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Abstract

Microbial lipid production from lignocellulose biomass provides an essential option for

sustainable and carbon‐neutral supply of future aviation fuels, biodiesel, as well as

various food and nutrition products. Oleaginous yeast is the major microbial cell factory

but its lipid‐producing performance is far below the requirements of industrial appli-

cation. Here we show an ultra‐centrifugation fractionation in adaptive evolution (UCF)

of Trichosporon cutaneum based on the minor cell density difference. The lightest cells

with the maximum intracellular lipid content were isolated by ultra‐centrifugation

fractionation in the long‐term adaptive evolution. Significant changes occurred in the

cell morphology with a fragile cell wall wrapping and enlarged intracellular space (two

orders of magnitude increase in cell size). Complete and coordinate assimilations of all

nonglucose sugars derived from lignocellulose were triggered and fluxed into lipid

synthesis. Genome mutations and significant transcriptional regulations of the genes

responsible for cell structure were identified and experimentally confirmed. The ob-

tained T. cutaneum MP11 cells achieved a high lipid production of wheat straw, ap-

proximately five‐fold greater than that of the parental cells. The study provided an

effective method for screening the high lipid‐containing oleaginous yeast cells as well as

the intracellular products accumulating cells in general.
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1 | INTRODUCTION

Lipid is the precursor for the synthesis of aviation hydrocarbon fuel

by catalytic decarboxylation or hydrogenation cracking, and biodiesel

by transesterification as future carbon‐neutral biofuels, besides its

various food and nutrition applications (Emery & Herdt, 1991; Sitepu

et al., 2014; Willis et al., 1998). Currently, vegetable oil from soybean,

rapeseed, sunflower, or palm seeds is the dominate lipid feedstock,

but its quantity certainly does not meet the needs of billion tons’

petroleum‐derived aviation or diesel fuels (Bhatia et al., 2017). Lig-

nocellulose biomass provides the only practical carbohydrates option

for sustainable production of lipid feedstock by its wide abundance

and availability. However, the lipid content and productivity of the

most promising microbial cell factories, oleaginous yeasts, are still far

below the requirements of industrial applications when lignocellulose

is used (Slininger et al., 2016). Various methods had been tried to

obtain high lipid producing oleaginous yeasts, including conventional

mutations, metabolic engineering modifications, or adaptive
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evolution, but only limited progress were obtained (Beopoulos et al.,

2008; Blazeck et al., 2014; Diaz et al., 2018; Unrean et al., 2017;

Yamada et al., 2017).

Microbial lipid is an accumulative and non‐secretive intracellular

product, thus the direct staining or labeling methods used for quick

identification and screening do not work well due to the intracellular,

nonsecretive, and inert properties of microbial lipid (Hoekman et al.,

2012). For a preliminary screening of general yeast cells, complicated

and time‐consuming procedures are required including cell mass

collection, chloroform‐methanol extraction, vacuum evaporation of

the solvent, and lipid mass weighting (Dong et al., 2016). For

screening oleaginous yeasts using lignocellulose as feedstock, more

difficulties are added such as inhibitors tolerance, nonglucose sugars

conversion, lignin solids shearing, and so forth (Wang et al., 2016). An

effective, fast, and high‐throughput screening method is crucially

important for developing high lipid‐producing recombinants or mu-

tants of oleaginous yeasts.

The concept of cell sorting by centrifugation might provide a

prototype of high lipid‐containing cells isolation. The cell density with

higher lipid content is slightly smaller than that of the cells with lower

lipid content. When oleaginous yeast cells are under the ultra‐

centrifugation force field, the lighter cells with the higher lipid con-

tent might move slowly in the centrifugal force direction. Thus, a

gradient of cells with varying lipid content might be formed. Then the

lighter cells could be easily and quickly fractionated by simply pi-

petting the cells in the upper layer of the liquid broth in the cen-

trifugal containers. The reinoculation of the cells in successive

adaptive evolution culture could lead to an even‐higher lipid content

in the next‐round ultra‐centrifugation fractionation. This procedure

could also allow the whole throughput screening of the cells by

fractionating the whole culture broth. The mutant cell with significant

morphological changes least likely to exist in the stock of the parental

cells because the starting was inoculated from a single colony at each

culture, and no super large cell was observed by microscope and

staining observations in the experiment of the parental strain (Gao

et al., 2014; Hu et al., 2018; Huang et al., 2011; Liu et al., 2012, 2013;

Y. Wang et al., 2012; J. Wang et al., 2015, 2016; Zhang & Bao 2022).

The genome sequencing of the parental Trichosporon cutaneum ACCC

20271 was also in a clear alignment without overlaps (Wang et al.,

2016). We believe that it is highly possible that long‐term ultra‐

centrifugal force fractionation in adaptive evolution triggered the

genetic mutations and transcriptional regulation changes, or at least

acted as environmental stress to induce the genomic instability and

then led to the potential mutations in genome scale.

We tested this concept of ultra‐centrifugation fractionation in

adaptive evolution (UCF) for isolating the high lipid accumulating

T. cutaneum cells, and evaluated the lipid production using lig-

nocellulose (wheat straw) as feedstock. The approach started with

the adaptive evolution culture (lasted for 200 days), then the ultra‐

centrifugation fractionation was conducted at each reinoculation of

the cells. This process changed the cell morphology to a sharply

enlarged size (two orders of magnitude greater than the parental)

with the thinner and fragile cell wall and the higher lipid content. The

genomic mutations and significant transcriptional regulations were

identified. The finally obtained T. cutaneum MP11 was applied to lipid

fermentation using wheat straw feedstock and excellent lipid pro-

duction performance was obtained. This study not only yields a

practical strain for cellulosic microbial lipid production but also pro-

vides a tool for screening the accumulative intracellular metabolites

in general.

2 | MATERIALS AND METHODS

2.1 | Enzymes and reagents

Cellulase enzyme Cellic CTec 2.0 was purchased from Novozymes

China. The filter paper activity was measured as 203.2 FPU/ml ac-

cording to the NREL protocol LAP‐006 (Adney & Baker, 1996), the

protein concentration was 87.3mg/ml according to Bradford method

using bovine serum albumin as protein standard (Bradford, 1976).

Yeast extract was purchased from Oxoid. Glucose and other solid

reagents were purchased from Tianchem. Hydrochloric acid, tri-

chloromethane, and other liquid reagents were purchased from

Sinopharm Chemical Reagent.

2.2 | Microorganisms

The parental strain T. cutaneum ACCC 20271 was obtained from the

Agricultural Culture Collection of China, Beijing, China. The whole‐

genome has been deposited at DDBJ/EMBL/GenBank as the ac-

cession of LTAL00000000 (Wang et al., 2016). The seed culture is

yeast extract peptone dextrose (YPD) medium containing 20 g/L

glucose, 20 g/L peptone, and 10 g/L yeast extract. The adaptive

evolution was conducted in the synthetic medium containing 60 g/L

glucose, 1.0 g/L KH2PO4, 0.5 g/L yeast extract, 0.5 g/L MgSO4.

7H2O, 0.22 g/L (NH4)2SO4.

The biodetoxification fungus Amorphotheca resinae ZN1 was

isolated in our previous study (Zhang et al., 2010) and stored in China

General Microbiological Culture Collection Center (CGMCC 7452).

A. resinae ZN1 was firstly activated on PDA slant at 28°C for 3 days.

The spores of A. resinae ZN1 were harvested and mixed with 200 g

(wet weight) of fresh pretreated wheat straw, and then cultured at

28°C for 7 days as the seed. 10% (w/w) of seed solids were in-

oculated onto the freshly pretreated wheat straw and cultured at

28°C and pH 5.5 under static condition (Yi et al., 2019).

2.3 | Feedstock, pretreatment, biodetoxification,
and wheat straw hydrolysate preparation

The wheat straw feedstock was harvested from Binzhou City,

Shandong Province, China in summer 2018. The wheat straw was

coarsely chopped, washed to remove field dirt and stones then air‐

dried, and milled to pass through the mesh with 10mm in diameter
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(Zhang et al., 2021). The composition of wheat straw was measured

with 32.5% (w/w) of cellulose, 21.2% (w/w) of hemicellulose, and

8.1% (w/w) of ash by NREL LAP protocols (Sluiter et al., 2008, 2012).

The pre‐handled wheat straw was dry acid pretreated as pre-

viously reported methods (He et al., 2014; Zhang et al., 2011). The

pretreated wheat straw was neutralized by calcium hydroxide, and

then biodetoxified using A. resinae ZN1 to remove the inhibitors as

previously described (He et al., 2016; Zhang et al., 2011) without

wastewater generation and solid particle loss.

The pretreated and biodetoxified wheat straw was enzymatically

hydrolyzed at 20% (w/w) solids loading with the enzyme dosage of

6mg cellulase protein per gram of dry solid matter. The hydrolysis

lasted for 48 h at 50°C and pH 4.8. The wheat straw hydrolysate was

centrifuged to remove the insoluble solids and added fermentation

nutrients included 1.0 g/L KH2PO4, 0.5 g/L yeast extract, 0.5 g/L

MgSO4. 7H2O, and 0.22 g/L (NH4)2SO4.

2.4 | Adaptive evolution under ultra‐centrifugation
force fractionation

T. cutaneum cells were cultured in 500 ml flasks containing 50 ml

synthetic medium at 30°C, 180 rpm rotation rate for total 200 days

(40 transfer times). Each transfer was conducted after culturing for

120 h, and then the broth was separated into two 50‐ml cen-

trifugation tubes (25 ml each) for ultra‐centrifugation fractionation

for 3 min at varying centrifugal force. After centrifugation, 5 ml of

broth containing the lighter cells in the upper section of the culture

were pipetted as the seed of the next round of adaptive evolution

culture at inoculum size of 10% (v/v). When the ultra‐

centrifugation force was more than 20,000 g, the cells were ac-

cumulated on the upper section of the centrifugation tube as cell

pellets. The cell pellets were collected and re‐suspended in 5 ml of

sterile water as the seed of the next round of adaptive evolution

culture at inoculum size of 10% (v/v). The re‐inoculated medium

was cultured under the same conditions as above‐mentioned

protocol, till the next transfer after 120 h. The ultra‐centrifugation

force gradually increased with the transfer process from 1000 g to

45,000 g till most of the cells were floated on the surface of the

broth and formed a cell pellet. The transfer was successively

conducted for 40 times (200 days).

2.5 | Lipid fermentation

The two T. cutaneum strains (the parental ACCC 20271 and the

mutant MP11) were activated in 100ml flasks containing 20ml YPD

medium at 30°C, 180 rpm incubation rate for 24 h, then inoculated as

the seed at the inoculum ratio of 10% (v/v).

The lipid fermentation in the wheat straw hydrolysate was con-

ducted by separate hydrolysis and co‐fermentation (SHF) in 3 L

bioreactor equipped with Rushton impeller (Baoxing Biotech) con-

taining 1 L wheat straw hydrolysate. The lipid fermentation was

conducted at 30°C, 1 vvm of aeration and 600 rpm stirring. The pH

was maintained at 5 by adding 4M HCl.

The lipid fermentation using wheat straw feedstock was con-

ducted by simultaneous saccharification and co‐fermentation (SSCF).

The pretreated and biodetoxified wheat straw was firstly pre‐

hydrolyzed to slurry at 30% (w/w) solids loading for 12 h using 4mg

cellulase protein per gram of dry matter in a 5 L bioreactor equipped

with helical ribbon impeller. The lipid fermentation was started by

transferring the pre‐hydrolysate into the second 5 L bioreactor

equipped with Rushton impeller of enhancing dissolved oxygen

content at 30°C, 1 vvm of aeration, and 600 rpm stirring. The nu-

trients were added included 1.0 g/L KH2PO4, 0.5 g/L yeast extract,

0.5 g/L MgSO4. 7 H2O, 0.22 g/L (NH4)2SO4. The pH was maintained

at 5 by adding 4M HCl.

2.6 | Lipid recovery and measurement

Dry cell mass was measured after centrifugation, washing and drying

at 60°C for 24 h till constant weight. Lipid was extracted from the

T. cutaneum cells using chloroform‐methanol method as previously

described (Folch et al., 1957). Extracted lipids were transesterified

into fatty acid methyl esters (FAME) as previously described

(Morrison & Smith, 1964). The fatty acid composition was de-

termined by gas chromatography‐mass spectrometry (GC‐MS) as

previously described (Hu et al., 2018).

2.7 | Cell properties measurement

Cells were ultrasonically homogenized and the intracellular acetyl‐

CoA and NADPH were analyzed using the Acetyl‐CoA Analysis Kit

and Coenzyme II Analysis Kit (Comin Biotech), respectively. Three

replicates were done for each sample.

The contents of glucan and mannan in the cell wall were de-

termined according to the protocol as previously described (Manners

et al., 1973). Chitin in the cell wall was measured as previously per-

formed (Domer, 1971).

2.8 | Whole‐genome re‐sequencing and qRT‐PCR

The whole‐genome of T. cutaneum MP11 was re‐sequenced in Per-

sonalbio Co. DNA libraries were constructed with an insert size of

400 bp and sequenced using the Illumina NovaSeq platform.

The total RNA was extracted by Trizol reagent (RNAiso Plus, TA-

KARA). Reverse transcription reactions were carried out by ReverTra

Ace quantitative real‐time polymerase chain reaction (qPCR RT) Master

Mix with gDNA Remover kit (Toyobo). Each real‐time qPCR (qRT‐PCR)

reaction was carried out by SYBR Green Real‐time PCR Master Mix kit

(Toyobo) on a BioRad CFX 96. The actin gene was served as an internal

control to normalize for difference in total RNA quantity. Transcription

level of the gene was quantified using the formula 2− ΔΔCt.
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2.9 | HPLC analysis

Glucose, xylose, furfural, 5‐hydroxymethylfurfural (HMF), and acetic

acid were measured as previously described (Liu et al., 2018).

D‐galactose, L‐arabinose, and D‐mannose were analyzed by HPLC

(LC‐20AD, refractive index detector RID‐10A, Shimadzu) equipped

with HPX‐87P column (Bio‐rad) at 80°C with the sterilized deionized

water as mobile phase at a flow rate of 0.6 ml/min.

3 | RESULTS AND DISCUSSIONS

3.1 | Ultra‐centrifugation fractionation in adaptive
evolution (UCF) for isolating the lightest yeast cells

Centrifugation is commonly used in biolab for cell sorting and se-

paration based on cell density differences. Here we applied the ultra‐

centrifugation force to fractionate the lighter cells of the oleaginous

yeast T. cutaneum with higher lipid content based on their minor cell

density difference (Figure 1). The centrifugal force was gradually in-

creased from 1000 g to 45,000 g in a 200 days’ adaptive evolution

culture (40 successive transfers). The lighter T. cutaneum cells were

accumulated in the upper layer of the culture broth at the early stage,

then formed the cell pellets on the centrifugation tube wall above the

broth surface at the late stage (Figure 1). The lighter cells either

floated on the upper layer (early stage) or packed as the cell pellets on

the upper section of the centrifugal tube wall (late stage). The lighter

cells in the broth or in the pellets were pipetted as the seed of the

next‐round adaptive evolution culture. Gradually and consistently,

the cells with the maximum lipid accumulation and survival capacity

were fractionated. The results show that the intracellular lipid con-

tent increased from the initial 34.0% at the first inoculation to 55.5%

at the 16th transfer (10,000 g), then to 71.2% at the 34th transfer

(41,000 g). The cell mass was also increased from the initial

6.4–14.1 g/L at the 16th transfer, then to 13.9 g/L at the 34th

transfer. The cells harvested after the 34th transfer were re‐streaked

on the petri dish for single colony isolation. The finally obtained

stable cell was designated as T. cutaneum MP11 and stored in China

General Microbiological Culture Collection Center (CGMCC, www.

cgmcc.cn) with the registration number 20048.

The ultra‐centrifugation fractionation of T. cutaneum cells was

simulated by static fluid dynamics modeling (Figure S1). The calcu-

lation results show that the cell displacement in the broth of the

centrifugal tubers well agreed with the experimental observations.

The lighter cells moved upward in the opposite direction of ultra-

centrifugation force and packed on the upper section of the tube in

the short time scale of ultra‐centrifugation. On the contrary, the

parental T. cutaneum cells moved quickly to the tube wall within 12 s

then slipped to the bottom along the tube wall, which was also in

agreement with the experimental observation. The cell displacement

modeling convinced the feasibility of ultra‐centrifugation fractiona-

tion of the cells with varying intracellular lipid content.

3.2 | Morphology and structure changes of T.
cutaneum cells after ultra‐centrifugation fractionation
in adaptive evolution

The T. cutaneum MP11 cells experienced a dramatic morphological

change after the ultra‐centrifugation fractionation in the long‐term

adaptive evolution (Figures 2 and 3). The microscope images show

that the cell morphology of T. cutaneum MP11 in a batch‐

fermentation in wheat straw hydrolysate changed from an ellipsoid

shape in the early stage into a longer and enlarged rod‐like one at the

late stage. The cells only contained limited lipid bodies when the

morphology changed, then the number of lipid bodies increased and

densified in cells (Figure 2). The average cell volume of T. cutaneum

MP11 cells (9.27 × 10−15 m3) was significantly enlarged to approxi-

mately two orders of magnitude greater than that of the parental T.

cutaneum ACCC 20271 cells (9.70 × 10−17 m3) (Figure S1). The

F IGURE 1 Ultra‐centrifugation fractionation of Trichosporon cutaneum cells in adaptive evolution in flasks. Culture conditions and analysis
procedures were described in Section 2 (“Microorganisms” and “Adaptive evolution under ultra‐centrifugation force fractionation”). The cells in
the upper layer or in the cell pellet were transferred every 5 days (120 h) by pipetting. The data during the sixth to tenth rounds were not
recorded due to the temporary machine fault in cell mass measurement
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parental cells maintained the same spherical shape with low lipid

content during the fermentation (Figure 2).

The fluorescence microscopy (FMI) and field emission scanning

electron microscopy images (FESEM) (Figure 3a) reveal that the T.

cutaneum MP11 cells were in the form of multicellular structure di-

vided by the larger, septa‐containing spores, clearly different from

the parental cells containing smaller resting spores. The spores pro-

vided the enlarged space for intracellular lipid accumulation as well as

a favorable structure to resist the external stress (Wang et al., 2019).

The cross‐sections of the cells in the transmission electron mi-

croscopy (TEM) imaging (Figure 3b) further demonstrate that the lipid

bodies occupied almost the complete intracellular space of T. cuta-

neum MP11. The yeast cell wall is composed of a mannan layer, an

inner glucan layer with chitin and protein embedded, in which the

contents of glucan and chitin determine its cell wall thickness, tensile

strength, porosity, and osmotic tolerance (Ene et al., 2015). Figure 3b

shows that the flagella mannan layer of T. cutaneum MP11 cells al-

most disappeared with the significant reduction of mannan contents

by 90.5%; the glucan/chitin layer was obviously thinner than that of

the parental cells with the reduction of glucan content by 80.3%; the

chitin content of the cells was slightly decreased. The reduced glucan

and mannan contents of the cell wall should play an important role in

disruption of the cell wall integrity and thus created a favorable cell

structure for lipid accumulation.

3.3 | Genome, transcriptional, and pathway
analysis of T. cutaneum cells

The genome of T. cutaneum MP11 was re‐sequenced and compared

with that of the parental strain T. cutaneum ACCC 20271. The

identified mutations included 1473 single nucleotide polymorphisms

(SNPs), 945 small indel (InDels), and 124 copy number variation

(CNV). The nonsynonymous mutations and copy number variations in

the re‐sequencing map were screened and analyzed (Table S1).

Transcriptional regulation of the genes responsible for the cell

structure and lipid synthesis were measured using RT‐qPCR (-

Figures 4 and 5).

The cell morphology changes of T. cutaneum MP11 was analyzed

using re‐sequencing (Table S1) and transcriptional (Figure S2) results.

The gene Trcu_04577 encoding a subunit Sec. 8p of multiprotein

exocyst complex was mutated and dramatically downregulated. Sec.

8p oversees the delivery of hydrolytic enzymes to cell septum by

vesicles during cell separation of yeasts (Wang et al., 2002), thus the

mutation of Trcu_04577 may be related to the formation of a mul-

tinuclear structure of T. cutaneum MP11 cells. Another mutant oc-

curred on the gene Trcu_04302 encoding a subunit of protein kinase

C (PKC) on regulation of stress response induced‐morphogenesis and

cell wall integrity (Biswas et al., 2007; Reinoso‐Martín et al., 2004).

Trcu_04302 was also significantly downregulated and may be re-

sponsible for the changes of cell morphology and thinness of cell wall.

The glucan and mannan contents of T. cutaneum MP11 were

significantly reduced by 80.3% and 90.5% compared with that of the

parental cells, respectively (Figure 3b). The genes Trcu_05082,

Trcu_03502 encoding endoglucanases for glucan degradation, and

the genes Trcu_03942, Trcu_00855 encoding mannases for mannan

degradation were significantly upregulated 5.1‐ to 9.2‐folds (-

Figure 4a,b), in which the mutation of Trcu_03502 was also identified

(Table S1). Trcu_00765 encoding chitin synthetase 6 was also mu-

tated (Table S1) and downregulated (Figure 4c). These mutations and

transcriptional changes might lead to the thinner glucan/chitin and

mannan layer, then consequently contribute to a more fragile cell wall

structure and larger cell volume for lipid accumulation (Figure 3b).

Lipid accumulation highly depends on the intracellular acetyl‐

CoA flux, NADPH supply, and synthesis capacity of free fatty acid

and triglyceride. Figure 5a reveals that the pyruvate dehydrogenase

complex genes (Trcu_00818, Trcu_03773, Trcu_02935, and

Trcu_02957) were significantly upregulated, which may favor the

synthesis of the lipid precursor acetyl‐CoA. The isocitrate dehy-

drogenase (IDH) gene Trcu_00627 showed the most significant up-

regulation and might lead to the potential enhanced NADPH supply

(Figure 5b). This phenomenon seems to be contradictory to the

F IGURE 2 Morphology change of Trichosporon cutaneum cells
during the batch lipid fermentation in wheat straw hydrolysate. Left,
the parental cells of T. cutaneum ACCC 20271; Right, T. cutaneum
MP11 cells. The fermentation was conducted in 3‐L bioreactor
containing 1‐L wheat straw hydrolysate, 30°C, 1 vvm of aeration, and
600 rpm stirring. The microscope images were taken at 0, 24, 48, and
72 h using Olympus BX51 (Olympus Co.)

LIU ET AL. | 1513



(a) 

(b) 

F IGURE 3 Structure changes of Trichosporon cutaneum cells after ultra‐centrifugation fractionation in adaptive evolution. (a) Fluorescence
microscopy images (FMI) and field emission scanning electron microscope (FESEM) images. For FMI, the collected cells were mixed with
4% paraformaldehyde and 0.2% Triton X‐100 solution. The nucleophilic dye of Hoechst 33258 (Beyotime Biotech) was used for nuclear staining.
For FESEM, the cells were collected, immobilized by 2.5% glutaraldehyde solution, dehydrated by gradient concentration ethanol solution (30%–100%),
vacuum freeze drying for 12h, and then used for imaging. (b) Transmission Electron Microscope (TEM) photos and cell wall composition of the cells
before (parental strain, left) and after ultra‐centrifugation fractionation in adaptive evolution (T. cutaneumMP11, right). Cells were harvested at 24 h and
72h. Fresh glutaraldehyde solution was used for immobilizing collected cells. The immobilized cells were then embedded, sectioned, and stained for
TEM imaging. For measurement of cell wall composition, cells were cultivated in synthetic medium at 30°C and 180 rpm incubation rate for 24 h
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previous results that the weak IDH activity was favorable for lipid

synthesis (Yang et al., 2012). The selected genes responsible for

syntheses of fatty acids and triglyceride precursors of lipid

were generally upregulated (except one slight downregulated)

(Figure 5c,d). Among which, the gene Trcu_03701 encoding

long‐chain acyl‐CoA synthetase (ACSL) was upregulated 5.3‐folds

with a mutation occurred (Table S1). The transcriptional results were

confirmed by the experimentally measured intracellular contents of

NADPH (7.0‐folds greater at 24 h) and acetyl‐CoA (3.8‐folds greater

at 72 h) than that in the parental strain (Figure 5e,f), respectively. The

increases of the acetyl‐CoA, NADPH, free fatty acid flux, and tri-

glyceride flux (the direct precursors of lipid) provided the positive

factors for lipid synthesis in T. cutaneum MP11 (Figure S3).

The genome sequencing/transcription analysis provided the

possible targets for metabolic engineering in T. cutaneum cells.

However, molecular manipulation system did not work well at the

present stage on this wide, nonconventional oleaginous yeast be-

cause of the difficulties in genetic manipulation (antibiotic in-

sensitivity, inefficient homologous recombination, inefficient

transformation, etc.). We are still working on an efficient gene ma-

nipulation system and metabolic engineering to upgrade the cell

factory efficiency for lipid production. On the other hand, it is prac-

tically not possible to retrieve the exact time point of the mutation

occurred during the ultra‐centrifugation fractionation in adaptive

evolution process. However, the results strongly support that the

mutation occurred with the significant differences in cell morphology,

dramatically enlarged intracellular space, and lipid accumulation ca-

pacity. Ultra‐centrifugation force should have been played the de-

terminative factor on triggering the mutation, or at least acted as

environmental stress to induce the genomic instability before the

mutations.

3.4 | Lipid production of T. cutaneum MP11 using
lignocellulose as feedstock

The lipid fermentability of T. cutaneum MP11 using lignocellulose

(wheat straw) as feedstock was evaluated with the parental strain T.

cutaneum ACCC 20271 as control (Figure 6). Wheat straw was dry

acid pretreated, biodetoxified, and simultaneously saccharified and

co‐fermented (SSCF) at 30% (w/w) solids loading as described in the

Method section. T. cutaneum MP11 showed complete and co-

ordinated assimilation of the full spectrum of lignocellulose‐derived

sugars of glucose, xylose, arabinose, galactose, and mannose

(Figure 6a–d). The final lipid titer, productivity, and yield reached to

34.4 g/L, 8.6 g/L/d, and 0.22 g/g total sugars hydrolyzed from pre-

treated wheat straw (Figure 6e), approximately 5.0‐folds greater than

that of the parental strain T. cutaneum ACCC 20271. This yield also

indicated an equivalent of approximately 10 kg lipid production from

100 kg of dry wheat straw, showing the potential of industrial prac-

tical application for future biofuels production.

Table 1 summarizes the lipid production results using typical

lignocellulosic feedstocks (corn stover, wheat straw, rice straw,

corncob, and palm empty fruit bunches). Only the gravitational

measurement of lipid by organic solvent extraction and lipid

weighting were cited, while the results by the staining method were

not included. The record‐high lipid content by T. cutaneum MP11

showed a significant elevation of lipid production (Table 1a). The

(a)

(b)

(c)

F IGURE 4 Transcriptional analysis of the genes resposible for
synthesis and degradation of cell wall components of Trichosporon
cutaneum MP11. (a) Mannan; (b) Glucan; (c) Chitin. 30‐ml broth
samples were collected after cultured for 24 h, then centrifuged at
8000 rpm for 5min. The cell pellets were washed with distilled water
twice and then frozen in liquid nitrogen for 10 min before mRNA
extraction. The expression levels were normalized against the
parental strain T. cutaneum ACCC 20271. Each RT‐qPCR was
performed at least three times. mRNA, messenger RNA; RT‐qPCR,
quantitative real‐time polymerase chain reaction
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microbial lipid fermentation performance of oleaginous yeasts using

pure glucose as carbohydrates feedstock is generally better than that

using lignocellulose feedstock (without fed‐batch or continuous

supplementation of glucose into the fermentation broth). The lipid

contents in cells and lipid titer using glucose by Rhodosporidium

toruloides Y4, T. cutaneum B3, and Rhodotorula graminis DBVPG 4620

were 62.2% and 11.2 g/L, 46.2% and 12.5 g/L, 52.2% and 7.9 g/L,

respectively (Galafassi et al., 2012; Wang et al., 2019; Wu et al.,

2010). When glycerol was used, the lipid content and titer by

R. toruloides AS2.1389 were 69.5% and 18.5 g/L, respectively

(a) (b)

(c) (d)

(e) (f)

F IGURE 5 Transcriptional and intracellular metabolite analysis related to lipid synthesis. (a) Acetyle‐CoA generation; (b) NADPH generation;
(c) free fatty acid synthesis; (d) triglyceride synthesis; (e) experimentally measured intracellular acetyl‐CoA, and (f) NADPH contents at 24, 48,
and 72 h. The gene expression levels were normalized against the parental strain Trichosporon cutaneum ACCC 20271. Each RT‐qPCR was
performed at least three times. The cell samples for (e) and (f) were harvested in synthetic medium at 24, 48, and 72 h intervals. RT‐qPCR,
quantitative real‐time polymerase chain reaction
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(Xu et al., 2012). The present results showed an unusual exception that

the lipid content and titer by T. cutaneumMP11 were significantly greater

than that using glucose as carbohydrates (67.8% of lipid content and

34.4 g/L in titer using 30% solids loading of wheat straw).

The fatty acid compositions by T. cutaneum MP11 were highly

similar to the general microbial lipid and vegetable oil (palmitic acid

C16:0, ~30%; stearic acid C18:0, ~20%; oleic acid C18:1, ~40%)

(Table 1b). The results indicate both the productivity and the

quality of the lipid produced by T. cutaneum MP11 well met the

standard of consequent catalytic decarboxylation for aviation

fuels, transesterification for biodiesel, and functional food and

nutrient needs.

F IGURE 6 Simultaneous saccharification and co‐fermentation (SSCF) of Trichosporon cutaneumMP11 for lipid production using wheat straw
feedstock. (a) Glucose consumption; (b) xylose consumption; (c) Mannose and arabinose consumption; (d) galactose consumption; (e) lipid titer.
The parental T. cutaneum ACCC 20271 was used as control. The residual time (~16.5 min) of mannose and arabinose peaks in HPLC with HPX‐
87P column and RID‐10A detector was close, therefore the two were calculated as the sum of the two sugars. Pre‐hydrolysis lasted for 12 h at
30% (w/w) solids loading. The seed was then inoculated at 10% (v/v) size, and the consequent SSCF was at 30°C, 180 rpm incubation rate
for 96 h
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4 | CONCLUSION

An ultra‐centrifugation fractionation in adaptive evolution method for

isolating the higher lipid accumulating yeast cells was designed and

experimentally verified. The obtained T. cutaneum MP11 cells showed

significantly larger cell volume, thinner cell wall, and higher lipid pro-

duction than those of the parental strain. The whole‐genome re‐

sequencing and transcription analysis revealed that the genetic muta-

tions and transcriptional changes might lead to the multicellular struc-

ture changes of the cells. The higher contents of intracellular acetyl‐

CoA, NADPH, and upregulated transcriptional levels of lipid synthesis

related genes provided the positive factors for lipid synthesis in

T. cutaneum MP11. The yield and titer of cellulosic lipid from wheat

straw reached 0.22 g/g total sugars and 34.4 g/L by T. cutaneum MP11.

This method could also be applied for isolating mutant cells with

intracellular metabolite accumulation (inflow cells), both lighter and

heavier cells (such as polyhydroxyalkanoate‐producing cells).
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