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Abstract The oleaginous red yeast Rhodotorula glutinis pro-
duces carotenoid pigments, especially torularhodin and β-car-
otene, in significant amounts. We have analyzed in detail ca-
rotenoid and lipid biosynthesis in a torularhodin-producing
strain of R. glutinis cultivated at different carbon:nitrogen
(C/N) ratios (20:1, 50:1, 70:1, and 100:1). When the strain
was cultivated in media with low C/N ratios (20:1 and 50:1),
glucose was completely utilized and carotenoid formation was
stimulated. Maximum pigment production reached 12.9 mg/L
of medium and 2.3 mg/g of biomass at the C/N ratio of 20:1. It
was noted that β-carotene synthesis was prominent when glu-
cose was present in the medium. However, glucose exhaustion
in the media at C/N ratios of 20:1 and 50:1 was closely ac-
companied by the predominant formation of torularhodin. The
growth of R. glutinis in media with C/N ratios of 70:1 and
100:1 favored lipid accumulation in the cells but carotenoid
biosynthesis was reduced. In addition, glucose consumption
was linked to a rapid decrease in oleic acid levels in the total
intracellular lipids. The kinetic analysis clearly indicated a
correlation between oleic acid levels in total lipids and
torularhodin accumulation in the cells. The results may sug-
gest that acetyl-CoA formed from oleic acid degradation is
metabolized through the mevalonate/isoprenoid/carotenoid
pathways directly to torularhodin.

Keywords Torularhodin overproduction . Red yeast
Rhodotorula sp. . C/N ratio . Pigment and lipid synthesis

Introduction

Carotenoids are a class of ubiquitous terpenoid pigments
whose molecular backbone consists of a polyene chain of
alternating single and double bonds. This structure is based
on a conjugated system, which is responsible for the delocal-
ization of π electrons and confers several features to the ca-
rotenoids, such as chemical reactivity, absorption of light, and
pigmentation and coloration (Britton 1995). Carotenoids also
play an important role in human health as they serve as anti-
oxidants. One of the most efficient carotenoid antioxidants is
torularhodin (Thr), which is involved in the scavenging of
singlet oxygen and peroxyl radicals. Thr has higher antioxi-
dant activity than β-carotene owing to its longer polyene
chain with a carboxylic polar group (Sakaki et al. 2001).

The industrial production of carotenoids via extraction from
plant tissues and chemical synthesis is not economically attrac-
tive due to the low yield and high production costs, as well as
limitations in the occurrence of the natural sources. Therefore,
new alternative sources are being examined, such as pigment-
producing microorganisms (Mata-Gómez et al. 2014).
Microbial synthesis offers a promising, cost-effective alterna-
tive based on the combination of fermentation technology and
cultivation. Microbial biotechnology can therefore meet the
high demand for valuable natural compounds, which includes
not only carotenoid pigments used in food and feed additives
but also lipids for the use in biofuel production. The wild-type
and mutant forms of several carotenogenic microbes, such as
yeast, fungi, bacteria, and algae, have been explored (Cutzu
et al. 2013; Mata-Gómez et al. 2014). Urediniomycetes yeast,
inc lud ing the anamorphic Rhodotoru la sp . and
Sporobolomyces sp. and their teleomorphic analogs
Rhodosporidium sp. and Sporidiobolus sp., predominantly syn-
thesize three carotenoid pigments, namely, β-carotene,
torulene, and Thr (Wang et al. 2015). In addition, some
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Rhodotorula strains are characterized by their great capacity to
produce Thr, i.e., up to 80% of total carotenoid content
(Maldonade et al. 2008). Numerous external fermentation fac-
tors, including environmental and physical conditions, influ-
ence the cultivation of Rhodotorula glutinis, which is common-
ly used for the production of both lipids and carotenoid pig-
ments (Yen and Zhang 2011). Thus, the aim of many investi-
gations has been to optimize cultivation conditions, including
physical and nutritional factors (e.g., lighting, aeration, temper-
ature, initial pH of cultivation medium, the concentration of a
carbon and nitrogen source; Somashekar and Joseph 2000;
Aksu and Eren 2007; Yen and Zhang 2011; El-Banna et al.
2012; Braunwald et al. 2013; Zhang et al. 2014). The capability
to generate an immediate stress response is important in micro-
organisms, which thrive in a continuously fluctuating environ-
ment. Suboptimal cultivation conditions generate stress in mi-
croorganisms, which can induce biochemical reactions involv-
ing enhanced enzyme activity and carotenoid accumulation
(Salar et al. 2013). The use of specific yeast strains to produced
carotenoids is beneficial in industrial systems owing to com-
plete substrate utilization coupled with considerable production
of biomass enriched with pigments (Vieira et al. 2013).

The red yeasts are able to grow in a cultivation medium
over a wide range of pH (2.5–9.5) and temperature (5–28 °C).
However, one of the crucial factors for cell growth and me-
tabolite production is an appropriate carbon and nitrogen ratio
(C/N ratio) (Latha et al. 2005; Saenge et al. 2011a). The core
process of metabolite formation consists of metabolic incor-
poration of the carbon source into acetyl-CoA followed by its
subsequent utilization. In this process, fatty acids are first ac-
cumulated, mainly in the form of triacylglycerols, in cells
during the early stationary growth phase, following which
carotenoids are produced in the late stationary growth phase
(Somashekar and Joseph 2000). These authors found that ca-
rotenoid accumulation is enhanced when glucose has been
entirely consumed from the production medium with a con-
current utilization of intracellular fatty acids. It must be em-
phasized that the detailed kinetic study of R. glutinis grown on
media with various C/N ratios and the study of metabolic
activities of the strain under these conditions have not yet been
performed. Therefore, the main novelty of the research report-
ed here was confirmation of the correlation between glucose
consumption, lipogenesis, and carotenoid formation by deter-
mining the kinetic parameters.

Materials and methods

Microorganism and cultivation conditions

For this study we chose the red yeast R. glutinis JMT 21978, an
effective carotenoid producer. R. glutinis was maintained on
7%malt agar in petri dishes at 24 °C for 4 days under continual

yellow light. Cultures were re-inoculated into 30 ml of YPG
media containing 2% glucose, 1% peptone, and 1% yeast ex-
tract, re-incubated, and then transferred to 100-mL Erlenmeyer
flasks containing 20 mL of production media (0.5% yeast ex-
tract, and 2, 5, 7, or 10% glucose). These glucose/yeast extract
ratios in the medium represent C/N ratios of 20:1, 50:1, 70:1
and 100:1, respectively. The C/N ratios were calculated accord-
ing to the known amount of carbon and nitrogen in glucose and
yeast extract (BD Biosciences, San Jose, CA). The yeasts were
grown in production media for 8 days, with the exception the
lowest C/N ratio of 20:1 in which the yeasts were grown for
6 days. All cultures were grown in the KS 4000 ic control
incubator shaker with cooling coil (180 rpm; IKA®-Werke
GmbH & Co. KG, Staufen, Germany) at 28 °C under constant
yellow light. All experiments were performed in four parallel
cultivations.

Isolation of total lipids and carotenoids

Cells ofR.glutiniswereharvestedbycentrifugation andwashed
with a 0.9% NaCl solution and distilled water. Biomass was
lyophilized and subsequently homogenized by mortar with sea
sand.Carotenoids togetherwith lipidswereextracted twicewith
a chloroform/methanol (2:1) mixture for 2 h at laboratory tem-
perature with occasional stirring (Folch et al. 1957). After ex-
traction themixturewas filtered to removecells, and the extracts
were mixed with distilled water (1.2-fold of total extract vol-
ume). The mixture was stirred vigorously for 1 min and centri-
fuged to effect phase separation. The chloroform layer contain-
ing the lipids and pigments was filtered through anhydrous
Na2SO4 and evaporated under vacuum. The lipid extract with
carotenoid pigments was re-suspended in 1 mL of a hexane/
chloroformmixture (9:1, v/v) and subsequently analyzed.

High-performance liquid chromatography analysis
of carotenoid pigments

Carotenoids were analyzed by high-performance liquid chro-
matography (HPLC). Briefly, the carotenoid extract (10 μL)
was injected into the column (LiChrospherR 100 RP-18;
Merck KGaA, Darmstadt, Germany) and carotenoid content
and composition analyzed by HPLC (HP 1100; Agilent
Technologies, Santa Clara, CA) equipped with a diode array
detector. The solvents used were acetonitrile:water:formic ac-
id (86:10:4 v/v/v; solvent A) and ethyl acetate:formic acid
(96:4 v/v; solvent B). The solvent flow rate was 1 mL/ min
with a gradient of 100% A at 0 min, 100% B at 20 min, and
100%A at 30 min. Carotenoid pigments were identified using
known standards. β-carotene, γ-carotene, and torulene were
purchased from Sigma (St. Louis, MO), and Thr was pur-
chased from Novachem (Heidelberg West, Australia). HPLC
data were evaluated using ChemStation B.01.03 (Agilent
Technologies).

542 Ann Microbiol (2017) 67:541–551



Fatty acid isolation and analysis

Biomass (10–15 mg) was mixed and incubated (50 °C, 3 h)
with 1 mL of dichlormetane containing 0.1 mg of internal
standard (C17:0) and 2 mL of methanolic HCl solution to
form fatty acid methyl esters (FAMEs) (Certik and Shimizu
2000). After incubation 1 mL of distilled water and 1 mL of
hexanewere added simultaneously and stirred vigorously. The
mixture was centrifuged (3000 g, 5 min), and the hexane
phase with pre-extracted FAMEs was analyzed by gas chro-
matography (GC-6890 N; Agilent Technologies). FAME so-
lutions were automatically injected into the DB-23 column
(50% cyanopropyl methyl polysiloxane, length 60 m, diame-
ter 0.25 mm, film thickness 0.25 μm) and separated under the
following conditions: carrier gas, hydrogen; inlet, temperature
230 °C, hydrogen flow 2.7 mL/min, split 1:10; flame ioniza-
tion, 260 °C, hydrogen flow 40 mL/min, air flow 450 ml/min;
temperature gradient, 130 °C for 1 min, 130–170 °C at
6.5 °C/min, 170 °C for 0 min, 170–220 °C at 3.75 °C/min,
220 °C for 5 min, 220–240 °C for 30 °C/min, 240 °C for
3.5 min). FAMEswere evaluated by retention times of internal
standard (Sigma) and quantified using ChemStation B0103
(Agilent Technologies).

Measurement of residual sugars

Residual sugars in the production media were measured
spectrometrically by a method using 3,5-dinitrosalicylic acid
at 540 nm (Miller 1959).

Determination of kinetic parameters

The kinetic analysis considered the formation of bio-
mass [total dry cell weight (DCW)], total fatty acid
content (TFA), and total pigment content (TP) in yeast
cells during each day of cultivation. Lipid-free cell
weight (ffCW) was used in the other calculations.
Several kinetic parameters were determined according
to Certik and Shimizu (2000). The basic parameter
productivity (P) represents the final production of
DCW, TFA, and TP during cultivation process (mg/
L−1, g/L−1). The relative productivity (Pr) represents
the accumulation of TFA and TP in DCW (%, mg/g).
The rate of product synthesis (ν) is the average speed
of total production of DCW, TFA and TP (g/L/day;
mg/L/day). Specific product synthesis (q) is the total
accumulation of TP and TFA in DCW during the entire
cultivation of R. glutinis was cultivated (%/day; mg/g/
day). Finally, the yield of product (Y) represents the
entire amount of DCW, TFA, and TP formation from
the total consumed substrate (g/100 g Sc; %).

Results and discussion

Cell growth and glucose utilization

The growth ofR. glutinis JMT 21978was studied in a medium
with varying C/N ratios (20:1, 50:1, 70:1 and 100:1, respec-
tively). The C/N ratio of 70:1 was optimal for cell growth
yield (14.5 g DCW/L) (Fig.1 a, b). Glucose as an easily di-
gestible carbon source was completely consumed after 72 h of
cultivation at a C/N ratio of 20:1, with a maximum cell growth
of 6.3 g DCW/L, and after 144 h at a C/N ratio 50:1 with a
biomass yield of 11.2 g/L. The C/N ratio of 100:1 prolonged
the lag phase of cell growth and thus resulted in a lower cell
yield (11.9 g/L) than that at the C/N ratio of 70:1.

Production of total carotenoid pigments

The analysis of carotenoid production delineated the mecha-
nism by which C/N ratio affected the pigment content in the
yeast cells (Fig 2a, b). During the first 48 h of cultivation, the
rate of carotenoid accumulation was similar at all C/N ratios
and was independent of the C/N ratio. However, when glucose
was consumed at the C/N ratio of 20:1, there was a rapid
accumulation of total pigments in biomass, accounting for
the maximum amount of 2.3 mg carotenoids/g of cells after
122 h of cultivation. A similar rapid enhancement of pigment
biosynthesis was also triggered at the C/N ratio of 50:1 after
144 h when the glucose in the medium was exhausted. Under
this condition, pigment accumulation in the yeast cells
reached 1.6 mg/g cells. Aksu and Eren (2007) obtained similar
results and observed rapid pigment production after glucose
depletion, at the end of stationary phase, with minimal carot-
enoid content during the lag phase and a progressive increase
in the production of carotenoids during the logarithmic growth
phase. Although pigment accumulation in cells grown in a
medium with C/N ratio 20:1 was 1.4-fold higher than that at
C/N ratio 50:1, the total maximum pigment yield of 18 mg/L
was reached only upon yeast cell cultivation in the medium
with a C/N ratio of 50:1 due to the doubling of cell growth
under this condition. However, a significantly lower accumu-
lation of total pigments in the yeast was observed during
growth on the media with C/N 70:1 and C/N 100:1. Under
these latter conditions, the amount of carotenoids in the cells
reached maximum values of 1 and 0.8 mg/g for C/N 70:1 and
100:1, respectively, corresponding to total pigment yields of
12.1 and 8 mg/L, respectively. Thus, the C/N ratios above
50:1 caused a gradual decline in pigment production due to
continual lipid formation and the lack of substrate acetyl-CoA
for the carotenoid pathway (Somashekar and Joseph 2000).

The effect of C/N ratio on carotenoid formation also depends
on themicrobial strain. Libkind et al. (2004) reported that chang-
es in the C/N ratio has no effect on carotenogenesis in
R. mucilaginosa. In contrast, the glucose-based increase of the

Ann Microbiol (2017) 67:541–551 543



C/N ratio from 70:1 to 120:1 positively affected carotenoid syn-
thesis in R. glutinis (Braunwald et al. 2013). Variations in C/N
ratio by employing different concentrations of carbon and
nitrogen sources and the nature of either carbon or nitrogen
source is yet another parameter that might change carotenoid
biosynthesis. Park et al. (2005) observed that both low and high

concentrations of ammonium reduced pigment production in
R. glutinis. These authors cultivated R. glutinis in a urea-based
medium and varied the C/N ratio from 4:1 to 50:1. A C/N ratio
of 27:1 resulted in a high carotenoid content of 0.4 mg/g cells
and the production of 5.41 mg/L. The effect of different C/N
ratios (2.5:1, 5:1, 10:1, 15:1, and 20:1) on carotenoid synthesis
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by R. glutinis was also studied by El-Banna et al. (2012). These
authors found that a C/N ratio of 5:1 was optimal for a good
cellular carotenoid production (0.4 mg/g), with a total pigment
yield reaching a maximum value of 2.4 mg/L at C/N 10:1.

Biosynthesis of individual carotenoid pigments

The pigments biosynthesized by R. glutinis include four main
carotenoids:β-carotene, γ-carotene, torulene, and Thr. The alter-
ations in these pigment profiles produced by these yeast cells
grown at the four C/N ratios are shown in Figs. 3 and 4. The
results of these experiments clearly show that as long as glucose
is not completely utilized, β-carotene is the predominant mole-
cule synthesized, especially during the early phase of cultivation.
However, glucose exhaustion in the medium at C/N ratios of
20:1 and 50:1) was closely accompanied by a shift in product
synthesis, with Thr becoming the predominant metabolic prod-
uct. However, the high levels of Thr accumulation in the cells
and its total yield at C/N ratio 20:1 was achieved at 120 h of
cultivation (1.2 mg/g and 6.6 mg/L, respectively), whereas the
growth of the yeast on the medium with a C/N ratio of 50:1
resulted in the maximum Thr levels after 192 h of cultivation

(1.1mg/g and 11.7mg/L, respectively). Thus, the final total yield
of Thr in yeast cells grown in medium with a C/N ratio of 50:1
was 1.8-fold higher than that at C/N ratio 20:1. Carotenoid pro-
duction during the cultivation of the yeast in media with a C/N
70:1 and 100:1 was significantly reduced. Under all conditions,
β-carotene was the main pigment until 42 h of cultivation (42–
50%); however, during the stationary growth phase, an accumu-
lation of Thr (30–36%) and a low content of β-carotene (11–
18%) were noted. The levels of γ-carotene and torulene (inter-
mediates of carotenoid biosynthesis in this strain) in the total
pigments varied from 20 to 30%. On the basis of these observa-
tions, it could be claimed that glucose exhaustion at a low C/N
ratio and at the late growth phase are favorable conditions for the
rapid accumulation of torularhodin in the membranes and the
storage lipids of R. glutinis JMT 21978 cells.

The alterations in the pigment profile and in the content of
individual carotenoids of yeasts cultivated at various C/N ratios
were studied by El-Banna et al. (2012). These authors found that
R. glutinis grown on a medium with a low C/N ratio and low
glucose concentration synthesized torulene and Thr as the main
carotenoids. A higher C/N ratio with an increased glucose level
in the medium negatively affected Thr production, with β-
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carotene then being detected as the major pigment at these con-
ditions. In contrast, Cutzu et al. (2013) reported that the maxi-
mum production of β-carotene occurred when R. glutinis was
grown in a medium with a low C/N ratio containing a high
concentration of both carbon (glycerol, 80 g/L) and nitrogen.
Han et al. (2016) observed that the metabolism of carotenoids
in Sporidiobolus pararoseus was switched to torulene (up to
58% of total pigments) when the strain was cultivated through
fed-batch fermentation with a constant feeding of glucose.

Lipid production

As mentioned, R. glutinis is an oleaginous yeast that accumu-
lates a significant amount of oils in the form of lipid droplets.
Lipid overproduction was achieved by cultivating this microor-
ganism on amedium rich in the carbon source and only a limited
amount of nitrogen source (Ratledge 2002; Papanikolaou et al.
2004; Meng et al. 2009; Sunja et al. 2011; Ageitos et al. 2011).

Our results clearly show that elevation of the C/N ratio in the
medium (from 20:1 to 70:1) was accompanied by an increased
lipid accumulation in the yeast cells of up to nearly 32% (Fig.
2c, d). In addition, the maximum total lipid yield of 4.6 g/L was

reached at the C/N ratio of 70:1; this yield was 4.5-fold higher
than that at the C/N ratio of 20:1. It should be noted that the rate
of lipid production was continuously enhanced until glucose
was present in the medium (C/N 20:1, 50:1, and 70:1). The
positive effect of higher C/N ratios on lipid formation by
R. glutinis has also been described by Somashekar and Joseph
(2000) and Braunwald et al. (2013). An enhanced lipid synthe-
sis was also observed for R. glutinis grown on a medium with a
C/N ratio of 85:1 and supplemented with glycerol (Saenge et al.
2011a). Our experiments also revealed that a high C/N ratio of
100:1 reduced the capability of the yeast to synthesize lipids,
probably due to the inhibition of growth by a high concentration
of glucose in the medium (longer lag phase of cells was also
observed). On the other hand, the rapid stimulation of lipogen-
esis in R. glacialis was achieved when the yeast was cultivated
on a medium with a very high initial glucose concentration and
a high C/N ratio (160:1) (Amaretti et al. 2010).

In our study, both the overall and daily rates of glucose
conversion to total lipid were the same for C/N ratios of
20:1 and 70:1. When both glucose and the nitrogen source
were present in the medium, the daily rate of intracellular
lipid formation was in the range of 5–6.5 g lipids/100 g
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glucose utilized. When the nitrogen source was exhausted,
the daily rate of lipid biosynthesis from glucose rapidly
increased. In contrast, when glucose was completely con-
sumed and the nitrogen source was still present in the
medium, the intracellularly accumulated lipids were ca-
tabolized by the yeast cells. These results suggest that
complete consumption of glucose in the medium evident-
ly triggered the utilization of storage lipids as the second-
ary energy source in R. glutinis.

Fatty acid composition

The typical fatty acids of R. glutinis are palmitic acid (C16:0,
PA), stearic acid (C18:0, SA), oleic acid (C18:1–9c, OA),
linoleic acid (C18:2–9c,12c, LA), and α-linolenic (C18:3–
9,12,15c, ALA) acid, of which oleic acid is the predominant
fatty acid. Long-chain saturated fatty acids, such as C20:0,
22:0, and 24:0, were formed at a low level via stearic acid
elongation reactions. Myristic (C14:0) and palmitoleic
(C16:1–9c) acids were also detected in small quantities in
the yeast. Fatty acids in the form of triacylglycerols are the
main storage of lipids in R. glutinis and serve as an energy
source, whereas the fatty acids bound to phospholipids are

important constituents of membrane lipids (Davoli et al.
2004; Rani et al. 2013).

The fatty acid profile of intracellular lipids of R. glutinis
JMT 21978 was affected by both the C/N ratio of the medium
and cultivation time (Fig. 5). Of the intracellular lipids, PA,
OA, LA, and ALA were generally the dominant fatty acids
during the initial stage of yeast growth at C/N ratios of 20:1
and 50:1 (Fig. 5a, b). When cultivated at C/N ratios of 70:1
and 100:1 (Fig. 5c, d) the yeast synthesized PA, OA, myristic
acid (C14:0), palmitoleic acid (C16:1), and long-chain satu-
rated fatty acids. Interestingly, substantial amounts of C14:0
and C16:1 were produced only on the first day of the culture,
possibly as a response to a high initial concentration of glu-
cose in the medium. Subsequent growth of the strain was
accompanied by a rapid accumulation of OA (mainly incor-
porated into triacylglycerols), which reached up to 42% of the
total fatty acid content until glucose was completely con-
sumed. A significantly high percentage of OA (40–50%) in
the total lipid content of R. glutinis grown under sufficient
amounts of glucose has also been described by other au-
thors (Saenge et al. 2011b; Wiebe et al. 2012; Schneider
et al. 2013). However, when glucose was exhausted
from the medium, the levels of OA in the intracellular
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lipids gradually dropped with a concomitant increase in
stearic acid. As mentioned, triacylglycerols are the main
storage lipids in R. glutinis while fatty acids serve as an
energy source. It would appear that OA is primarily
utilized via the β-oxidation reaction after glucose ex-
haustion and thus it might provide the acetyl-CoA
blocks needed for further metabolism by the yeast under
these conditions.

Correlation between lipid and carotenoid production

Kinetic analysis is an effective strategy to obtain a better un-
derstanding of a substrate flux to metabolite production and to
monitor metabolite biosynthesis during the entire cultivation
process. The calculated kinetic parameters sketched the met-
abolic flow of carbon from glucose to lipids and pigments as
well as established a correlation between the metabolism of
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stored fatty acids and the carotenoid pigments after glucose
exhaustion. The rates (average velocity) of lipid (νTL) and
total pigment (νTP) synthesis by the yeast grown at the C/N
ratios of 20:1 and 70:1 were constant until all of glucose was
consumed (Fig. 6a, b). Surprisingly, the yields of lipid (YTL)
and total pigment (YTP) produced from the total consumption
of the glucose in the medium was also similar at both C/N
ratios 20:1 and 70:1 until the glucose was actually depleted
(Fig. 6c, d). The rates and yields of metabolite biosynthesis by
the strain cultivated at C/N ratio 100:1 were significantly re-
duced compared with those at the lower C/N ratios due to a
prolonged lag phase of cell growth at C/N ratio 100:1.
However, when glucose was exhausted from the medium
(72 h for C/N 20:1 and 144 h for C/N 50:1, respectively),
the rate of lipid synthesis and yield rapidly decreased, while
the rate and yield of total pigment biosynthesis markedly in-
creased. This rapid accumulation of total pigments after all the
glucose in the medium had been consumed was clearly trig-
gered by the biosynthesis of Thr (Fig. 6e, f). This result was
also confirmed by the average velocity of Thr synthesis (νThr)
and the specific rate of Thr accumulation in cells (qThr), which
were found to be 1.6 and 0.27 mg Thr/g cell/day, respectively,
at the C/N ratio of 20:1 at 96 h.

It is intriguing to know that which carbon source was used
for the synthesis of total pigments, and especially for the syn-
thesis of Thr, when the glucose in the medium was completely
utilized. In order to address this issue, all measured data were
comparatively analyzed, which revealed that glucose con-
sumption was accompanied by a rapid decrease in OA levels
in the total intracellular lipid content (Fig. 7a) as well as a rapid
reduction of its accumulation in the cells (Fig. 7b). OA was
mainly present in triacylglycerols as the main storage lipid
structure. Triacylglycerol content in the storage lipids de-
creased after glucose exhaustion due to the preferential utiliza-
tion of OA from this lipid structure. Under these same condi-
tions, an increased biosynthesis of Thr was observed. In addi-
tion, a correlation between OA levels in the total lipids and Thr
accumulation in the cells was clearly established, especially in
the exponential growth phase (Fig. 7c). On basis of these ob-
servations, the following conclusions can be made: (1) glucose
is the main carbon source and primarily utilized and used for
yeast growth and lipid accumulation in the cells, (2) glucose
consumption is accompanied by a significant reduction in the
growth rate and lipid biosynthesis, (3) storage lipids are uti-
lized as the secondary energy source, (4) OA enters the β-
oxidation pathway and forms acetyl-CoA for pigment produc-
tion, (5) because the yeast strain prefers to biosynthesize Thr,
acetyl-CoA formed from OA degradation rapidly enters the
mevalonate/isoprenoid/carotenoid pathways to synthesize Thr.

It can be inferred from these results that the genes encoding
γ-carotene desaturase and hydroxylase/ketolase, which trans-
form γ-carotene to torulene and torulene to Thr, respectively,
must be active under these conditions. Therefore, further

experiments need to be carried out focusing on biochemical
and molecular analyses delineating the molecular mechanism
of Thr biosynthesis and its biotechnological overproduction.
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Conclusion

Thekinetic parameters related todifferentC/N ratios influencing
R. glutinis JMT 21978 growth and affecting metabolite produc-
tion were analyzed. This study presents an insight into lipid and
carotenoid synthesis by R. glutinis JMT 21978 and their inter-
connectionsof theseprocesses.For thefirst time,glucoseexhaus-
tion was shown to trigger the rapid accumulation of Thr at the
expense of OA from storage lipids. The monitoring of several
kinetic parameters of metabolite production may serve as an ef-
fective strategy to choose among the optimal conditions for high
lipid or carotenoid production.
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