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Abstract

Phaffia rhodozyma is a basidiomycetous yeast characterized by its production of the carotenoid pigment astaxanthin, which
holds high commercial value for its significance in aquaculture, cosmetics and as nutraceutics, and the UV-B-absorbing
compound mycosporine-glutaminol-glucoside (MGG), which is of great biotechnological relevance for its incorporation into
natural sunscreens. However, the industrial exploitation has been limited to the production of astaxanthin in small quantities.
On the other hand, the accumulation of MGG in P. rhodozyma was recently reported and could add value to the simultane-
ous production of both metabolites. In this work, we obtain a mutant strain that overproduces both compounds, furthermore
we determined how the accumulation of each is affected by the carbon-to-nitrogen ratio and six biotic and abiotic factors.
The mutant obtained produces 159% more astaxanthin (470.1 pg g~1) and 220% more MGG (57.9 mg g~!) than the parental
strain (295.8 pg ¢~ and 26.2 mg g~! respectively). Furthermore, we establish that the carotenoids accumulate during the
exponential growth phase while MGG accumulates during the stationary phase. The carbon-to-nitrogen ratio affects each
metabolite differently, high ratios favoring carotenoid accumulation while low ratios favoring MGG accumulation. Finally,
the accumulation of both metabolites is stimulated only by photosynthetically active radiation and low concentrations of
hydrogen peroxide. The mutant strain obtained is the first hyper-productive mutant capable of accumulating high concentra-
tions of MGG and astaxanthin described to date. The characterization of how both compounds accumulate during growth
and the factors that stimulate their accumulation, are the first steps toward the future commercial exploitation of strains for
the simultaneous production of two biotechnologically important metabolites.
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Introduction

Phaffia rhodozyma is a basidiomycetous yeast species ini-
tially isolated in 1970 by Herman Phaff from tree exudates in
the mountainous regions of Japan and Alaska. This species
has the unique ability to synthesize astaxanthin (Andrewes
et al. 1976), an economically relevant carotenoid for the
aquaculture (Johnson et al. 1980; Lim et al. 2018). Asta-
xanthin (3,3'-dihydroxy—p,p’-carotene-4,4'-dione) is a
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carotenoid pigment responsible for the characteristic col-
oration of crustaceans, birds and salmonids (Johnson and An
1991) but also is a pigment of enormous value for the food
and nutraceutical industries due to their positive effect on
human health (Hussein et al. 2006; Bjgrklund et al. 2022).
Currently 95% of the astaxanthin is industrially produced by
chemical synthesis mainly under the brand CAROPHYLL®
and its cost reaches 2000 dollars per kilo, which represents
up to 10% of the total cost of the food used in the breeding
of fish (Johnson and An 1991; Stachowiak and Szulc 2021).
Synthetic astaxanthin is composed by 3 different enantiom-
ers (3S-3'S, 3R-3'S, and 3R-3'R) with different spatial ori-
entation of the hydroxyl groups. The 3R-3'S represents 50%
of the mixture, does not exist in nature, their antioxidant
activity is considerably lower than the observed in natural
forms and there are concerns about their safety in human
health (Capelli et al. 2013), for these reasons the FDA (Food
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and Drug Administration, USA) approved their use only for
animal feed while is not permitted for humans (Brendler and
Williamson 2019; Stachowiak and Szulc 2021). On the other
hand there is a growing demand for natural foods that has
stimulated the use of natural compounds in replacement of
the synthetic, in this context the production of astaxanthin
from natural sources has become more relevant, and several
countries approved their use as food supplements (Yaqoob
et al. 2021).

Natural production of astaxanthin for aquaculture can
be achieved with two different microorganisms, the algae
Haematococcus pluvialis, that produces 3S-3S' astaxanthin
mainly in monoester forms (Lorenz and Cysewski 2000)
and the yeasts species Phaffia rhodozyma that produces
3R-3R’ enantiomer, mainly in free form (Johnson and An
1991; Sanderson and Jolly 1994; Johnson 2003). Each
microorganism has their own strengths and weaknesses at
the moment of their use for the biotechnological astaxanthin
production. Regarding P. rhodozyma, the main limitation is
that wild strains produce an average of 300 pg g~! of astax-
anthin which is considered a very low content for industrial
production. For this reason a large number of strategies to
improve astaxanthin have been carried out; including the
obtention of hyperproducing mutants (An et al. 1989; Fang
and Cheng 1993; Meyer et al. 1993; Calo et al. 1995; Bon
et al. 1997; Rubinstein et al. 1998; Stachowiak 2013a; Luna-
Flores et al. 2022), the induction of astaxanthin accumu-
lation have been reported using biotic and abiotic factors,
including ethanol, acetic acid, hydrogen peroxide, singlet
oxygen, mevalonic acid, citrate, and metals such as copper,
phytohormones, changes in temperature and pH, among oth-
ers (Calo et al. 1995; Gu et al. 1997; Santopietro et al. 1998;
Flores-Cotera and Sanchez 2001; Liu and Wu 2006, 2007;
Barbachano-Torres et al. 2012; Zhang et al. 2019; Nutakor
et al. 2022), also different carbon sources, including raw
materials, and nitrogen sources in different C/N relations
(Meyer and du Preez 1994a; Floréncio et al. 1998; Flores-
Cotera et al. 2001; Ramirez et al. 2001; Dominguez-Bocane-
gra and Torres-Muifioz 2004; Ni et al. 2007; Silva et al. 2012;
Jiang et al. 2017; Gervasi et al. 2018; Lai et al. 2022), and
finally different strategies of culture were tested, including
fed-batch, continuous, and perfusion systems achieving very
high cell densities (>50 g dry cell weight per liter) (Meyer
and du Preez 1994a; Reynders et al. 1996; Yamane et al.
1997; Ducrey Santopietro et al. 1998; Chan and Ho 1999;
Ho et al. 1999; Liu and Wu 2007; Luna-Flores et al. 2022).
The combination of this strategies allows an accumulation
of total astaxanthin ranging between 1000 and 2500 pg g™,
and companies like ADM or Nextferm report the production
of 4000-15,000 pg g~ for industrial production (Jacobson
et al. 2002; Paz et al. 2022).

In addition to the high productivity, obtained with these
strategies, P. rhodozyma strains also produce another
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biotechnological relevant compound called mycosporine-
glutaminol-glucoside, MGG (Libkind et al. 2011a, b).
Mycosporines (3,5-dihydroxy-5-(hydroxymethyl)-2-meth-
oxycyclohex-2-enone) are water-soluble molecules with an
absorption in the UV region of the spectrum present in many
yeasts species (Libkind et al. 2005, 2006, 2011a, b; Moliné
et al. 2014). To the date, a single mycosporine compound,
MGG, has been identified in yeasts, including P, rhodozyma
(Sommaruga et al. 2004; Libkind et al. 2005, 2008; Kogej
et al. 2006; Volkmann and Gorbushina 2006), this molecule
absorb radiation in the UV-B wavelengths with maximum
absorbance at 310 nm, and it has a photoprotective and anti-
oxidant role in yeasts (Moliné et al. 2010a; Libkind et al.
2011a, b). In this sense MGG physico-chemical character-
istics reveal that they are molecules with great potential to
be used in the formulation of cosmetic products (Colabella
et al. 2014). Although the biotechnological potential of
these family of molecules is under evaluation (Chrapusta
et al. 2017), it has been observed that the application of
these compounds on human skin prevents the formation
of erythema caused by UVR (Torres et al. 2004), and its
commercial application in the formulation of protective
cosmetic products (Rosic 2019; Singh et al. 2021) as well
its use as an additive in the chemical industry in plastics,
paints, etc., is promising (Bandaranayake 1998). Moreover
the mycosporine like amino-acid porphyra-334 obtained
from the red algae Porphyra umbilicalis is the active princi-
ple for preparing the commercial product HELIOGUARD®
365 (Schmid et al. 2006; Singh et al. 2021) used to prevent
cellular aging of the skin caused by solar radiation. However,
the production costs of mycosporines obtained from algae
are high due to low productivity and the difficulty involved
in obtaining large quantities of this red algae, reaching more
than 1500 dollars per gram (estimated from the market price
of HELIOGUARD® 365 and the declared concentration).
In this context, the MGG produced by yeasts represents a
promising alternative for obtaining new active principles
for the formulation of photoprotective products of natural
origin, and at the same time allows obtaining astaxanthin
for aquaculture (Colabella et al. 2014).

The objective of this study was to obtain a P. rhodozyma
mutant strains characterized by enhanced production capaci-
ties for economically significant metabolites, specifically
astaxanthin and mycosporines. Our focus extended to the
establishment of optimal cultivation conditions conducive
to maximizing the accumulation of both compounds. This
entailed a systematic exploration of the influence of distinct
carbon/nitrogen ratios in the culture media and an examina-
tion of how various abiotic factors affected their accumula-
tion in cultures. In the course of our investigation, we suc-
cessfully isolated a hyperproducer mutant of P. rhodozyma
capable of synthesizing elevated levels of both astaxanthin
and mycosporines. Our study revealed a correlation between
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high carbon/nitrogen ratios and enhanced carotenoid produc-
tion, whereas low ratios favored mycosporines accumula-
tion. Furthermore, we demonstrated that exposure to light
and controlled levels of hydrogen peroxide stimulated the
accumulation of both metabolites.

Materials and methods

Isolation and characterization of P. rhodozyma
mutant with increased carotenoids (CAR)
and mycosporines (MGG) accumulation

P. rhodozyma CBS 79187 was cultured in modified MMS-
bactopeptone (10 g L™! glucose, 2.5 g L™! Bactopeptone®
Difco, 2.5 g L~! KH,(PO,), 0.5 g L™! MgS0,.7H,0, and
1 g L™! yeast extract). Yeasts were propagated in 250 mL
erlenmeyer flasks containing 100 mL of MMS-bactopeptone
for 48 hs in a shaker INNOVA4000 (200 rpm at 19 °C).
Cells were harvested by centrifugation (3000 rpm, 5 min),
rinsed twice with sterile distilled water, and transferred to
quartz tubes containing 20 mL of sterile distilled water, at a
final cell density of 2x 10° cells mL~!. Cells were exposed
to UV-B radiation provided by a Spectroline XX15-B UV-B
lamp during 120 min at a distance of 20 cm. The lamp was
covered with a < 280 nm cutoff filter made with a pre-
burned (120 min exposure to the UV-B lamp) cellulose ace-
tate film (Moliné et al. 2009). 100 pL aliquots were plated
in petri dishes with MMS-agar, spread out with a drigalski
spatula, and incubated at 19 °C. After 5 days colonies with
changes in pigmentation were picked up and streaked on
new plates of the same medium to obtain pure cultures. The
parental and the mutant strain were cultured in erlenmeyer
flasks containing 100 mL of MMS-bactopeptone for 120 hs.
The biomass yield, specific growth rate, and accumulation
of CAR and MGG were determined. The assays were con-
ducted in triplicate, and the parameters were determined as
described below.

Growth kinetics and metabolites production
under different C/N ratio

Twelve unique media broths were prepared, each character-
ized by different C/N ratios, where the ratio represents the
quantity of carbon relative to the amount of nitrogen pre-
sent in glucose and bactopeptone (Difco), respectively. The
nitrogen content was derived from the data sheet provided
by the manufacturer, ratios of 14, 7 and 3.5 were tested.
Culture media was formulated with 10, 15,20 and 30 g L!
of glucose, and bactopeptone concentration was adjusted
to obtain the desired C/N ratio (e.g. 1.5;3and 6 g L~ for
10 g of glucose, and 4.5, 9 and 18 for 30 g of glucose). Con-
centration of the other nutrients was maintained as detailed

above. Erlenmeyer flasks containing 100 mL of each culture
broth were incubated with the strain 7918Mut under constant
agitation at 200 rpm in a Dragon Lab rotary incubator at
250 rpm and 19 °C for 240 hs. Cultures were irradiated with
white light using 5 fluorescent tubes (Osram 6500 K, 20W)
in a 12:12 hs PAR (photosynthetically active radiation)-
darkness cycle. The inoculum consisted of 5 mL of a 48 hs
culture under the same conditions described above. Nine
samples were taken at different times of the growth curve
and CAR and MGG were quantified as described below.
Assays were performed in duplicate.

Influence of biotic and abiotic factors
on the accumulation of CAR and MGG

The strain 7918Mut was cultivated in MMS-bactopeptone
(C/N=7, glucose 10 g L™! bactopeptone 3 g L™!) under the
conditions described in the previous section. We conducted
various test involving both biotic or abiotic factors such as:

— Sodium Chloride (NaCl, Cicarelli® ASC), at final con-
centrations of 100 mM, 200 mM and 400 mM;

— Ethanol (Cicarelli®, 99% ASC) at concentrations of 0.2%,
0.4%, 0.6%, and 0.8%;

— Hydrogen Peroxide (H,0, Cicarelli®, 100 vol ASC) at
concentrations of 0.01 mM, 0.1 mM, 1 mM, and 2 mM,
both independently and in combination with Fe™? at a
concentration of 1 mM. We also included control groups
with Fe*? and Fe*? (sulfates, Cicarelli® ASC) at 1 mM
concentration;

— Rose bengal at concentrations 1 pM, 2 pM, 4 pM, 6 pM
and 8§ pM (Anedra® ASC). These tests were conducted
under continuous lighting for 120 hs and in total dark-
ness, both from the beginning of the culture and at the
beginning of the stationary phase (48 hs);

— Light exposure during different growth conditions:
120 hs of photosynthetically active radiation exposure
(PAR); 70 hs of darkness followed by 50 hs of PAR
(DARK-PAR); 50 hs of PAR followed by 70 hs of dark-
ness (PAR-DARK); and 120 hs of continuous darkness
(DARK).

Assays for each factor were performed in duplicate.
Extraction and characterization of CAR and MGG

Total carotenoids (CAR) and MGG extractions were per-
formed as described in Moliné et al. (2010a, b). Their
respective concentration was expressed as pg of total carot-
enoids per g of dry biomass (pg g~') using the astaxanthin
extinction coefficient e=2.100 at 474 nm (An et al. 1989)
and as mg per g of dry biomass (mg g~!), and using the
mycosporine-glutaminol molar extinction coefficient,
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€=25,000 at 310 nm (Bouillant et al. 1981). Absorbance
was registered using a HEWLETT PACKARD P 8453-E
UV-Visible spectrophotometer. CAR of the mutant and
parental strain were identified by high performance liquid
chromatography (Shimadzu LC-10A-SPD-M10A) with
diode array detector (HPLC-DAD), using a Merck RT-18
250 mm column. An isocratic mobile phase composed of
HPLC grade acetonitrile 85%, methanol 10% and 2-propanol
5% with a flow rate of 1.0 mL min~' was used. Astaxanthin
and p-carotene standars (Sigma-Aldrich®) were prepared at
10,000 pg L~! and used to characterize and quantify the
carotene content. Other pigments were identified based on
their retention times and spectrum, and the absorbance area
was related to the astaxanthin content (Britton et al. 2004;
Libkind et al. 2018).

Sequential extraction of CAR and MGG

The strain 7918Mut was cultivated in the condition previ-
ously described for the characterization of the mutant. After-
wards, 100 mL of the culture were centrifuged at 3000 rpm
for 5 min, subsequently resuspended in 25 mL of distilled
water and aliquoted into twenty falcon tubes. Five were used
for the extraction of MGG using distilled water at 85 °C dur-
ing 4 hs. After this, centrifugation was performed, and the
resulting supernatant was collected for MGG quantification
while the pellets were then used for the subsequent extrac-
tion of CAR. Concurrently, another set of five tubes was
used to determine total MGG content, utilizing 80% ethanol
at 85 °C. Five tubes, which were not subjected to MGG
extraction, were used to quantify the overall CAR content.
Finally, the remaining tubes were used to determine the dry
weight. Comparative analysis was conducted to assess the
specific MGG extraction yields between water and ethanol
extraction methods. Additionally, extraction yields of CAR
were compared between the samples from which MGG was
extracted using distilled water and those where MGG was
left unextracted.

Analytical determinations

Yeast growth was followed by cell counting using a Neu-
bauer chamber by duplicate. Maximum specific growth
rate (p) was calculated by means of the reparameterized
Gompertz equation proposed by Zwietering et al. (1990),
using the non-linear module of Statistica 6.0 software pack-
age (Arroyo Lopez et al. 2009). Dry weight biomass was
estimated, in duplicates, using 5 mL of culture, centrifuged
and washed twice with distilled water, in a glass tube and
dried at 85 °C until constant weight (dry weight, dw). Sam-
ples were weighed in a OHAUS AP250D balance.
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Statistical analyzes

Differences between treatments were tested be means of an
ANOVA test with multiple ad-hoc comparisons applying
the method Student-Newman-Keuls (o« =0.05) and with
the nonparametric analysis of variance Kruskal-Wallis
(Zar 1999), when homoscedasticity and normality test
failed. Statistical analyzes were performed using Sigma-
Plot 12.

Results

P. rhodozyma mutant with increased CAR and MGG
accumulation

A total of 11,467 colonies distributed in 72 Petri dishes
were obtained, after exposure of P. rhodozyma CBS 7918
to UV-B radiation, and visually examined. Tree colonies
presented detectable color changes, one was albino, one
had an orange pigmentation, and the last one presented an
intense red color. HPLC analysis on CAR extracts of the
three mutants revealed that only the last red strain, des-
ignated as 7918Mut, produced astaxanthin and presented
similar proportions of each carotenoid as the parental
strain (Fig. 1). The comparison between the parental CBS
7918 and the mutant 7918Mut (Table 1) showed not only
a significant increase in CAR content (142%, p=0.002),
but also an increase in MGG content (220%, p =0.005).
No differences in specific growth rates (p =0.567) or bio-
mass yield (p =0.201) were observed between both strains.

250
Astx
200 1
150 4

100 1

50 1

pB-car
o J A

0 5 10 15 20 25 30

Absorbance at 474 (mAU)

Minutes

Fig.1 HPLC chromatogram of carotenoids in P. rhodozyma. In blue,
CBS798; in red, 7918Mut. Astx astaxanthin, f-car p-carotene
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Table 1 Growth and biomass productivity parameters, carotenes (CAR) and MGG production in strains CBS 7918 and its mutant 7918Mut

Strain Growth rate, p (h™!)  Yeast yield ¥ (8aw/8e) MGG (mg ¢y CAR(ugg™l) Astaxanthin (ugg™!) p-carotene (ug g™t
CBS 7918  0.103+0.011 0,312+0,023 26.2+4.5 475.4+10.6 295.8 (65%) 5.3 (7%)
7918mut 0.101 £0.001 0.298+0.013 57.9+8,3 676.2+46.6 470.1 (69%) 22.5 3%)

Biomass is expressed as grams of dry weight over grams of glucose. MGG and carotenoids productivity is expressed as each metabolite over

yeast biomass

Growth curves and specific yields of CAR and MGG
under different glucose concentrations and C/N
ratios

CAR and MGG yields were affected by glucose concentra-
tion and C/N ratio (carbon of glucose relative to the amount
of nitrogen present in bactopeptone). Batch with an initial
concentration of 10 g L™! of glucose and 6 g L™! of Bacto-
peptone presented the best specific productivity yields for
MGG (93.4+7.2 mg g~'); these values dropped quickly as
the concentration of the carbon source increased although
for each concentration the highest productivity was always
obtained in the lower C/N ratio. On the other hand, carot-
enoids maximum accumulation 738 pg g~ was obtained
when the glucose was 10 g L™! and bactopeptone 1.5 g
L~!, and a minimum accumulation of 480 pg g~! for the
batch with glucose 30 g L™! and bactopeptone 18 g L™!
after 240 hs of culture. The accumulation of carotenoids
and MGG occurred at different stages of the growth curve.
Carotenoids were detectable after 24 hs of culture (expo-
nential growth) but the maximum specific productivity was
reached at the stationary phase (120 hs of culture) with neg-
ligible changes after that. On the contrary, MGG accumula-
tion during exponential growth was less than 4 mg g~! and
only began to accumulate after 60 hs of culture, when the
stationary phase was reached, reaching maximum specific
productivity at 80 hs. Glucose concentration also affected
the biomass yield (p < 0.001), while the concentration of
bactopeptone did not produce changes (p < 0.001). For glu-
cose concentrations greater than 15 g L™! a decrease in the
biomass, as well as CAR and MGG yields, was observed.
The growth and accumulation kinetics of each metabolite
for two different culture conditions is presented in Fig. 2 (all
the other conditions are provided in Supplementary figures).
The yields of biomass and each metabolite is summarized
in Table 2.

Influence of biotic and abiotic factors
on the accumulation of CAR and MGG

Regarding the different factors studied, their effects in the
accumulation of CAR and MGG were diverse (Table 3).
Light had a significant positive effect on the accumulation
of both metabolites when compared with those cultured

under dark. Higher MGG accumulation (~62 mg g~!) was
observed in the treatment under continuous light (PAR),
and the effect of light during the stationary phase (treat-
ment DARK-PAR, ~55 mg g~!) was greater than during the
exponential phase (PAR-DARK, ~22 mg g~!). For factors
such as Sodium Chloride, Ethanol, Hydrogen Peroxide,
Hydroxyl Radical (via Fenton reaction), the controls with
Fe*? and Fe*? and singlet oxygen (via Photosensitization
with rose bengal under PAR light), MGG accumulation was
negatively affected or held constant with the exception of the
treatment with Hydrogen Peroxide (H,0,) at a concentration
of 0.01 mM, where a slightly positive effect was observed on
the accumulation MGG. On the contrary, the accumulation
of CAR was stimulated by a larger number of factors, mainly
ethanol and singlet oxygen. Results are detailed in Table 3.

Sequential extraction of CAR and MGG

The extraction with water for 4 hs at 85 °C allowed to obtain
44.4+4.2 mg g~ which represent the 82% of MGG yields
obtained in the extraction with ethanol, 54.1+5.8 mg g~!
(p=0.017). Subsequent extraction of CAR in those sam-
ples showed a slightly lower content, 599.4 +64.6 pg g,
than those obtained for the samples without previous MGG
extraction, 647.4+45.2 pg g~! (p=0.206).

Discussion

In this study we analyzed for the first time the simultane-
ous production of two biotechnological relevant metabolites
in a single batch to establish the best conditions for their
production using a hyperproducer mutant obtained by ran-
dom mutagenesis. Mutagenesis by chemical, mainly using
N-Methyl-N'-nitro-N-nitrosoguanidine (NTG), or physical
treatments, mainly UV radiation, are common strategies to
obtain astaxanthin-hyperproducing mutants, and changes in
colonies coloration is used as a screening method for their
isolation (An et al. 1989; Meyer et al. 1993; Bon et al. 1997;
Rubinstein et al. 1998; Schmidt et al. 2011). Using UV radi-
ation, we successfully generated a carotenoid hyperproducer
mutant (selected for its more intense color), but surprisingly
the isolate 7918Mut exhibited also a twofold increase in
MGG content (colorless). To the best of our knowledge, this
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represents the first MGG hyperproducer mutant reported,
not only in yeasts, but for all mycosporinogenic microorgan-
isms. Given that the metabolic pathways for each of these
metabolites are unrelated, carotenoids are synthesized via
the mevalonic acid pathway and MGG is synthetized by a
cluster of at least three genes using sedoheptulose 7-phos-
phate as precursor (Septlveda et al. 2023), and consider-
ing that generation of mutants in the carotenoids content
in the applied conditions are unusual (only 3 over 11,467
colonies examinated =0.26% of the total), the simultane-
ous mutation of both pathways appears highly improbable.
Future genome sequencing of the mutant will help to resolve
whether there are common regulatory genes for the expres-
sion of both pathways. However, it’s worth considering that
both metabolites play roles in yeast photoprotection and anti-
oxidant responses (Moliné et al. 2009, 2010a, b) suggesting
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the possibility of a shared triggering mechanism for their
synthesis, likely through genes that regulate the response
to radiation or oxidative stress, as discussed later on. On
the other hand, random mutagenesis frequently exerts a
detrimental impact on the duplication rate (Szafraniec et al.
2003). However, growth rate of the mutant strain (p=0.101)
closely resembled the values reported by various authors for
different strains of P. rhodozyma under comparable culture
conditions (Chan and Ho 1999; Ho et al. 1999; Meyer and
du Preez 1994b), moreover it did not exhibit any signifi-
cant deviation from the growth rate observed in the parental
strain (p=0.103).

When we examined the kinetics of the biomass growth
and the production of CAR and MGG during our experi-
ments, we found that each of these metabolites is produced
during different stages of growth. CAR are produced from
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Table2 Yields of biomass, CAR, and MGG in mutant 7918Mut
under different concentrations of glucose and bactopeptone

Glucose/Bactopep- Yeastyield MGG (mgg™') CAR (ugg™h
tone (C/N ratio) Y(gdw/ggl)

10/1.5 (14) 0.32 50.5+6.8 738.7+38.9
10/3 (7) 0.32 62.6+2.3 666.0+39.2
10/6 (3.5) 0.29 93.4+7.2 608.9+51.7
15/2.25 (14) 0.27 31.5+0.7 739.6+46.6
15/4.5 (7) 0.26 53.3+5.6 625.9+60.0
15/9 (3.5) 0.25 57.1+3.4 624.3+19.4
20/3 (14) 0.21 16.5+1.6 636.1+57.3
20/6 (7) 0.20 16.4+0.9 616.7+51.5
20/12 (3.5) 0.24 15.1+2.1 611.2+48.0
30/4.5 (14) 0.18 6.8+0.3 618.3+44.2
30/9 (7) 0.19 8.9+0.7 491.1+17.9
30/18 (3.5) 0.17 10+1.0 480.2+20.4

Biomass is expressed as grams of dry weight over grams of glucose.
MGG and carotenoids productivity is expressed as each metabolite
over yeast biomass. dw dry weight, g/ glucose, MGG mycosporine-
glutaminol-glucoside, CAR total carotenoids. The highest productivi-
ties observed are highlighted in bold

the beginning of the exponential growth phase and continue
until glucose is depleted, with minimal changes in their
content during the stationary phase. While carotenoids
are typically classified as secondary metabolites in most
organisms, it’s important to note that in P. rhodozyma, this
kinetics has been previously well-documented (Johnson and
Lewis 1979), revealing that CAR are considered primary
metabolites in this particular species. In contrast, the accu-
mulation of MGG only begins after entering the station-
ary phase, and approximately 52 hs later (totaling 100 hs
of culture), it reaches its maximum concentration, nearly
100 mg g~! (under conditions of 10 g L™! glucose and C/N
ratio 3). MGG yields obtained in this study with P. rho-
dozyma surpass those observed in other microorganisms.
For instance, mycosporines produced by cyanobacterias or
algaes reaches less than 10 mg g~! within seven to nine days
(Portwich and Garcia-Pichel 1999; Korbee et al. 2005), and
the fungus Thichothecium roseum achieves a maximum of
25 mg g~! (Favre-Bonvin et al. 1987). Our findings suggest
that MGG is indeed a secondary metabolite of P. rhodozyma,
and it’s accumulation only occurs after reaching the station-
ary phase. However, it is important to highlight that due
to the relatively short cultivation times for P. rhodozyma
and the substantial accumulation of this metabolite in our
mutant, we achieve significant quantities of MGG within a
short culture period compared to other microbial sources.
On the other hand, the impact of C/N ratio reveals the
existence of a trade-off between maximizing each metabo-
lite. Generally, an increase in the nitrogen source (lower C/N
ratio) leads to greater accumulation of MGG and a lower

accumulation of pigments and vice versa. While the effect on
carotenoids is in line with previous observations in other P.
rhodozyma strains using different nitrogen sources (Yamane
et al. 1997; Flores-Cotera et al. 2001; Vustin et al. 2004),
it is important to note that this response is not universal
among yeasts. For instance, in Rhodotorula glutinis, carote-
nogenesis is favored by a low C/N ratio (Sakaki et al. 1999),
while in Rhodotorula mucilaginosa production remains
unaffected by the C/N ratio (Libkind et al. 2004). Hence,
the relationship between the C/N ratio and the accumula-
tion of carotenoids is species-dependent. In contrast, a lower
C/N ratio significantly impacts the accumulation of MGG,
reaching nearly 100 mg g~! (which represents 10% of the
dry biomass weight). The positive influence between high
nitrogen content and mycosporine production in cyanobac-
teria and dinoflagellates is well-established (Peinado et al.
2004; Figueroa et al. 2008; Korbee et al. 2010). However,
this is the first report documenting the effect of nitrogen on
the accumulation of MGG produced by yeast. Our findings
underscore the fundamental role of nitrogen in the accumu-
lation of these metabolites in P. rhodozyma and should be
considered a crucial factor in designing culture media for
industrial metabolite production.

Beyond the C/N ratio, we observed that a high initial
glucose concentration has a negative impact on the accu-
mulation of both compounds. This observation aligns
with previous findings by other authors, such as Johnson
and Lewis (1979) and Meyer and du Preez (1994a), who
determined that glucose concentrations exceeding 1.5%
w/v hindered the accumulation of astaxanthin, leading to a
yield dropping below 300 pg g~! at glucose concentrations
exceeding 3%. Although our strain exhibited a higher yield
(480-620 pg g7'), we observed a similar effect caused by
the high initial glucose concentration. In a similar trend, we
found that MGG accumulation was strongly inhibited by
glucose concentrations, resulting in nearly 90% reduction
in yield with a concentration of 30 g L™!. The repression of
carotenogenesis in Phaffia rhodozyma under these condi-
tions might be linked to the Crabtree effect, which involves
the alcoholic fermentation of sugars in the presence of oxy-
gen (Reynders et al. 1997) and by the repression of three
genes involved in mycosporinogenesis (Miao et al. 2019).
Future research will explore the impact of non-fermentable
carbon sources on the accumulation of these metabolites.

Regardless of the culture conditions, numerous fac-
tors have been extensively studied in recent decades to
determine their impact on P. rhodozyma carotenogenesis.
In this study, we explored, for the first time, how those
factors affect MGG accumulation as well. In this section,
we demonstrate that only light exposure and low concen-
trations of H,O, (during stationary growth phase) have a
positive effect on the accumulation of both metabolites.
Carotenoids and MGG are important compounds for UV-B
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Table 3 Influence of biotic and abiotic factors on the accumulation of CAR and MGG

Treatment
Growth rate, p (h™") Yoiom (Zaw Eo~ )’ MGG (mg g™") CAR (pgg™)
Control
0.101+0.001 0.309+0.024 57.95+8.33 676.18 +£46.65
Light treatment effect
PAR 120hs 0.104 +£0.005 0.297+0.011 61.92+1.18 697.51 + 25.59
DARK PAR 0.102 +0.005 0.314+0.009 55.01+3.11 661.00+40.82
PAR DARK 0.105+0.007 0.314+0.015 21.59+0.73 608.52+50.33
DARK 0.101+0.010 0.315+0.015 8.46+0.13 289.79+31.04
Osmotic pressure
NaCl 100 mM 0.102+0.002 0.292+0.004 45.56 +2.58 533.74+13.32
NaCl 200 mM 0.052+0.001 0.282+0.009 35.22+3.81 490.79+48.17
NaCl 300 mM - - - -
Alcohol treatment effect
Ethanol 0.2% 0.107 £0.006 0.336+0.014 47.29 +1.65 629.47+51.42
Ethanol 0.4% 0.103+0.004 0.322+0.007 43.82+8.24 747.68 +77.89
Ethanol 0.6% 0.091+0.012 0.298 +0.004 35.34+0.73 818.16 +44.40
Ethanol 0.8% 0.085+0.013 0.252+0.002 27.96+2.19 851.02 + 30.82
Oxidative stress caused by hydrogen peroxide
Added at 0 hs
H,0, 0.01 mM 0.105 0.298 +0.004 68.26 + 3.09 601.61 +82.83
H,0, 0.1 mM 0.102 0.301+0.008 49.85+1.79 485.73+25.34
H,0, 1 mM 0.101 0.302+0.002 49.09+1.45 490.40 +68.26
H,0,2mM 0.101 0.301+0.007 50.27+1.73 480.35+75.88
Added at 48 hs
H,0, 0.01 mM - 0.295+0.004 67.87 +4.73 823.89 + 86.97
H,0, 0.1 mM - 0.293+0.008 62.56+2.51 724.98 £37.06
H,0, 1 mM - 0.302+0.000 62.08+0.83 594.45 +66.74
Oxidative stress caused by Hydroxyl Radical (via Fenton reaction)
Added at 0 hs
H,0, 0.01 mM +Fe*? 1 mM (OH") 0.101 +£0.006 0.317+0.008 45.89+0.95 511.28 +41.65
H,0, 0.1 mM +Fe*? 1 mM (OH’) 0.104+0.012 0.315+0.012 46.23+2.08 485.25+30.23
H,0, | mM+Fe*? 1 mM (OH") 0.104 +£0.006 0.315+0.010 46.98 +£0.96 488.62+67.20
Added at 48 hs
H,0, 0.01 mM +Fe*? 1 mM (OH") - 0.303+0.002 50.84+2.79 484.23+21.14
H,0, 0.1 mM +Fe*? 1 mM (OH’) - 0.311+0.004 52.25+1.16 658.37+54.91
H,0, | mM+Fe*? 1 mM (OH’) - 0.318 +0.005 51.71+£2.57 617.42+62.77
Control of the effect of iron used for Fenton reaction
Added at 0 hs
Fe*? 1 mM 0.101+£0.002 0.313+0.011 46.97+0.33 488.62+67.20
Fet’ 1 mM 0.108 +£0.003 0.312+0.009 49.08 +£1.27 487.16 +£34.85
Added at 48 hs
Fet? 1 mM - 0.312+0.008 47.68 +1.34 573.93 +£47.67
Fet> 1 mM - 0.296 +0.002 57.55+1.67 627.42 +69.59
Oxidative stress caused by singlet oxygen (via Photosensitization with rose bengal under PAR light)
Added at 0 hs
RB 1 pM 0.101+£0.003 0.319+0.005 56.18+8.77 690.27 +£31.45
RB 2 pM 0.102+0.005 0.325+0.009 35.18+1.93 811.55+14.54
RB 4 pM 0.101+0.005 0.305 +0.001 19.66+0.50 836.37+28.79
RB 6 pM 0.101+0.004 0.314+0.014 13.42+0.18 887.67 +71.54
RB 8 pM 0.102+0.005 0.241+0.002 13.41+2.80 1147.75 £ 62.77
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Table 3 (continued)

Treatment
Growth rate, p (h™") Yoiom (Zaw g1~ MGG (mg g™ CAR (ug g™
Added at 48 hs
RB 1 pM - 0.313+0.009 60.02+ 1.90 713.61+74.92
RB 2 uM - 0.313+0.010 53.49+0.10 891.09 +22.09
RB 4 uM - 0.304+0.003 52.33+1.67 872.80 +19.08
RB 6 pM - 0.313+0.011 38.29+0.46 889.60 + 38.74
RB 8 pM - 0.312+£0.013 34.14+2.80 937.91 +41.88
Control RB 8 uM (dark) Nd 0.313+0.016 7.24+3.22 305.52+46.19

“dw dry weight, gl glucose, Nd not determined, MGG mycosporine-glutaminol-glucoside, CAR total carotenoids. The highest observed produc-

tivities are highlighted in bold

resistance in different yeasts species (Moliné et al. 2009,
2010a, b, 2014; Villarreal et al. 2016) and their production
is photoinduced (Johnson and Lewis 1979; An and John-
son 1990; Meyer and Du Preez 1994a, b; Libkind et al.
2006, 2009; Libkind et al. 2011a, b; Stachowiak 2013b).
Furthermore both molecules exhibit antioxidant activity,
shielding yeasts from reactive oxygen species (Schroeder
and Johnson 1995; Moliné et al. 2010a), and in the par-
ticular case of H,0, it has been established that low con-
centrations induces astaxanthin content in P. rhodozyma
(An et al. 1996; Santopietro et al. 1998; Frengova and
Beshkova 2009; Zhang et al. 2019). Here, we established
that these two factors are also important for MGG produc-
tion in P. rhodozyma and could be harnessed for the simul-
taneous biotechnological production of both metabolites.
This suggests a general response in this species to radia-
tion and oxidative stress. In this context, recent findings
described that the expression of gene GST1, encoding for
a glutathione S-transferase, enhances the production of
astaxanthin (Shi et al. 2022). This family of enzymes is
known to be involved in the oxidative stress response, in
particular with peroxidase activities of yeasts (Veal et al.
2002), and these findings serve as evidence that general
systems for regulating responses to oxidative stress exist.

As we discussed above the obtention of a mutant hyper-
producer for both compounds suggest that exist a common
genetic system that triggers their synthesis but at the same
time the production of both compounds appears to be decou-
pled, not only in terms of their biosynthetic pathways but
also in the growth phase in which they are produced. While
the genes responsible in carotenogenesis and mycosporino-
genesis have been previously characterized in Phaffia rho-
dozyma CBS 7918 (Bellora et al. 2016), those related with
the regulation of each pathway remain unidentified. Despite
demonstrating that both compounds are produced in differ-
ent moments and conditions, the results of our study strongly
suggest the existence of a common network that triggers the
production of both metabolites. This phenomenon is likely

a response to direct and indirect stress induced by radiation
exposure.

All the other factors we investigated had either detrimen-
tal or contrasting effects on the accumulation of CAR and
MGG. Notably, NaCl and Fe+2+H202 (Fenton reaction)
resulted in lower concentrations of both compounds com-
pared to the control. In some yeast species like Rhodoto-
rula glutinis, R. mucilaginosa, R. aurantiaca, Sporidiobolus
salmonicolor, or Sporidiobolus pararoseus, high concen-
trations of NaCl have been found to have positive effects
on CAR production (Bhosale and Gadre 2001; Li et al.
2017; Marova et al. 2004). Similarly, NaCl positive effect
has been reported for mycosporine accumulation in black
fungi (Kogej et al. 2006, 2007), which is in line with the
hypothesis that these molecules could also act as compatible
osmolytes (Oren and Gunde-Cimerman 2007). However, our
findings indicate that saline stress, even at low levels, nega-
tively impacts the growth rate, growth yield, and specific
productivity of both metabolites in P. rhodozyma suggesting
that MGG and carotenoids do not play a role in protecting
against osmotic stress in this species. In the same trend, no
significant differences were observed in the treatments with
Fe*?+H,0,, either from the beginning of the culture or in
the stationary phase, over the accumulation of carotenoids
or MGG. The hydroxyl radical generated by the Fenton
reaction (Fe*?+H,0, — OH™ +OH' + Fe™) was previously
shown to have positive effects on astaxanthin accumulation
(up to 30%) under conditions similar to those applied here
(Santopietro et al. 1998). However, in our mutant strain only
a small change in yield was observed regardless of the con-
centration of the reactant H,O,, suggesting that this response
may not be universal in this species. On the contrary, ethanol
and singlet oxygen (generated by photosensitization with
rose bengal) boost carotenoids accumulation but have a nota-
bly adverse effect on MGG. The impact of ethanol on asta-
xanthin production in P rhodozyma has been documented
previously (Gu et al. 1997; Yamane et al. 1997). Ethanol
disrupts the balance of NADH/NAD, generating superoxide
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radicals, and also serves as a substrate for the synthesis of
isoprenoids, and upregulates expression of genes involved in
carotenogenesis (Marcoleta et al. 2011; Martinez-Céardenas
et al. 2018). Similarly, photogenerators of singlet oxygen
(102) like rose bengal also are known for their influence on
the antioxidant responses of yeasts (Schroeder and John-
son 1995; Brombacher et al. 2006). The effect of singlet
oxygen on P. rhodozyma carotenogenesis was previously
observed by Schroeder and Johnson (1995), who suggested
that this effect results from the activation of specific genes
that respond to singlet oxygen, although these genes have
not yet been found. The findings of our work support this
hypothesis and confirm that the increase in pigment accu-
mulation is independent of the culture stage in which this
oxidant is generated. The control treatment with rose bengal
in the dark (where singlet oxygen is not formed), shows an
accumulation of CAR and MGG similar to the treatment in
total darkness without this stain. This observation allowed
us to rule out a potential influence of rose bengal on the
accumulation of these metabolites and attribute their higher
levels of accumulation to the formation of singlet oxygen.
Unexpectedly, a substantial reduction in MGG accumula-
tion was observed (23% of the control, in the treatment with
rose bengal 8 pM applied from the beginning of the culture).
While MGG possesses antioxidant properties against sin-
glet oxygen (Moliné et al. 2010a), the results of this section
suggest that this reactive oxygen species does not stimulate
MGG accumulation. Considering this, the lower accumula-
tion of MGG is likely due to their oxidation and degradation
with no compensatory effect to stimulate its synthesis.

Finally, the sequential extraction of MGG and carotenoids
allowed us to demonstrate the feasibility of obtaining both
biotechnologically significant products from a single culture.

It’s worth noting that the extraction of yeast’s MGG using
hot water was first observed within our research group,
resulting in an invention patent (van Broock et al. 2009),
In this work, we showed that the water extraction method
results in a slightly lower yield compared to the extraction
with ethanol. However, it represents an extremely promis-
ing method as it not only utilizes the most cost-effective and
green solvent available but also because it allows to obtain
high concentrations of the metabolite without extracting
other less polar compounds (for example, ethanol extraction
also results in the extraction of carotenoids) (Tognetti et al.
2013). On the other hand, we have now further illustrated
that the residual cells left after this extraction process can be
effectively utilized for the subsequent extraction of astaxan-
thin, with minimal impact on the overall process. Undoubt-
edly, this procedure is ideal for obtaining both metabolites
from a single culture and adds high value to the biotechno-
logical production of this yeast species.

In conclusion, in this study we utilized the biotechno-
logically relevant yeast P. rhodozyma and demonstrated the

@ Springer

feasibility of obtaining two commercially significant metabo-
lites in a single batch for the first time, thereby adding new
value to their production. The mutant obtained in this study
exhibits unique characteristics due to its high specific yield of
both metabolites, being the most relevant strain for industrial
exploitation.

Although for most of the conditions studied here, CAR
and MGG seem to compete in their production, and therefore,
when we optimize one product, it has a negative effect on the
accumulation of the other, in this work, we demonstrate that it
is possible to achieve a compromise for both with an interme-
diate C/N ratio. Additionally, we show that the production of
both can be stimulated by radiation or small concentrations of
hydrogen peroxide. All these conditions are a first step towards
optimizing the production of each metabolite, or even achiev-
ing intermediate values according to the industrial require-
ments. This study serves as an initial stepping stone for future
work where the production system can be further enhanced
and scaled up, or new conditions can be explored to further
increase the productivity of these biotechnologically relevant
compounds.
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