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Abstract

In situ reintegration of crude glycerol into lipid feedstock can increase the production effi-
ciency and environmental tolerance for the biodiesel industry. In this study, a wild ole-
aginous yeast Rhodosporidium toruloides CGMCC 2.1389 was selected for its high cell
growth and lipid accumulation in crude glycerol. Ultra-centrifugal fractionation was
applied in a long-term adaptive evolution, and a stable R. toruloides XR20 strain was
finally obtained. The lipid content and titer of the R. toruloides XR20 strain in flask
increased by 100.1% and 75.8% compared with the parental strain. Record-breaking lipid
titers using crude glycerol by R. foruloides XR20 were achieved by batch and fed-batch
fermentation, reaching 24.5+0.5 g/L and 42.5+0.8 g/L, respectively. R. toruloides XR20
showed enlarged intracellular space, higher intracellular NADPH, and acetyl-CoA contents
compared with the parental strain. The changes in the expression levels of the key genes
favored lipid synthesis in R. toruloides XR20. This study constructed a robust high lipid-
producing R. foruloides on crude glycerol, contributing to a glycerol-free biodiesel produc-
tion process.

Keywords Biodiesel - Crude glycerol - Rhodosporidium toruloides - Microbial lipid -
Ultra-centrifugal fractionation

Introduction

Crude glycerol is the major byproduct of biodiesel industrially generated in the transes-
terification of lipids with alcohols, with the yield of 10% of the biodiesel product [1]. The
booming biodiesel market resulted in an overproduction of crude glycerol, with an annual
output of 7.66 million tons, which is much higher than the market demand for glycerol [2].
Crude glycerol contains a variety of impurities, including alkaline catalysts, alcohols, free
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fatty acids, soap, and salts [3]. Refining crude glycerol into pure glycerol for pharmaceuti-
cal, cosmetic, or food use is very costly [1, 4, 5]. On the other hand, in situ utilization of
crude glycerol into lipids by oleaginous microorganisms for biodiesel production presents
a promising strategy to develop a green process and eliminate the need for energy-intensive
glycerol refining [2, 6].

Oleaginous yeasts are the major cell factories for the production of microbial lipid using
glycerol [7]. Besides the process intensifications such as purification of crude glycerol
[8], optimization of medium composition [9], fed-batch or two-stage fermentations [10,
11], and additives use [12, 13], the construction of high lipid-producing oleaginous yeast
also plays a crucial role for the efficient lipid production from crude glycerol. Qiao et al.
[14] simultaneously overexpressed stearoyl-CoA desaturase (SCD), diacylglyceride acyl-
transferase (DGAL1), and acetyl-CoA carboxylase (ACC1) genes in Y. lipolytica, resulting
in faster cell growth and higher lipid production from crude glycerol. In addition to rational
metabolic engineering, adaptive laboratory evolution (ALE) is another innovative approach
to generate desired microbial strains by culturing over multiple generations under a specific
selection pressure [15]. Tsirigka et al. [16] conducted the adaptive evolution of Y. lipolyt-
ica on crude glycerol for 520 generations; however, the lipid production performance only
increased by 1.1 to 1.6-fold compared to the parental strains.

Lipids (0.88-0.90 g/mL) have relatively lower density compared with broth [17]. There-
fore, the density of individual cells tends to decrease as the lipid content increases, making
it possible to screen high-lipid content mutants based on the differences in cell density
[18]. Even simple gravimetric enrichment can facilitate the screening of high-lipid accu-
mulating microalgae mutants [19]. Our previous study strengthened the screening effi-
ciency by performing ultra-centrifugation on fermentation broth. An efficient adaptive evo-
lution method coupled with ultra-centrifugal fractionation was thus proposed and verified
to obtain the high-lipid-containing Trichosporon cutaneum mutants, which had 5-10 times
greater lipid production than the parental strain [20, 21]. This method was based on the
principle of density gradient centrifugation for separating different cell types; the higher
lipid content mutants with lower density can be isolated in the upper layer of the broth
[17, 22]. This adaptive evolution method with ultra-centrifugal fractionation was further
applied to develop the high lipid-producing oleaginous yeast cells using crude glycerol as
carbohydrate feedstock in this study. Rhodosporidium toruloides was selected due to its
higher tolerance to crude glycerol. The obtained R. foruloides strain showed a significantly
improved lipid production using crude glycerol. This study efficiently achieved the reinte-
gration of crude glycerol into microbial lipid through targeted adaptive laboratory evolu-
tion of R. toruloides, providing a solution for the glycerol-free biodiesel industry.

Materials and Methods
Feedstock

The crude glycerol was kindly provided by Longyan New Energy Co., Longyan, Fujian,
China. The crude glycerol (pH 5.6) contained ~ 853 g/L. pure glycerol and~110 g/L fatty
acid methyl esters. The composition of fatty acids in the methyl esters included 2.0% (w/w)
myristic acid (C14:0), 26.4% (w/w) palmitic acid (C16:0), 3.0% (w/w) palmitoleic acid
(C16:1), 8.1% (w/w) stearic acid (C18:0), 39.4% (w/w) oleic acid (C18:1), and 22.1%
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(w/w) linoleic acid (C18:2). The main cations concentration in crude glycerol including K,
Na, Ca, Mg, P, Swas 1.5 g/L., 2.5 g/L, 2.7 g/L., 0.2 g/L, 0.3 g/L, and 0.5 g/L.

Strains and Medium

Three typical oleaginous yeasts were used to evaluate the lipid production performance
using crude glycerol, including Trichosporon cutaneum ACCC 20271, Yarrowia lipolyt-
ica DSM 3286, and Rhodosporidium toruloides CGMCC 2.1389. YPD medium consist-
ing of 20.0 g/L glucose, 20.0 g/L peptone, and 10.0 g/L yeast extract was used to acti-
vate the yeast strains. The lipid fermentation medium contained 95 g/L crude glycerol,
equivalent to~80 g/L pure glycerol, 1.0 g/L MgSO,7H,0, 0.42 g/L corn steep liquor,
1.25 g/ (NH,),SO,, and 2.0 g/LL KH,PO,. The medium used for adaptive evolution con-
tained 100.0 g/L crude glycerol, 1.0 g/LL MgSO,-7H,0, 1.0 g/L corn steep liquor, 1.0 g/L
(NH,),SO,, and 1.0 g/L KH,PO,.

Adaptive Evolution with Ultra-centrifugal Fractionation

R. toruloides CGMCC 2.1389 was cultured in YPD medium at 30 °C, 200 rpm for 24 h as
the seed. Then the broth was inoculated into the medium used for adaptive evolution at a
10% (v/v) inoculation ratio. The culture was conducted at 30 °C, 200 rpm for 144 h. Then
20 mL of the broth was taken into a 50-mL sterilized centrifuge tube and centrifuged for
5 min (Avanti J-26 XP, Bechman Coulter, Brea, USA). After the centrifugation, the cell
mass aggregated into the upper layer of the broth was dispersed by the pipette, and 5 mL
of the supernatant broth was taken as the seed for the next round of culture. The centrifu-
gation force gradually increased from 45,000 g to 53,000 g (the ceiling of the centrifugal
machine) during the successive 20 transfers (total 120 days).

Cell Morphology

The cell morphology was observed by optical microscope (HT2000 CN, Olympus, Japan)
and field emission scanning electron microscope (FESEM) (JSM-IT800, JEOL, Japan)
according to the previous protocols [21]. The cell length and diameter were analyzed by
the software Image J (1.46r version). The cell volume was calculated according to the ellip-
soidal volume calculation formula [20]. More than 50 cells were selected to calculate cell
volume, excluding the immature cells and dividing cells.

Lipid Production in Flasks and 3 L Fermenter using Crude Glycerol

The key medium ingredients for lipid fermentation using crude glycerol were optimized in
flasks, including the initial crude glycerol concentration (80-140 g/L), initial KH,PO, con-
centration (0-3 g/L), and the ratio of corn steep liquor to (NH,),SO, (0-0.75). The fermenta-
tion in flasks was conducted at 30 ‘C, 200 rpm for 144 h. For the batch fermentation in a 3 L
fermenter, the conditions were set at 30 “C, 1.0 vvm, 600 rpm for 144 h. The working volume
was 1.0 L. The fermentation pH was controlled at 5.6 by automatically adding 3 M HCI and
3 M NaOH solution. A total of 5 mL of defoaming agent (GLT-700, Grade Inc., Jiangsu) was
added before the fermentation. For the fed-batch fermentation, a total of three feedings were
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carried out on the 3rd, 6th, and 8th day, respectively, at which time the residual glycerol con-
centration increased from~40 g/L to~80 g/L.

RNA Extraction and RT-qPCR

R. toruloides strains were cultured in crude glycerol-contained medium for 24 h. The cell
mass was collected and used for RNA extraction (Trizol reagent, RNAiso Plus, TAKARA)
according to the instructions. Reverse transcription reactions and real-time qPCR (RT-qPCR)
were conducted using Master Mix with gDNA Remover kit (Toyobo) and SYBR Green Real-
time PCR Master Mix kit (Toyobo). The actin gene was selected as an internal control to
standardize variations in total RNA amounts. The relative transcription level of the genes was
calculated using 2724, The GenBank accession number of the genome of R. toruloides was
ALAU00000000 [23]. The primers used for RT-gPCR were shown in Table S1 (see supple-
mentary materials).

Analytical Methods

Glycerol concentration was measured by HPLC method. The Shimadzu HPLC system was
equipped with an HPX-87 H column (Bio-rad Aminex) and RID-10A detector. The mobile
phase was 5 mM H,SO, at the flow rate of 0.6 mL/min.

The colony-forming units (CFU) were determined by diluting the broth with the sterilized
water, spreading on YPD agar medium, and culturing for 48 h.

The cell concentration (cells/mL) was counted using a Hemocytometer. Each sample was
counted in triplicate, and the average value was taken. If the cell density was too high, the cell
suspension was appropriately diluted before counting.

The intracellular acetyl-CoA content was measured by the ELISA Kit (A-CoA, COIBO,
Shanghai). The intracellular NADPH was measured using the Assay Kit purchased from
Beyotime Biotechnology (Shanghai) Co., Shanghai, China. The main cell wall components’
contents, including glucan, mannan, and chitin, were measured by reported methods [24, 25].

Dry cell weight (DCW) was measured by the differential weighting method. The lipid
was extracted using the methanol-chloroform method [26]. The 500 pL of extracted lipid was
added into 5 mL of the mixed reagent (the ratio of boron trifluoride to methanol is 1:6) in
the flask. The flask was equipped with a reflux condenser and heated in an oil bath at 80 °C,
400 rpm for 40 min. Then 6 mL of deionized water and 4 mL of n-hexane were added into the
flask. The mixture was shaken, and the upper layer was extracted for the analysis of fatty acids
of the lipid by gas chromatography-mass spectrometry (GC-MS).

The conditions of GC-MS were as follows: the injection temperature of 280 °C, injection
volume of 0.4 pL, helium as the carrier gas at a flow rate of 1 mL/min, an Agilent 19091 J-433
column (30 mx250 pmx0.25 pum). The flame ionization detector was set at 120 “C with the
program that held at 80 °C for 3 min, then increased to 280 ‘C at a rate of 16 “C/min and held
for 8 min. The analysis software was NIST MS Search 2.0.
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Results

Adaptive Evolution of R. toruloides CGMCC 2.1389 with Ultra-centrifugal
Fractionation in Crude Glycerol Medium

Three typical oleaginous yeast strains, 7. cutaneum ACCC 20271, Y. lipolytica DSM 3286
and R. toruloides CGMCC 2.1389, were chosen and cultured on the agar plates contain-
ing 80 g/L pure glycerol or 95 g/L crude glycerol (glycerol content 85.3%, w/v) (Fig. 1a).
All the three oleaginous yeasts grew well on pure glycerol and crude glycerol plates.
The flask test using crude glycerol showed that R. foruloides had the higher cell growth
(33.5+2.1 g/LL dry cell mass) and lipid accumulation (10.7+1.1 g/L) (Fig. 1b and c).
These results indicate that the wild R. foruloides CGMCC 2.1389 has the greater potential
for lipid production from crude glycerol compared to the other two oleaginous strains, but
the relatively low lipid content of R. toruloides limited the lipid accumulation (Fig. 1d).
Adaptive evolution with ultra-centrifugal fractionation was applied to improve the lipid
production of R. foruloides on crude glycerol (Fig. 2a). After 144 h of culture, 20 mL of
the broth was taken and centrifuged for 5 min under the centrifugal force from 45,000 g
to 53,000 g (Fig. 2b). The upper layer that contained lighter cells with higher lipid con-
tent was pipetted as the seed for the next round of culture. A series of cultures, centrifu-
gations, and transfers were conducted for 20 times. The lipid titer of R. toruloides from
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Fig. 1 Oleaginous yeast evaluation for lipid production using crude glycerol. (a) Cell growth on glycerol-
containing plates at 30 °C, 48 h; (b) Dry cell weight (DCW) after 6 days’ culture in liquid medium contain-
ing 95 g/L of crude glycerol at 30 “C, 200 rpm. (¢) Lipid titers after 6 days’ culture in liquid medium con-
taining 95 g/L of crude glycerol. (d) Intracellular lipid content
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(a) The schematic diagram of adaptive evolution with centrifugation and fractionation
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(b) Adaptive evolution of R. toruloides under the stress of ultra-centrifugation and fractionation
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Fig.2 Adaptive evolution of R. foruloides with ultra-centrifugal fractionation in crude glycerol. (a) The
schematic diagram of adaptive evolution with centrifugal fractionation. (b) The changes in lipid titer, CFU,
cells distribution of R. foruloides during the adaptive evolution with ultra-centrifugal fractionation

crude glycerol increased from 10.7 g/L to 18.9 g/L, while the CFU values decreased from
4.1x10% to 1.5x 108, A large number of cells were suspended in the upper layer of the
broth after the centrifugation of the finally obtained R. foruloides. In contrast, almost all
the cells of the parental strain after centrifugation were deposited at the bottom of the tube,
and the supernatant was relatively clear. The final obtained cells were spread on PDA agar
plates, and a single colony was isolated as R. toruloides XR20.

Characterizations of R. toruloides XR20

The cell volume of R. toruloides gradually enlarged along with the adaptive evolution from
the observation by optical microscope (Fig. 3a). The observation by field emission scan-
ning electron microscope (FESEM) further showed that R. toruloides XR20 presented
larger cell volume with longer cell diameters compared to the parental strain (Fig. 3b). The
average cell volume of R. toruloides XR20 calculated according to SEM images was 181.0
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(a) Cell morphology observed by optical microscope (b) Cell morphology observed by FESEM
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Fig.3 Characterizations of R. toruloides XR20 compared to the parental strain. (a) The cell morphology
observed by optical microscope before centrifugation. (b) The cell morphology observed by FESEM after
72 h of culture. (¢) Cell volume calculated according to the images of FESEM. The mean value of cell vol-
ume of evolved R. toruloides XR20 is significantly higher than that of the parental group, as determined by
t-test (P <0.0001). (d) The lipid content after 144 h of culture in crude glycerol-contained medium. (e) The
contents of main cell wall components. Variations were considered statistically significant at * P <0.05,
**P<0.01, and ***P <0.001. FESEM, field emission scanning electron microscope

um?®, which was 3.6 times larger than that of the parental cell (49.7 um®) (Fig. 3c). The
lipid content of R. toruloides XR20 in crude glycerol medium reached 63.6 +4.7% (w/w),
which was twice as much as that of the parental strain (Fig. 3d). The increased cell volume
reduced the thickness of the cell wall in R. toruloides XR20. The contents of main compo-
nents of the yeast cell wall including glucan, mannan, and chitin [27], decreased by 65.5%,
62.8%, and 73.5% in R. toruloides XR20 compared to the parental strain (Fig. 3e).
NADPH and acetyl-CoA are important biosynthetic precursors of lipids [28]. The
intracellular contents of NADPH and acetyl-CoA in R. toruloides XR20 increased by
15.2%-42.2% and 68.8%—168.8%, respectively, compared with those of the parental strain
(Figs. 4a, 3b). In typical oleaginous yeast, NADPH is provided in the conversion of malate
into pyruvate by malic enzyme (ME) in the cytosol [29]. The transcriptional level of ME in
evolved R. toruloides XR20 was up-regulated by 4.64 +0.27 (Fig. 4c). The up-regulation
of NADP*-dependent isocitrate dehydrogenase (IDH) (5.66 +0.22) also contributed to the
regeneration of NADPH in R. foruloides XR20 (Fig. 4c). ATP-dependent citrate lyase is
generally thought to play a critical role in lipid biosynthesis by catalyzing the reaction of
citrate into acetyl-CoA [30]. However, the expression level of ACL (0.81+0.19) in evolved
R. toruloides XR20 was significantly down-regulated. The up-regulations of succinate
dehydrogenase (SDH), fumarate hydratase (FH), and malate dehydrogenase (MDH) in the
TCA cycle promoted the production of pyruvate, which was subsequently converted into
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Fig.4 Comparisons of NADPH, acetyl-CoA, and gene expression levels in central glycerol metabolism of p
lipid biosynthesis between the parental R. toruloides and R. toruloides XR20. (a) Intracellular NADPH con-
tent at 24 h, 48 h, and 72 h. (b) Intracellular acetyl-CoA content at 24 h, 48 h, and 72 h. Variations were
considered statistically significant at * P <0.05. NADPH, nicotinamide adenine dinucleotide phosphate. (c)
Transcriptional analysis of the genes involved in central glycerol metabolism of lipid biosynthesis compared
to the parental strain. The samples were collected after cultured in 95 g/L crude glycerol medium for 24 h.
The gene expression levels were normalized against the parental strain. Each RT-qPCR was performed
at least three times. ACL, ATP-dependent citrate lyase; ACC, acetyl-CoA carboxylase; ACO, aconitase;
CS, citrate synthase; DAKI1, dihydroxyacetone kinase; DGAT, diacylglycerol acyl-transferase; ELO, fatty
acid elongase; ENO, enolase; FAD1/2, fatty acid desaturase 1/2; FAS1/FAS2, fatty acid synthase 1/2; FH,
fumarate hydratase; GAPD, glyceraldehyde-3-phosphate dehydrogenase; GCY1, glycerol kinase 1; GPAT,
glycerol-3-phosphate acyltransferase; GPD, glycerol-3-phosphate dehydrogenase; GPD1/GPD2, glycerol-
3-phosphate dehydrogenase 1/2; GUP, glycerol uptake protein; GUT1/GUT2, glycerol utilization protein
1/2; ICL, isocitrate lyase; IDH, NADP*-dependent isocitrate dehydrogenase; LPAT, lysophosphatidic acid
acyltransferase; MDH, malate dehydrogenase; ME, malic enzyme; MLS, malate synthase; PAP, phospha-
tidic acid phosphatase; PC, pyruvate carboxylase; PDHA/PDHB, pyruvate dehydrogenase E1 o/f subunit;
PGK, phosphoglycerate kinase; PGM, phosphoglycerate mutase; PYK, pyruvate kinase; SCS, succinyl-
CoA synthetase; SDH, succinate dehydrogenase; TPI, triose phosphate isomerase; aKDH, a-ketoglutarate
dehydrogenase

acetyl-CoA by pyruvate dehydrogenase (PDH). The result of transcriptional analysis indi-
cated that the increased content of acetyl-CoA in evolved R. toruloides XR20 is attributed
to the higher expression levels of some genes in the TCA cycle rather than the high expres-
sion of AC, which is similar to the study reported by Zhao et al. in Rhodotorula glutinis
[31]. The genes encoding phosphatidic acid phosphatase (PAP) and diacylglycerol acyl-
transferase (DGAT) were up-regulated by 7.52+0.97 and 4.10+0.38, which also facili-
tated the triacylglycerol biosynthesis. In short, the adaptive evolution with ultra-centrifugal
fractionation changed the cell morphology and metabolic flux of R. toruloides, which was
favorable for the accumulation of lipid from crude glycerol.

Lipid Production from Crude Glycerol by R. toruloides XR20

The key conditions for lipid production by R. foruloides from crude glycerol were opti-
mized, including the initial crude glycerol concentration, initial KH,PO, concentration,
and the ratio of corn steep liquor (CSL) to (NH,),SO, (Fig. 5). The high crude glycerol
concentration in medium led to a higher osmotic pressure and higher inhibitors [13]. The
results showed that the highest lipid titer was obtained at 100 g/L initial crude glycerol
concentration, which reached 15.6+0.9 g/L (Fig. 5a). The adequate limitation of phos-
phorus is necessary to promote lipid accumulation in R. toruloides [32, 33]. The results
showed that despite the low phosphorous content in crude glycerol (0.3+0.1 g/L), the lipid
titer increased to 18.6+0.5 g/L after the supplementation with 2 g/L. KH,PO, (Fig. 5b).
The cheap corn steep liquor (CSL) instead of yeast extract was used as a complex nitrogen
source for lipid production from crude glycerol (Fig. 5c¢). The results showed that the high-
est lipid titer reached 20.0+0.4 g/L when the ratio of CSL to (NH,),SO, was 0.25, which
was equivalent to 0.42 g/ CSL (74.4% solid content, w/w) and 1.25 g/L (NH,),SO,.

The batch fermentation was conducted in a 3 L fermenter using the optimized medium
ingredients. The lipid titer of the parental strain increased to 17.4+0.1 g/L from 100 g/L
crude glycerol. The lipid titer of R. toruloides XR20 reached 24.5+0.5 g/L, which was
40.8% higher than that of the parental strain (Fig. 6a). The lipid yield and productivity of
R. toruloides XR20 reached 0.32 g/g consumed glycerol and 4.1 g/L/d. Almost all the glyc-
erol (less than 5 g/L) was consumed by the parental R. foruloides and R. toruloides XR20
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(c) Transcription levels of the genes involved in lipid synthesis from glycerol in R. toruloides XR20
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(Fig. 6b). R. toruloides was reported to have the capability to utilize a broad substrate [34].
Almost no fatty acid methyl esters were detected in the broth after 144 h fermentation
(Fig. 6¢). The parental strain showed higher cell growth, but the CFU values increased
within 48 h and sharply decreased from 48 to 144 h (Fig. 6d), indicating that the autolysis
of a large number of cells occurred in the late stage of fermentation. The CFU values of R.
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Fig.5 Optimizations of key fermentation conditions. (a) Initial glycerol concentration. The crude glycerol »
concentrations of 80, 100, 120, 140 g/L are equivalent to the initial glycerol concentrations of 68.2, 85.3,
102.4, 119.4 g/L. The nitrogen source included 1.0 g/L corn steep liquor and 1.0 g/L (NH,),SO,. (b) Initial
KH,PO, concentration. (¢) Ratio of corn steep liquor (CSL) to (NH,),SO,. The concentrations of CSL and
(NH,),S0, are 0, 0.42, 1.0, 1.9 g/L and 1.4, 1.25, 1.0, 0.64 g/L, respectively, at the ratio of 0, 0.25, 0.5 and
0.75. The water content of CSL was 74.4% (w/w)

toruloides XR20 increased consistently and exceeded those of the parental strain at 144 h,
indicating that R. foruloides XR20 may have a longer cell cycle.

The fatty acids composition of the lipid produced from crude glycerol by R. toruloides
XR20 was determined. The results showed that the lipid mainly consisted of C16 to C18
fatty acids, and the content of unsaturated fatty acids including oleic acid (C18:1) and lin-
oleic acid (C18:2) was more than 57% (Fig. 6e). The greater content of monounsaturated
fatty acid is favorable for the production of biodiesel by transesterification [35].

The highly concentrated crude glycerol is favorable for fed-batch fermentation to avoid
high osmotic pressure and high viscosity and achieve high lipid titers [36]. The feeding
was performed on the 3rd, 6th, and 8th day of the fermentation, respectively (Fig. 7, red
arrows). A record-breaking lipid titer from crude glycerol by R. toruloides XR20 was
achieved by fed-batch fermentation, reaching 42.5 +0.8 g/L. The lipid yield and productiv-
ity of R. toruloides XR20 by fed-batch fermentation were only 0.24 g/g consumed glycerol
and 3.9 g/L/d, which were lower than that by batch fermentation, but greater cell growth
(CFU) was achieved.

Discussion

Biodiesel, ranking as the second most extensively produced liquid biofuel following bioeth-
anol worldwide [37]. The boom in the biodiesel market would lead to the overproduction
of by-product crude glycerol. It is important to develop the method for the proper disposal
of crude glycerol. Otherwise, crude glycerol would become a barrier for the sustainable
production of biodiesel and threaten the environmental gains from replacing fossil fuels
[1]. However, the refining of crude glycerol into pure glycerol is an expensive process. The
direct application of crude glycerol as fuel or a fuel additive remains challenging due to the
requirement for equipment modifications and additional fuel preparation steps [4, 5].
In-situ reintegration of crude glycerol into biodiesel production by oleaginous yeast
stands out as a promising strategy. Despite the availability of advanced metabolic reg-
ulation tools, most of the existing research neglected to engineer a robust high lipid-
producing yeast on crude glycerol. This study applied an adaptive evolution with ultra-
centrifugal fractionation method to develop high lipid-producing R. foruloides on crude
glycerol. The ultra-centrifugal fractionation was based on the principle of density gradi-
ent centrifugation, an approach that has been widely employed for separating diverse
cell types, sub-cellular compartments, and macromolecular complexes according to
their differential buoyant densities [18, 38]. The cells with higher lipid content gen-
erally exhibit lower cell density. The density gradient centrifugation method thus had
been developed for isolating high lipid content mutants. By combining density gradi-
ent centrifugation and Nile red spectrofluorometry, Bracero et al. isolated high-lipid
containing Chlorella sp. mutants [39]. In other studies, Yarrowia lipolytica or Lipomy-
ces starkeyi were firstly treated by ethyl methanesulfonate to construct mutant libraries
[22, 40]. Subsequently, after 3—5 rounds of density gradient centrifugation screening
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Fig.6 Batch fermentation using crude glycerol by R. toruloides. (a) Lipid titer. (b) Residual glycerol. (c)
GC-MS analysis of fermentation broth at 0 h and 144 h. (d) Colony-forming unit (CFU). (e) The fatty acids
profile of the lipid produced from crude glycerol by R. toruloides XR20

(100-5000 g) and culture, the lipid titer of the obtained mutants was approximately 1.5
times that of the parental strains. In this study, the centrifugal force was further strength-
ened up to 53,000 g, enhancing the screening efficiency and significantly improving the
lipid accumulation of R. foruloides mutant using crude glycerol. The lipid titer, produc-
tivity, and yield using crude glycerol by R. toruloides XR20 were compared with the
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Fig.7 Fed-batch fermentation using crude glycerol by R. foruloides XR20. A total of three-time feedings
was carried out on the 3rd, 6th, and 8th day, respectively, at which time the residual glycerol concentration
increased from ~40 g/L to~80 g/L

Table 1 Lipid production performances by Rhodotorula species using crude glycerol

Strain Mode DCW (g/L) Content Titer (g/L) Source
(%)

R. toruloides AS 2.1389 Batch 26.7 ~70 18.5 [41]

R. mucilagenosa 11IPL32 Batch 20.0 ~28 5.6 [42]

R. graminis DBVPG 4620 Batch 16.3 ~53 8.6 [43]

R. toruloides XR20 Batch 375 65.3 24.5 This study
R. glutinis CICC 31596 Fed-batch 30.6 532 16.3 [44]

R. fluvialis DMKURK253 Fed-batch 39.1 79.4 27.8 [11]

R. toruloides DSM 4444 Fed-batch 37.4 51.3 19.2 [45]

R. toruloides Y4 Fed-batch 31.1 41.7 13 [46]

R. paludigena CM33 Fed-batch 46.3 37.7 17.4 [47]

R. glutinis BCRC 21418 Fed-batch 46.4 62.2 28.9 [48]

R. toruloides XR20 Fed-batch 56.7 74.9 425 This study

previously reported studies (Table 1). These key performance indicators of the batch
and fed-batch fermentation in this study are advanced compared to the reported studies.

Density gradient centrifugation also can help identify genes significantly affecting
lipid accumulation in yeast. After the transposon insertion mutagenesis in Saccharomyces
cerevisiae, the lighter cells with higher lipid content were screened by density gradient
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centrifugation. By analyzing the transposon insertion sites in mutants with elevated lipid
content, Kmisaka et al. identified five key ORFs (open reading frames) influencing lipid
accumulation [49]. However, this study only represents a preliminary investigation of lipid
production using crude glycerol feedstock by adaptively evolved R. toruloides. Although
we provided a plausible explanation about the phenomenon based on the reported studies,
the following work should focus on mining vital mutant sites and gene targets using whole-
genome resequencing and global transcriptomes in evolved R. foruloides XR20 for rational
reverse metabolic engineering of R. toruloides.

Additionally, R. toruloides has been regarded as a promising source of natural colorants
(i.e., carotenoids) [50]. We observed that the evolved R. toruloides XR20 strain exhibited a
deeper red color and higher carotenoid accumulation compared to the parental strain, which
may be owing to its increased lipid content providing more acetyl-CoA precursor and stor-
age space for carotenoids [51]. The co-production of microbial lipid and carotenoids using
crude glycerol would undoubtedly benefit this closed-loop biorefinery. The reduction of
mannan and chitin in the yeast cell wall makes the cell wall more vulnerable to being bro-
ken down (Fig. 2e) [52], which will facilitate the downstream lipid and carotenoid recov-
ery. Kumar et al. estimated that the biodiesel cost from crude glycerol was 0.77 $/L [53].
A similar result was reported by Chen et al. that the biodiesel cost from crude glycerol and
wastewater sludge was 0.63 $/kg [9]. Compared to the current commercial biodiesel price
of 1.27-1.54 $/kg (www.imarcgroup.com), the biodiesel production from crude glycerol is
competitive. The raw material costs in lipid production from crude glycerol can be further
controlled to improve the economic benefits [11]. Sun et al. reported that the nutrients in
fermentation should be replaced by cheap alternatives [54]. Although the expensive yeast
extract was replaced by cheap corn seep liquor in this study, a record-breaking lipid titer
was still achieved from crude glycerol by the evolved R. foruloides XR20.

Conclusions

This study employed the adaptive evolution with ultra-centrifugal fractionation to
improve the lipid production of R. foruloides on crude glycerol. The lipid titer reached
24.5+0.5 g/L and 42.5+0.8 g/L by batch and fed-batch fermentation using crude glyc-
erol with the optimized cheap ingredients. This adaptive evolution method significantly
changed the cell morphology, cell structure, intracellular metabolite and genes expression
levels in R. toruloides XR20, contributing to the enhancement of lipid production. R. toru-
loides XR20 strain can be served as an outstanding cell factory for in-situ reintegration of
biodiesel-derived crude glycerol into lipid feedstock, benefiting the sustainability of bio-
diesel industrial.
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