreactor allowed to improve aeration and
agitation conditions, and consequently, increasing the production yields (m/v) in,
approximately, 25.83%, 11.88%, 24.50% and 10.32% for 3-carotene, torularhodin,
torulene and lipids, respectively. The combined supplementation of the culture
media with both organic (asparagine) and inorganic nitrogen (ammonium nitrate)
sources was primordial for enhancing the carotenogenesis. R. glutinis are very
efficient in the production of valuable carotenoids and lipids, presenting high
potential of yeast for the industrial production of more sustainable cosmetic,

pharmaceutical, and food products.

Keywords: Rhodotorula glutinis; production; carotenoids; lipids; yeast.



1. Introduction

Carotenoids are lipid-soluble pigments responsible for the yellow, orange
and red colors [1]. These are widespread substances with important physiological
roles, for example, as high-quality food color and feed additives, antioxidants, as
well as an alleged role in the prevention of breast, cervical, ovarian, colorectal
cancers and cardiovascular and eye diseases [2,3]. The global market for
carotenoids reached $1.5 billion in 2017 with an expected market of $2.0 billion by
2022 [4]. The growing consumer interest in “more natural products”, due to the
concern with synthetic pigments, has made the microbial production of carotenoids
more favorable and sustainable alternative [5,6]. Several studies have been
demonstrating the biotechnological potential of Rhodotorula yeast, suggesting it as
one of the most promising microorganisms for industrial food, feed and
pharmaceutical processes [7—10].

The yeast-based processes for obtaining carotenoids and lipids have been
extensively studied and, as demonstrated for other microorganisms, with a strict
dependence on production yields and growing conditions (e.g., nutritional content,
pH, and temperature) [11]. The efficiency of carotenoids’ biosynthesis using R.
glutinis is achieved by adjusting the composition of the cultivation medium [12],
commonly, through the evaluation of individual effect of different carbon (e.g., such
as sucrose and glucose) [13,14] or inorganic nitrogen sources [15,16]. However,
the number of studies distinguishing the effect of inorganic and organic nitrogen
sources on yeast carotenogenesis are scarce, particularly, when used cultivation
medium with reduced carbon supplementation.

In any case, if the development of industrial processes for the production of
microbial carotenoids is foreseen, compositional cultivation conditions are a minor
part and other operational costs must also be considered for commercial viability
[17]. For that purpose, scale-up studies using bench-scale bioreactors bring further
advantages, such as simple operation and low energy consumption, appearing as
a low-expensive solution to validate the best conditions for the production of

microbial carotenoids using R. glutinis [12,17], as previously demonstrated [17-19].



Considering that the optimization of cultivation conditions is of upmost
importance to maximize the biomass, carotenoids and lipids production yields, in
this work, two-statistical optimization designs were applied to improve the
production of carotenoids (B-carotene, torularhodin, and torulene) using R. glutinis
CCT 2186 yeast, namely: a first 25! fractional factorial design - to evaluate the
influence of independent variables pH, nitrogen source (organic or inorganic),
glucose, KH2PO4 and MgSOs4; and a second 22 central factorial design - to optimize
the pH and nitrogen sources. As a final test to validate the industrial potential of R.
glutinis in producing carotenoids and lipids, the condition optimized after the

second statistical design was scaled-up in a 5 L stirred-tank bioreactor.

2. Materials and methods

2.1 Materials

B-carotene and torularhodin standards were acquired from Carbosynth (San
Diego, CA, U.S.A). Dimethyl sulfoxide (DMSO) (P.A) was acquired from Exodo
Cientifica (Sumaré, SP, Brazil); peptone (bacteriological) and yeast extract were
obtained from Kasvi (Sao Jose dos Pinhais, PR, Brazil), glucose (P.A) from Synth
(Diadema, SP, Brazil); 3,5-dinitrosalicylic acid (DNS), potassium dihydrogen
phosphate (KH2PO4) from Vetec (Rio de Janeiro, RJ, Brazil), magnesium sulfate
(MgSO0a4) and ammonium nitrate (NH4NO3) from Dinamica (Indaiatuba, SP, Brazil)
and asparagine (P.A) from Inlab (Sao Paulo, SP, Brazil). All the other reagents
were of analytical grade and purchased from Exodo Cientifica (Sumaré, SP,

Brazil).

2.2 Microorganism and growth conditions

Rhodotorula glutinis CCT 2186 yeast was acquired from the Tropical Culture
Collection André Tosello (Campinas, SP, Brazil), isolated from the leaves of a kaki
fruit (Diospyros). The inoculum was prepared by the activation of yeast R. glutinis
CCT-2186 in Yeast Extract-Peptone-Dextrose (YPD) medium, with the following

composition (g/L in deionized water): peptone (bacteriological) (20); yeast extract



(10); glucose (20). The inoculum culture was prepared in Erlenmeyer® type (100
mL) flasks containing 25 mL of the YPD medium. Cells were then grown for 48 h at
30 °C and 150 rpm using a temperature-controlled orbital shaker (Tecnal, model
TE- 421, Piracicaba, SP, Brazil).

For the production of carotenoids and lipids, it was used a basal medium
composed of (g/L in deionized water): glucose (10); KH2POa (0.52); MgSOa (0.52);
NH4NOs3 (4); and asparagine (10). The initial pH of the medium was adjusted to 5.0
by adding 2 mol/L of HCI or NaOH solution, before autoclaving. Erlenmeyer® type
flasks (500 mL) containing 100 mL of the basal medium were sterilized at 121 °C
for 15 min in an autoclave (Tecnal®, model AV 30 (Piracicaba, SP, Brazil)).
Afterwards, the flasks were inoculated with 5% v/v of a preculture (yeast in YPD
medium) and incubated at 30 °C, 170 rpm for 72 h. Since carotenoids are
intracellular, after cellular growth, the cells were then separated from the
supernatant by centrifugation at 2500xg for 10 min at 4° C using a Hitachi CR-22N
(Tokio, Japan) centrifuge. The supernatant was used to determine the residual
glucose content, while cell pellets were used to quantify biomass content, i.e.
cellular growth, carotenoid and lipid production. All the production assays using
shake flasks were performed in duplicate. To optimize the production of
carotenoids, the culture nutritional conditions were changed according the

experimental design described in section 2.3.

2.3 Experimental design to optimize the production of carotenoids

A statistical design tool was used to improve the production of carotenoids
by employing two statistical design approaches. In the first step, two 25 fractional
factorial (16 experimental runs plus 4 central points) designs were used to
determine the influence of (A) glucose, (B) K2HPO4, (C) MgSOa, (D) nitrogen
source and (E) pH in the production of carotenoids, i.e. considering as response
variables 3-carotene, torularhodin and torulene. Although the amount of biomass
and lipid produced by R. glutinis were determined for all experimental conditions,
these were not considered as target-compounds and were not considered as

response variables in the statistical design (i.e. this work has the aim to optimize R.



glutinis carotenogenesis). In the first fractional factorial design, the effect of
NH4NO3 as inorganic nitrogen source was evaluated, whilst in the second
experimental design the effect of an organic nitrogen source was considered,
namely asparagine as a nitrogen source. The range and levels of the components
used are detailed in Table 1.

From the results of the 25! statistical design a second statistical design was
performed, where the effects of pH and asparagine (most significant parameters in
the first experimental design) for the production of B-carotene, torularhodin and
torulene (response variables) were optimized in a 22 central composite design (the
range and levels of the components detailed in Table 2). In these experiments
NH4NOs (at 4 g/L) was added and maintained constant in the cultivation media. All
the experiments were performed in an orbital shaker at 30 °C and 170 rpm for 72

h, as detailed in the section 2.2.

Table 1. Variables and factor levels employed in the two 251 fractional factorial designs for studying

B-carotene, torularhodin and torulene production by R. glutinis, at 30 °C, 170 rpm for 72 h.

Range and levels

Factor Symbol

- 0 +
Glucose (g/L) A 5.0 12.5 20.0
K:HPO, (g/L) B 0.5 1.0 15
MgSO. (g/L) c 0.5 1.0 15
Nitrogen source* (g/L) D 2.0 4.0 6.0
pH E 4 55 7.0

* |n the first fractional factorial design the effect of NH,NO; was evaluated, whilst in the second experimental design the
effect of asparagine was studied.

Table 2. Variables and factor levels used in the 22 central composite design for studying -

carotene, torularhodin and torulene production by R. glutinis, at 30 °C, 170 rpm for 72 h.

Range and levels

Factor Axial (-1,41) Lower (-1) Center (0) Higher (+1) Axial (+1,41)
pH 2.2 3.0 7.0 5.0 7.8
Asparagine (g/L) 0.0 5.0 10.0 20.0 20.6

* Fixed variables (g/L): Glucose (10), KH,PO, (0.52), MgSO, (0.52), NH;NO3 (4)

Statistica® software Version 10.0 (StatSoft, Tulsa, OK, USA) was used for
the regression analysis of experimental data and to estimate the corresponding
regression coefficients. The quality of the fit of the polynomial model was



expressed by determination of the correlation coefficient, R?, and statistical
significance was validated by an F-test at a significance level of (p) < 0.05 (in this
work a confidence level of 95% was considered, considering the independent
variables with p values lower than 0.05 as significant).

2.4 Production of carotenoids using a 5 L stirred-tank bioreactor

After the two optimizations of the production in orbital shaker, a5 L
bioreactor fermentation was performed to scale-up carotenoid production. The
inoculum was prepared in Erlenmeyer® type (500 mL) flasks containing 100 mL of
the YPD medium at 30 °C, 170 rpm for 48 h. Afterwards, an inoculum with a cell
concentration of 0.2 mg/mL was transferred to a 5 L stirred-tank bioreactor
(Tecnal®, model Tec-Bio-Flex (Piracicaba, SP, Brazil), equipped with a disc
impeller, oxygen and pH electrodes) containing 4 L of the optimized cultivation
medium from the 22 central factorial design, which was composed of (g/L in
deionized water): glucose (10); asparagine (10); KH2POa (0.52); MgSO4 (0.52);
NH4NOs3 (4). The cultivation medium was previously sterilized at 121 °C for 15 min.
The pH of the medium was adjusted to 5.0 at beginning of the fermentation,
remaining constant throughout all the process. The fermentation was then
conducted at 30 °C, 300 rpm and 1 vvm (air volume/medium volume/min) for 72 h.
Antifoam was added as necessary. Samples were collected every 6 h for
determination of glucose concentration, dry cell weight, lipids, p-carotene,

torularhodin and torulene content.

2.5 Analytical Methods
2.5.1 Determination of residual sugars and dry cell weight

Total reducing sugars were determined spectrophotometrically with 3,5-
dinitrosalicylic acid (DNS) method, as described by Miller [20], using a standard
glucose calibration curve. Dry cell weight (DCW) of each sample was determined
according to the method described by Buzzini and Martini [13]. Briefly, each
sample of fermented broth was centrifuged at 2500 xg for 5 min, washed twice with



the same volume of distilled water, dried in petri dishes at 50 °C for 48 h, and then
weighed in an analytical balance (Shimadzu, model AUY220, Sao Paulo, SP,
Brazil) (x10 g) for determination of the DCW.

2.5.2 Extraction and determination of lipid content

To determine the lipid content of the yeast cells, lipids were extracted, dried
and weighed by using a method adapted from Bligh and Dyer [21]. Briefly, the cells
were harvested by centrifugation (2500 xg for 10 min at 10 °C), washed and dried
to obtain constant weight. The weight of the dry pellet was measured in an
analytical balance. The dry pellet was then resuspended in 30 mL of a
chloroform/methanol (2:1 v/v) mixture and vortexed for 15 min at room
temperature. Further, 10 mL of a NaCl aqueous solution (2 mol/L) was added, and
the mixture centrifuged at 2500 xg for 15 min to separate the aqueous and organic
phase. The organic phase was transferred to rotary evaporator flasks (previously
weighed, wi), which were dried under vacuum (at 300 mbar for 30 min) until the
organic phase was fully evaporated, and the final weight of the flask measured
(w2). Lipid content, expressed as % dry cell weight per initial weight of the pellet

(w) was determined according to Equation 1:
Lipid content (%) = % x 100 Equation 1

In 5 L stirred-tank bioreactor, for comparison purposes the lipid concentration was

evaluated in g/L.

2.5.3 Isolation, characterization, and quantification of carotenoids

Carotenoids from R. glutinis yeast were first isolated by using a conventional
method described by Mussagy et al [22]. Briefly, R. glutinis wet biomass was
subjected to chemical treatment with successive solvent extractions using DMSO.
After the extraction, the samples were centrifuged at 2500 xg at 4 °C for 10 min
and the supernatants containing carotenoids carefully recovered and lyophilized.
Lyophilized carotenoids-rich extracts were solubilized in acetone (1 mL) and
separated by liquid chromatography in a column filled with silica gel 60 (Merck,



Pinheiros, SP, Brazil) and a mixture of hexane/ethyl ether/acetic acid (70:29:1
v/viv) as mobile phase. A qualitative analysis of the extracts by thin-layer
chromatography (TLC) using pre-coated TLC sheets ALUGRAM (silica gel 60,
Macherey-Nagel, Germany) was also carried out (a mixture of hexane/ethyl
ether/acetic acid (70:29:1 v/v/v) used as mobile phase). The three fractions of the
carotenoid lyophilized extracts separated in the column liquid chromatography
were collected in different glass test tubes and then identified by reversed-phase
high-performance liquid chromatography, RP-HPLC (using column chromatograph
Shimadzu Shim-pack Cis (Japan), 4.6 mm x 250 mm and
methanol/acetonitrile/dichloromethane (60:10:30, v/v/v) as the mobile phase). The
chemical structures and purities of the three fractions of carotenoids were
confirmed by proton nuclear magnetic resonance (*H NMR) using a Bruker Avance
[l HD 600 (14.1T) (Massachusetts, USA).

After the identification and characterization of the chemical structures of
carotenoids produced by R. glutinis yeast, the respective visible-light absorption
spectra were determined using a Thermo Scientific (Genesis10S) UV-Vis
spectrophotometer (accuracy: = 0.005 AU at 1.0 AU) (China). The visible-light
spectra from 380 to 600 nm were obtained, and the respective carotenoids
calibration curves established at 450 nm (3-carotene), 480 nm (torulene), and 500
nm (torularhodin). The carotenoid concentrations (mg/L) were determined
according to the pre-established calibration curves obtained from pure B-carotene

and torularhodin standards, and from the purified fraction of torulene.

2.5.4 Extraction and determination of carotenoids

Carotenoid extraction was carried out according to the modified method of
Mussagy et al [22]. After lipid extraction, the cell pellets were mixed with 5 mL of
DMSO and disrupted by maceration (5 min ON/15 min OFF for a total 1 h). After
the procedure the supernatant was recovered, and the procedure repeated until
the cells become fully bleached. The supernatant recovered from the cell disruption
was mixed with 10 mL of 20 % (w/v) of NaCl agueous solution and 10 mL of

petroleum ether. After the formation of both phases, the nonpolar phase was
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collected and excess water was removed with sodium sulfate (Na2SOa), the
carotenoid-rich extracts were then dissolved in acetone (1 mL), filtered with
Polytetrafluoroethylene (PTFE) membrane of 0.22 um pore size, and quantified
using external calibration curves in a Thermo Scientific® UV-Vis spectrophotometer
(model Genesis 10S, China). Since carotenoids are light-sensitive, all assays were
performed by using sealed vials covered with aluminum foil to protect carotenoids
from oxidation, photodegradation and isomerization.

3. Results and discussion
3.1 Optimization of the production of carotenoids by statistical design

The production of a microbial metabolite is largely influenced by the
components of the growth medium, particularly, carbon, nitrogen and mineral
sources, pH and temperature [23—-25]. The use of experimental design
methodology allows a reduction of the number of experiments and assess the
interaction among the independent variables [26]. In the present work, two 251
fractional factorial designs and one 22 central factorial design were applied to
improve the production of three intracellular carotenoids (B-carotene, torularhodin
and torulene) by R. glutinis CCT 2186.

In the first set of experiments, a 25 design was applied to assess the
significance of the following independent variables on carotenoid production, i.e.:
glucose (A); K2HPO4 (B); MgSOa4 (C); NH4aNOs (D); pH (E). The 25 design strategy
is adequate for initial screenings, since it decreases the number of experiments (in
comparison to the full factorial design), as well as it elucidates the main effects in
the microbial processes, and allows the adjustment of the next statistical
optimization strategy [27]. The matrix of the first 25 fractional factorial design and
corresponding experimental results of biomass, lipid and carotenoid production by

R. glutinis are shown in Table 3.
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Table 3. Matrix of 251 fractional factorial design for study of B-carotene, torularhodin and torulene

production by R. glutinis using NH4NOz as nitrogen source, at 30 °C, 170 rpm for 72 h.*

Run Design matrix Experimental results
A B CD E DCW Lipid content  B- carotene  Torularhodin Torulene
(g/L) (% wiw) (mg/L) (mg/L) (mg/L)

1 -+ 2.71 42.04 106.30 135.84 11.55
2 -+ - 6.06 21.75 111.55 141.98 11.74
3 + - - 3.96 4.95 80.30 101.79 8.41
4 -+ - - - 5.58 13.66 157.05 187.07 15.60
5 + - - - - 2.67 29.78 73.80 92.59 7.64
6 -+ o+ o+ 3.13 18.05 123.30 153.94 12.81
7 + -+ o+ 3.06 24.08 119.30 157.62 13.50
8 + o+ -+ 5.02 20.33 140.80 178.79 15.07
9 -+ o+ o+ - 2.33 26.45 117.55 143.20 11.12
10 + + + - - 4.84 3.46 88.55 113.45 9.40
11 + o+ -+ - 4.32 21.13 103.05 134.31 11.32
12 T 5.30 10.06 90.80 112.83 9.40
13 + + -+ 3.70 4.87 106.05 131.24 10.17
14 + + + - 3.50 48.99 74.05 92.59 7.64
15 + - -+ o+ 3.71 37.23 142.30 176.33 14.11
16 + o+ o+ o+ o+ 3.60 38.53 88.05 107.62 8.90
17 0 0 0 0 O 4.65 9.40 63.55 79.09 5.96
18 0 0 0 0 O 4.68 6.60 67.05 81.85 6.57
19 0 0 0 0 O 4.57 7.24 75.05 90.75 6.84
20 0 0 0 0 O 4.74 8.61 59.80 73.88 5.65

*Glucose (A); K:HPO4 (B); MgSO, (C); NH4NOs (D); pH (E)

From Table 3, among the 20 runs performed, it was observed that the DCW
varied from 2.33 to 6.06 g/L, the lipid content from 3.46 to 48.99 %, whilst the
production of carotenoids varied from 59.80 to 157.05 mg/L for B-carotene, 73.88
to 187.07 mg/L for torularhodin and 5.65 to 15.60 mg/L for torulene. The highest
DCW concentration (6.06 g/L) was achieved in run 2 [(glucose (5.0 g/L), K2HPO4
concentration (1.5 g/L), MgSOa4 concentration (0.5 g/L), NH4NOs concentration (0.5
g/L) and pH (4.0)], while the highest production of carotenoids and content of lipids
occurred at run 4 [(glucose (5.0 g/L), K2HPOa4 (1.5 g/L), MgSOa4 (0.5 ) NH4NOs (2.0
g/L), and pH (4.0)] and run 14 [(glucose (20.0 g/L), K2HPO4 (0.5 g/L), MgSOa4 (1.5
g/L), NH2NOs3 (6.0 g/L), and pH (4.0)], respectively.

R. glutinis accumulate lipids and carotenoids, in which their biosynthesis
share acetyl-CoA as common precursor, although these compounds have distinct
metabolic pathways [28]. This observation is in line with our results, since the
experimental conditions for obtaining the highest lipid content were different from

those where an increase of carotenoid production yields was observed. In fact,
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while lipids are produced and accumulated during the exponential growth of the
microorganism, in which the consumption of carbon source is rapid, the
carotenoids are secondary metabolites produced from the beginning of the yeast’s
stationary phase to the death phase [29]. Carbon/nitrogen (C/N) ratios of the
growth medium influence the production of lipids, specially, affecting the activity of
adenosine monophosphate (AMP) dependent isocitrate dehydrogenase in the
tricarboxylic acid cycle (TCA) [30], and thus, channelizing the acetyl CoA for lipid
biosynthesis. With the yeast growing, the C/N ratio is altered, with higher levels of
nitrogen than carbon, which will activate the precursors for the production of
carotenoids, usually, in the deceleration phase of the yeast (i.e. between the end of
the exponential phase and the beginning of the stationary phase) [31]. A medium
with a high C/N ratio tends to produce lipids rather than carotenoids, whilst the
increase of Nitrogen tends to privilege the carotenogenesis [31].

Although the highest content of carotenoids was achieved in run 4, it is
important to note that, among them, torularhodin (187.07 mg/L) was the main
carotenoid produced, followed by B-carotene (157.05 mg/L) and with lower torulene
content (15.60 mg/L). The low amount of torulene can be explained by a
preferential production of torularhodin by the R. glutinis, which according to the
their biosynthesis pathway, torularhodin is always obtained after transformation of
the torulene, including, hydroxylation and oxidation [32,33].

As the main objective of this work is to evaluate carotenoid production by R.
glutinis, the analysis of variance (ANOVA) of production of the three carotenoids
production as variables response was performed. First order models were fitted to
the experimental data in order to evaluate the significance of five factors (pH,
NH4NOs3, glucose, K2HPO4 and MgSO0Oa), as detailed in Table 4.

13



Table 4. Analysis of variance (ANOVA) applied to the regression models according to 25! fractional
factorial design to evaluate the influence of pH, NH4NOs, glucose, K2HPO4 and MgSO4 on

carotenoid production by R. glutinis, at 30 °C, 170 rpm for 72 h.

B- carotene Torularhodin Torulene
Factors

SS F-ratio p-value SS F-ratio p-value SS F-ratio p-value
Glucose 40.64 0.96 0.40 14.73 0.30 0.62 0.47 1.57 0.30
K2HPO4 907.52 21.45 0.02* 1435.08 28.79 0.01* 12.67 42.50 0.01*
MgSOa 9.77 0.23 0.66 25.63 0.51 0.53 0.11 0.35 0.59
NHaNOs 650.25 15.36 0.03* 1191.11 23.90 0.02* 12.71 42.62 0.01*
pH 228.77 5.40 0.10 409.96 8.23 0.03* 4.12 13.82 0.03*
Pure Error 126.92 149.51 0.89

*Significant at p < 0.05

The ANOVA statistical analysis of the results presented in Table 4 shows
that the production of B-carotene was significantly (p < 0.05) influenced by the
concentration of Kz2HPO4 and NH4NOs, while the production of torulene and
torularhodin, in addition to the concentration of salts, also were affect by the pH of
the cultivation medium (cf. Pareto chart from Fig. 1-A). It is important to note that
the inorganic source of nitrogen (NH4NO3) revealed a significant effect (p < 0.05)
on the production of the three carotenoids within all the ranges explored in our
experiments.

Interestingly, the yields of carotenoid production obtained were higher than
those reported in previous studies, using inorganic nitrogen source in the culture
medium [16,34]. Saenge et al., [16] used different inorganic nitrogen sources to
produce carotenoids in a growth medium containing palm oil mill effluent (POME),
producing 115.76 mg/L and 105.85 mg/L of carotenoid, with using ammonium
sulfate and ammonium nitrate, respectively. Bhosale and Grade [34] also evaluate
the influence of different ammonium salts as source of inorganic nitrogen in
cultivation media containing molasses to produce carotenoids with R. glutinis
mutant 32; however, regardless the ammonium-salt added, the concentration of
total carotenoid produced were significant lower (i.e., ammonium sulfate = 14.14
mg/L, ammonium nitrate = 8.8 mg/L and ammonium chloride = 17.8 mg/L).

In order to increase the production of carotenoids, and considering that

NH4NOs3 had a significant effect (at a confidence level p < 0.05) on the production
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of the three carotenoids, the next step was to determine whether changing from a

source of inorganic nitrogen for an organic (in this case asparagine) has significant

influence on the production yields. Asparagine was chosen as organic nitrogen

source, based on previous work by our group [22], where the ability of this amino

acid to stimulate the carotenogenesis in R. glutinis was observed. Except for the

nitrogen source, all other growth conditions were the same as in the first 251

factorial design. The main results of the production of biomass, lipids and

carotenoids by R. glutinis obtained with the second 25! fractional factorial design

are detailed in Table 5.

Table 5. Matrix of 25! fractional factorial design for study of biomass, lipid content, B-carotene,

torularhodin and torulene production by R. glutinis using asparagine as nitrogen source, at 30 °C,

170 rpm for 72 h.

Run

© 0O ~NO A~ WNP

el el e o
© 0O ~NO®OUIAWNREO

20

Design matrix

Experimental results

A B CDE DCW Lipid content ~ B-carotene Torularhodin Torulene
(g/L) (% wiw) (mg/L) (mg/L) (mg/L)

- - - -+ 2.65 26.81 121.91 124.87 14.21
- - - + - 3.57 13.14 190.52 203.31 23.50
S 2.58 2.62 140.37 161.87 18.42
-+ - - - 4.20 17.85 166.54 171.74 19.14
+ - - - - 0.27 61.60 124.16 129.87 14.65
- -+ o+ o+ 4.95 23.04 72.84 71.11 6.03
-+ -+ o+ 2.62 27.62 110.87 115.99 13.09
-+ o+ -+ 4.90 38.02 130.17 136.25 15.29
-+ o+ o+ - 2.50 18.03 100.04 104.87 11.65
+ + + - - 4.07 15.13 140.17 147.37 16.83
+ 4+ -+ - 2.80 28.20 132.04 137.00 16.17
+ + - -+ 3.66 13.69 172.04 176.99 20.30
+ -+ -+ 1.92 13.62 114.04 120.12 14.06
+ - + + - 3.32 14.56 177.27 188.37 21.40
+ - -+ o+ 3.17 43.19 112.54 121.12 13.81
+ 0+ o+ o+ o+ 4.86 6.36 201.92 155.46 9.38
0O 0 0 0O O 2.22 27.39 137.92 137.37 14.06
0 0 0 0 O 2.22 26.83 117.67 118.62 12.90
0O 0 0 O O 2.19 26.76 123.42 129.37 14.10
0O 0 0 O O 2.36 22.86 126.54 129.49 12.56

*Glucose (A); K;HPO, (B); MgSO, (C); Asparagine (D); pH (E)

As can be seen in Table 5, the presence of asparagine (D) increased the

production of the three intracellular carotenoids compared to the first fractional

factorial design. Interestingly, the highest production rates were not achieved in the
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same run, i.e., the highest concentration of 3-carotene (201.92 mg/L) was obtained
in the run 16, while both highest concentration of torularhodin and torulene were
obtained in run 2, with 203.31 mg/L and 23.50 mg/L, respectively. Comparing the
carotenoid production rates using the source of organic nitrogen (Table 5) with
those using an inorganic one (Table 3), there was an increase of 22.23%, 7.98%
and 31.62% in the production of 3-carotene, torularhodin and torulene,
respectively. Despite the focus on the production of carotenoid, it is important to
note that supplementation with asparagine also favored the production and
accumulation of lipids by R. glutinis, reaching, in run 5, a production of
approximately 61.60% of lipids, which corresponds to an increase of about 20%
than in the absence of a source of organic nitrogen (first factorial design).

The experimental results of carotenoid production were subjected to
analysis of variance (ANOVA) (Table 6), in which first order models were used to
adjust the experimental data, evaluating the main effects of the five factors (pH,

asparagine, glucose, K2HPO4 and MgSOa).

Table 6. Analysis of variance (ANOVA) applied to the regression models according to 25! fractional
factorial design that evaluated the influence of pH, asparagine, glucose, Kz2HPO4 and MgSO4 on

carotenoid production by R. glutinis, at 30 °C, 170 rpm for 72 h.

B- carotene Torularhodin Torulene
Factors

SS F-ratio p-value SS F-ratio p-value SS F-ratio p-value
Glucose 5457.52 75.16 0.00* 3448.33 58.17 0.00* 15.62 24.91 0.02*
K2HPO4 985.02 13.57 0.03* 467.97 7.89 0.07 0.67 1.07 0.38
MgSOs4 897.30 12.36 0.03* 2249.84 37.95 0.01 66.06 105.35 0.00*
Asparagine 536.85 7.39 0.07 82.31 1.38 0.32 0.03 0.05 0.83
pH 470.67 6.48 0.08 2002.34 33.78 0.01* 56.66 90.37 0.00*
Pure Error 217.82 177.847 1.881

*Significant at p < 0.05

The ANOVA analysis of Table 6 and Pareto chart of Fig. 1-B show that, in
the study range, K2HPO4, MgSO4 and glucose concentrations had a significant
effect (at 95% of confidence level) on the variable response (-carotene. Regarding
torularhodin as a variable response, glucose concentrations and pH have
significant effect, while for torulene, glucose, MgSOa4 concentrations and pH

exhibited a significant effect with 95% of confidence level.
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Fig. 1 Pareto chart for the effects of variables: (1) glucose, (2) K2HPOa4, (3) MgSOQa, (4) nitrogen source (A: NHaNOs and B: asparagine) and (5) pH
under - carotene, torularhodin and torulene production by R. glutinis, at 30 °C, 170 rpm for 72 h, according to the 25 fractional factorial design.

18




The number of studies evaluating the effect of specific amino acids on the
production of carotenoid using R. glutinis yeast are scarce [34—36], and among
them with inconclusive results on the effects of amino acids on carotenogenesis.
For example, Bhosale and Gadre [34] observed a decrease in the production of
carotenoids by R. glutinis (mutant 32) with the supplementation of the growth
media with amino acids (hamely, threonine, glycine, aspartic acid, histidine, lysine,
serine, tryptophan and tyrosine), while Voaides and Dima [36] achieved the highest
carotenoid rates by cultivating R. glutinis strain Rd3 in amino acid-supplemented
media (i.e., using 0.1% (m/v) of glutamic acid = 87.20 pg/g cell dry mass or 0.1%
(m/v) of threonine = 63.81 ug/g cell dry mass). Mihalcea et al., [35] also obtained a
greater accumulation of carotenoids (= 1500 pug/L) when Rhodotorula sp. yeast
were grown in a medium supplemented with threonine (0.2% (m/v)) and alanine
(0.1% (m/v)).

Although the asparagine concentration had no significant effect (at 95%
confidence level), compared to the first fractional factorial design (which used only
NH4NOs3 as nitrogen source), it was evident that the addition of a source of organic
was positive for the carotenoid production, specially torularhodin and torulene, in
which asparagine has significance as interaction parameter with the other
variables. This is in line with the findings of Alcantara and Sanchez [37], who
stated that the production of zeaxanthin by Flavobacterium sp. can be significantly
improved (up to 4-fold increase) by combining organic nitrogen and carbon
sources, in particular, supplementing the defined culture medium (NaCl; K2HPOg;
MgSOa4 and inorganic salts) with L-asparagine and glucose.

The two initial 251 statistical designs demonstrated that both inorganic and
organic sources influence the production of carotenoids, but not exclusively, since
the other experimental parameters exhibited significance in the three carotenoids
as response variables. It is expected because the microbial production of
carotenoids is very complex and depends on several factors, e.g., nitrogen and
carbon source, presence of microelements in the medium, temperature and pH
[38].
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Based on the results of the two-fractional factorial design, and considering
that the use of sources of organic and inorganic nitrogen could allow an
improvement in the carotenoids production rates, a 22 central factorial design was
employed to evaluate the influence of pH and the simultaneous use of inorganic
and organic nitrogen sources, as independent variables, in the production of
carotenoids (B-carotene, torularhodin and torulene, as response variables).
Industrially, high production titers are desired for most microbial-based processes,
usually achieved by using high concentration of carbon source (e.g., glucose) in the
growth medium. The first optimization, like the previous literature [34], demonstrated
that high concentrations of glucose allow high biomass production, but do not
necessarily reflect high yields of yeast carotenoid biosynthesis. Therefore, in the
second design, low concentrations of glucose (10 g/L) were used, first to reduce some
negative effect on carotenogenesis that can occur at high carbon concentration and,
second, to clearly elucidate the role of nitrogen in carotenoid production.

For the 22 central factorial design, a basal medium composed of (g/L in
deionized water) glucose (10), KH2POa4 (0.52) and MgSOa4 (0.52) was used. All
other cultivation parameters were maintained as the previous designs (i.e.,
temperature at 30 °C and aeration at 170 rpm). This design evaluated the
combination level of organic and inorganic nitrogen source, changing the
concentration of asparagine (from 5.0 to 20.6 g/L) to a fixed NHsNOs concentration
(4 g/L), while the level of pH ranged from 2.2 to 7.8. All the details about the design
matrix and corresponding experimental results i.e. DCW, lipid and carotenoids

content, are detailed in Table 7.
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Table 7. Experimental design matrix and experimental results for the 22 central factorial design, on

carotenoid production by R. glutinis, at 30 °C, 170 rpm for 72 h.

Design matrix Experimental results
Run Nitrogen DCW Lipid content B- carotene Torularhodin Torulene

PH source (g/L)  (g/L) (% wiw) (mg/L) (mg/L) (mg/L)
1 3.0(-1) 5.0 (-1) 3.67 38.73 247.63 190.25 28.08
2 3.0 (-1) 20.0 (1) 5.01 44.08 193.15 183.4 21.78
3 7.0(1) 5.0 (-1) 4.63 15.54 223.98 208.49 25.78
4 7.0 (1) 20.0 (1) 5.18 43.46 163.40 156.83 14.47
5 2.2(-1.41) 10.0(0) 5.16 41.06 165.05 121.53 18.54
6 7.8(1.41)  10.0 (0) 5.48 33.92 126.42 118.78 14.53
7 5.0 (0) 0.0 (-1.41) 3.26 25.13 128.55 117.23 14.96
8 5.0 (0) 20.6 (1.41) 5.67 39.18 190.91 183.31 20.95
9(C) 5.0 (0) 10.0 (0) 4.28 39.75 248.25 216.61 28.26
10 5.0 (0) 10.0 (0) 4.15 34.46 253.33 218.48 28.45
11 5.0 (0) 10.0 (0) 4.08 32.08 249.12 216.09 28.26
12 5.0 (0) 10.0 (0) 4.05 37.53 252.01 220.93 28.20

*Fixed variables (m/v): glucose (10 g/L), KH2PO4 (0.52 g/L), MgSO. (0.52 g/L), NHsNOs (4 g/L). *C- Central point.

As can be seen in Table 7, regardless of the run, all conditions of the 22
experimental design allowed a significant increase in the production of the three
carotenoids by R. glutinis. The maximum values of B-carotene (from 216.61 to
220.93 mg/L), torularhodin (from 248.25 to 253.33 mg/L) and torulene (from 28.20
to 28.26) concentration were obtained in the center point runs (9, 10, 11 and 12),
corresponding to cultures supplemented with 10 g/L of asparagine, 4 g/L of
NH4NO3 and pH 5. The combination of nitrogen source and pH also influenced the
biomass production, especially the first variable, since the largest DCW (5.67 g/L)
was achieved with the highest concentration of asparagine (20.6 g/L) - run 8.

Regarding the lipid content, the nitrogen combination (organic and
inorganic) increased the lipid production (run 5), which, under same processual
conditions, allowed a two-fold increase compared to cultivation with a single
inorganic nitrogen source (run 2 from Table 3), and three-fold compared to the
cultivation with an organic source (run 2 from Table 5). The same positive effect on
production of carotenoids was observed for the other equivalent processual
conditions, namely, in run 2 (Table 7) which exhibited an increase of 15.6% and
2.01% compared to cultivations using a single inorganic (run 15 of Table 3) and

organic nitrogen source (run 15 of Table 5), respectively. Interestingly, the highest
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production of lipids was obtained by cultivating R. glutinis in a medium rich in
nitrogen sources and with minimal concentrations of carbon (10 g/L of glucose).

To obtain further information about the influence of each variable (organic
and inorganic nitrogen supplementation and pH), as well as the interaction
between both variables in the production of B-carotene, torularhodin and torulene
(response variables), the Pareto charts and response surfaces (p < 0.05) were
prepared, as depicted in Figs. 2 A, B and C, respectively.
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As shown in Figs. 2A, B and C, for all the response variables, both pH
and combined nitrogen source, in linear and quadratic terms, exhibited
significant negative effects (p < 0.05), i.e., in the study range, the
simultaneous increase of organic and inorganic nitrogen concentration and pH
caused a reduction in the production of carotenoids. Table S1 in the
Electronic supplementary material shows the probability values (p) for the -
carotene, torularhodin and torulene. Based on the results of the complete
regressions, the models were determined to pH (x1) and nitrogen combination
(x2) under the production of B-carotene (y1), torularhodin (y2) and torulene (ys),
as described by the equations shown in Fig. 3.

The production of secondary metabolites by R. glutinis is dependent on
both pH and concentrations of nitrogen and carbon sources, which will have a
direct impact on microbial carotenogenesis, hamely on the type and amount of
carotenoids synthesized by yeast cells [39]. So, as needed, different conditions
can be usefully exploited to maximize the production of carotenoids.

In summary, from the results of Fig. 2, the central runs (i.e., pH 5, 10 g/L
of asparagine and 4 g/L of NH4NOs3) were the best conditions for the
simultaneous production of B-carotene (220.93 mg/L), torularhodin (253.33
mg/L) and torulene (28.26 mg/L). Comparing the optimized results from the 22
central factorial design (Table 7) with those from the second 251 fractional
design (Table 4 - run 16,), increases of 8.61%, 19.74% and 17.37%,
respectively, for the production of 3-carotene, torularhodin and torulene were
achieved. It is evident that a combined supplementation of the cultivation
medium with asparagine and NH4NO3 favors the carotenegenesis as well as
lipid accumulation by R. glutinis. However, together, the optimized results also
revealed that at higher pH values the yeast’s ability to synthesize lipids is
decreased, probably due to the inhibition of yeast growth.

3.2 Carotenoid production using a 5 L stirred-tank bioreactor

As shown in the previous section, the use of adequate statistical design
approaches allows to find the optimal conditions for the microbial production of
biomolecules, in this case intracellular carotenoids. However, mostly of the
experiment designs are operated at lab scale, which are far from representative

of the bioreactor-based processes at industrial scale. Thus, in order to provide
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further information about the ability of R. glutinis to produce carotenoids at a
larger scale, as final state the optimized culture media was tested ina 5L
stirred-tank bioreactor. After the three experimental designs for the carotenoid
production using the orbital shaker, a significance of both independent
variables (pH and nitrogen combination) for the biosynthesis of the three
carotenoids was demonstrated. Thus, it was found as the optimal conditions
for the production of carotenoids, the use of a culture medium composed of 10
g/L of glucose (as carbon source), 10 g/L of asparagine (as organic nitrogen
source), 4 g/L of NH4NOs (as inorganic nitrogen source), 0.52 g/L of KH2POa,
0.52 g/L MgSOa4, as well as its growth at pH 5. This condition was then used in
the cultivation of R. glutinis in the 5 L stirred-tank bioreactor. The bioreactor
was operated in a batch mode for 72 h, monitoring at each 6 h of cultivation, the
pH, DCW, glucose consumption, as well as the lipid and carotenoid (B-carotene,
torularhodin and torulene) concentrations, as depicted in Fig. 3 (all values are

detailed in Table S2 in the Electronic supplementary material).
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carotene (-o-), torularhodin (-¢-) and torulene (-o-) by R. glutinis CCT-2186 in 5 L stirred-tank
bioreactor at 30 °C, 1 vvm, 300 rpm for 72 h. The error bars in some cases, are smaller than

the markers.

25



The cellular biomass is the primary bioproduct of a yeast biorefinery,
acting as a key performance indicator in the production lipids and carotenoids
by yeast (produced intracellularly). As shown in Fig. 3, the fermentative
process started with low cell concentration, with an initial DCW in the
bioreactor of 0.09 g/L. After 6 h, exponential cellular growth started, reaching
the maximum DCW of 7.14 g/L after 36 h of cultivation. After 42 h, a decrease
in DCW occurred, with a final DCW of 4.42 g/L after 72 h of cultivation, a value
equivalent to that obtained for the cultivations in the orbital shaker (cf. Table
7-center runs of 22 factorial design results). Regarding the DCW decrease, it is
a result of both glucose depletion and lipids turnover (as noted by the
decrease of lipid content). Maintenance of cell viability and function is highly
dependent of the carbon source (in this case glucose). The results from
Figure 3 indicate that the DCW decrease occurs in few hours after the full
consumption of the glucose. These results are in accordance with those
obtained by: Dai et al [43], using Rhodotorula glutinis supplemented with
xylose, which also demonstrated a decrease in biomass after the depletion of
the carbon source; Yen et al [44], which grown R. glutinis in an internal-loop
airlift bioreactor by using mixture substrates of rice straw hydrolysate and
crude glycerol and found that when the carbon source is depleted, biomass
tends to stabilize and then decrease. It is noteworthy that after 30 h, where the
maximum DCW concentration was reached, the glucose concentration
decreased to 0.04 g/L, corresponding to a consumption of approximately
99.5% of the carbon source, i.e., the glucose was fully consumed during the
exponential cell growth phase.

Comparing the production yields obtained in the cultivation in the
bioreactor with those obtained with the orbital shaker, a significant increase in
the production of the three carotenoids was observed, namely, from 220.93 to
297.84 mg/L for B-carotene (+ 25.83%), from 252.01 to 286.06 mg/L for
torularhodin (+ 11.88%) and from 28.20 to 37.35 mg/L for torulene (+ 24.50%).
Although the cultivation medium, pH and temperature are the same, in the
stirred-tank bioreactor, the agitation rate was increased (from 150 rpm to 350
rpm) and a further aeration source (1 vvm of air) was added. The improvement
of cultivation agitation and aeration conditions is beneficial in microbial

biosynthesis, mainly because it favors the mass transfer of substrate, product
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and oxygen, and consequent, all specific metabolic pathways. The influence of
aeration on yeast carotenogenesis was previously assessed by Davoli et al.
[40], observing that R. glutinis yeast produce higher concentrations of
carotenoids at higher aeration rates (an increase of approx. 45% in the
carotenoids content). Malisorn and Suntornsuk [12] also demonstrated a
positive influence of aeration on carotenoid production by R. glutinis (DM28) in
an 3 L stirred-tank bioreactor, specifically, achieving a maximum of 3-carotene
(0.21 mg/L after 24 h fermentation) by increasing the oxygen dissolved in the
medium from 60% to 80%. Yamane et al. [41] also obtained high astaxanthin
production rates by P. rhodozyma at high oxygen concentrations.

It has been shown that these microorganisms (R. glutinis) do not have a
hyperactive fatty acid biosynthesis system, but they are capable of producing in
significant quantities, acetyl-CoA, the basic unit of fatty acid biosynthesis
[30,42]. R. glutinis is one of the oleaginous microorganisms with the greatest
potential to synthesize and accumulate lipids intracellularly, for example, in
this work it accumulated up to 61.60% (run 5, Table 5) of its total biomass in
lipids (interestingly, obtained under normal, i.e., “stress-free”, cultivation
conditions). Lipids are preferentially produced (and accumulated) during
exponential yeast growth, when the increase in biomass is proportional with
the carbon consumption [29]. In the bioreactor, as shown in Fig. 3, R. glutinis
achieved a maximum of lipid concentration of 3.04 g/L (50.32% wi/w) after 54 h
of cultivation, which corresponds to DCW of 6.04 g/L. The lipid content
remained above 2.30 g/L until 60 h, but then, decreased to 1.80 g/L after 72 h
(end of the cultivation), because of the cell death in consequence of the yeast
lipid depletion.

Together with the results of the orbital shaker, the cultivation in the 5 L
stirred-tank bioreactor cultivation confirmed that a simple adjustment of the
nitrogen sources and pH can significantly increase the production of the three
carotenoids by R. glutinis, as well as to obtain other valuable by-products, e.g.,
lipids. The performance of the optimal cultivation medium was validated ina 5 L
stirred-tank bioreactor, demonstrating that the combined use asparagine and
NHsNO3s as complex nitrogen source is beneficial for the production of carotenoids

(B-carotene, torularhodin and torulene) and lipid accumulation.
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This study provides valuable information about the importance of using
complex nitrogen source for the production of yeast biomass, from which more than
one commercial valuable products can be simultaneously obtained, i.e., i)
carotenoids from yeast biomass can be used as supplement in functional foods;
additive in cosmetics and animal feeds; ii) lipids can be used as food additives, diet
supplements, substitutions for precious fats, and can also be used as substrates in
the third-generation biodiesel production; and iii) carotenoids and lipids-free
biomass (after the extraction of both added-value compounds) can be even used as
protein and carbohydrate (after carotenoid and lipid extraction) to animal feed or

agricultural fertilizers.

4. Conclusions

From sequential optimization studies using fractional factorial designs followed by
central composite design, a clear effect was found between supplementation with
organic and inorganic nitrogen sources and the production of carotenoids (-
carotene, torularhodin and torulene) and lipids from Rhodotorula glutinis CCT-
2186. The use of combined sources of organic and inorganic nitrogen is
recommended to supplement simple synthetic nutritional media for the cultivation of
R. glutinis. The performance of the yeast was validated in a 5 L stirred-tank
bioreactor, in which, as demonstrated by the improvement in carotenoids production
yields, the importance of performing the initial optimization of the nutritional content
of cultivation media was confirmed. Despite the promising results using combined
sources of inorganic and organic nitrogen sources, additional studies focused in the
optimization of C/N balance are recommended, particularly, envisaging the
improvement of the R. glutinis biomass content and guaranteeing, at same time, the

maintenance of high productivity yields for carotenoids and lipids.
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