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Abstract

Accumulation of intracellular lipid bodies in oleaginous yeast cells is highly restricted

by their natural intracellular space. Herewe show a cellulasemediated adaptive evolu-

tion with ultra-centrifugation fractionation of oleaginous yeast Trichosporon cutaneum

to obtain the favorable cell structure for lipid accumulation. Cellulasewas added to the

wheat strawhydrolysate during long-termadaptive evolution for disruption of cell wall

integrity of T. cutaneum cells. The cellulase, together with ultracentrifugation force,

triggered multiple mutations and transcriptional expression changes of the functional

genes associated with cell wall integrity and lipid synthesis metabolism. The fraction-

ated mutant T. cutaneum YY52 demonstrated the heavily weakened cell wall and high

lipid accumulation by the super-large expanded spindle cells (two orders of magnitude

greater than the parental). A record-high lipid production by T. cutaneum YY52 was

achieved (55.4±0.5 g L−1 fromwheat strawand58.4±0.1 g L−1 fromcorn stover). This

study not only obtained an oleaginous yeast strainwith industrial application potential

for lipid production but also provided a newmethod for generation ofmutant cellswith

high intracellular metabolite accumulation.
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1 INTRODUCTION

Microbial lipid production using lignocellulose biomass as carbohy-

drates feedstock provides themost sustainable lipid supply for produc-

tion of biodiesel and aviation biofuel.[1,2] Oleaginous yeasts have great

potential as microbial cell factories.[3,4] However, the accumulation of

intracellular lipid bodies in oleaginous yeast cells is highly restricted by

their limited cell morphology.[5,6] To change oleaginous yeast cells into

a favorable structure for lipid accumulation, the covalently cross-linked

mannoproteins outer layer and the glucan-chitin inner layer of the cell

walls should be effectively disrupted.[7–9] We speculated that a weak-

ened glucan-chitin layer should contribute to reduced cell wall rigidity

and cell volume expansion.[10–12]

Innovative methods are required besides regular mutations and

screening to trigger the mutations toward the favorable lipid accu-

mulation morphology of oleaginous yeast cells. Our recent study

demonstrated that ultra-centrifugation force in adaptive evolution

acted as a highly effective and strong stress on mutating oleagi-

nous yeast Trichosporon cutaneum cells with weaken cell wall.[13]

Mild centrifugal force has been used to isolate the lighter, lipid-rich

oleaginous yeast mutants based on the floating ability of high lipid

content cells.[14,15] When ultra-centrifugation force was increased up

to 40,000 g, the ultra-centrifugation force during adaptive evolution

played a key role in the generation of extraordinarily large T. cutaneum

mutants with thinner cell wall.[13] However, the potential of ultra-

centrifugation force as the functional stress to trigger the mutations
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has reached its physical ceiling. To obtain the new mutant cells with

more expanding cell morphologywith higher lipid accumulation poten-

tial, new stress should be introduced into the adaptive evolution to

stimulate essential mutations.

Cellulase enzyme is amulti-complex enzyme catalyzing the hydroly-

sis of β-glycosidic bonds of β-glucan substrates.[16–18] The proximity of

cellulase activitiesmakes it capable of hydrolyzing the yeast cell wall β-
glucan and disrupting the cell wall integrity.[19,20] Our previous results

showed that the transcriptional levels of the genes related to cell wall

degradation such as the exoglucanase gene Trcu_05082 and the man-

nosidase gene Trcu_00855 were significantly up-regulated in the large

spindle mutant T. cutaneum MP11 with high lipid accumulation.[13]

We speculated that the excessive existence of cellulase in long-term

adaptive evolution of T. cutaneum cells could weaken the cell wall

integrity and trigger the cell mutations to weakened cell wall and

expansion of cell size.

Here we experimentally investigated the cellulase mediated adap-

tive evolution with ultra-centrifugation fractionation and the specula-

tion was confirmed. A commercial cellulase cocktail was added at the

dosage of 3.4mg proteinmL−1 to adaptive evolution cultures of T. cuta-

neum in lignocellulose hydrolysates. The lighter cells were fractionated

by ultra-centrifugation force in the two-phase (corn oil-broth) medium

and re-inoculated into adaptive evolution cultures. This process grad-

ually changed the cells into an extraordinarily larger volume with

elevated intracellular lipid content. The obtained strain T. cutaneum

YY52was heritably stablewithmutations in the genome-scale. The key

genes responsible for cell wall structure and lipid synthesismetabolism

were analyzed by genome re-sequencing and transcriptome. This work

not only obtained a high lipid-producing strain from lignocellulose

feedstock but also provided a practical method for generating mutant

cells with high intracellular lipid synthesis.

2 EXPERIMENTAL SECTION

2.1 Enzymes and reagents

Cellic CTec 2.0was purchased fromNovozymes (China), Beijing, China.

The filter paper units were 203.2 FPU mL−1, the cellobiose activ-

ity was 4,900 CBU mL−1,[21,22] and the protein concentration was

87.31mgmL−1.[23]

Yeast extract and peptone were purchased from Oxoid, Hamp-

shire, UK. Glucose and other analytic reagent were purchased from

Tianchem, Shanghai, China. Corn oil (the brand Luhua, Shandong,

China) was purchased from a local supplier.

2.2 Microorganisms

The parental oleaginous yeast strain T. cutaneum ACCC 20271 was

obtained from Agricultural Culture Collection of China (ACCC, Bei-

jing, China) and cultured on yeast extract-peptone-dextrose (YPD)

medium or the synthetic medium (60 g L−1 of glucose, 1.0 g L−1 of

yeast extract, 1.0 g L−1 of KH2PO4, 0.5 g L−1 of MgSO4.7 H2O and

0.22 g L−1 of (NH4)2SO4). The whole genome of T. cutaneum ACCC

20271 has been deposited at DDBJ/EMBL/GenBank as the accession

of LTAL00000000.[24]

The biodetoxification strain Amorphotheca resinae ZN1 (CGMCC

7452) was isolated in our previous study.[25] The pretreated wheat

straw or corn stover was biodetoxified by A. resinae ZN1 as previously

described.[26]

2.3 Lignocellulose feedstock and its biorefinery
processing for clear hydrolysate preparation

Wheat straw was collected from Binzhou city, Shandong province,

China in summer 2018. Corn stover was collected from Nanyang city,

Henan province, China in spring 2020. The wheat straw contained

32.5%w/w cellulose, 21.2%w/w hemicellulose, and 8.1%w/w ash; the

corn stover contained 34.4% w/w cellulose, 23.6% w/w hemicellulose,

and 4.3% (w/ w) ash determined byNREL LAP protocols.[27,28]

The raw material was dry acid pretreated according to our previ-

ous protocols.[29,30] The pretreated biomasswas neutralized to pH5.5,

and then biodetoxified by inoculating A. resinae ZN1 to remove the

inhibitors (furfural, 5-hydroxymethylfurfural, acetic acid and phenolic

aldehydes) according to our previous work.[25,31]

To obtain the clearwheat strawhydrolysate, the dry acid pretreated

and biodetoxified wheat straw was enzymatically hydrolyzed at the

solids loading of 15% w/w or 30% w/w and the enzyme dosage of

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

was conducted in a 5 L fermenter for 48 h at 50◦C, 150 rpm. The

hydrolysate slurry was centrifuged to remove the insoluble residues

and then sterilized at 115◦C for 20 min to inactivate cellulase. The

obtained clear wheat straw hydrolysate contained 60.1 g L−1 of glu-

cose, 15.2 g L−1 of xylose, 0.6 g L−1 of galactose, 1,7 g L−1 of

mannose and arabinose, and few phenolic inhibitors (60.21 mg L−1

of 4-hydroxybenzaldehyde, 79.62 mg L−1 of vanillin and 30.34 mg L−1

of syringaldehyde). The nutrients of 1.0 g L−1 of KH2PO4, 0.5 g L−1 of

yeast extract, 0.5 g L−1 of MgSO4⋅7H2O and 0.22 g L−1 of (NH4)2SO4

were added.

2.4 Ultra-centrifugation fractionation in adaptive
evolution

The parental strain T. cutaneum ACCC 20271 was cultured at 30◦C,

180 rpm for 4 days in 500 mL flasks containing 50 mL of wheat straw

hydrolysate. 15 mL broth was transferred into a 50 mL tube and cen-

trifugated for 3 min at increasing centrifugal force. The upper layer of

thebroth (5mL)was pipetted as the seed for thenext roundof adaptive

evolution culture at the inoculum size of 10% v/v. The adaptive evolu-

tion was conducted for total 236 days (59 transfer times). The strategy

of cellulase addition into culture medium, the centrifugation force of

fractionation, and the centrifugation medium was adjusted into four

stages as follows
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Stage I (from the 1st to the 18th transfers): The cellulase cock-

tail was added into wheat straw hydrolysate at the dosage of 3.4 mg

protein mL−1 at every transfer. The centrifugation of the broth was

conducted with the increasing centrifugation force from 3000 to

15,000 g (2000-3000 g every three transfers).

Stage II (from the 19th to the 35th transfers): The cellulase was

added at the dosage of 3.4 mg protein mL−1 at the alternative inter-

val (added in one transfer and did not add in the following transfer).

The centrifugation of the brothwas conductedwith the increasing rate

from 18,000 to 40,000 g (2000-5000 g every 2–3 transfers) to the

maximum of the centrifugemachine (Beckman J-26XP, Brea, CA).

Stage III (from the 36th to the 46th transfers): The cellulase was

added at the dosage of 3.4 mg protein mL−1 at the alternative interval

(added in one transfer and did not add in the following transfer, same

with Stage I). At each transfer, 15mLof corn oil was added to the 15mL

of the broth and mixed in a 50 mL tube before the centrifugation at

40,000 g. After centrifugation, the corn oil layerwas in the upper of the

broth due to the lower density, and the lighter cells were dispersed in

the corn oil layer. 5 mL of corn oil was pipetted as the seed for the next

round evolution at the inoculum size of 10% v/v.

Stage IV (from the 47th to the 59th transfers): No cellulase was

added towheat strawhydrolysate in order to obtain the phenotypically

stable cells. The centrifugation was conducted without adding corn oil

at 40,000 g.

2.5 Measurement of cell volume and density

The parental T. cutaneumACCC2020271 cell shapewas approximated

as a cylinder to calculate the volume (V) according to Equation (1)

V = 𝜋

(
D
2

)2

h (1)

whereD is the diameter of the cells; h is the length of the cells.

The volume (V) of spindle shaped T. cutaneumYY52 cell is calculated

with reference to the formula for spindle (approximate two cones with

joined bottoms) volume according to Equation (2).

V = 2 ×
1
3
𝜋

(
D
2

)2

h (2)

whereD is the diameter of the cells; h is the length of the cells.

Cell length and diameter were analyzed using Nano Measurer soft-

ware (version 1.2). The average of more than 100 cells were calculated

for the measurement of cell volume. Only the mature cells were

selected for the calculation of the average volume, while the immature

(small) and dividing cells were not be covered.

The cell density is calculated as previously described.[13]

2.6 Electron microscopy observation

The preparation of field emission scanning electron microscope

(FESEM) and transmission electronmicroscope (TEM)were performed

as previously described.[13]

2.7 Intracellular acetyl-CoA and NADPH
measurement

The intracellular acetyl-CoA was measured using Acetyl-CoA Anal-

ysis Kit (Solarbio Biotech, Beijing, China). The intracellular NADPH

was measured using NADPH Assay Kit (Beyotime Biotech, Shanghai,

China).

2.8 Cell wall components measurement

The contents of glucan and mannan in cell wall were determined as

previously described.[32] Chitin in cell wall wasmeasured as previously

described.[33]

2.9 Whole genome re-sequencing and RNA
sequencing

Genomic DNA of T. cutaneum YY52 was extracted using Yeast

Genomic DNA Extraction Kit (Tiangen Biotech, Beijing, China), and re-

sequenced using the Illumina NovaSeq platform by Personalbio Co.

(Nanjing, China).

Total RNA of two T. cutaneum strains (the parental ACCC20271 and

the mutant YY52) cultivated in wheat straw hydrolysate for 12 h were

extracted using Trizol reagent (RNAiso Plus, TAKARA, Otsu, Japan).

RNA sequencing was conducted using the Illumina HiSeq 2000 system

by Personalbio Co. (Nanjing, China).

2.10 Lipid fermentation

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

YY52) were cultured in YPD medium at 30◦C, 180 rpm for 24 h as the

fermentation seeds.

The simultaneous saccharification and lipid co-fermentation (SSCF)

using biodetoxified wheat straw or corn stover was conducted in a 5

L bioreactor equipped with a helical ribbon agitator. The biodetoxified

materials were pre-hydrolyzed at 30%w/w solids loading with the cel-

lulase dosage of 4 mg protein g−1 DM at 50◦C for 12 h. The nutrients

of 1.0 g L−1 KH2PO4, 0.5 g L−1 yeast extract, 0.5 g L−1 MgSO4⋅7H2O,

0.22 g L−1 (NH4)2SO4 were added, the T. cutaneum seedwas then inoc-

ulated at the ratio of 10% (v/w). SSCF was carried out at 30◦C, 1 vvm

of aeration, and 600 rpm stirring. The pH was controlled at 5.0 by

automatically adding 4MHCl.

2.11 Analytical methods

Glucose andxylosewere analyzedusingHPLCaccording to themethod

described previously.[30] Dry cell mass was measured after centrifuga-

tion, washing and drying at 60◦C for 24 h till constantweight. Lipidwas

extracted from the T. cutaneum cells using the chloroform-methanol

method as previously described.[34,35] The fatty acid composition
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F IGURE 1 Cellulasemediated adaptive evolution with ultra-centrifugation fractionation of Trichosporon cutaneumACCC 20271 cells. Culture
conditions and analysis procedures were described in theMethods section (“Microorganisms” and “Ultra-centrifugation fractionation in adaptive
evolution”).

was determined by gas chromatography-mass spectrometry (GC-MS).

Briefly, theGC–MSwas operated at the injector temperature of 280◦C

and 1 mL min−1 of nitrogen gas with the temperature gradient of

16◦Cmin−1 from 80◦C for 3min till 280◦C and held for 8min.

3 RESULTS AND DISCUSSION

3.1 Adaptive evolution of T. cutaneum cells under
cellulase mediated stress

Excessive commercial cellulase cocktail Cellic CTec2.0 was added

at the dosage of 3.4 mg proteins mL−1 (approximately three-folds

higher than that in general lignocellulose hydrolysis and fermentation)

to the adaptive evolution of the parental T. cutaneum ACCC 20271

with wheat straw hydrolysate as culture medium (Figure 1). The T.

cutaneum cells were fractionated with increasing ultra-centrifugation

force from 3000 g to 40,000 g in the first 35 transfers (Stage I and

Stage II). In Stage I (from the start to the 18th transfer), the cellulase

was added to wheat straw hydrolysate at each transfer of adaptive

evolution. A significant increase in cell size was observed although

the cell growth was still poor and the intracellular lipid bodies were

scattered (Figure 1, the 18th).

In Stage II (from the 19th to the 36th transfer), the cellulase was

added with a cellulase free interval (added in one transfer and not

added in the next transfer) to give a rest from the harsh stress of cellu-

lase on cell growth. The dry cell mass increased from 11.1 g L−1 (at the

28th) to the ending 15.4 g L−1 (at the 35th) and the intracellular lipid

content increased from 50.8% to 64.9% due to the relieved cellulase

stress on cell growth. Themajority of the cells changed into an enlarged

rod-like shape and the intracellular lipid bodies occupied nearly the

whole intracellular space of the cells (Figure 1, the 35th).

In Stage III (from the 36th to the 46th transfer), the ultra-

centrifugation fractionation was conducted in the two-phase medium

(corn oil-broth) to fractionate the lightest cells on the upper layer of

corn oil. The floating force and the viscous force of the cells in the corn

oil phase (with the lighter density of ∼0.9 g mL−1 than water density)

were reduced compared to the hydrolysate broth (mainly water with

the density close to 1.0 g mL−1) at the maximum centrifugation of

40,000 g (the upper limit of the centrifugal machine). Based on the cell

displacement model in the ultra-centrifugation force field,[13] the corn

oil medium reduced the floating force on the cells towards the upper

direction, thus the lighter cells were fractionated clearly on the surface

of corn oil. The intracellular lipid bodies of the cells were further densi-

fied with the dry cell mass increased to 22.5 g L−1 (at the 46th) and the

lipid content increased to approximately 70%w/w (Figure 1, the 46th).

In Stage IV (from the 47th to the 59th transfer), cellulase and corn

oil were no longer used for verification of the genetic stability of the

evolved cells. The cell growth (∼23 g L−1), morphology (spindle), and

lipid content (∼72%,w/w)of the cellswerewellmaintained in this stage

(Figures 1 and S1), suggesting a mutant cell might be generated by the

cellulase mediated adaptive evolution with ultracentrifugation frac-

tionation. The finally obtained cell was isolated from a single colony on

petri dish gel and designated as T. cutaneum YY52 (Figure 1, the 59th).
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Figure S2 shows the time courses of cell morphology, growth and

lipid content of T. cutaneum YY52 in wheat straw hydrolysate. Figure

S2A indicates that the cells were all in the form of cross-linked long

hyphaewith an expanded sphere at one end of the cells in the seed cul-

ture (0 h); then the cells changed from hyphae form into typical round

yeast form and began to accumulate lipid bodies after transferring to

wheat strawhydrolysate at 24 h; the cells further changed into rod-like

or ellipsoid form at 48 h; finally, the cells grew into expanded spindles

with densified lipid bodies at the end of the culture (96 h). Figure S2B

indicates that the final dry cell weight of T. cutaneumYY52 and the lipid

content were 2.5 and 2.7 folds greater (72.5%, w/w) than that of the

parental cells, respectively.

3.2 Cellulase stress in adaptive evolution stress
triggered new mutations in genome scale

The phenotype stability of the evolved strain T. cutaneum YY52 was

evaluated (Figure S3). After six round transfers in YPD medium, the

specific phenotypes (morphology and lipid accumulation) of T. cuta-

neum YY52 were found to be well maintained, indicating that the

genetic mutations might occur to T. cutaneum YY52. The genome of T.

cutaneum YY52 was re-sequenced and the genomic divergences with

its parental T. cutaneum ACCC 20271 were illustrated in Supplemen-

tal Dataset S1. Totally 1443 single nucleotide polymorphisms (SNPs),

938 small indels (InDels) and 5 copy number variations occurred

in T. cutaneum YY52, including the cell wall integrity related genes

such as Trcu_01919 encoding endoglucanase and Trcu_04438 encod-

ing β-glucan synthesis-associated protein, as well as the lipid syn-

thesis related genes such as Trcu_02066 encoding citrate synthase

and Trcu_04595 encoding acetyl-CoA carboxylase (Table S1). These

genomic mutations confirmed that the genetic stability od T. cutaneum

YY52 should come from its genomicmutations.

The differential gene expressions between the mutant T. cutaneum

YY52 and the parental T. cutaneum ACCC 20271 were further inves-

tigated by comparative transcriptome analysis (Figure S4 and Supple-

mentalDataset S2). Totally 1722differentially expressed genes (DEGs)

were identified in the threshold criterion of |log2-fold change| > 1

and p-value< 0.05, including 935 upregulated and 781 downregulated

genes (Figure S4A). The Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathway enrichment analysis revealed that more than 60% of

the DEGswere involved inmetabolism processing (Figure S4B).

On lipid synthesis metabolism, the central carbon metabolism of

lipid biosynthesis in T. cutaneum YY52 was constructed based on the

comparative transcriptome analysis (Figure 2A). Lipid accumulation

highly depends on intracellular acetyl-CoA flux, NADPH supply, and

synthesis capacity of free fatty acid and triglyceride. The first glance

on sugar assimilation pathways showed that the genes involved in

glucose and xylose assimilation of T. cutaneum YY52 were generally

up-regulated. The up-regulated citrate synthase (CS) gene Trcu_02066

and the up-regulated ATP-citrate lyase (ACL) gene, as well as the

down-regulated aconitase (ACO) gene both facilitated the synthesis of

cytosol acetyl-CoA as lipid precursor. A geneticmutation also occurred

for the up-regulated gene Trcu_02066 (Table S1). The genes associated

with NADPH regeneration such as malic enzyme (ME) gene and isoc-

itrate dehydrogenase (IDH) gene showed significant up-regulations.

The genes involved in fatty acids/triglyceride synthesis pathway were

all up-regulated by 2.5 to 33.4-folds, among which the genetic muta-

tions occurred for acetyl-CoA carboxylase (ACC) Trcu_04595 and

diacylglycerol acyltransferase (DGAT) Trcu_05085 (Table S1). The tran-

scriptional results were confirmed by the experimentally measured

intracellular contents of acetyl-CoA (2.8- to 12.2-folds greater than

the parental) andNADPH (8.0- to 18.4-folds greater than the parental)

(Figure S5).

On cell wall metabolism, the cell wall degradation geneswere inves-

tigated in T. cutaneum YY52. The comparative transcriptome analysis

indicates that several glucanase genes responsible for glucan degrada-

tion and two mannanase genes responsible for mannan degradation

were up-regulated in T. cutaneum YY52 (Figure 2B). Among which,

the endoglucanase gene Trcu_01919 was dramatically up-regulated

by 185.8-folds, coincidentally a genetic mutation also occurred in

Trcu_01919 (Table S1). The genetic mutation and the differential

expression of Trcu_01919 should be responsible for the formation of

a fragile cell wall of T. cutaneum YY52.

3.3 Morphology and structure analysis of T.
cutaneum cells

The genetic mutation and up-regulated expression responsible for

cell wall degradation showed a significantly aggravated cell wall mor-

phology (Figures 3 and 4). The glucan content of T. cutaneum YY52

decreased by 91.7% compared with that of the parental strain; the

mannan content was reduced by nearly 50%; the chitin content main-

tained relatively constant (Figure 3A). The main components of yeast

cell wall polysaccharides are glucan and mannan. Glucan serves as the

main load-bearing polysaccharide that contributes to the rigidity of the

cell wall and combines with chitin to form a fibrous scaffold.[12] The

reduction of cell wall glucan and mannan contents of the T. cutaneum

YY52 mutant disrupted the cell wall rigidity, weakened the cell wall

and changed the cell size (Figure 3B). The cell volume of T. cutaneum

YY52was significantly expanded by approximately two orders of mag-

nitude than that of the parental (5.44×10−15 m3 vs. 9.27×10−17 m3).

Correspondingly, the cell density of T. cutaneum YY52 (990.6 kg m3-1)

was reduced than that of the parental cell (1069.5 kg m3-1) and the

fermentation broth density (1010.9 kgm3-1). Comparedwith the previ-

ously obtained T. cutaneumMP11, T. cutaneum YY52 under the double

stresses of cellulase and ultracentrifugation showed the greater reduc-

tion of glucan content (Figure 3A), the higher lipid content and the

lower cell density (Figure 3B). The results indicated the vital role of cel-

lulasemediated stress in generation ofmutations on cell wall structure

andmorphology.

The cell wall components and microcosmic appearance were fur-

ther analyzed by means of transmission electron microscopy (TEM)
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(A)

(B)

F IGURE 2 Comparative transcriptome analysis of Trichosporon cutaneum YY52 comparedwith the parental. (A) Transcriptional levels of DEGs
involved in lipid metabolism. (B) Transcriptional levels of differentially expressed genes (DEGs) involved in cell wall metabolism. The samples were
harvested fromwheat straw hydrolysate at 24 h, then washedwith distilled water and frozen for mRNA extraction. The DEGs are highlighted in
bold. The transcriptional levels of DEGs in log2-fold changewere represented by color gradations. ACC, acetyl-CoA carboxylase; ACL,
ATP-dependent citrate lyase; ACO, aconitase; ACS, acetyl-CoA synthetase; CS, citrate synthase; DGAT, diacylglycerol acyl-transferase; DLAT,
dihydrolipoamide acetyltransferase; DLD, dihydrolipoamide dehydrogenase; ELO, fatty acid elongase; ENO, enolase; FAD1/2, delta-9 (12) fatty
acid desaturase; FAS1/2, fatty-acid synthase complex protein 1/2; FBA, fructose-bisphosphate aldolase; FBP, fructose-1,6-bisphosphatase;
GADPH, glyceraldehyde 3-phosphate dehydrogenase; GAT, glycerol-3-phosphate acyltransferase; GND, phosphogluconate dehydrogenase; GPD,
Glycerol-3-phosphate dehydrogenase; GPI, glucose-6-phosphate isomerase; HXK, hexokinase; IDH, isocitrate dehydrogenase; LPAT,
lysophosphatidic acid acyltransferase; MDH,malate dehydrogenase; ME, malic enzyme; PAP, phosphatidic acid phosphatase; PDH, pyruvate
dehydrogenase; PFK, 6-phosphofructokinase; PGK, phosphoglycerate kinase; PGM, phosphoglyceratemutase; PYK, pyruvate kinase; TKT,
transketolase; XDH, xylitol dehydrogenase; XKS1, xylulokinase; XR, xylulokinase; ZWF, glucose-6-phosphate dehydrogenase.
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(A)

(B)

F IGURE 3 Cell wall compositions, cell volume and density of
parental, Trichosporon cutaneum YY52 and T. cutaneumMP11. (A) Cell
wall composition. (B) Cell volume and density. The cells used for
measurement were cultivated in synthetic medium at 30◦C and
180 rpm incubation rate for 96 h.

and field emission scanning electron microscopy images (FESEM)

(Figure4). TheTEM imageson the cross sections of the cells (Figure4A)

reveal that lipid bodies occupied almost the whole intracellular space

of T. cutaneum YY52, and the cell wall (glucan-chitin layer, and mannan

layer) of T. cutaneum YY52 was much thinner than that of the parental

cell. The dramatic reduction of glucan content should be responsible

for the disruption of cell wall integrity and enable the expansion of

cell volume. On the contrary, the slippage (the narrow bright space)

between the cytoplasm and cell wall of the parental cell occurredwhen

the cells were sectioned for TEM because of the greater thickness of

the cell wall (Figure 4A). The FESEM images reveal that T. cutaneum

YY52 cells were in the extremely large spindle shape (Figure 4B) and

vulnerable to mechanical stress, which might facilitate the extraction

of intracellular lipid. Cell wall integrity change had been investigated

by secreting cell wall-degrading enzymes for lipid extraction process.

Liang et al. (2023) reported that the weakened cell wall strength

facilitated lipid extraction of an oleaginous yeast R. toruloides NP11

by secretory expression of β-glucomannanase gene MAN5C.[36] Hes-

hof et al. (2020) reported that a co-culture of tow oleaginous yeasts

Schwanniomvces occidentalis and Trichoderma harzianum, and S. occiden-

taliswas fed toT. harzianum to produceenzymes todegrade the cellwall

of S. occidentalis for lipid extraction.[37] The cellulase could hydrolyze

the yeast cell wall β-glucan and disrupt the cell wall integrity.[19,20]

In this study, the mutant T. cutaneum strain YY52 with weakened cell

wall and extremely expanded cell size obtained by the cellulase medi-

ated adaptive evolution with ultracentrifugation fractionation. The

easily broken property of the cells might facilitate the extraction of

intracellular lipid from culture broth in practical applications.[38]

3.4 Evaluations of fermentability and cellulosic
lipid production of T. cutaneum YY52

The weaken cell wall structure, larger intracellular space of T. cuta-

neum YY52 are favorable for lipid biosynthesis and accumulation.

Lipid fermentability of T. cutaneumYY52 using lignocellulose feedstock

was evaluated by simultaneous saccharification and co-fermentation

(SSCF) of the pretreated and biodetoxified wheat straw or corn stover

at 30% w/w solids loading (Figure 5). The lipid production from wheat

straw reached 55.4 ± 0.5 g L−1 at 96 h, or 6.1% v/v in volumetric

percentage, approximately 7.2-folds greater than that of the parental

T. cutaneum ACCC 20271. In our previous study, a mutant strain T.

cutaneum strain MP11 was obtained by adaptive evolution with ultra-

centrifugation fractionation without additional stress. In this study, T.

cutaneum YY52 was obtained with additional cellulase stress during

adaptive evolution with ultra-centrifugation fractionation. Comparing

with T. cutaneum MP11, T. cutaneum YY52 exhibited 1.6-fold higher

lipid production and productivity using wheat straw as feedstock.[13]

Both glucose and xylosewere completely utilized by T. cutaneumYY52,

comparing with the substantial residual sugars by the parental strain

(total 123.4 g L−1 of glucose and xylose). The consumption of other

three non-glucose sugars (arabinose, galactose, and mannose) was not

measured, but we speculate that these sugars were also completely

assimilated by T. cutaneum YY52, similar to the previously obtained T.

cutaneumMP11.[13] The lipid yield was 0.19 g g−1 biodetoxified wheat

straw based on dry weight. Due to the dry weight loss (∼8%, w/w) dur-

ing pretreatment andbiodetoxification, corresponding to 5.7 ton of dry

wheat straw can be used for production of one ton of microbial lipid

(without considering the loss in recovery step)

When corn stover was used as feedstock, the lipid production was

58.4± 0.1 g L−1 at 120 h, or 6.5% v/v in volumetric percentage, approx-

imately 5.7-fold greater than that of the parental strain (7.7 g L−1).

Corn stover generated more inhibitory compounds than wheat straw

under the same pretreatment conditions, thus a longer fermentation

time was required (120 h of corn stover vs. 96 h of wheat straw). The

lipid yieldwas 0.20 g g−1 biodetoxified corn stover based on dryweight

by T. cutaneum YY52, equivalent to 5.4 tons of dry corn stover was

used for production of one ton ofmicrobial lipid, similar towheat straw

feedstock.

The lipid production by various oleaginous microorganisms using

lignocellulose as feedstocks are summarized in Table 1. Table 1A

shows that T. cutaneum YY52 achieved record-high lipid production
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TABLE 1 Lipid fermentation performance of oleaginousmicroorganisms using lignocellulose hydrolysates.

A Lipid production

Strains Feedstocks Biorefiningmethods Titer (g/L) Productivity (g/L/d) Content (%) Sources

Trichosporon cutaneum
YY52

Corn stover Dry acid pretreatment,

biodetoxification, SSF

58.4 11.7 71.3* This study

Trichosporon cutaneum
YY52

Wheat straw Dry acid pretreatment,

biodetoxification, SSF

55.4 13.9 72.5* This study

Trichosporon cutaneum
MP11

Wheat straw Dry acid pretreatment,

biodetoxification, SSF

34.4 8.6 67.8* 13

Trichosporon cutaneum
ACCC 20271

Corn stover Dry acid pretreatment,

biodetoxification, SSF

8.1 1.1 27.0* 42

Trichosporon cutaneum
CH002

Corncob Dilute acid hydrolysate,

overliming, SHF

10.4 2.1 33.5 43

Trichosporon dermatis
CH007

Corncob Dilute acid pretreatment,

water washing, SHF

9.8 1.4 36.0 44

Chlorococcum humicola
UCDFST 10–1004

Corn stover Ammonia fiber expansion

pretreatment, SHF

15.5 1.2 27 38

Cryptococcus curvatus
ATCC 20509

Corn stover Alkali pretreatment, water

washing, SSELF

7.4 2.5 59.9 39

Cryptococcus curvalus
ATCC 20509

Wheat straw Dilute acid hydrolysate,

overliming, SHF

5.8 1 33.5 36

Lipomyces kononenkoae
Y-7042

Corn stover Ammonia fiber expansion

pretreatment, SHF

28.1 4.3 59.0 40

Mortierella isabellineM2 Rice straw NaOH pretreatment, SHF 23.4 2.9 55.7 45

Mortierella isabellina
NRRL 1757

Wheat straw Dilute acid hydrolysate, SHF 4.4 0.7 36.3 37

Rhodotorula graminis
DBVPG 4620

Corn stover Dilute acid pretreatment,

SHF

16.3 5.4 40.0 41

B Fatty acid composition

Strains Feedstocks

Palmitic

acid (C16:0)

Palmitoleic

acid

(C16:1)

Stearic

acid

(C18:0)

Oleic

acid

(C18:1)

Linoleic

acid

(C18:2) Others Sources

Trichosporon cutaneumYY52 Wheat straw 28.2 1.4 19.7 40.7 2.2 2.3 This study

Trichosporon cutaneumMP11 Wheat straw 31.0 2.2 18.2 41.6 1.5 5.5 13

Trichosporon cutaneumACCC

20271

Corn stover 19.4 10.7 6.0 42.1 4.3 17.5 42

Cryptococcus curvalusACCC
20509

Corn stover 25.3 0.6 14.6 51.1 5.9 0.6 39

Mortierella isabellinaACCC
42613

Corn stover 24.6 2.5 3.8 54.5 10.6 4.1 46

Rhodotorula graminisDBVPG
4620

Corn stover 20.5 – 7.2 42.1 17.2 13.0 41

Mortierella isabellinaNRRL
1757

Wheat straw 26.2 1.5 6.8 49.9 9.0 6.4 37

Cryptococcus curvalusACCC
20509

Wheat straw 25.9 – 15.2 47.7 6.4 4.8 36

Trichosporon cutaneumCH002 Corncob 28.0 – 16.5 46.6 4.9 4.0 43

Trichosporon dermatisCH007 Corncob 27.7 – 13.6 43.4 10 5.3 44

Candida tropicalisX37 Palm empty

fruit bunches

26.2 4.8 9.5 24.7 18.5 16.3 [47

*The measurement of lipid content was carried out in clear hydrolysate culture after the solids were removed by centrifugation. SSF, simultaneous

saccharification and fermentation. SHF, separate hydrolysis and fermentation. SSELF, simultaneous saccharification and enhanced lipid production.
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(A)

(B)

F IGURE 4 Microscale observation of the cell morphology and structure of Trichosporon cutaneum cells after cellulasemediated adaptive
evolution with ultra-centrifugation fractionation. (A) Transmission ElectronMicroscope (TEM) images. The TEM images of the parental at 24 h
were cited from our previous study13 due to the same strain and culture conditions. (B) Field emission scanning electronmicroscope (FESEM)
images. The cells used for takingmicrographwere cultivated in synthetic medium at 30◦C and 180 rpm incubation rate for 96 h.

(55.4 g L−1 and 72.5% using wheat straw, 58.4 g L−1 and 71.3% using

corn stover). As the comparisons, C. curvalus ACCC 20509 produced

5.8 g L−1 of lipid from wheat straw with lipid content of 36.3%[39];M.

IsabellinaNRRL1757produced 4.4 g L−1 of lipid fromwheat strawwith

lipid content of 36.6%[40]; the lipid production and lipid contents from

corn stover by C. humicolaUCDFST 10–1004, C. curvalus ATCC 20509,

L. kononenkoae Y-7042 and R. graminis DBVPG 4620 were 15.5 g L−1

and 27.0%, 7.4 g L−1 and 59.9%, 28.1 g L−1 and 59.0%, 16.3 g L−1

and 40.0%, respectively.[31–44] The lipid production by T. cutaneum

YY52 was also 61% higher than that of the previously obtained T.

cutaneum MP11 mutant by ultra-centrifugation fractionation (with-

out cellulase mediated stress during adaptive evolution).[13] Table 1B

shows the fatty acid compositions of cellulosic lipids by various oleagi-

nous microorganisms. The fatty acid compositions of lipid produced by

T. cutaneumYY52were essentially the samewith that of the commonly

used microbial lipid and vegetable oil, suggesting the high potentials

on production of aviation fuels, biodiesel, as well as various food and

nutrition products.

4 CONCLUSION

A cellulasemediated adaptive evolution with ultra-centrifugation frac-

tionation generated a mutant T. cutaneum YY52 with significantly

expanded cell size and improved lipid accumulation. T. cutaneum

YY52 showed a high genetic stability with weakened cell wall, highly

expanded spindle morphology (two orders of magnitude greater than

the parental), and high intracellular lipid content (2.7-fold greater
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F IGURE 5 Simultaneous saccharification and co-fermentation (SSCF) of wheat straw (A) and corn stover (B) by Trichosporon cutaneum YY52.
Wheat straw and corn stover were dry acid pretreated, biodetoxified, pre-hydrolyzed and SSCF conducted under 30%w/w solids loading.

than the parental). Whole-genome re-sequencing and transcriptome

revealed that the geneticmutation and transcriptional up-regulation of

thegenes associatedwith cellwall degradationand lipid synthesiswere

probably responsible for high lipid accumulation in T. cutaneumYY52. A

record high lipid production of 55.4± 0.5 g L−1 or 58.4± 0.1 g L−1 was

obtained fromwheat straw or corn stover by SSCF.
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