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Abstract: In this study, a low-cost chemically defined (CD) culture medium was proposed and evalu-
ated with the aim of replacing culture media such as yeast mold (YM) and yeast peptone dextrose
(YPD), commonly used for growth and carotenoid production by Xanthophyllomyces dendrorhous. Ini-
tially, the CD culture medium was compared to the YM and YPD. The growth in optical density (OD)
and carotenoid production (mg/L) of the cultures reached 4.88, 6.76, 5.79, and 0.67, 0.92, and 0.69,
respectively. The CD culture served as the basis of an improved specific culture medium containing
industrial glucose. Additionally, in this new formulation, vitamins, glutamate, and other compounds
were evaluated. Industrial glucose more than doubled carotenoid production; however, the addition
of vitamins was not essential for X. dendrorhous cultivation. Moreover, glutamate and Na2HPO4

proved to be highly significant factors (p-value < 0.05), increasing carotenoid biosynthesis from 0.67
to 1.33 mg/L. The specific culture was successfully used in a bioreactor at 2 L and 110 L pilot-scale
levels, increasing carotenoid production up to 2 mg/L. It was demonstrated that the CD-specific
culture medium is an efficient alternative to conventional culture media to carry out carotenoid
production at the laboratory and pilot levels, with promising potential for industrial scaling.

Keywords: X. dendrorhous; carotenoids; chemical defined medium; industrial glucose; glutamate; vitamins

1. Introduction

Nowadays, carotenoids from natural sources have acquired importance in the market,
mainly due to their diverse biological features such as the protective response caused by
oxidative damage and their potential to act as a precursor to vitamin A formation. The most
common carotenoids are lycopene, β-carotene, and astaxanthin, with the latter being of
wide biotechnological interest [1]. Astaxanthin (3,3′-dihydroxy-β, β′-carotene-4,4′-dione)
is a carotenoid pigment and powerful antioxidant belonging to the xanthophylls family.
It is one of the main pigments available in marine environments, where it contributes
to the color of crustacean shells, salmonid flesh, the feathers of some birds (flamingoes),
and microalgae [2,3]. This compound has a hydrophobic character [4] and can be found
naturally non-esterified or esterified with various fatty acids such as palmitic acid, stearic
acid, or linoleic acid. The non-esterified form is commonly susceptible to oxidative degra-
dation [5,6].

Most commercial astaxanthin is produced by the petrochemical industry, generating
annual sales above 200 million USD with a market cost of approximately 2500 USD/kg [7].
However, natural astaxanthin is preferred by consumers [6,8,9] over the chemically syn-
thesized type because it leads to unwanted by-products that can have harmful effects on
human health [9]. Therefore, the search for natural alternative sources is of paramount
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interest for the food, pharmaceutical, and cosmetic industries. Microorganisms are a poten-
tial natural source of carotenoids, where the yeast Xanthophyllomyces dendrorhous and the
microalgae Haematococcus pluvialis represent the principal astaxanthin producers [7,9–14].

Various studies have demonstrated that the production of carotenoids and astaxanthin
using X. dendrorhous depends on the culture medium composition and the operational
system conditions [14–20]; however, the high production costs limit the use of this yeast at
an industrial level. Consequently, three approaches have been used to improve the yield
and decrease production costs: (i) overproductive mutant strains, (ii) the implementation
of fermentation systems providing higher productivities, and (iii) developing economical
industrial culture media [14,19–23].

Regarding the use of culture media, yeasts require high assimilation nutrients such as
glucose, nitrogen salts, and complex nutrients (yeast and/or malt extracts) [10,14,15,18].
The main complex culture media used in bioprocesses are yeast peptone dextrose (YPD),
yeast complex (YC) [10], yeast mold (YM) [7,24], and others that use hydrolyzed sub-
strates [20]. It has been found that operational conditions including a pH 6.0, temperature
20 ◦C [10,14–18,20,25,26], dissolved oxygen above 20% [15,20] and other factors such
as white light (177 µmol photon/m2·s1) [7,25] and 5%-10% of inoculum [17] stimulate
carotenoid biosynthesis by X. dendrorhous.

Liu and Wu [16] carried out a study through factorial design and response surface
methodology to elucidate the optimal pH and carbon and nitrogen concentration sources in
a complex culture medium to promote biomass growth and astaxanthin production using
the overproducing strain ENM 5 of X. dendrorhous. It was found that glucose, (NH4)2SO4,
and pH were the main factors involved in astaxanthin production. The optimum biomass
growth concentration was achieved with 34.3 g/L of glucose, 2.95 g/L of (NH4)2SO4, and
a pH of 5.85, while the maximum carotenoid production of 9.5 mg/L was obtained with
19.3 g/L of glucose, 0.81 g/L of (NH4)2SO4, and a pH of 5.19. Despite the optimum results
being obtained, the effect of each nutrient on the biomass growth and carotenoid production
is not evident due to the presence of yeast extract and corn liquor in the culture medium.

Pan et al. [27] evaluated the proteomic profile involved in astaxanthin biosynthesis
in X. dendrorhous UV3-721, varying the C/N ratio as a strategy to increase the compound
production. It was found that a C/N ratio of 76:1 in molar concentrations was a key
factor in the production of astaxanthin in a culture medium of high complexity (20 g/L
glucose, 0.2 g/L yeast extract, 0.5 g/L (NH4)2SO4, 1.0 g/L KH2PO4, 0.1 g/L NaCl, 0.5 g/L
MgSO4·7H2O, and 0.1 g/L CaCl2·2H2O). A high carbon ratio severely affects production
yields due to a decrease in microbial growth [27], which can be a drawback in the scaling-up
of the fermentation process.

Other studies carried out to date have attempted to maximize carotenoid production
by applying inducers to stimulate biosynthesis. Wang et al. [19] evaluated mRNA expres-
sion levels and the protein expression and regulation occurring by feeding 0.368 g/L of
glutamate into a fermentative system as a mechanism of carotenoid accumulation and
astaxanthin using a C/N ratio of 76:1 molar. The production of astaxanthin increased
by more than 40.7%, reaching a concentration of 1.14 mg/g without having a significant
effect on the production of biomass by X. dendrorhous UV3-72 in a culture medium of high
complexity [27]. It was found that glutamate facilitates the assimilation of carbon and
nitrogen sources present in the culture medium [19]. Consequently, it was deduced that
glutamate is an important component in the formulation of a chemically defined culture
medium, and for physiological and metabolic studies.

Complex culture media such as YM, YPD, and others [16,19,27] are intended to
promote growth and carotenoid production by X. dendrorhous. These culture media are
based on yeast and/or malt extracts rich in nitrogen, vitamins, and ions; nevertheless, the
concentration and type of micronutrients in each batch are unclear [10,28,29]. The vitamins
are considered as relevant growth factors that play an important role in culture media
formulation, and are needed in small quantities as metabolic precursors or coenzymes that
allow various biochemical reactions [28]. Currently, due to the nutritional complexity of
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culture media, i.e., salts, glutamate, vitamins, minerals, etc., it is quite difficult to determine
the effect of one or more specific nutrients in a defined concentration on the yeast growth
and carotenoid production. Moreover, complex culture media have the disadvantage of
not being practical for scaling to pilot and even industrial levels, due to the high costs that
impact on the production of carotenoids by X. dendrorhous [20]. Therefore, it is imperative to
develop and optimize low-cost culture media that employ specific substrates that interact
in the metabolism of the yeast to increase the efficiency of the fermentative process.

In this study, the effects of certain nutrients on biomass growth and total carotenoid
production were evaluated using the strain X. dendrorhous 25-2. For this purpose, a chemi-
cally defined (CD) culture medium containing nutrients such as vitamins (pantothenic acid,
nicotinic acid, inositol, thiamine, pyridoxine, p-aminobenzoic acid, and biotin), glutamate,
KH2PO4, (NH4)2SO4, and Na2HPO4 was developed. In addition, industrial glucose was
tested as an alternative, low-cost carbon source for the expansion and improvement of
carotenoid production at bioreactor levels (2 L and 110 L), making it possible to employ
this culture medium for scaling-up processes.

2. Materials and Methods
2.1. Microorganism and Inoculum Activation

In this study, the Xanthophyllomyces dendrorhous 25-2 strain was used, which was
obtained by mutagenesis with nitrosoguanidine of a wild-type strain ATCC 24202 [17,30].
Strain 25-2 belongs to the collection of microorganisms of the Industrial Biotechnology
Department of the Centre for Research and Assistance in Technology and Design of Jalisco
State, A.C. (CIATEJ, AC).

The yeast was activated in a YM culture medium composed of 3.0 g/L of yeast extract,
3.0 g/L of malt extract, 5.0 g/L of peptone, and 20 g/L of glucose for 72 h at 20 ◦C and
250 rpm.

2.2. Evaluation of the Low-Complexity CD Culture Medium at Shake Flask Level

The total carotenoids and biomass produced by X. dendrorhous were evaluated using
two complex culture media, YPD (10 g/L of yeast extract, 20 g/L of peptone, and 20 g/L
of glucose) [10], and YM medium [28]. Afterwards, the CD culture medium was formu-
lated [12,26,30] and compared to the previous culture media; the assays were carried out in
duplicate. We used 250-mL flasks with 50 mL of culture medium at pH 6.0, inoculated with
10% of the operation volume [17,26] (approximately 5 × 106 cells/mL). The cultures were
incubated in a New Brunswick® Innova 44 rotary orbital shaker (Hamburg, Germany) at
20 ◦C and 250 rpm [14–18,20].

The CD culture medium had the following composition (g/L): KH2PO4, 3.0; (NH4)2SO4,
3.0; Na2HPO4·12H2O, 3.0; glutamic acid, 1.0; glucose, 20.0; MgSO4·7H2O, 0.5; ZnSO4·7H2O,
0.04; MnSO4·H2O, 0.0038; CoCl2·6H2O, 0.0005; CuSO4·5H2O, 0.0009; Na2MoSO4·2H2O,
0.00006; CaCl2·2H2O, 0.023; (NH4)2Fe(SO4)2·6H2O, 0.023; H3BO3, 0.003; pantothenic acid,
0.005; nicotinic acid, 0.005; inositol, 0.125; thiamine 0.005; pyridoxine, 0.005; p-aminobenzoic
acid, 0.001; and biotin, 0.000012 [23,30]. All of these compounds were obtained from Sigma-
AldrichTM (San Luis, MI, USA).

2.3. Impact of Vitamins on Carotenoid Production and Evaluation of an Industrial Carbon Source

We studied the impact of X. dendrorhous on cell growth and carotenoid production
when vitamins such as pantothenic acid, nicotinic acid, inositol, thiamine, pyridoxine,
p-aminobenzoic acid, and biotin were added directly to the CD culture medium (high-
purity glucose obtained from Sigma-Aldrich, Hamburg, Germany). Similarly, the absence
of vitamins in the CD culture medium was also evaluated. Additionally, the addition of
industrial glucose to previous assays was investigated as an alternative carbon source with
the aim of replacing high-purity glucose; consequently, the presence/absence of vitamins
was also evaluated in this culture medium.
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An initial experiment was carried out with the CD culture medium [30]. We used
high-purity glucose (reagent grade), with or without vitamins, at pH 6.0. The results
were compared to obtain specific information on the way these micronutrients impact on
biomass growth and total carotenoid production. An additional experiment was carried
out in which the CD culture medium was formulated using industrial-grade corn glucose
as a carbon source (obtained from ALMEX, Guadalajara, Jalisco, Mexico) instead of high-
purity glucose. The purpose of this formulation was to obtain a lower-cost culture medium
for carotenoid production that can be scaled at pilot and industrial levels. The difference
between the purity of the substrate and the carotenoid production was evaluated. The
operational conditions used for this study are described in Section 2.2 and the inoculum
used was previously activated in a CD culture medium for 72 h at 20 ◦C and 250 rpm.

2.4. Effect of the CD Culture Medium Macronutrients on Carotenoid and Biomass Production

The efficiency of the CD culture medium for growth and total carotenoid production
by X. dendrorhous was evaluated. A 24 factorial design with two central points was carried
out. The factors studied were the major components of the CD culture medium: glutamate
(1.0 g/L; 0.2 g/L), KH2PO4 (high level, 3.0 g/L; low level, 0.5 g/L), Na2HPO4 (1.49 g/L;
0.5 g/L), and (NH4)2SO4 (3.0 g/L; 0.5 g/L). The experiments were performed in duplicate
for the different treatments (Table 1).

Table 1. Treatments performed to determine the effect of the main nutrients of the chemically defined
(CD) culture medium on the X. dendrorhous strain 25-2.

Treatment KH2PO4 (g/L) Na2HPO4 (g/L) (NH4)2SO4
(g/L)

Glutamic Acid
(g/L)

1 0.50 0.50 0.50 0.20
2 3.00 0.50 0.50 0.20
3 0.50 1.49 0.50 0.20
4 3.00 1.49 0.50 0.20
5 0.50 0.50 3.00 0.20
6 3.00 0.50 3.00 0.20
7 0.50 1.49 3.00 0.20
8 3.00 1.49 3.00 0.20
9 0.50 0.50 0.50 1.00
10 3.00 0.50 0.50 1.00
11 0.50 1.49 0.50 1.00
12 3.00 1.49 0.50 1.00
13 0.50 0.50 3.00 1.00
14 3.00 0.50 3.00 1.00
15 0.50 1.49 3.00 1.00
16 3.00 1.49 3.00 1.00
17 2.20 1.16 2.20 0.73
18 1.35 0.83 1.35 0.47

Treatment 16: High levels for all nutrients; Treatments 17 and 18: Central points of a 24 factorial design.

2.5. Carotenoid Production at the Bioreactor Level

The industrial culture medium was evaluated at 2 L and 110 L levels in Applikon®

bioreactors (Applikon Biotechnology, B.V., Delft, The Netherlands) using the specific nutri-
ents required for carotenoid production by X. dendrorhous. The variables were controlled
throughout the fermentation: pH 6.0, at 20 ◦C, stirring speeds of 900 rpm in the 2 L level
and 500 rpm in 110 L level, and aeration at 1 vvm [21,26]. The difference in stirring speeds
between the fermentation systems is due to the 110 L bioreactor not having the ability
to stir at the same speed as a 2 L system; however, due to their geometric designs, both
are capable of supplying the oxygenation required under established conditions. The
bioreactors were inoculated with 10% of the operation volume [17]. Figure 1 depicts a
diagram of the general methodology used to carry out the present study.
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Figure 1. The methodological strategy used in this study.

2.6. Analytical Techniques

Biomass growth was determined by turbidimetry measurements at a wavelength of
600 nm in an xMarkTM spectrophotometer (Bio-Rad Laboratories, Inc., Irvine, California,
US), which reported these values as optical density (OD) units. Substrate consumption
was evaluated by the dinitrosalicylic acid method [31]. The total carotenoid content was
quantified using the methodology described by Sedmak et al. [32]. It was corroborated by
high-performance liquid chromatography (HPLC), which showed that astaxanthin was
the main carotenoid produced by the X. dendrorhous 25-2 strain used in the present study
(Figure S1).

2.7. Statistical Analysis

STATGRAPHICS® software (Statgraphics Technologies, Inc., The Plains, VA, USA)
was used to perform analysis of variance (ANOVA) and assess the surface response to
determine significant factors or nutrients and their effects on carotenoid production by
X. dendrorhous.
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3. Results and Discussion
3.1. Evaluation of the Culture Media for Growth and Carotenoid Production

In a first instance, shake flask fermentations were carried out to evaluate biomass
growth and carotenoid production using complex culture media (YM and YPD), versus
the low-complexity, formulated CD medium, which has minor and specific nutrients. The
biomass growth, total carotenoid production, and substrate consumption were monitored
for 108 h. In the CD culture medium, we obtained 4.88 OD units for biomass growth, while
in the YM and YPD media we achieved 6.76 and 5.79 OD units, respectively (Figure 2).
The cell growth in the CD culture medium decreased by 27.76 ± 1.0% compared to YM.
However, it is worth noting that the total carotenoid production and biomass growth in
the three culture media did not show statistically significant differences (p-value < 0.05).
Substrates were depleted in all three culture media, where the consumption rate for YM was
lower than that for the YPD and CD media. Despite the absence of malt and yeast extracts
in the CD culture medium, it has the advantage of being assimilated (Figure 2). Malt
and/or yeast extracts are mainly rich in nitrogen sources [33], hampering the assimilation
of other nutrients.
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Figure 2. Culture media comparison for (A) biomass growth, (B) substrate consumption, and (C) total carotenoid production
by X. dendrorhous. (−#−) yeast peptone dextrose (YPD) culture medium, (−•−) yeast mold (YM) medium, and (−H−) CD
culture medium of low complexity.

Regarding total carotenoids (Figure 2), production was higher (0.92 mg/L) in the YM
culture medium than in CD and YPD (0.67 and 0.69 mg/L, respectively). The CD culture
medium did not contain yeast or malt extract; however, the yeast was able to produce
carotenoids at a similar level to that obtained in the YPD medium (complex culture medium;
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p-value > 0.05), demonstrating that the formulated culture medium contained enough
nutrients to activate the carotenoids’ metabolic pathway [30]. The YM culture medium
contains malt extract, which is absent in the YPD culture medium. Malt extract has essential
nutrients for growth and total carotenoid production by X. dendrorhous, thus, it plays an
important role in the cultivation (effect shown in Figure 2), probably since similar nutrients
such as vitamins, minerals, sugars, and high nitrogen concentrations [33] might be present
in their natural habitat [34]. The CD culture medium also contained the nutrient sources
present in the malt extract in chemically defined amounts, demonstrating that it is possible
to use it to carry out physiological and metabolic studies [12,26,27,30], as well as to evaluate
the impact of vitamins, glutamic acid, and other essential nutrients on biomass growth,
and total carotenoid production.

3.2. Impact of Vitamins on Growth and Carotenoid Production Using the CD Medium with
Regent-Grade Glucose

To elucidate the impact of vitamins on biomass growth and total carotenoid produc-
tion, the CD culture medium was evaluated in the presence/absence of vitamins (see
Section 2.3). A maximum biomass growth of 4.88 OD units was obtained in both assays,
regardless of the presence or absence of vitamins (p-value > 0.05). The results for the
production of total carotenoids were similar, achieving a concentration of 0.67 mg/L with
vitamins and 0.64 mg/L without them (Figure 3, Table 2). These results showed that the
use of vitamins was not essential in the CD culture medium for growth and carotenoid
production by X. dendrorhous.
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Table 2. Results of the evaluation of vitamins’ impact on the carotenoid production and the glucose
effect as a carbon source in X. dendrorhous.

Carbon Source
Vitamins

p-Value > 0.05
pH 6.0

OD600 nm Carotenoids (mg/L)

Glucose,
reagent-grade

Present 4.88 ± 0.102 0.67 ± 0.038

Absent 4.88 ± 0.127 0.64 ± 0.050

Glucose,
industrial-grade

Present 5.24 ± 0.032 1.29 ± 0.092

Absent 4.82 ± 0.021 1.45 ± 0.029

The vitamins serve as growth factors for microorganisms, which are needed in small
quantities (<1 × 10−3 g/L of culture medium), and are used as coenzymes in metabolic
processes [28]. The main vitamins are B complex such as thiamine (vitamin B1), pyridoxine
(vitamin B6), and cobalamin (vitamin B12), which contribute to decarboxylation reactions
and transacetylation, the transformation of amino acids, and keto acids, and the transfer
of monocarbonate residues and deoxyribose synthesis, respectively. In addition, other
important vitamins are pantothenic acid, a precursor of coenzyme A that activates acetyl
groups; nicotinic acid, an NADH precursor for electron transfer in oxide reduction reactions;
inositol, a precursor and messenger of fatty acids in membranes; p-aminobenzoic acid, a
precursor of folic acid for carbon metabolism and the transfer of methyl groups; and biotin
for the biosynthesis of fatty acids and decarboxylation [28].

It was expected that the addition of vitamins would have a positive effect, increasing
the total carotenoid production, since vitamins are directly involved in the biosynthesis of
precursor compounds [28,35,36]. However, the effects were not significant (p-value > 0.05)
since only a slight increase in carotenoids (0.03 mg/L) was observed. There were no consid-
erable effects on growth and carotenoid production when vitamins were added to the CD
medium, probably because some microorganisms including the yeast X. dendrorhous have
the ability to synthesize all the vitamins or coenzymes required for metabolic processes [28].

3.3. Impact of Vitamins on Growth and Carotenoid Production Using the CD Medium with
Industrial-Grade Glucose

High-purity glucose (reagent-grade glucose) is a major component of the CD culture
medium, which makes the medium more expensive. Therefore, we evaluated the impact
of using an industrial-grade glucose as a carbon source and as a substitute for the reagent-
grade glucose in the CD culture medium, while still maintaining the efficiency of the
fermentation process in terms of the biomass growth and carotenoid production by X.
dendrorhous. Furthermore, we evaluated the impact of the presence or absence of vitamins
using this alternative carbon source.

Regarding the presence or absence of vitamins using industrial glucose as a carbon
source, no significant impact on biomass growth and carotenoid production (p-value > 0.05)
was observed. The results are shown in Figure 3 and Table 2. However, using industrial
glucose as a low-cost carbon source increased the total carotenoid production from 0.6 to
1.3 ± 0.1 mg/L, improving the efficiency of the process—with up to 54% more product
compared to the use of reactive-grade glucose, denoting a significant difference (Table 2;
p-value < 0.05). Industrial glucose is highly fermentable (Figure 3), of its total composition,
72.5% are carbohydrates, mainly as glucose (85–86%), and it also contains maltose (13.44%)
and fructose (0.08%) [15,37], according to the specifications of the supplier. Probably, the
presence of simple sugars (glucose and fructose) in conjunction with maltose, which are
highly fermentable and assimilable, stimulates the production of carotenoids in the pres-
ence of glutamate, which is an inducer and activator of carbon, and nitrogen assimilation
for the subsequent biosynthesis of carotenoids by X. dendrorhous [19]. The growth showed
no significant difference (p-value > 0.05) in terms of biomass.
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Nangia et al. [38] evaluated the impact of different carbon sources (rice, cane juice, and
sucrose) on the production of astaxanthin by yeast mutants of X. dendrorhous and compared
the results against the production obtained when using dextrose as the main carbon source.
The results showed yeast growth for all conditions, although the pigmentation varied from
1.5 to 2.5 OD units. Dextrose is used as a carbon source, as it is mainly assimilable for the
production of biomass and astaxanthin, since it can be used directly in the metabolism
of glycolysis, and through this route, in the biosynthesis of fatty acids and subsequently,
the biosynthesis of carotenoids and astaxanthin [39,40]. However, glucose in excessive
amounts has been reported to be a repressor of astaxanthin synthesis through the so-called
Crabtree effect [41].

3.4. Effect of Major Nutrients Contained in the CD Culture Medium on Growth (Kinetic
Parameters) and Carotenoid Production

A 24 factorial design with central points was used to study the impact of the major
nutrients in the CD culture medium on growth and carotenoid production, including
glutamic acid, KH2PO4, Na2HPO4 and (NH4)2SO4, using industrial-grade glucose as
a carbon source without vitamins, since their addition did not lead to an increase in
carotenoid production. The results obtained in this experiment are shown in Table 3. Due
to the increase in product yields per substrate, the concentration of the carbon source was
set to 15 g/L, since no significant difference in carotenoid production was observed when
15–20 g/L glucose was used. This can be explained because the carbon-nitrogen ratio is
lower and the formation of carotenoids is induced by the metabolism of the Krebs cycle,
which is stimulated by nitrogen [42–44].

Table 3. Cell growth, carotenoid production and kinetic parameters of a 24 factorial design with two central points by X.
dendrorhous 25-2.

Treatment Cell Density
(OD600 nm)

Carotenoids
(mg/L)

YP/X
(mg/DO)

YP/S
(mg/g)

YX/S
(DO/g)

* Productivity
(mg/L·h) C/N

1 2.54 ± 0.75 0.75 ± 0.11 0.293 ± 0.13 0.050 ± 0.00 0.170 ± 0.05 0.008 64.34
2 3.77 ± 0.43 1.09 ± 0.00 0.288 ± 0.03 0.072 ± 0.00 0.251 ± 0.03 0.011 64.34
3 3.09 ± 0.94 0.94 ± 0.22 0.303 ± 0.02 0.062 ± 0.02 0.206 ± 0.06 0.010 64.34
4 3.94 ± 0.03 1.08 ± 0.10 0.274 ± 0.02 0.072 ± 0.01 0.262 ± 0.00 0.011 64.34
5 2.95 ± 0.75 0.80 ± 0.15 0.269 ± 0.02 0.053 ± 0.01 0.197 ± 0.05 0.008 12.45
6 3.51 ± 0.62 1.13 ± 0.05 0.321 ± 0.04 0.075 ± 0.00 0.234 ± 0.04 0.012 12.45
7 3.26 ± 0.68 0.91 ± 0.35 0.278 ± 0.05 0.060 ± 0.02 0.217 ± 0.04 0.009 12.45
8 3.76 ± 0.22 1.38 ± 0.10 0.368 ± 0.05 0.092 ± 0.01 0.250 ± 0.01 0.014 12.45
9 3.73 ± 0.18 1.18 ± 0.08 0.316 ± 0.00 0.079 ± 0.01 0.249 ± 0.01 0.012 38.60

10 4.14 ± 0.29 1.33 ± 0.01 0.320 ± 0.01 0.088 ± 0.01 0.276 ± 0.02 0.014 38.60
11 3.90 ± 0.11 1.33 ± 0.03 0.341 ± 0.02 0.089 ± 0.00 0.260 ± 0.01 0.014 38.60
12 4.26 ± 0.28 1.41 ± 0.11 0.331 ± 0.01 0.094 ± 0.01 0.284 ± 0.02 0.015 38.60
13 3.31 ± 0.99 1.06 ± 0.25 0.321 ± 0.02 0.071 ± 0.02 0.220 ± 0.07 0.011 11.03
14 3.96 ± 0.32 1.22 ± 0.20 0.307 ± 0.03 0.081 ± 0.01 0.264 ± 0.02 0.013 11.03
15 3.52 ± 0.69 1.33 ± 0.08 0.378 ± 0.10 0.089 ± 0.01 0.235 ± 0.04 0.014 11.03
16 3.20 ± 0.64 1.24 ± 0.08 0.388 ± 0.05 0.083 ± 0.01 0.213 ± 0.04 0.013 11.03
17 3.72 ± 0.82 1.20 ± 0.10 0.323 ± 0.05 0.080 ± 0.01 0.248 ± 0.05 0.013 15.05
18 2.95 ± 1.20 1.09 ± 0.02 0.368 ± 0.18 0.072 ± 0.00 0.196 ± 0.08 0.011 24.36

YP/X: product per biomass yield; YP/S: product per substrate yield; YX/S: biomass per substrate yield. * The standard deviation is not
shown as it tends to be close to zero. Bold data means better results.

The results obtained show that, with KH2PO4 at the highest level, all response vari-
ables increased (Table 4, Figure 4). During treatment 1 (low levels of KH2PO4), carotenoids
were obtained at a concentration of 0.75 mg/L. However, treatment with a high level
of KH2PO4 (treatment 2) led to an increase of 45.33% ± 14.67% in the production of
carotenoids; consequently, the potassium source showed a positive effect. Liu and Wu [16]
found similar results for essential nutrients along with glucose in the culture medium,
with KH2PO4 proving to be one of the most important factors in biomass and carotenoid
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production. The increase in biomass could be attributed to the potassium source (KH2PO4),
due to its important role within cellular functions as a protein precursor because it is an
enzyme activator involved in protein synthesis for cell growth [28].

Table 4. p-Values obtained from the analysis of variance (ANOVA).

Factor

KH2PO4 Na2HPO4 (NH4)2SO4 Glutamic Acid

Carotenoids 0.0002 0.0076 0.9161 0.0000
Biomass 0.0164 0.5470 0.2630 0.0644

*YX/S 0.0000 0.1286 0.0053 0.0000
*YP/S 0.0000 0.0000 0.8670 0.0000

*YX/S: biomass per substrate yield (DO/g); *YP/S: product per substrate yield (mg/g).

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 
 
 
 
 

 
 
 
 
 

Figure 4. Response surfaces obtained for carotenoid production (mg/L), biomass production (OD), biomass yield per
substrate: YX/S (g/g), and product yield per substrate: YP/S (mg/g), keeping Na2HPO4 at a high level and (NH4)2SO4 at a
low level.

Na2HPO4, which is used as a nutrient by some microorganisms [28], contributes to an
increase in environmental stress and is necessary for carotenoid production [9]. Treatment
11, with a high level of Na2HPO4, showed a positive effect on carotenoid production (an
increase of more than 11%) compared with a low level of Na2HPO4 (treatment 9). More-
over, when Na2HPO4 was used at a high level in combination with glutamate, the highest
astaxanthin production (1.41 mg/L) was obtained. According to the results described,
Na2HPO4 had no significant influence in terms of biomass production; however, it was the
component that contributed the most to carotenoid production. In addition, it was deter-
mined that this compound at high concentrations was an important factor in carotenoid
production, as can be observed in the surface response (Figure 4).

Comparing treatments 1 and 5, with low and high levels of (NH4)2SO4, we observed
that carotenoid production increased by 0.05 mg/L in the high-level treatment. This
compound is a nitrogen source used mainly for cell growth [19,27,28]. This effect was also
observed when treatments 12 and 16 were compared at high and low levels of the nitrogen
source, since it did not have a positive effect on the response variables of the experimental
design, except on the biomass yield (Table 3); for this reason, (NH4)2SO4 was maintained at
its lower level in all the results for the surface response (Figure 4). Our results differ from
those reported by Liu and Wu [16], who determined that this compound was a significant
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factor in carotenoid production. Other studies have also found that this factor is of vital
importance for carotenoid biosynthesis on mutants of X. dendrorhous [45]. Similarly, a
recent study conducted by Stoklosa et al. [46] determined that ammonium sulfate was
an indispensable component in the presence of yeast extract and urea for high biomass
and astaxanthin production by X. dendrorhous strain ATCC 74,219 (UBV-AX2), using sweet
sorghum juice as the carbon source and obtaining yields above 36.6 g/L of biomass and
65.8 mg/L of astaxanthin.

Finally, glutamate was the most important nutritional factor for carotenoid and astax-
anthin production in the CD culture medium (Table 4, Figure 4). Glutamate had a more
positive impact at higher concentrations than at lower levels, for instance, treatment 9 re-
sulted in carotenoid overproduction by 57% compared to treatment 1. These results can be
attributed to the fact that glutamate plays an important role in cellular metabolism, where
it mediates nitrogen and carbon assimilation [47,48]. Adding glutamate to the culture
medium for the production of carotenoids using X. dendrorhous is a promising strategy to
increase the yield, since this compound activates genes that facilitate the assimilation of
glucose, decrease the generation of reactive oxygen species, increase the channels of isoci-
trate flow in the glyoxylate cycle, and participate in the cycle of the five-carbon compounds,
promoting the accessibility of acetyl-CoA as a precursor for carotenoid biosynthesis and
shifting the metabolic flow to obtain astaxanthin as the main product [19,20,27].

Glutamate is a precursor of the synthesis of proteins, nucleic acids, and substrate gluco-
neogenesis, among other cellular metabolism compounds [28,49]. Furthermore, this important
factor, along with Na2HPO4, resulted in an increase in carotenoid production when using high
levels of these two factors and discarding KH2PO4 and (NH4)2SO4 as nutrients, since use of
these compounds showed no significant differences (p-value > 0.05) (Table 4).

Comparisons between treatments 8, 9, 11, 12, 15, and 16, along with other media such
as YM and YPD were evaluated (Figure 5). The highest level of carotenoid production
was obtained in treatments 8 and 12, which required high concentrations of potassium,
phosphate, sodium, and nitrogen (1.38 and 1.41 mg/L, respectively). With treatments 9
and 11, carotenoid concentrations of 1.2 and 1.4 mg/L were obtained, respectively. These
results were similar to treatments 8 and 12; however, low nutritional levels were required
for treatments 9 and 11, i.e., limited potassium, phosphate, and nitrogen sources, except
for glutamate, which is why they were selected to evaluate scaling at the bioreactor level.
The results showed that the culture media developed in this study have the potential
to compete against complex culture media to produce carotenoids by X. dendrorhous, at
higher concentrations.
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3.5. Bioreactor Scale-Up of Carotenoid Production Using a Specific CD Culture Medium Based on
Industrial Glucose

Treatments 9 and 11 were selected for scale-up in a 2 L bioreactor, since these results
showed higher carotenoid production than YM medium, with a production difference
above 30%. Results were compared with treatment 16, which contained all nutrients at
high concentrations (CD control medium) [25]. Figure 6 shows that carotenoid production
was higher at the 2 L bioreactor level (1.81 mg/L, 1.82 mg/L, and 2.27 mg/L for treatments
16, 9, and 11, respectively) than in the shake flasks; this can be attributed to the control of
operating conditions such as pH and aeration in the fermenter [50]. Aeration increased
the oxygen transfer into the cells, having a positive effect on carotenoid production, since
dissolved oxygen stimulates aerobic metabolism and oxidative stress [15,19,28]. Therefore,
a defense response is generated, activating the carotenoids and astaxanthin biosynthesis to
reduce cellular oxidation [43,51].

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figura 6 
 

 
Figure 6. Biomass and total carotenoid production obtained from the comparison of the experimental design of selected
treatments 9 and 11 against treatment 16 with high nutrient levels (control) using the yeast X. dendrorhous (µmax: maximum
specific growth rate).

In treatment 11, the product yield increased, achieving 0.153 mg/g of substrate com-
pared to the culture medium with high level of nutrients (treatment 16 or control), which
obtained a yield of 0.121 mg/g. Treatment 9 produced the same yield as treatment 16
(0.121 mg/g of substrate). These results showed the capability of the yeast X. dendrorhous
to grow and produce carotenoids in this culture medium, and the need for glutamic acid.
It is worth noting that no vitamins were required. The glutamic acid assimilation in the
bioreactor was higher compared to the shake flasks, probably because the dissolved oxygen
contributed to the aerobic metabolic processes of the glutamic acid on energy genera-
tion during the electron transport chain pathway, and the generation of acetyl-CoA for
carotenoids and astaxanthin biosynthesis [9,18,52].

Treatment 11 was an efficient, low-complexity culture medium used for carotenoid
production in a 110 L pilot-scale bioreactor (Table 5). The fermentation process was car-
ried out for 120 h, and a biomass growth of 5.65 OD units and carotenoid production
of 1.92 mg/L were observed. The efficiency of the bioprocess and the decrease in the
production of carotenoids were probably due to the fact that the kinetic parameters of the
process have not been optimized for scaling [16,20,50,52,53].
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Table 5. Comparison of results using an industrial specific culture medium based on treatment 11 at
the 2 L bioreactor level and the 110 L pilot-scale bioreactor level.

Bioreactor 2 L Pilot Scale 110 L

Biomass (g/L) 8.79 ± 0.50 8.96 ± 0.10
Carotenoids (mg/L) 2.270 ± 0.03 1.928 ± 0.13

YP/X (mg/g) 0.145 ± 0.02 0.215 ± 0.02
YX/S (g/g) 0.585 ± 0.03 0.448 ± 0.01

YP/S (mg/g) 0.151 ± 0.01 0.095 ± 0.01
µ (h−1) 0.067 0.038

YP/X: product per biomass yield; YP/S: product per substrate yield; YX/S: biomass per substrate yield.

Considering the efficient assimilation of the nutrients contained in the culture medium
by the yeast, it is possible to explore metabolic engineering strategies to increase the yields
of total carotenoids and/or astaxanthin specifically [54–56].

4. Conclusions

This study showed that a specific culture medium based on an industrial glucose
source (treatment 11; Table 1) without the addition of vitamins has the potential to be used
as an alternative to complex culture media such as YM and YPD (containing yeast and malt
extracts) in the pigment production by yeast X. dendrorhous. The 24 experimental design
that we carried out revealed that glutamate was the main factor in the specific CD culture
medium for carotenoid production, along with Na2HPO4. An industrial-grade glucose-
based carbon-sourced culture medium allowed us to nearly double the total carotenoid
production, probably because of the presence of substrates that contributed to the yeast
nutrition. The low-cost culture medium formulated in this study has the advantage of being
practical for scaling up to pilot or even industrial levels for carotenoid and astaxanthin
production using X. dendrorhous. Moreover, it could be evaluated in the cultivation of other
species of yeasts, and costs could be reduced considerably by using food-grade glutamate.
However, the carotenoid yield still needs to be improved by means of overproductive
strains and/or the implementation of production systems such as a continuous or fed batch
to improve biomass.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-9
717/9/3/429/s1, Figure S1: Disposition of astaxanthin as the major carotenoid produced by X.
dendrorhous 25-2. (A) Astaxanthin standard curve and (B) final production chromatogram. For
this determination, a VARIAN®ProStar 220 HPLC and a VARIAN®ProStar 325 Ultraviolet-Visible
detector were used. The mobile phase used was a hexane-acetone mixture in a ratio 82:18 (v/v) at a
flow of 1.2 mL/min. The stationary phase was a Luna Phenomenex®column conditioned at 30 ◦C.
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