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C—a—r—o—t—e—n—o—i—d—s—Carotenoid production from three strains of Rhodosporidium toruloides R—h—o—-—
d—o—s—p—o—r—i—d—i—u—m— t—o—r—u—l—o—i—d—e—s— grown on glycerol was studied. A time d—e—p—e—n—d—a—n—t—-dependent
metabolomics approach was used to understand its metabolism on glycerol and mechanism for
c—a—r—o—t—e—n—o—i—d—s—carotenoid production in three strains,—during different growth phases (1—,—4—,—7—1, 4,
7, and 12 d—days). T—h—e—s—t—r—a—i—n—Strain CBS 5490 was the highest c—a—r—o—t—e—n—o—i—d—s—carotenoid producer
(2—8—.—5—m—g—28.5 mg/L) and had a unique metabolic profile. In this strain, metabolites belonging
to the TCA cycle and amino acids were produced in lower amounts, as compared to the other
strains. On the other hand, it produced the highest amounts of c—a—r—o—t—e—n—o—i—d—s—carotenoid and
fatty acid metabolites. This indicated that the lower production of the TCA cycle and amino
acid metabolites w—a—s— t—o— p—r—o—m—o—t—e—promoted energy and metabolic flux t—o—w—a—r—d—s—toward the
c—a—r—o—t—e—n—o—i—d—s—carotenoid and fatty a—c—i—d—s—acid synthesis metabolic p—a—t—h—w—a—y—pathways. This study
shows that metabolomic profiling is a useful tool to gain insight into the metabolic pathways in
the cell,—and to shed light on the different molecular m—e—c—h—a—n—i—s—m—mechanisms between strains.
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Introduction

Glycerol is a widely available product due to the i—n—c—r—e—a—s—e—increased demand for biodiesel production
w—o—r—l—d—-—w—i—d—e—worldwide. For every gallon of biodiesel produced, 1.05 pounds of glycerol is produced as a side product.
It is predicted that the biodiesel industry would produce 37 billion g—a—l—l—o—n—gallons of biodiesel by 2016. As a result, the
price of glycerol has decreased to $0.30 per pound. 1 Thus, this has generated a w—i—d—e—s—p—r—e—a—d—widespread interest in
using glycerol as a low -cost substrate for microbial fermentation to produce value -added compounds. 2

Rhodosporidium toruloides R—h—o—d—o—s—p—o—r—i—d—i—u—m—t—o—r—u—l—o—i—d—e—s—is a red yeast that is gaining interest for its robust ability to
grow on a variety of waste substrates. 3− 6 3—-—6—It is used to produce valuable compounds such as cephalosporin esterase,
phenylalanine ammonia -lyase, and epoxide hydrolase. 7− 9 7—-—9—In recent years, there is a growing body of literature on
this yeast for its ability to produce the valuable metabolic products carotenoids and fatty acids. 6,10,11

Carotenoids are a group of colored pigments. There are over 700 different types of carotenoids. They occur
naturally in plants, yeasts, and algae. Demand for microbial sources of carotenoids h—a—v—e—has risen tremendously, and
they are preferred over plant sources,—for their fast growing rates. The most well studied carotenoid is β-carotene, a pro-
vitamin A molecule, which possesses antioxidant properties that i—s—are beneficial for health,—and is used as a nutritional
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supplement and food colorant. 12 The β-carotene market potential is estimated to be worth over U—S—D—U.S. $280 million
in 2015. The current industrial producer of β-carotene is from the m—i—c—r—o—a—l—g—a—e—microalga Dunaliella salina D—u—n—a—l—i—e—l—l—a—
s—a—l—i—n—a—. However c—a—r—o—t—e—n—o—i—d—s—, carotenoid production from algae is generally expensive and requires large areas for
cultivation,—; hence, there is increasing demand for studies of other microorganisms and methods of cultivation.13

R. toruloides produces the carotenoids:—torularhodin, 1 ,—; torulene, 2 ,—; and β-carotene, 3 (Figure 1).14 All three
carotenoids have applications as food colorants and poultry feed.15 1—5—Apart from β-carotene, other lesser known
carotenoids were also studied for their antioxidant activities. Torulene, 2, was found to have more antioxidant
potential than β-carotene, due to its higher number of double bonds. 16,17 Torularhodin, 1, may be a more potent
singlet oxygen quencher than β-carotene, due to its longer polyene chain.

Figure 1. T—h—e—s—t—r—u—c—t—u—r—e—Structures and absorption maxima (λmax) of the carotenoids:—torularhodin, 1 ,—; torulene, 2 ,—; and
β-carotene, 3.

The emerging F—o—o—d—o—m—i—c—s—foodomics trend uses a mass spectrophotometry (MS) based approach to advance food
science and nutrition, for its fast and high -throughput nature. 18 Under the foodomics field, untargeted metabolomics
is an analytical strategy to identify all metabolites in an organism under a given set of conditions. 19 This use of
metabolomics r—a—n—g—e—ranges from analyzing wine profiles t—o—d—e—v—e—l—o—p—for the development of a predictive model to aid
wine development by nontargeted GC-MS,—20 to studying microbial metabolism,—21 and is also used to identify the main
compound in strawberry responsible for its anti-inflammatory benefits. 22

The ability of R. toruloides to use glycerol as a substrate for fermentation has been well explored. 6,23,24 Its pro-
teomic profile has also been studied in lipid -accumulating conditions using LC-MS-based metabolomic technology.11
1—1—However, studies on the metabolism of this unique yeast on glycerol, and its mechanism to convert glycerol into
carotenoids i—s—are lacking. In this study we analyze the potential of c—a—r—o—t—e—n—o—i—d—s—carotenoid production from three strains
grown on glycerol using HPLC,—and a—n—a—l—y—z—e—d—their metabolic changes at four different growth phases via GC-MS. The
differential metabolite profile would also be useful to understand the differences in c—a—r—o—t—e—n—o—i—d—s—carotenoid production
between the strains.
Materials and Methods
Fermentation of R. toruloides

Over the past years, many studies have shown that t—h—a—t—the yeast R. toruloides can use glycerol as the sole carbon
source for fermentation. From over a decade of work on this species, we have chosen three strains: R. toruloidesATCC
10788 (AC) is from the American Type Culture Collection a—s—i—t—ane was one of the first s—t—r—a—i—n—strains to be investigated
for its lipid -producing ability.25 a—n—d—AS 2.1389 (AS) is from the China General Microbiological Culture Collection
Center s—i—n—c—e—and its genome was recently sequenced, which enables future genetic work. 11 To both of these strains we
added CBS 5490 (CBS), which was purchased from the largest fungal culture collection worldwide,—(Central Bureau
voor Schimmelcultures, Utrecht, The Netherlands) a—s—; it is a novel strain w—h—i—c—h—that has not yet been studied. All strains
were maintained on YPG agar plates containing:—(per liter) 20 g of glycerol, 20 g of peptone, 10 g of yeast extract,
and 20 g of agar. Overnight culture was used to inoculate each 250 mL Erlenmeyer flask at an optical density (OD) of
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0.2 containing 50 mL of fermentation media. Fermentation media contained (per liter) 20 g of peptone, 10 g of yeast
extract, and 60 g of glycerol, purity = 99% (Sigma, St. Louis, MO, USA). Fermentation was carried out in an incubator
for 12 d—days in 250 mL Erlenmeyer flasks at 30 °C, with shaking at 250 rpm. Three biological replicates were carried
out for each strain.
Growth and c—a—r—o—t—e—n—o—i—d—s—e—x—t—r—a—c—t—i—o—n—Carotenoid Extraction

To measure the growth of the yeasts, the OD of the culture media was measured at a wavelength of 600 nm,
using a Nano Drop 2000 UV spectrophotometer (Thermo Scientific, Waltham, MA, USA). Dry cell weight was quan-
titated by drying 1 mL of washed culture supernatant in an oven set at 70 °C until constant dry cell weight (DCW).
Biomass was quantitated by using a standard curve correlating OD at 6—0—0—n—m—600 nm to dry cell weight. To analyze
the intracellular c—a—r—o—t—e—n—o—i—d—s—carotenoid content of the cells, 1 mL of culture media was taken. The cells were cen-
trifuged at 1—0—,—0—0—0—x—10000g, washed with M—i—l—l—i—Q—Milli-Q water, and broken with glass beads using a Fast Prep bead
grinder (MP Biomedicals, Solon, OH, USA). Carotenoids were extracted with acetone until the cell pellet was col-
orless. Carotenoids w—a—s—were measured and quantitated using standards from CaroteNature (Ostermundigen, Switzer-
land). The spectrophotometric measurement of carotenoids was according to their absorption maxima peak (λmax),
which is the middle maximum of their UV/—−vis spectra in acetone. They were measured as follows: torularhodin, 1,
at 495 nm,—; torulene, 2, at 485 nm; and β-carotene, 3, at 455 nm.
C—a—r—o—t—e—n—o—i—d—s—c—h—a—r—a—c—t—e—r—i—z—a—t—i—o—n—Carotenoid Characterization and q—u—a—n—t—i—t—a—t—i—o—n—Quantitation

To confirm the quantitation and characterization of carotenoids extracted in acetone in each strain, high -perfor-
mance liquid chromatography (HPLC) equipped with a photodiode array detector was used as it is a validatedmethod.26
The carotenoids torularhodin,—(1 ), torulene,—(2 ), and β-carotene,—(3 ,—) were identified b—a—s—e—d—on the basis of their re-
tention t—i—m—e—times using standards from CaroteNature (—O—s—t—e—r—m—u—n—d—i—g—e—n—,—S—w—i—t—z—e—r—l—a—n—d—)—. An Agilent 1100 S—e—r—i—e—s—series
instrument was employed, and the column used was a 250 mm x—× 4.6 mm i.d., 5 µ—m—μm, Li-Chrospher 100 RP-18,
with a 4 mm x—× 4mm i.d. guard column of the same material (Merck, Rahway, NJ, USA). A gradient from 70-—to 100%
acetone in M—i—l—l—i—Q—Milli-Q water at a flow rate of 0.5 mL/min was used as the mobile phase. Detection was performed
at 450 nm, and the UV/—−vis absorption spectra were recorded online with the photodiode array detection system.
Extracellular g—l—y—c—e—r—o—l—a—n—a—l—y—s—i—s—Glycerol Analysis

To analyze extracellular glycerol levels in the culture media, 1 mL of culture m—e—d—i—a—medium was taken every 24 h
and filtered. Glycerol was quantitated using HPLC equipped with a refractive index detector using a standard of purity
of 99% (Sigma,—S—t—.—L—o—u—i—s—,—U—S—A—). The column used was an Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA).
M—i—l—l—i—Q—Milli-Q water was used as the mobile phase at a flow rate of 0.6 mL/min, with temperature controlled at 65 °C,
and detection was performed at 210 nm.
Metabolic p—r—o—fi—l—e—Profile of e—a—c—h—s—t—r—a—i—n—Each Strain at d—i—f—f—e—r—e—n—t—g—r—o—w—t—h—p—h—a—s—e—Different Growth Phases and GC-MS a—n—a—l—-—
y—s—i—s—Analysis

The intracellular metabolites were extracted from all three strains at four different time points: early log growth
phase on d—day 1, middle of log growth phase on d—day 4, as cells enter stationary phase on d—day 7, and during death
phase at the end of fermentation on d—day 12. C—e—l—l—s—Cell suspensions with an OD of 10 were l—y—z—e—d—lysed and quenched in
800 µ—l—μL of ice -cold methanol using glass beads and a bead grinder. 1—0—µ—l—Ten microliters of 2 mg/mL ribitol dissolved
in M—i—l—l—i—Q—Milli-Q water was added to each sample as an internal standard to correct for any loss of metabolite during the
extraction process. The supernatant was extracted and then air -dried using a heat block set at 30 °C overnight. Next,
50 µ—L—μL of 20 mg/mL solution of methoxyamine hydrochloride in pyridine was added to protect the carbonyl groups
and incubated at 37 °C for 1 h. Silylation was then carried out by adding 99 µ—L—μL of N-methyl-N-(trimethylsilyl)-—
t—r—i—fl—u—o—r—o—a—c—e—t—a—m—i—d—e—trifluoroacetamide (MSTFA) with 1—µ—l—1 μL of trimethylchlorosilane (TMCS) and incubated for 30
min at 70 °C.

Samples were then shaken vigorously for 2 h at room temperature before t—r—a—n—s—f—e—r—r—i—n—g—they were transferred to
sample vials,—and covered with Parafilm to prevent evaporation. Metabolite analysis was carried out using gas chro-
matography coupled with a mass spectrophotometer (GC-MS). All samples for GC-MS were run within 24 h. 1—µ—l—One
microliter of sample was injected using a Shimadzu QP 2010 Plus GC-MS system. The oven temperature was kept at
75 °C for 4 min, a—n—d—w—a—s—raised at 4 °C/min,—to a final temperature of 280 °C, and held for 2 min. Mass spectra were
recorded from m/z 35-—to 600 with a scan time of 0.2 s.27 The total elution time for mass spectra collected for each
sample was 58 min. Data processing and metabolite identification w—a—s—were carried out accordingly.28
Results and Discussion
Growth of t—h—r—e—e—Three R. toruloides s—t—r—a—i—n—s—Strains on g—l—y—c—e—r—o—l—Glycerol
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We have found 60 g/L to be the optimized glycerol concentration to ensure growth and carotenoid production in the
three strains (data not shown). Glycerol is able to enter the cell through diffusion and/or active transport.29 Extracellular
glycerol in the culture media was depleted from the culture media by d—day 3 for s—t—r—a—i—n—strains AC and AS,—and by d—day
4 for strain CBS. This showed that the three strains could assimilate glycerol and grew comparatively well (Figure 2).
From the biomass curve of the three strains in Figure 2, we define that all three strains were in the logarithmic (log)
phase of growth from d—days 1 and 6, entered stationary phase on d—day 7, and w—a—s—were in the death phase by d—day 12.
Cells underwent division and replication by obtaining energy from glycerol through glycolysis. The best strain to use
glycerol as a substrate for cell growth was CBS. The cells produced the highest concentration of biomass (42.3 g/L)
during late stationary phase, as compared to 37.2 g/L by AC and 38.4 g/L by AS (Figure 2).

Figure 2. Biomass concentration, extracellular glycerol levels, and t—h—e—spectrophotometric quantitation of carotenoids:—
torularhodin,—(1 ), torulene,—(2 ), and β-carotene,—(3 ,—) of all t—h—e—three strains. The error bar indicates the SD.

C—a—r—o—t—e—n—o—i—d—s—q—u—a—n—t—i—t—a—t—i—o—n—Carotenoid Quantitation by UV s—p—e—c—t—r—o—p—h—o—t—o—m—e—t—e—r—Spectrophotometer
Rhodosporidium yeasts are known to produce the carotenoids:—torularhodin, 1 ,—; torulene, 2 ,—; and β-carotene,

3.14 In the three strains, c—a—r—o—t—e—n—o—i—d—s—carotenoid concentration reached a plateau during stationary growth phase (Figure
2). The strain CBS was the highest c—a—r—o—t—e—n—o—i—d—s—carotenoid producer of all strains,—for the three types of carotenoids:
torularhodin, 1 ,—; torulene, 2 ,—; and β-carotene, 3.
Characterization and q—u—a—n—t—i—t—a—t—i—o—n—Quantitation of c—a—r—o—t—e—n—o—i—d—s—Carotenoids by HPLC

To our knowledge, there has been no report of the characterization of carotenoids in these strains. It was found that
the carotenoid values obtained by spectrophotometry and HPLC greatly differed, so the values quantitated by HPLC
were taken as it is a more accurate method.30 The milli-absorbance units (mAU) obtained from the HPLC profile were
quantitated using carotene standards. Our analysis showed that all strains produced torularhodin,—(1 ), torulene,—(2 ),
and β-carotene,—(3 ) in different percentages (Figure 3), although torularhodin,—(1 ,—) was the most abundant carotenoid
in all three strains. All of the carotenoids eluted within 24 t—o—−28min as shown in Table 1. The HPLC results confirmed
the UV spectrophotometer findings that CBS was the highest carotenoid producer. As quantitated from HPLC, at the
end of fermentation on d—day 12, it produced 28.5 mg/L, as compared to 18 mg/L by AC and 19.3 mg/L by AS. It also
produced the highest amount of the industrially relevant compound β-carotene, 3 (Figure 3).

Figure 3. Representative HPLC profile of carotenoids in the three strains, AC, AS, and CBS. In each HPLC profile
the following carotenoids were identified: torularhodin, 1 ,—; torulene, 2 ,—a—n—d—; β-carotene, 3.
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Table 1. Production of Carotenoids B—y—by the Three Strains Quantitated by HPLC

S—t—r—a—i—n—strain

C—a—r—o—t—e—n—o—i—d—
R—e—t—t—i—m—e—
(—m—i—n—)— AC AS CBS

carotenoid ret time (min)
Kmg/LT
m—g—/—L—

(—% of total
carotenoids)—

Kmg/LT
m—g—/—L—

(—% of total
carotenoids)—

Kmg/LT
m—g—/—L—

(—% of total
carotenoids)—

T—o—r—u—-—
l—a—r—h—o—d—i—n—Kto-—
rularhodin, 1
T ,—1—

2—4—.—5—K24.5−2
5.1T -—2—5—.—1—

7.4 41 12.5 65 19.7 69

T—o—r—u—-—
l—e—n—e—torulene,
2

2—7—.—3—K27.3−2
7.9T -—2—7—.—9—

7 39 2.5 13 2.0 7

β-carotene, 3 2—8—.—0—K28.0−2
8.5T -—2—8—.—5—

3.6 20 4.3 22 6.8 24

T—o—t—a—l—total 18 19.3 28.5

Comparison of the m—e—t—a—b—o—l—i—t—e—s—p—r—o—fi—l—e—s—Metabolite Profiles during d—i—f—f—e—r—e—n—t—g—r—o—w—t—h—p—h—a—s—e—s—Different Growth Phases
Metabolomics was used to investigate and shed light i—n—t—o—onto the differences in c—a—r—o—t—e—n—o—i—d—s—carotenoid accumula-

tion in the three strains on ametabolic level. The changes in intermediates would help to explain the cellular metabolism
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accounting for the different c—a—r—o—t—e—n—o—i—d—s—p—r—o—d—u—c—t—i—o—n—carotenoid productions in the three strains. In total, 13 important
differential metabolites were identified, and the changes in their levels are shown in Figures
5 and 6. The metabolites could be classified into carbohydrates, TCA cycle intermediates, fatty acids, and amino
acids. To apply the knowledge of metabolomic changes seen in the cell, we have mapped the changes in relation to
biochemical pathways, as depicted in Figure 4. This gives a view of the metabolite changes in comparison to the other
strains AC and AS, which could help us to understand the reason for higher carotenoid accumulation in strain CBS.

Figure 4. Metabolic changes in t—h—e—strain CBS mapped onto metabolic pathways during the four different growth
phases on d—days 1, 4, 7, and 12. C—o—l—o—u—r—e—d—Colored symbols represent an increase, decrease, or no change in the level
of the metabolite at each time point, as compared to the other strains AC and AS. Orange arrows represent the general
flow of metabolic flux in strain CBS.

Figure 5. Quantitated metabolite profiling in the three strains AC, AS, and CBS during different growth phases by
GC-MS: changes in the carbohydrate metabolite glycerol and amino acid levels of serine, glycine, threonine, alanine,
glutamine, and proline. The error bar indicates the SD of three biological replicates.

6



Figure 6. Quantitated metabolite profiling in the three strains AC, AS, and CBS during different growth phases by
GC-MS.—C—h—a—n—g—e—s—: changes in the TCA cycle intermediate metabolites malic acid and succinic acid, and levels of
the total intracellular fatty acids metabolites:—(oleic acid, stearic acid, linoleic acid, and palmitic acid). The error bar
indicates the SD of three biological replicates.

C—a—r—b—o—h—y—d—r—a—t—e—s—m—e—t—a—b—o—l—i—t—e—s—Carbohydrate Metabolites
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Glycerol was used as the sole carbon source in this study. In the cell, glycolysis is the pathway w—h—i—c—h—that supplies
the cells with energy, by breaking down sugars such as glycerol, to form the final pyruvate molecule. During glycoly-
sis, glycerol is converted into glyceraldehyde-3-phosphate, transformed into phosphoenolpyruvate (PEP), and finally
into pyruvate (Figure 4). Pyruvate may enter the mitochondria and is converted into acetyl-CoA w—h—e—r—e—i—t—, which
enters the citric acid cycle (TCA). Acetyl-CoA is an important molecule as it is the precursor of the fatty acid and
c—a—r—o—t—e—n—o—i—d—s—carotenoid synthesis pathway. 31 In Figure 5, the intracellular metabolite glycerol was found to decrease in
all three strains in comparatively the same manner,—as glycolysis took place.
Amino a—c—i—d—s—m—e—t—a—b—o—l—i—t—e—s—Acid Metabolites

Amino acids can be synthesized from compounds in the glycolysis pathway and TCA cycle. The glycolysis path-
way provides the substrate glyceraldehyde-3-phosphate,—for the synthesis of threonine, serine, and glycine, which are
used to form branched -chain amino acids (Figure 4). The amino acid alanine is synthesized from the pyruvate mol-
ecule provided by the glycolysis pathway. Glutamate and proline are synthesized from the intermediate of the TCA
cycle, α-ketoglutarate (α-KG).

Interestingly, we observe that the strain CBS demonstrated a unique amino acid metabolic profile. In comparison
to AC and AS s—t—r—a—i—n—strains, all of the amino acids were generally synthesized in lower amounts (Figure 5). This might
suggest that the cellular mechanism of the CBS strain preferably synthesized less amino acids, which resulted in more
available acetyl-CoA to enter the c—a—r—o—t—e—n—o—i—d—s—carotenoid and fatty acid synthesis p—a—t—h—w—a—y—pathways. This could con-
tribute to the higher levels of carotenoids and total intracellular fatty acids observed in strain CBS.
TCA c—y—c—l—e—i—n—t—e—r—m—e—d—i—a—t—e—m—e—t—a—b—o—l—i—t—e—s—Cycle Intermediate Metabolites

The TCA cycle is a key metabolic pathway in all cells. After glycolysis, pyruvate enters the mitochondria,—and is
converted into acetyl-CoA, which undergoes oxidative phosphorylation to provide energy for the cell in the form of
NADH and NADPH. The TCA cycle contains intermediates such as succinic acid and malic acid.

In strain CBS we also observed a general down -regulation in production of the TCA cycle intermediates, malic
acid and succinic acid, as compared to s—t—r—a—i—n—strains AC and AS (Figure 6). Therefore, we propose that the TCA cycle
was down -regulated,—to enable more acetyl-CoA from glycolysis to enter the carotenoids and fatty acid synthesis
pathway. This contributes to higher c—a—r—o—t—e—n—o—i—d—s—carotenoid production in C—B—S—s—t—r—a—i—n—strain CBS. This is also seen in a
previous study w—h—e—r—e—in which the decrease of the TCA cycle intermediate malic acid,—enhanced β-carotene production
in the yeast Blakeslea trispora B—l—a—k—e—s—l—e—a—t—r—i—s—p—o—r—a—.32
Fatty a—c—i—d—m—e—t—a—b—o—l—i—t—e—s—Acid Metabolites

R. toruloides is an oleaginous yeast w—h—i—c—h—that has been studied for its ability to accumulate high amounts of lipids.
The total intracellular fatty acids synthesized by all three strains was palmitic acid, oleic acid, linoleic acid, and stearic
acid, which is in accordance with previous results.23 The highest c—a—r—o—t—e—n—o—i—d—s—carotenoid-producing strain, CBS, was
also the highest fatty a—c—i—d—s—acid producer, especially the unsaturated oleic acid and linoleic acid (Figure 6).

The cell membrane is made up of a p—h—o—s—p—h—o—-—l—i—p—i—d—phospholipid bilayer where many biochemical processes take
place. Both fatty acids and carotenoids are localized in the lipid bilayer membrane. Carotenoid-—−lipid interactions
play a role in the regulation of membrane fluidity and integrity. β-c—a—r—o—t—e—n—e—Carotene molecules are randomly integrated
in the hydrophobic interior of the lipid bilayer. Its ability to penetrate deeper into the membrane is dependent on
the fluidity of the membrane. Higher amounts of unsaturated fatty acids in the bilayer result in increased membrane
fluidity, thereby allowing more β-carotene to accumulate deeper into the interior of the bilayer.33 Therefore, the high
content of the unsaturated fatty acids, oleic acid and linoleic acid, in strain CBS s—t—r—a—i—n—,—may have served not to increase
the membrane stability,—but i—m—p—r—o—v—e—d—to improve the cell membrane fluidity to enhance the accumulation of all three
carotenoids. In support of this, a study by Li et al.34 has also shown that oleic acid could help increase membrane
fluidity to overcome ethanol stress in Saccharomyces cerevisiae S—a—c—c—h—a—r—o—m—y—c—e—s—c—e—r—e—v—i—s—i—a—e—.

In addition, intracellular fatty acids form TAG and sterol esters, which are stored inside lipid bodies.35 The in-
creased synthesis of total intracellular fatty acid metabolites observed in strain CBS means more lipid bodies can be
formed. Oleic acid has been suggested to be the main constituent in the formation of lipid bodies in Dunaliella.36 It
has been proposed that formation of lipid bodies was the driving force of β-carotene synthesis. This is because lipid
bodies have the ability to sequester β-carotene molecules, stimulating more β-carotene production.37 In light of our
results it is possible that the higher production of fatty acids, especially the oleic acid levels in strain CBS, resulted
in more lipid bodies formed, which can sequester all three carotenoids including torularhodin, 1 ,—; torulene, 2 ,—; and
β-carotene, 3. The sequestering by lipid bodies thus promoted an increase for overall total c—a—r—o—t—e—n—o—i—d—s—carotenoid accu-
mulation which was not reported previously. Therefore, our study found a strong correlation between fatty a—c—i—d—s—acid
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production t—o—c—a—r—o—t—e—n—o—i—d—s—and carotenoid biosynthesis, especially in the unsaturated fatty acids oleic acid, which could
help increase membrane fluidity and m—o—r—e—lipid b—o—d—i—e—s—body formation.
C—a—r—o—t—e—n—o—i—d—s—s—y—n—t—h—e—s—i—s—p—a—t—h—w—a—y—Carotenoid Synthesis Pathway

Isoprenoids such as carotenoids are secondary metabolites produced at highest levels during late log phase to
early stationary phase,38 which is consistent with our observations. As seen in Figure 4, in the carotenoid synthe-
sis pathway, γ-carotene is the metabolic branch point for β-carotene and the torulene/torularhodin pathway. From
g—a—m—m—a—γ-carotene, cyclization forms the dicyclic carotenoid β-carotene, w—h—i—l—e—whereas oxidation takes place to form
the monocyclic carotenoid torulene, 2, and further oxidation into torularhodin, 1. 39 In all strains the highly o—x—i—-—
d—i—s—e—d—oxidized end product torularhodin, 1, was the major carotenoid formed (Table 1). The regulatory mechanisms
controlling the carotenoid synthesis pathways are not well understood, and further studies are required.

In summary, the use of a metabolomics strategy to study the metabolic profile at different time points has allowed
us to gain insight into the metabolism and biochemical pathways of R. toruloides. Also, it helped us understand the
underlying differences in c—a—r—o—t—e—n—o—i—d—s—carotenoid-producing ability between strains. The results suggested that fatty
a—c—i—d—s—acid synthesis was beneficial to increase c—a—r—o—t—e—n—o—i—d—s—carotenoid production. However, more studies on the rela-
tionship between fatty acids and c—a—r—o—t—e—n—o—i—d—s—carotenoid synthesis is needed. Knowledge from this study could aid future
work to increase c—a—r—o—t—e—n—o—i—d—s—y—i—e—l—d—carotenoid yields by metabolic engineering in microorganisms.—F—o—r—, for example, to
down -regulate the TCA cycle and amino acid synthesis,—and increase the unsaturated fatty a—c—i—d—s—acid production such
as oleic acid.
The authors declare no competing financial interest.
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Supplementary Table S1 lists the retention times of all differential metabolites identified using the NIST library.
Figure S1 shows the total ion chromatogram from GC-MS analysis of all three strains on d 12. Figure S2 shows the
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http://pubs.acs.org .
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