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Study on Behavioral Changes and Mechanisms of Oleaginous Yeasts in
response to Ultra-centrifugation Stress in Adaptive Evolution

Abstract

Oleaginous yeasts, a class of fast-growing, none-metabolite escape fungi with a broad
metabolic substrate spectrum, are the most promising cell factories for microbial lipid
production. Microbial lipid as the precursor production from lignocellulosic biomass by
biorefinery platform is an important option for the sustainable carbon-neutral production of
aviation fuel and biodiesel. However, the wild-type oleaginous yeasts usually have low content
of lipid and poor growth in lignocellulosic hydrolysate, making it difficult to meet the
requirements for industrial production. Various methods have been attempted to obtain high
lipid content oleaginous yeasts with the potential for industrial application, such as general
metabolic engineering, mutagenesis, etc., yet little progress had made.

Facing the difficulties in screening the oleaginous yeasts with higher lipid content, the
previous study obtained several “super” Trichosporon cutaneum cell factory with high lipid
content and lipid production capacity by adopting an ultra-centrifugation stress adaptive
evolution method. This method significantly changed the cell morphology, enlarged the cell
volume and improved the lipid content of 7. cutaneum. The lipid titer from lignocellulose
increased by 7-8-fold than the parental strain. Although thus method has been applied with
remarkable effectiveness and success, the key mechanical of ultra-centrifugation stress adaptive
evolution in oleaginous yeast that responds to the external stress and improves the lipid
accumulation has not been investigated in depth. This method is very different from the current
microbial breeding methods, and the lack of understandings of the intrinsic mechanisms greatly
hinders the further enhancement of the efficiency of this method and the development of
relevant metabolic engineering strategies in the future. The mechanistic analysis of this method
needs to achieve the following objectives: (1) the effects of ultra-centrifugation stress adaptive
evolution on the physiological characteristic of oleaginous yeast, especially cell growth, cell
structure and lipid accumulation, need to be further characterized to reveal the potential
mechanism in the formation of “super” oleaginous yeast cells. (2) In-depth exploration of signal
sensing, signaling pathways and subsequent metabolic regulatory mechanisms induce the
changes in cell structure and lipid metabolism in oleaginous yeast cells under constant sustained
ultra-centrifugation force stress. Aiming at these problems, this thesis firstly carried out a
complete characterization of cell morphology, cell structure, lipid content, etc., of two evolved
T. cutaneum strains obtained by ultra-centrifugation stress adaptive evolution. The highest titer
of the cellulosic microbial lipid batch fermentation from lignocellulose was recorded.
Subsequently, a multifaceted study was conducted to investigate the potential mechanism of
promoting lipid synthesis by ultra-centrifugation stress force adaptive evolution. An important
mechanical force signaling pathway that promotes lipid synthesis under ultra-centrifugation
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force was identified in oleaginous by transcriptomic analysis, protein interaction analysis and
molecular biology experiments.

The first part of this thesis provides detailed characterizations of two high lipid content
mutant T. cutaneum strains, namely T. cutaneum MP11 (ultra-centrifugation stimulation and
fractionation only) and YY52 (ultra-centrifugation stimulation and fractionation, cellulase
stress during the culture process), which were obtained after long-term ultra-centrifugation
stress adaptive evolution. The two mutants showed stable phenotype after successive transfers
in synthetic medium (nitrogen limited medium) or YPD medium. The two evolved strains
showed stable, significant and similar changes in lipid accumulation, cell morphology, cell wall
structure, etc., compared to the parental strain. The intracellular lipid content of T. cutaneum
MP11 and Y'Y52 increased from 34.0% of the parental strain to 67.8% and 70.2%, respectively.
Both the two evolved strains showed multinucleate morphology, with the cell volume
increasing nearly two orders of magnitude compared to the parental strain. Moreover, the cell
wall of the evolved strains was thinned, and the content of glucan and mannan decreased by
61.2%, and 40.2%, 91.7% and 56.9%, respectively.

Whole-genome resequencing and transcriptional analysis of the two mutant strains jointly
showed that the mutations and up-regulations of the genes related to cell wall metabolism,
especially the mutation in glucan-degrading enzyme gene, were the potential critical factors for
the changes in cell wall structure. The mutations and up-regulation of the lipid synthesis genes,
on the other hand, were also important for the enhanced lipid accumulation. The results of
mutations and transcriptional analysis suggested that the ultra-centrifugation stress played a key
role in triggering gene mutation and obtaining stable phenotype. Furthermore, the cellulosic
lipid fermentation performance of T. cutaneum MP11 and YY52 was evaluated, showing that
the two evolved strains can simultaneously consume glucose and xylose to produce high-titer
microbial lipid. The cellulosic lipid titer reached 40.3 g/L and 58.4 g/L from corn stover by T.
cutaneum MP11 and YY52, which were 3.9-fold and 5.7-fold higher than the parental strain
and the highest titer of the cellulosic microbial lipid batch fermentation from lignocellulose in
the reported studies.

The second part of this thesis aims to investigate the key mechanism of oleaginous yeasts
in response to the ultra-centrifugation stress. Firstly, the parental T. cutaneum strain was
stimulated by different centrifugation forces and times to verify whether the ultra-centrifugation
stress is an important factor to change the cell morphology and metabolism. The results showed
that more sustained ultra-centrifugation stimulation time significantly shortened the transfer
numbers in which the cells morphology significantly changed, suggesting that the existence of
a signaling pathway in response to the external ultra-centrifugation force. The ultra-
centrifugation stress adaptrive evolution was conducted on two other typical oleaginous yeasts,
Rhodosporidium toruloides CGMCC 2.1389 and Yarrowia lipolytica DSM 3286. The results
showed that this method still can improve the lipid content in these two yeasts, indicating that
the signaling pathway response to the external ultra-centrifugation stress was relatively
conserved.
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Transcriptome analysis and protein interaction analysis were used to investigate the
important mechanical force signaling pathway. The transcriptional analysis of the high lipid
content mutants of T. cutaneum, R. toruloides and Y. lipolytica showed that the differentially
expressed genes were mostly enriched in sugar metabolism and fatty acid metabolism. Five
genes (TKT, ACL, ACC, FAS1, FAS2) that showed significant up-regulation of expression in
all three evolved strains might be effector genes regulated by the mechanical force signaling
pathway under ultra-centrifugation force stress. Protein interaction network showed that only
Ypk1, the core kinase in the TORC2 mechanical force signaling pathway, interacted with all
five of the above genes, with Ypk1 having the highest protein correlation weight value of above
0.6 with the FAS1 gene (fatty acid synthase 1). Therefore, it is hypothesized that the TORC2
mechanical force signaling pathway, with Ypk1 as the core kinase, plays an important role in
response to external ultra-centrifugation stress and regulate lipid synthesis.

The important role of TORC2 mechanical force signaling pathway in response to external
ultra-centrifugation stress was further verified by biochemical experiments. The results of
transcriptomic analysis and Western blot showed that the expression level of SIm1, the activator
of TORC2, was increased more than 2-fold by ultra-centrifugation force stress. The
phosphorylation level of Ypk1, the main substrate of TORC2, was also increased, which led to
the up-regulations of its downstream effector genes, such as FAS1 and ACC, and increased
intracellular lipid content. The addition of TORC2 inhibitor resulted in a decrease in Ypkl
phosphorylation level and a weaker response to ultra-centrifugation stress in the cells. Finally,
much attempts were made to establish a genetic manipulation system in 7. cutaneum, with a
view to directly verifying the important role of TORC2 signaling pathway in response to ultra-
centrifugation force. However, due to the extreme resistance and low homologous
recombination efficiency of T. cutaneum, neither the genetic manipulation system based on
antibiotic resistance screen nor the uracil nutritional defect screen were not successfully
constructed.

The third part of this thesis aimed to simultaneously improve the lipid accumulation
capacity and inhibitors tolerance by ultra-centrifugation stress adaptive evolution plus the
addition of phenolic aldehydes. The finally obtained evolved strain T. cutaneum MS28 showed
more than 2-fold increase in dry cell weight and 3-fold increase in lipid content in
lignocellulosic hydrolysate. The transcriptional analysis showed that the aldehyde
dehydrogenase expressions were generally up-regulated more than 2-fold in T. cutaneum MS28.
The evolved strain also had more active sugar metabolism and lipid synthesis shunts in
lignocellulosic hydrolysate with residual phenolic aldehydes inhibitors, enabling to produce
high-titer cellulosic microbial lipid. The cellulosic lipid titer reached 33.8 g/L by T. cutaneum
MS28, which was about 6 times higher than that of parental strain. The cellulosic lipid yield of
T. cutaneum MS28 reached more than 82% of the theoretical yield.

The fourth part of this thesis aims to investigate the phenomenon which is the rapid and
synergistic consumption of all lignocellulose-derived sugars by the evolved strains T. cutaneum
MP11 and MS28, in terms of sugar transporter and sugar metabolism. Three significantly up-
regulated sugar transporters were unearthed by transcriptional analysis. Since the genetic
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manipulation system was not successfully established in T. cutaneum, the three sugar
transporters were heterologously expressed in Saccharomyces cerevisiae to validate their
functions in vivo. Although the recombinant S. cerevisiae showed an increase in the rate of
xylose consumption, the cellulosic ethanol production was not significantly improved. This
study enriched the candidate gene pool of heterologous pentose transporters in S. cerevisiae,
but their functions in T. cutaneum need to be further investigated.

In summary, in order to investigate the intrinsic mechanism underlying the changes in cell
behaviors of oleaginous yeasts during the ultra-centrifugation stress adaptive evolution, this
study firstly carried out a detailed characterizations of two mutant T. cutaneum strains obtained
by ultra-centrifugation stress adaptive evolution with obvious changes in cell morphology and
metabolism, and evaluated their cellulosic lipid fermentation performance. Subsequently, a key
mechanical force signaling pathway that transmits ultra-centrifugation stress signals and
promotes intracellular lipid accumulation in oleaginous yeast was identified by differential
transcriptome analysis, protein interactions analysis, and protein phosphorylation level
measurement. This is the first study to characterize and uncover the cell behaviors changes and
intrinsic key mechanical force signaling pathway SIm1/2-TORC2-Ypk1 in oleaginous yeast
under mechanical force stress. However, since T. cutaneum lacks an effective genetic
manipulation system, further work would be conducted by subcellular localizing, knocking out,
and overexpressing the key genes in TORC2 signaling pathway in Y. lipolytica, which has a
mature genetic manipulation system, to validate the key roles of TORC2 signaling pathway
under ultra-centrifugation stress. Finaly, we hope to provide a new class of regulatory targets
and gene elements for the metabolic regulation of oleaginous yeast.

Keywords: Oleaginous yeast; Adaptive evolution; Ultra-centrifugation force; Lignocellulose;
Cellulosic lipid
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L1 A58 AR R L i ROst

AT IRAE 0 At 3 AN AT 25 i = SR B R BRI (AT TN 520Ks B 22 (1 B 7 B s A
TR ORI ] AR AEYRL B A R AR ZE IR 0 27 A 2 A
BT R SAEARAG S R AR Z AR BRI 2 AR A e, L A St A A= i
T LR AR AR R 2,

Sl i T HA RIFRIsh e 2 N R4 L4 R ok aig!t, iXid
J TR A il T AR AR == AR AR S 2 S AR A i B T I A = S
5 R R I AT 5 0 S 7 A S A M O TR BT A S oy LT A T AR A
ZREOIMREERS R 2 )DL T FUR Y, AW S AR LA S A oS e e
s TR AR S B AR AT 2023 4, JREE KGR KA T CRTHLUTRE
PEMSEIHET N I RSV KB R R RF & 26 AF I A Sl R e T E LS gl
MV I OTITH T LSCRE, S TGRS RIHES AP Sl AT L IR K

H R B 22 Ay IR R RAF IR BN TE SO0 BOA AT 2l il & FIRHRT
LB A A ] L R 57, IR AT 2 ol 1 s ) e APkl — 10 A P AT 4 23
JRE (SAFs) 28/ 2 1 TR &= AR HERU — AN oA A (A R 7 58 - BRI A
YomilE R SRR S =R EORE I R BOR. HEL s
LB &R EY), Har SEEmaart . AV b T AL ST R A B B
BRI, FEBHETBO R FR 22 PR 70% A B0, TREH 42 2030 4F, AWM BE A BR T 34 UK
HE 1800 J3mg, A EEH H A3 c! e HAT, JE SR K 1 AEVIRHURAE™  WGE.
R R BIEEEE 10 SMEYIHERE, £ aesuedi 2w RIhit T i
A

THHR A2 A ) S R A TR A 7 o T B AR JEORE, LA o 48 B RS 2 70%-90%!
R EURHR R B e T H 7 B, AT RAe . XA E SRR, flin, ERMEER,
ARl A2 B T 2E WA = it B JORE s SRIELL BTARSE L i 22 A0 ES 8 38 A K S A
OBy SRR D AT A D) A R S i AR A e B JEURH L. KR S AE
M ED AT PR, HAR N EVIROR I R AR 27 ok < SRR I8 B h
PR RS E) . B H R E AR, W RE D A AR AR R
G, AR FEMAE LA RE R, AR AT o BRIk, AR IR i Y B R
FE Y] 75 EF AT R OR S AR g Rk

WEY RAT RS 108 BE RN ) T d A e R BB, AP g
FEAR R . B RRAE DLRKAL S RS S AN g I 55 D JEORRR B8 B H i = A
Lo /DB A S8 I G I MR T 0T Al ek g A T BR 4H pe bS5 sl i i AHIE, LA Cl6
A C18 GHER. FRHIER . MR AR ) N, PR AR sha Yt g T
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AR AR 0T fEE RT DL A A B 8 AR AT P RR SR R IR AR, (H
THIGFRFK . AWE/AD . IR TEIERAR S in) AUE LSRR Tl Ak A =81, AL
FEE, FrmEERE AR IRAMRIE . AR, BN TRETFRERASERAS. A
TSI i g B KRR T A AR ™, 38 )75 T AARARR AW 5 o S5 R P2 3 A
TR B A 7= R PRI AR B 4R
1.2 FPEMEERRF Y AR B & R
12,1 7HlEE B AR

72 JH I R EAT 0 85 77 P05 SR A R N AR B B T SR AR A L A A R A
Vi NG B AR B U0, Sl R R P IS B =k 20% DA B R RERR O i RE, IR T
B A il LUA BT E 1 80%12%), H AT AT 160 Fh= R4 25 21, fgiFEE
IREERE (Yarrowia lipolytica)~ [ 414 EE (Rhodosporidium toruloides) 21 ¥ B)
(Rhodotorula glutinis )~ Wik BIM R B (Lipomyces starkeyi) 25 7= WP BF 56 K LAY =
K JRYIE B SR RS 2 DL B G B RIES R A M2z EP,

fif A HB FCEZ B v] M2 IR TR o B oK. Y lipolytica RANTAGR RS RS & 2 AN
FIRS TR, A M SOE E A2 oSN E R (DHA) 285 s = L 20, 22
W F R AE B H 0 (National Center for Biotechnology Information, NCBI) M ik
(http://www.ncbi.nlm.nih.gov/ genome/genomes/194) WKLk Y. lipolytica 4=3& R 4HER:
55, N R CRISPR-Cas9 PR #AF T H B8 fR At 1 Bt A g HI PR B DAACHEAE
DR ME—BRUR FREAR U R J1A 22, BRI T R B AR5 £ 4 2= S50k A= 7= T 3 /1230

1 2 fOBFRET 1944 SERRIA N IBEEE, S m30a B BE A1 2 Fh 038 DRI
AR L) o R toruloids W F &M AR EURE, i 32 22 AT DR 2 Fifg 2R R
JRAAEZ KRR =), R B R A BT 41 4 R SR A W T & i BRI 71124, Zha
N G ARBER R R. toruloids NP11 HEAT | A BRI 2000 3 Ay A0, P e ity b 3k —
R B A 3R TR s R P A RS S P E I B A5 2 ' 202 R, glutinis
J& T4 RE (Rhodotorula) J&WI 7 — M, B EAGE MR, FZEHE MRNEKR
T8 7y,

ik B R P B T I e BE i , HC R 0% S I 22 Bl st i) ) B 0] FH o 267 00 AR
IR, XFMFFMEAELS L. starkeyi BEMEIHFEIR G IE0T CUnAS R4 o i R /KRR JiT 41 4 2=
IKFEYD) FREREEAR BCEIM R S = Y. AiE, L. starkeyi J& T HE ML H AT
A WD B 7 ) 8 (RIS RS 4 1 07 AT BE KA, IERTF R A R 2 4 R 4020

BeR 22 e RE S T R Bk R R, ¥ 2 AR BAF % (Cutaneotrichosporon
cutaneum), FE—FIARIEERIEO, BLAE 1978 4F, Moon ZHIH T cutaneum UL R =4
—FLIE T EE N R R B A P2 A Bl 2R (single cell protein) P, Tcutaneum GEW T H %
FhoIE IR AR, FUPESE) PR IF AR, HAeW R pER, Aseng =
HIEAB T, Wang SERFFCRIL, AH LG T oAt ™= b B B U fde g HE IR R . RG 2L B REAE,
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Tcutaneum EASARFIAYEZRIEIINGIY) (FIR. LR 5-FRHFEEES) BA—xn
M52 1%, K T cutaneum BAA R FIA BT A4 2% BERAE 7= Gl A M0 g 16 BRI 71131, Gao
SR T cutaneum R 2 R PN GAE D0t s RO AE T BR ZEL R, TR (C18: 1) A AR (C16:0)
FBERRER (C18:0) HLANH2ERARIIER 90% A EBY,  5ahtEynimAs 4 25 el, ] DUE
AR A S B R RN, B TR B A R B ORIE I W] R TERESL, T cutaneum IERES
AR DAL AHUER KBS m s BR KBS T E B, 38 & AR RO, VB FE KK
e AN v R K 25 1o 2 A B BRAN R RHAR SRRV o T cutaneum & — P LAY (1) —
ABERE, Zho SEHEFE TR SEREAE FR N T cutaneum —3SPER AR H5200 o 72 PR AR
MR, T cutaneum 400 EINERIR I EEREAM) . Wang &3t — SR T T cutaneum 400
AT A RAS S Il RS, AMNIER T TT S R IR AR R AR T
FIEEIR A AR S0 2 SE B I B A BOIR 22 fE R BE B AR Tcuraneum ACCC 20271 )42k
ERIZHL 0 7 AV RES) . Teutaneum J& TR, ST HETHEHMERPUAER GHEE.
G418 e & WEEHm R LW R) WAHBRYUE, KX LLERE S THRIER ST
i brice. H Tcutaneum VENIEE FIEBEREAT [FIUE NS e (1) J L3 8UIK, R H ATiE AR A
T.cutaneum FE R ERAE 22 G142 B AH G SR 7T

122 Jl&i

A A B TAGs KESE N RE R4 A7 EFR AR (droplets) V.40 #% -
HO1 (1.1 MR EAMEF ML, HAF R e R A — D EUKRIZ L, 220 E
B TAGs. §ElE (SEs) FIH- e PR A . Bl OB ENR S 25, B
R SR RE AR E SR AU R — B Iar e, IR AR DA 2 4 i o T
A S50, AT AR R EARE: EmpeR gt A, JR R RS R T EE
BT IR, ARATTRE 75 A LA S 20 B s =100, (HBCRB 22 A 03 B, G AR 1 2
B A T 2 M EY e Thae, I R AR AR REEAAS NG ST H
BNASIXALO,  LE By 1k i 5T B AU SO T R A5 B AR P

Phospholipid
monolayer

Protein

&

-

Triacylglycerol

Sterol ester

%

B 11 R EIARR
Fig. 1.1 Composition of lipid droplets
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123 i

BB IR PUE H EAE L AUE TR R AR R RO (R BETR) 4 KEMRR
B, i 1.2 fros, ERRH T AMP CREERRIRE) 70 MNIUVE 5°- AR (IMP) A%
(NH4") B, 5K AMP WK JZ < FEAR T AT R IR I 2l 10vE 1 (IDHD, 3Bk if by
BRIR AR B4, R RAE LA b (R by i BT kA7 A TR/~ SRR 2 AR L o A L 380 240 i o o
TEATIRIR ARG (ACL) HIMEAL TS 70 W i Bt SN L4 AP, T, BEfE 4R
WeAANSE R, SERIRBE G35 R REE (ME) AN ERER = £ 18 )i 77 NADPH;
Ho PR I SRR A RS S BEREEE A RALEE (ACC) Bk AT Bl AP,
BEJa, Sl A PN BN A S ENTRL & R (FAS1/2) & R AE4NE A. JIE
W BR 1 # i 1 2 N 5 X+ F08 3T Kennedy 18 B8 T2 % TAGs. 5 Y. lipolytica R. toruloides
AL, Tcutaneum. L. starkeyi. R. glutinis %5 0] IR ANEVE AR IEFR UM AEET, AbEn]
DLUIE A I SR B AN A BB U (XR, XDH) AR F AR (XD HAL KRR, A
B A A AR BRSO (XKD B A AR - 5- W I AT H il -3 -, HE N OB 1%
MRigAe (PPP). AREANE-5-BERRAEBERR FeINE (PKD WAL T3t — DR ALy LB BE IR
(Acetyl-p) FFit— AN IR A, BONIETE BURETARDT,

{ERERE TAGs FIMCK B G REF,  AWUHIRE A FRACRE (ACC). JIRMUHHER A £ R
(FAS1/2) R HMBEL R (DGAT) & % 5B B 1 TS, 78RR #I 4%
FF, ATP WA FT R IR A (ACL) J5 LRI N2 0450 07 R & AT 14 S Bt 4 e A
HIBERIAE DS, FATEIR AN (ICL) FBE KA (ACO) TEPEFER A &y
IR T &l O BtsnE AP AR Al (IDHD SRR PR At 2 R B0d Eir
BRI AR BRI, Rz A, M H I R R AR K& B AR ISR BE A A G 2
DRI I L Rl oAk I J o2 i 5 [R] 45 077 2t 402 v 7 T T B A1 I 2 7 R A R T B Le 021,
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Fig. 1.2 Lipid synthesis and metabolism of oleaginous yeast

13. R HEERR R R TSR T R

1.3.1 i CAEOE

AR RO A P RS T = N TAG I RFRE ST HRITIR A 4L Rk DA K
F BN BRI R A, G A P B A v VT T R TR B R BT IR B R 71030 8 4y 7 Vel e B
Q0T A g R I PR BE A5 HL A Y R R I35 AN A2 40%, S 1A F H B fg & aiae 71 -
BRI, DR AE 45 2 R A B3 E R GE R SE A ] DB I AR AR i 4%, 4 =5
R34 T i A B

(1) M5 & B2

Hr, SAMREZRTIERIEBRNU TAG & B3 K LU 5 7 i B B IR &
BE ST FE o« Yan 25 7E fift i IS P IR B o b ik R0k M A2 ZHERIBR RN AR A1S 2
VRLRITERE I 0 25 B BRI AR B, B A T R B S R T & 77.8%. R T I NI &=
A A A, I AR T RE T B e v i A B LA R ) 25464 . Wang S TE [
LT AR B b S YH R IA B WS L2185 19 (Vitreoscilla hemoglobin, VHb) & [K] DA i
RER TR A, A HEAEME 5L R EARE R AT =% B B R B R = = e
72.0%[9%],

(20 Ol e i P i A2

i 3 B I A o 0 AT 2 A DG 2 R 1 v MR AR 2R 1 o — iy 3. S TR i
HIEREWTR B-A M TAG PSR EZERGIE R . 75 I B U Ak Y. lipolytica
A 6 NMHAEAHET A FAEE (POX1-6), fEALAENIR B-FA LM — D EREPE. Lk
6 MEGFEA DL K GUT2 R (Gt Hvd-3- W R i UM, A0 T e -3 - R e (X o B R —
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PRI WIRRAE Y. lipolytica AHHI G & e & 4 7510, fif% POX1-6 B MFE (£1))
Aell, Z5ENIR p-Aibidis) BEEH U Jod RIS GPD (CHh-3-# R i 2l ) 2K Y
lipolytica W fIE & & 1] AFE &) 65-75%!7), Friedlander %57 Y. lipolytica " S IRFTIENA
[FISKIE K DGAT (MR Hm AL A iy ) JEDR A et b R BR g TG R 8] TGL3, %
3 ERNEL I A B = Bk B 85 g/LI,

(3) H4I NADPH L)

JIg Jo A BSRT 7 BY) rs BE HEL T NADPH $igfit, 38 )50/ NADPH 22 3 I & Bl o< i
K212, NADPH HH IR I H R 47 Hh 1) 461 0 W -6- B TR I 08 (GOPD) M4 198 i 46 Wi e
Al (PGD). FERREF (ME) #2411, Bandhu Z53d FIA S REREE, W5 7= R, 40
BERE (Rhodotorula mucilaginosa) WIHIEF=EHE S 1.18 f57%), Qiao % A1E Y. lipolytica
I AT R SO K B B A 4 = 2E 1) NADH 3546 N i i & AT 75 Z2 ) NADPH 5 2.
Mg A, FEIREARE. RIS ACC (LWHHEG A RILEE) 1 DGAT £H, FIHE
A RIEAFH) GPD, RIHFIL KRB B EH (Mucor circinelloides) ) ME ZE[H,
fi 24 LRI i P A E) 99 /LU,

1.3.2 VARG M E AL

MEREH BENL IS AR 4R 8 FH V) B i Ah 2 A 28 ) S BUE Kk DNA BB, kR A
i VR R A . WIHR S A R U E A 2 e TR A CRAMER. BT IR X B
YA KA RSB T (ARTP) 2507274, 248 2 i AL 451 5 DNA K
A, FERIEEC AR B B 4 ARSI RAR S, B 7 4 v e Y A A e T
TrERECE PR, BEEH R O (EMS). HEiitiE s (MMS). Bk — 4
fig (DES) FEAHEEAT (NTG) U,

X MFSERE (Cryptococcus curvatus)~ R. toruloides FIFH UV (2W/m?, 200s) 34T
V52 ER FH R I T R AT 0%, RARTRAR T R P B HR 5y 5.6%-33.0%!77- 78], Bessadok %%
X} R. mucilaginosa~ Y. lipolytica~ DTS RIEEER  (Debaryomyces hansenii) 414k
2% 8} (Candida tenuis) 34T EMS (75mM)) %5748, 225 R. mucilaginosa 1 Y. lipolytica
) B PN i i 2 B0 3 vy 36.4% 1 13.3%, {H2& D.hansenii M C.tenuis W R & 2K A
femlH. BERFMBERE S RE BRI S, HRAAERZOE, MRAZTT WA E
FEAMRAZAMWR . RARAME P 20 B AVEIR T B0H ZAI RS 5 B i 50,

iE W PE SIS = HE1 (Adaptive laboratory evolution, ALE) & FEHAYriE N AN HIAS
F 2% A LAk B B ko R 19 B #9080 Can&l 1.3). 78 ALE i f8H, REEMTEE 14 (an
il EEER . BEIRIRED KR CBUE B8 EAE TR, A E N AT
PEARBU, X MOE N F R Z M REMR R, AR FR2ZEM (Single Nucleotide
Polymorphisms, SNPs) FI/NEHEAFIHS (insertion-deletion, InDel) %%, MifidEfkH
HA BRI ER, B RE DR W& S XA S AT 32 1% i 2 A
Wi 5640 A AAFRE 155 . BARTE ALE RS- 2R, HEAEEJEFE TR
ARFNH R ERBE 7S TR, RASEEANMBHAR B, 5B TEN



FREIRS HL2ws E
IEAHEG, ALE ANFREE B I8 AR 2%, Wi ZR4E H BRSO 8% 7). ALE 5
AN TR A ATEE P A FE R B3, kAL B vk 8 B A& R A A 5 T
VR R B R ) 3 R0 AR TR SO PR A8 3R O T i DR T R T, KR 237 I 9%
BRI R. toruloides, L. starkeyi %33 J& T AR FIBERE,  BAREAA BORH Tk A J1H 2
WL ERAE TR IR B RZNE,  DI A TR SO i it 70 1 J 32 3 BEAS .

H AT 2 W 7 138l B A e I BRI S L e MR, I 2RI 52k L i
RS N AE AT BAN IR m I R R AR R e I IR SR . Diaz SEX R
toruloides 1E[H &8N 20% (w/w) BRI 7522 MK ARV Th AT 18 N AR ELL, SRA5 10 T
FA B e ST ARE AT RE 042 AL B R A N — 2B A AR 50E 1) H R B AR ), Park 5%
[FIFEXT R. toruloides FEATIENEREAL, $EFRIE N EREREFREE (C/N=100) Hifsm 5-#H
FepklE (HMF) MUBERE, did 16 508G 9%, AR 4E 3K AR b A1 A g = &
1A $2 %0, Sun S5 AE GBI BEIZ T 1 i )35 77 Bk v o6 ROIR 22 fa e BEGEAT I R AL
Pem T R R SR 2 A E ARG AR R, LS AR s R OK (BREEN 3.5%)
W R e RIS 31.7 g/L. ALE [— AN REE R R BRI R 77 Wi E il kT
U ALE HEHCRAR . R T W R R i & S BUR A TR SEge 28 1R BT,
Daskalaki Z5%] Y. lipolytica 1E°EFEPRHIZCE CRBEILRRH. Tkl FIMEEH TS
RIPEREAL, 7EBUEE T ER FR ) 2% A7 T AR 28 58 22 3 i 0 4 £ TS Bt 1) 25 A 20 f it IR e %
YRR AP RO ARAC, IR IS T 4 BT R S B RE P s, T IR R R AR A A
B R A Y 2 W TR ARG, A WK AR T & e i 30%. fEZBEFiH,
INEE i 25 B IO iRUE 5 A T AR KB 4B, AR i Re ) AR, SRR
PR 2R R AR, HEEASFREREK GBid 100 £ B,

Process, traits and effect of ALE

(a)
'"OEEE.‘O” culture culture
QD > >
- 4 l . '
Mutation& Mutation&)
culture selection selection repeat
v Ve v, v
v' Vv vov
(b) (¢) ‘ ’
high long s e -
- s S
Starting Midpoint Endpoint
Endpoint trai strai strai
strain | |
3 Midpoint % E—
& strain % Cell
$ % — o c
Product tamearen ey
2 accumulation
S(anmg [reecimapary=er]
strain
low short

B 1.3 ALE JifE R4 ron B B
Fig. 1.3 Schematic illustration of ALE workflow and schematic of its trait and effect: (a) a schematic
of the typical process of ALE; (b) the relationship between evolutionary time and adaptability; (c) effect
obtained from the use of ALE technology on strains
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1.3.3 ATyt iE & & 10 s il E i ik

S AR R e B BRI M PN 2 18] IR BT S R D85, R S A A L T N AR
s BLAARES TS S50 xS B A B AR RIR SRR A IR s el i, AR
RAZBE B )N W& B Y 2 3 30 B & BOMARE IR B (1) 835 484k, A
A PR RE AR B SR AR BNV AEAAR o [RGB o P o2 15 7 B 1) vy I = i e 7 & Pl A T
FEREARGE A 0 e 13 2 St i & R ARAK, JFiE— 0 H T 2 RN AH R 70 A DA S AR T
(VI GHIPA

e U FOASC AT T A e G IS 4 A 077 3% 15 % (Fluorescence-activated cell sorting, FACS ),
FR R 5 6560 77 B8 HH LA BRAR R4 ) S AR R4 B ®9) . FACS 7> B A& SE = iR i & m R AR
4N L) 7 78 77 A e 8 3 89921, Unrean 25 A\ 1 X3RIE T 45 A QT BE AL AT FACS
i 3% e v e 5 B BE D AR R BB IR RE (Yarrowia lipolytica) RATANMY .. B AE TR NG HE I
P B B S i 7E BEVE K AR R AT T 20 IR . RN, AR L AR
Ja, BEFRMERE 1 h, AR DURE SRV IR 23 B H VAR B IRV 1 1) B e TR )
MR, X L = A A e 22 R R . ST FACS X BODIPY B 5 i
JIAMRBEAREAT TP IRIE, AT R AR e AN B g SR AR TR R ) 1.5 £ A
1.2 %, HCJRITTER A R A i B Ay R & B B BT ey o IR TR 7 BRI FH e 131t i3k 4k
1) 77 22 508 240 A 2 AT 38 A% T U I &5 6 28 T O D' 1) vy T8 R A28 WA Dy R gk v ek 1 B
RAARIAG O7 P 22 FACS 16 (1) F A i g & & 48 i a] T2k — 2wt o,
PR B R 2H 7 45 P, Patterson 55 NAEMENRHE IRBEEE (Yarrowia lipolytica) W3Rk |
Hermes DNA ¥+, 3R15 7t 50 /i1~ Hermes FEALIAHA A, ffH FACS X231
BODIPY 4t i g & & AT IR E 4L, 7 RAARHINR B & E M Hermes 45
NALE, ST 0= B B B R Dy Re 40 AP Pacnik S8 NIEHE T IR IG I & EAHZE
BRI I RE (Saccharomyces cerevisiae) WPk, 2748, rF=#AMg & )5, 1 H FACS
128 H A B R o E AR RE o XA AT R R AN P RS e T =R T
A5 55 DRI AR S P (1) 5 TR 7 BT o AR R A DGR [RIS) itk ok, ] LIS 7 it e REEA T A0
A2, AEH] FACS fifidk e iR 5 AR AP,

AR 6 1T LS G EuE AR i 7R g, T = i A M ) v il =
BT 0R R AR BOR B 85 78 ROT 4a i L % . AEiX ATk, Ay an s kil oy
FEEAN AR 3577 . I 2P 5 AT IR A PRI e, T oF BN A8 i B IR o 7 s A A4
AR RCR B AT ol A IS . — SRR, A0 MR B% 77 A1 75 50 2 vt A 7K ek
I (gel microdroplets, GMD) . %A1, T FACS (X835 dE/KEWAME, FACS A
R B4 FH T Ve A L ZE i O AR B O o P 7K ki 75 LR AT A AR 1) 20 TR Bl 2 Sk FLAL EX
HIFE, A PTLLUH T FACS Wik, 1X— BRI HFEIN B g 0 199, Li 58 A
FEH T A BRI KB R, 4 B 7 A I AR 38 A AR TR 858 . B IR 110
JSEPHE T ORAIE A AR AR AR TR A 2 [ 18632, AR T 4B 77 & By, Tanaka &%t
Wik [CEERE (Lipomyces starkeyi ) 3EAT 55 AMFE AR 55 7 f 4 2% R BE IS A0 » 042 BODIPY
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Jett Joid it FACS A [R5 Bk IRIE R AR KA ot & &, 83k A5 1 — AN A A
AKAEIR 10 £5 ) RAR AR,

T HOKEY). EER. ZERSEH M AL, 85U AR, R
0.88-0.90 g/mL!%T. PRIULREE IR & B AT, AR e TR, XAt
T YU R 2 R AT m e B B R AR N I 1 2 4% 7 AT REME . Hassanpour 55 A\ BT
¥ GEMZEERLIN 1.5 g/mL) T TAGs [0 )% 22 57, SR 181 S (0 = 3l B 0 7 1
R M TUGEE TR & 55 F2 73 0l & B e Ve A A s R B AR R M o AE S5 R 45 AR5 i &L 3 min,
B BEEE T 30% M JIREREE TR IR ek & ERGm) M BRI & ERED 77 nl#E
Pl B . B E IR KGR, BEREWANEYR S iER 5 E B R
PS5t 5 2 5 I B B R AR « BRI IR E PR R UE M & B4 1 3.42 i, Jlg
R T 3 A,

Brakke - 1951 fEH X$EtH 1 A LR F B BERAFE B0 I 77 6K 00 B SRR E w7
Wk . (RS EERRE B O TET, HERE. Percoll (2858 2.4 ML s o I Ak P 1 Rk e R VR
B0 BEAHEN TN R BB N, TR OEED 2US (T s eiA
TR FERRRE . AEWIRE S B R TE TR, AR e T Rl O . YRS S
FEl I RERE . Percolls S ALELIE IR T BEARULICHS, 245 1ERahI0S), R M AE S8 0T IR S
vt AR v R R, T AE AT O AR AR ot DU A R AL P 235 L 96, Eroglude S542 H T
BT B PERR S B O T, 7T DUR A PR 8 2 FAZ B R AR b i . kA
B UL R ARGV & o 05T 38 W %5 BB B B 0 1) 7 R W] A T e sof H 7
Vi FERR RIAAE A, FE T MR DN AR s R AR T i A B AR AT Bracero S5\
BEERE S0 P At SE &, HE— IR S8 RS B B0 ) 7 1R AT LA /N IR
# (Chlorella sp.) FJGE 5> B = MRS AN MOBEARUOS) 25 R LB 0o 1) 5 VA AR AT AR
FH 750 5 DR AH SR AR AR (R R RS A 6 v, AT AT DA e H X i S AR 3R 15 B il 3 52 i )
- Kamisaka 55 NXERIEEERE (Saccharomyces cerevisiae) HEAT ¥ e J5 AT % B
FREE B0, R FE 43 B I BF A R B Wi B o 3l e o) IR o 5 = R v AR AR R s A 3N
AL EAT A BT AIEGIE, TR IR T A2 i SRR 2R (1) OCk ORFs (U isefie ) 1109,
T X R HE IREERE. (Yarrowia lipolytica) BUHNIE IRIERE (Lipomyces starkeyi) #H4T FHiH
IR s (EMS, ethyl methanesulfonate) 15748, FJEERACALE . Bl fadEAT 3-5 A2 FE R
FER ORI, 2R AR AR ™ &2 R AR 1.5 i o A 1101,

T N AR R B R MEIR B BRI TV, B T IR R 140 5 — A B AE T € )
AN Il R . el R R e IR 7 A S 1) 22 SR R R B AR RS H MR 1) 4
Mo UK IAEL R R b A sl B IR Al 45 & BT, 2 E el S 240
1) e A FEL % o
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1.4 BERESTSPFFAUBRRL 77 38 B Pl oL

141 PN A 5HE S5

TEVE A2 il BRI B MDIE A2 R 2R I FLah P, # ANWr B 21K B AH AR A #R sA S5 1Y
RELENBEEE T N T NN AR AR, e 7R e 2 i A
SKEIANFE IG5, JRE A B RBRIE 5 M2 415 AR id s s sk a2, 5isLshy)
AR, Vi 22 E VIR YDA 1 AR A, S AT 5 A 10 4 B R U R 7
2 BOW RN MLEE AR SZ 1 HUBRON. 77 P 8 R AR IR T A DRI AR 18 R PR B T g Jo i
A, RN BRI 0, A T A0 2 i A S By g PR = 2R0 B

(1) R4 77

R PR T A B A BT AR I 32 70, B R EEIAST, AR, JF
A5 ) 200 6 B 9 A 2 T P T ) 2 8 Al R A4S X i o XA 77 W] BE 2 e RS 3 B 4 f A1
PIRIE U, 0 R] BRI AE NI B b AR F IR AR 1, DRI S B SR B A
R A7, ok B AT R 5

(2> HifHR )

XA B 5 R AMES AR S I K. R EE R BB FRL T, thATRES
B M B S 0 B RE AR A T o T B T/ 3 B )i I It R A I, AT 7 AR A
71

(3) BIVIN A

XM A7 AT eSS H T A AR T AR A S s e Al B A T S Ral AT IR 7, A
A N BEAZ R BTY) J7 o IR0 I I b 55 AR ARRE S R A R 24 T 11 JAe A AT o A A I v JEE
JRAE LG o T 7 A B ARBUA BY DD R g th AT RESK B 40 2 18] AR ELRGEE, DU TR 7 A AN [R] 3
RLANAN [ ¥ B3 J8E 17 >R (0 40 M R A 7k e kA7

2 ) 5 A R A TR AU T R ) Rl 2 0 T AAE e e LA 3 A i B g AR R A )
FEWERE, MNERIPEEEEE (Saccharomyces cerevisiae) SERZLFEIEEE (Schizosaccharomyces
pombe) T TR 42 5E WUBMAL IR A% ZAT B R B Gan ] B AR 2 AR A i B e
LA EATTURART A AN Wi A2 A B PR 85 P P9 3SR SRS A5 o 5K 5807 1 UL A LA o At e 5
B TR HA) 22 PR A A AR R AR N AR LA B ST R B 40 3 i ) B 70 R e
WNEAAT 5 RSB BT B AE B A AR SN, 8] 2 4 o o SR A PR B ) AR A 48 PSSR
I S 38 R E R 1R S, I 915 5 d BT AR B2 1A o3 B 440 o v A 5
Bl BRI (B 1.4), BfE 5 BHAL B4 BN FER .
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(a) Multiple mechanosensors in the absence of mechanical stress
Msb2

. -

Wsc1 !

Mid2

v
Pkh1/2
Eisosome

(b) Multiple mechanosensors in the presence of mechanical stress

Physical forces Membrane tension Physical forces

ae @ M

Shot

@ © Ca2+
Calcineurin 1
complex
CnbiCnat/2 Cell wall Lsp1
integrity l
thwa: Pilt
‘e —CD AL #
Cytosolic Nuclear l
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Membrane and cell wall synthesis,
cell cycle arrest, and actin depolarization
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Fig. 1.4 Mechanosensors translate mechanical forces into biochemical signaling pathways: (a) Multiple
mechanosensors in the absence of mechanical stress; (b) Multiple mechanosensors in the presence of
mechanical stress

142 Wscl/2/3 F Mid2/Mtl1 WUk /115 5 B2 4% 2 il

—REENRZAHEE—Wse FEAM Mid Kk, & T HRREEERMEEE (single-
pass cell-surface proteins), ‘BEAI1EAE & 22 R/F7 AR (Serine/Threonine Rich, STR)
LA AL AN I I B R X o FLDhRERAL T 9K 2, U BIHUR. Ui, Ak giok
SRS e AE, XA RAZ A BE S I s N R X A A AR N AR S . Wsel B
— NIRRT RS, 2R 2 ML B R AR A BB RR AU ), gl B A B R A P
BEI, FE Wscl/2/3 BI#EIR STR S5M38 K 4e, #5805 A Lk, 5l
REUHE 51518 — BN, 0BG 2M2 4, STR S5 n] ge 2 (a5 (e, AT
15 1B 345 5 A% U0, FERRI e RE . SRR RLHE B REAT 1 (4 2 2Rk 18 (Candida albicans)
DA Wscel/2/3 NIEZ 3 E E KNG 55 @A m B IR . 108 BRI 28 8 H JRAEH
MOARACAE K A, AR EE 52 38 (Cell Wall Integrity, CWI) &% 1 _EIF AT 1,
It CWI 3842 ] 1 15 20 B 5 ST DAREX [ g B 00 17 ey )87 187 57 o g s B L= 440
JE A AR DL S A 122 5 22 (actin cytoskeleton) 254K SRBH IE M AL A= K, AT A 40 g 7E
RLAPREAAEIE oIS, A, FREEACH A F Roml B Rom2 (Rom1/2), JFfifijd 2z
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JFIE AL B I8 12 (mitogen-activated protein kinase, MAPK) B Rk 5% ¢ I8 %5 X T SBF

(Swi4/6 cell cycle box-binding factor) 1 RIm1, A 1M S<Ii 40 Ak () F A8 1191 b5 Wel
—Ff, Wse2 KAL) Wse3 2 5 142 4 g e 58 Bt i AR AR 3 S)e B (Heat Shock
Response, HSR), Mtl1 ) == ZEAE F A& 75 6 25 6 LR AN S8 A0 57 P iy 36 3ot 13 4% 4 o 52 B vk s
RYEFR A A7,

1.43  Midl/Cchl HLI 115 5 252 35 B Jd it

TN A B A B T H S & 71818 (stretch-activated ion channels) . Hi
Midl #1 Cehl HBIFIERE GV, AIERENAHMEE B BE B 2 PG 5. 40 ae
2. BUR EAUBRN J 8 N &5 il R, Midl/Cehl & A4 4d 45 B 1~ PRy \ 40 i J (121
122, 5 g AU 234E H R $TJF Mid1/Cehl J8E 2 FHLHEATE 2 . Ca  NIRITE T £
ANEERR, CLFEAHH B 2 Ao AL R B IR G 2 54 (calcineurin) 5. 5 BEIREEE G2
YHML P Ca?* [ TR, i S5 VR Tl g 0 IV 255 2 R 11 4 B Xo) 22 o R 58 97 4 1 gk L1 231,
B P S U B A S IR 7 Crzl BR1L, P R AR AL 1241250, AT 3
HH O3 2 e DA 5 240 ff B 2 998 AT S ML S, 7711260 o D JEE A 4t o 1) N SR 240 R 350 2 7
TR TIEIE, AR XU, ) B — R R s s LI AT FESH A, Piezol AN
Piezo2 MM IMEEARED, TR TURE LR S5 OB E T A gl U2, fEAE
Y ) piezo 1 [EIVE & H LA b, JFAETH o A KR Hh i e VR R T 1 2 s DA
XT e P20,
1.4.4  Zh&E A Msb2 R B2 2% Shol B A AN 15 5 B2 2% S i i

P BEZH o R AT DLdE I HORG B ) Misb2 B IEAL 3R Shol ZH RSB AN )
% Msb2 B Shol 40 AR 35 PH B BN R B R S A 1 184 381 75y 55 B Ip > R R T2 180, itk
bb, BB, Msb2 Al Shol W5 N so A @i BH 17K 43 4 ARG I -H e & Bk 34 i
J T DR 2l Bl BRIk, Msb2/Shol BEHUER AN =yi203 2 A AH S BN LR T 77 - Msb2
AR A M3, B B3R haet . A A T 4u MR i AL A vT
REI I )5 3 Msb2 [ H FAM 6 Zh B8 M T TS 5 F AL N4 N A 01E 5 o SCERER I,
ZIIRERITT R T2 Yspl (RAREREARE), Ypsl T HEEBEREIALEE (GPD HiEf
FafE b, i) E] Msb2 B A T B IR H D AR T U T Yps1 HE2 N )
5T I B AR 5 E i — B .

1.4.5 TORC2 WU {5 5 k52 4% f il

T R E 51K 2 (Target of rapamycin 2, TORC2) 2 AWk A b4k £7 57 I
JNEZ A A, R AR g 3 3500 BB 5K 7 AR il R A5 S A3 . A2 ) T s
FLR U B DB VAE Ypk 1 11 4 M B 221 2 R RN AR G Rk 4 R AR Tk 3 RN P R I 1)
g, PL TORC2 N2 4% B F 015 5 5 I EHB AN Wse/Mid2 i —HE B AT NN
DI AL AT ST AR S AR A A A i B 5 B i) Th el TORC2 AL 115 5
M EE A5 5 e SRR SR ) AR BB A O (Al 1.5D, LR 385 R I K 132 (e
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AN ) ) Jo M 55 R 3 2 TR E 3 0 BE SIm1/2 B2 H . 390 1 Slm1/2 5 TORC2 WI45-& s
T TORC2BI PEASR U, TORC2 A A 32 #5385 1 DA DR 8 ALAE B |, SIm1/2 52 TORC2
FIOEE A . #EJIRAST, TORC2 # “MR#]” £ MCT 45#) (membrane compartments
containing TORC2)H, SIm1/2 &5 73 A1 ££ I 1 1) 1 BAR 2 H & & 44 (Bin. Amphiphysin
1 Rvs) ZHRHITVAIR N Ba 457 (eisosomes) o 44l fiEsk /138 Kit, 4T eisosomes #
() SIm1/2 #ERE ISR -5 “FR#|” £ MCT # /) TORC2 454, MiiEiE TORC2 15
5 I 5E TORC2 ¥ = BB Y) Ypk 1125, J4lE Ypk1 5 Pkel RIS T I 0 500
Rls A sk g AR, 4 i i ol I ot UL -4,5- %18 (Pedlns (4,5)P2) HKEHA
T RGBS B A R R 25 F 45, A TORC2 SEARRE BS 1 2R3, RIS B8 € Ar Slm1/203¢0, X
FEYIAL A SIm1/2 FEAIE NI R, £ 60%1) Sim1/2 2 AR B E L T P i, 1
HABZ) 40%01) SIm1/2 FRECT MR 2= 037, X — i FE 1% B R B TORC2 & A 7R A
[F] (RIATL 1) R B N R g )3 IR gs 2>, DAAERR IR 7R SRR RSP AT o I — 38 0 1 4 A e
FENESK J1 3G N 5 BME T A& SAE AR R 2 ORI, 7R FL 3040 40 B 5K 77 58 in 4
1% S mTORC2 15 ‘5 I8 2% o R Hh [ B AT 1 2 2 R0/ 22 BRI TORC2 ()3 8- 1390,
X F W TORC2 4% g AR H. TORC2 HI3E 1% 5 fig P 5 A1 5%

B 1.5 HURSLAT T Siml1/2 3% TORC2 HIBEE R

Fig. 1.5 Slml/2 regulates the activation and deactivation of TORC2 under mechanical stress

1.4.6 TORC2 ) [RIYFA A1 T e

f% £k TORC2 S5 FL %) mTORC2 [FJ§, TORC2/mTORC2 WV 3 £ 45
TOR/MTOR, Lst8/MLST8, Avo3/RICTOR, Avol/hSIN1, Bit61 Al Bit2/ (PROTOR-1 Al
PROTOR-2), Avo2 (E:EHF:A) LAK DEPTOR CEHESIMHFA) 34, TORC2 EAWIHE
FAZAED T RS, AR RALE AT A IO KA ) 4t R 2k TORC2U4H,

mTORC?2 %2 #| GTPases 145, Ras K EAH K1) GTPase—RIT & H Al LA 5 mTORC2
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454 I BUE mTORC2 PARLY AL M 75 BE A AL R 2 J0E TORC2 2 RIS
S P DL AS BI04 I 20 M  mTOR2 R DA o W 1% A ik ey 2 () 5 Ay A e 16
TR AGC Wil (BEEEERA, WIEEEEEE PKA,E HEE PKG A& H Il PKC)
[, A9 AKT. SGK 1. PKC % . mTORC2 I3 1t 5 40 o i I & BRI i R e A 5%,
Hzm g N CBESREEE A &5 TRITER & OB IS 1t 6 T 4E 3R 40 i R B A7 IR0 7 48]
AR S EE EEMIEN . E£88F, TORC2 MEZRY N AGC i Ypkl (SGK1
[FVRYD . Ypkl A2 CRIREENR, AFE T = M NE A K E Om1/2 [FIJEY)FIfH
R LR A G ) 30 35 DL K H i AMHESE Fps1 AHIH-3-BERR IS8 Gpdl 5. 7TER ST,
TORC2/Ypk1 B BERR AL L FJEA, Wb R4 55 200 B i 6 R0 o 7k g DA AERF 40 B A7 35124,
B 7T BT 77, TORC2 it Ypkl ZAMAT T G2/M 4 el BR800 flzhiE A
BRI AR U, DA 2H S Bt IR BB B R i A2 4. TORC2 1 53—~ F- 211
PRI 2 Pkel (PKC [FEA), FELINREL T T RE e 3R 2097, R,
TORC2 TEVR T EAL AW A B 2 A 7 T R FEEZOER

1.5 FPEEE RN AR R £ 4 3 AR P TR AL Y iR

151 ARFE YR Ak

F AT R A it A i 5 0 A R L AR T T TR B A A R S8 4 o R 2T 4
HAEVRP N2 A TE B AR BR, HaE e & 1F A =4k
Bk ARG AR, R BT 4R AE VTR B A 0 28, RBET 22 03, RIVROL K
T MR IR FEN S FEAKE RN 2 B DA K TV R 7 B 78 490 ol i S 2 e KR
JREFYE R BV R BHIR, BRI EREAT « FORAEFTATH R A0, 7 B B ph T s 2
THHR 5 I BE 77 BOATEEAE (A T P A R W IORL K EL TR, 7 il e B R AR o 27 4 3R AP ot
AR E ML PN H i = R k2D AT AR ) S A v BRI EL T 7 i R AR B T R
SR AT R AR £ 4 2 JEURMR A HE RO e i T SR R A S R, R
AR R RS BAAG T /KA BT 21 4R 2R (B, DR A 21 48 2 S k] 5% A P 5
HEVEBAN T2RE N, Wl EE R AT HUACE . KA IR AT Jir
i/ N
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Fig. 1.4 Schematic diagram of lipid biosynthesis from lignocellulosic biomass using oleaginous

microorganisms

RPAgER FEBLAYER . Fea4Em GERMMET4ER) MARRESWHRN,
PAS D EVER . BRI Koy aEss 198 HA M s Bl 1.5 Fs, KRR BEEEINZ
EBEIPURIER, PAGERTF TARREBMALERT 4 0], REEE _EAMIER,
TE AR R A G R LAY 2 - R RS 5 . AR 2 — PRt K B,
H 10,000 Z N EHE D T8 (1-4) PEHEERM K. A4 52 H— R EREAIAD
MR ZHEAY . TEEHAFE (FER SAFE (5 MR oA, HKEN
Ader Y. MIEEREE, EELOL (1-4) PEEFsER:, DL (1-3) FEEs, X
PEE S AL Gy WK, P B NI (Rl &b EE A FLRE D . FUkbE CORBEFN R
FAARE) VLS DB PRGN A /S AcbE (o SRS R i) 1195 1961 i RAE MRS T AN
BRIV ARERE R B4R, SARRALEREVRT 12%-37%7. KFEREAR
R A Y= G BIUR T A m A NLEREAI . RIER W] 50 =P R 8 1) 28 T4 b
Bt CRRFRZ), HEAIAEKRTER (G BTHEEARE (S) AXREREKRTER
(H), 43 3RIETHAAMEE (Coniferyl alcohol). 7+ 1l (Sinapyl alcohol) FI&F G EE (p-
Coumaryl alcohol) ¥4 (B-O-4. 0-O-5. 4-0-5) FIEEGREE (B-B. B-1. B-5. 5-5)
HERETE U 1000, Ik Ah, RIRER A FE WO AR a7 TGN 05 5 T 54 S P 2 4]

[161]
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Fig. 1.5 A schematic structure of the lignocellulosic complex
(1) Tk

YHERIIGEMIE . KRR KL 4E R AR R LR 4E R 10 A EE 2L
AR £ 4 3R B A Bk i ] 103, Sy T R AT I S B K SR AS AT R TERE F R
REE, THERATIAEE TR, SIEPUMACEE (D)RI SRS ) ALY, AR 48 & T
WIFI T FARE, B (R, B AHUENE . Pk D R 5 45 415
(641, Jpth Ay AH B, TR B DA S IR S5 B A S50 AL SRR AR TE I A R e 2 15 ko H,
P AL TT LA RO AT WA G 32 R 1 4 3R 2 RN e, WSRO R di & G
90%), FHEBRIAATIER . BR Wik AL 11 55 2 BEWS 1 F 5 AL &9 18 Tk
I B 0 R S FL AT R BRERE A A, AR — e T | P AR A K S
166]

ARG TER TR AL ER (250t IR T R TIARER, Kb e A A JoR 41 4 22 JEORL R AR R
BT g SRR O TIAL B S R AR, SEIL T kL IR SRR VR = R A, R
B R 78 50 WIS ) FH SR 3 70% Cwi/w) o T TR AL T 5 3K 30 4 2 T A A L= 2 R e
WEAN 552 FHOEMERE (5-HMF) 5/, 3 HAEANERE A AT A 2 /K = R 1T,

(2) Wi

B2 B LA B A LI TR AL B2 F B JURR LA BRAC S 4 4 35 R ) 7 v PR T
HAELFYE R LA g R A 0 o BIFIR LAY R, YR R 5 7E R 2l R K g
SRAS AR BRI 7 3, DR P A iz US8Y . o TR ) R T A T v R A i 2T 4k R 2B K
PR G R FRERE P28 22 /K T FARE I ( Furfural) 30— 2D 7E iy iR R 2% 1R T B HE R 81,
PR A TR I KT A% 5-32 FRRSBERSE (5-HMF) AT BEAE TALFR 444 T 0E— 25 Mo R R
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ML ERUS) 4R TP I LB R K I L LR ARBUR I =M KL &4
FE R AL T Ik il 55 I 282 Iy B FD )P = B A e . B 5 . WP (4-
HBA). T &M, THMR. PRGN, BB T S N B R E thes S E SR
A, R B TR A A AR 7T

ASEI S AT BT ER AL B BORIT R T [ 25 W i 23 A AR Wit 2 7 5 2K
[ 785 fd 13 £ FRACHR R (VDR oM i 5 T ek, 23 T PR DIE S 0] FH 00 A1) il > e 9 ) 45
SRUOT, Bt — D AE [ AR A P B A Al BT T WA T, B T AR Y, R
TEREA D BRPE AT 2RI R 2 AT o [ TRARER . BE Ak 5 R /K AR IR v P 0t 25 B R A 7R
JRBASEVI R e . Mo B EE R R DIARE I pH 10 BRI rT AL R B2 25 0, M BR 4R
I A IR . 555 B (HMF) 1 80%LL I 4 RRTE 24 h WA SRR, HW RKI¥
A 45 ] DA 2 AN T,

(3) M5 KWt

ARJFETYE R TAL B 5 (R B KR AT I e — 20 o B FH (1 Bl 21 4 2 A~ 2T 4
R, EATTRDRE TG IR M 2T YR 2K 0 e A Dy B DL B RN RS R A T £
HeRM 2 A BE R, LR NNUIHERENE . SMD)E SR AR a BE . A DIRI R
R Uy 21 4 2% 1 JE R T XMMIRE s (X, 7 AR Jet o AN A3 B s /D7) 78 SO g I J
S A S D) T 4k R A R A R 2T 4 KR N R R T T
AR r] s LT dE R, WAL 2R, W= AEARTERE I A U-1,4- K SEBR BEAD 23 ff R
TR AR B AR SR 7. oAt B A B RO B L AR AR R R . PSP H A -L-
BT A R B R A, AT B KR A R N GED 7S 1P), SR e R A LT 4E R A T
[FIVE I3 iy 1 274 3R~ 21 4k 3 A D T B AR

3 2 DR R S RS Bl /K AR A0 S v AR P58 R LA R 7 fit et e o e AT A Jo 3K A AR
R th sl &5, EARRAERMRIEEA T, FIDRECICREE (SSCF) 52 H TR =k
FEE R 4 AR 2 T A 7= AR (R 80 1 o T 5 1 K S A AN B A P A R 1) A )
BREEGAE B D T AT TR BT LR BT SR R, 5 E R B B
b, PR

1.5.2 77 i e B A o 1 A0

ARJFEF YR AL A B FE 2= 2R 2 T/ o 1@ =4, 7™ S T i B K A 28R A
P BE R R PR A A AR o IS ) 3 B A 1 I B R AR R L A AL B R v, 04
BRI 2 P ff 7 A (R R IR B SR A ), JRRIE AT S0 FR LRI (5-HMF); ZBEH A
SRR AN AR ISR, AR WIR. SRR ARBTERA D 13 FERE L
I 4- 32 R HE . B BN T Bl . IA B — 8 BEIR LIS, IX LI Y0t £ 4 2R iy hd
ARG PR 2 RA R 20 B 4] £ ST 192

BREEA 5-HMF £ FAC B R b P AR & e, W ROV AR VR o . 2 BV
B3] 2.0g/L. 5-HMF JKFZIER] 4.0 /L I, XEEK@EAT B2 M RCRIS, HHeRm], &
SR BOIR 22 Sl BERT AR R 2T 4 SRATE W V) B B mn 1k, B 1 FR Bk rh AR IR LA
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0.5 g/L LA b (A3 sght 2 0k FG AR R B AR 2877 A Wil 25 R4 4 FHUTSST. R mT DAL 44
1 T o T S P S AT R I R L At — e 2 5 W T e (1) S B 22 TR 1) Rk 1184,
UbAh, MRS ARSI B DNA B . F0HI 8 B A0 RNA 14 el 186 sgma b 51
NADH 1 NADPH 4= DA S PR BN (1) 12 R 2R 45 U87) - 2 I AN B e i SR A A 0 4
=R EER, Mo B, CBNIRS T8 pH EMK, s . g, &
1% AT A DA A A 2 T s o S A MBS, 0 i 240 AR 1104 o AT 32 2 40 7 T A B 264 T o
FERE AR R =) £ B =P B IR D e s, B 42 BRI . AR, T AR, &
ST N ERIEIRIE (HD) . @AIKREE (G) M T HHE (S) MR 188, 5Pl FHAb
PREY) (W . §9FRIS) ML, TR re WA HE 5 ()R ot 7 4 25 R 1)k
FEARNT AR, SR T 308 o B AT D Ak 2 7 A e AR S P o o 1 Y S i P S 0 1) 47 2 77 L 93
A £ 6 FBE (10 s e, BTS2 i 4 65 %) s B i PR L) FEMy A Pk, A Bl 3 R
M) i Ak R P T K A AR L R A P P 2 B R o 0 LB P S RE, ik P IR TR B
R RE AN 4T A0 B, TR IR IEIR 0.5 g/ LL_EI P2 s JL AR KA iR AR 2

[190]

o

ARV I BF b AU AN AR BE 2 73 1) 22 5 S TR 3R, R £ 48 3 ORI I 3 0 A A
[FJ RIS 52 BE 0 A A ont 7 e 19 B AR AR H e (B A 3t — AP W Fe . RELe 7 i i
BEX R E R R —E AL RE J1. BORL il R Re e R IR . 4R g
AN A4-FR IR IE , E2 X R AT 4- 2 B 8 PR AT BB, iR L IRV S 4 T3 SR 2
7 T B P B A B A R A ™ AR AN RS T o 7 (i 2R 0 R i A T B2 A2 AR o 21
245 3R IR R 2 S A I IR B ELPR B ROR BRSO o PRI, BEARLER) 7 e P 5 B AR AE B
S VI AE AR SR AE TR, 3 N R AT BRSNS 52 1% . Sha 551 Wang 5573 51K H
T A PR) 75 9 o R PR S G P X e S R R o B R (A S22, TR (R U0 P T 52 17
B RER G it Bl A A s 52 5 A R AL, (B 2 Y
PRAEE N VEREACHT J5 T AR B0 IR AR B B8 10 19910 Liu 2550 [ 40 & f B BEEAT Z2 AT /K i
P BRI B REAY LB i D T 324, A 45 RS B — 2 AR AL TR R AE /K R
HIAACRE U B R R BE 220940 Zhou SR RARHE IR RFHEAT 1 =M EEIIHIY) (4-%2
FERPRE . FERE. T AR KGRV LS R A A I 32, S0 A e
7R B IE RE ARG 55 1 RS I S AP (AR AL RE T o (ER R IR EE SR 40 it
W7 BRI AE RIS Z, AR lE AR RIS LR S0 3E B 0 i 32 25 1)
B SR AR AR 2R I 9l AN AL RS R SR A TR ATl SRR AN,
LGNl i R 8 246 53R R 8 v Yk I 5 S O A, DT [0 I 52 g 7 el P B0 41 1 5]
RS 52 1 Ryt i ) 7
1.5.3 7 B RE A IR A

RIFEAYERAE NI N5 AT FAEREIE, 0 A ROM g Seal ar A= 22 5% (Y B
gt . KRR YERAMKP)G — RSB[R LA APV E, DERap. 5
B H ERRE L SRR AN O SRS 2 MR TR A RO R R LA B R A RE A
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FHR 5T £ 24 2R AU 1 A 30 A S R B, JCIRANRERI L o 2 R] & B RS S B0E 30% 10 2% ,
TR T AR YRR SR BRI 107 5k = A DG PR A U 8] A G B IR 1 3R T B R AT
T B R AR AR Re it A AR e . B ET T AR I R R R A T HES
IREELE EFEE T R AR IS, Li SR7E Mg NE HI [QEE B AR S Y 20 R T
EESRERERPEIC IR B (XYL MURBEREMLERE (XYL2) He[R I 45& AN M — ki
(R MR (LRSS TR, AR AR AR K B A= iR B 7~ ik 15 g/L
DL D), Zhang S5 75 fiff Mg HIE DG I BE A ORI 40 G SRl , B4 1S s AR A DG B L DR ) 3Rk
(H458 PPP &AM INZH i 57 NADPH HER %), SZHL 7 ARKEACHE 2 F2 =2 30%120%,
2 B AR R R B A R K G I E By, B I EIREE LA R 2: 1, 1E
20% Cw/w) [Bl 5 8 554 T 38 1R A= Ml e AR il 4 IR R B 2R 4E /K i, 296 60 g/L
B PEA 30 g/L ACKERON, — b=l e RE AT LUK R BERR S, G0 5 41 & o i B
(Rhodotorula toruloides) ¥4L1EE (Rhodotorula glutinis) %5, {H & 24755 &1 HE A ACHE [F]
INAEERI 25T, i 4 Bl B A AR 2 I A T R ARBERIRI A, XA LR FR N 73 AR
A7) BELIE 0 48 Pk A 260 B R 1202 T R sk PR A OAS [ (P8 il R Gis R o R
B AR R BN SR R 77 RE B R ) 0 ) ) s AR 208 PR R, Gkl
ST T BF 1 28 i S b 0k A B S5 RN ) B e IR B A s R B 8 T R BE - 5L T T 1A i A
(xylose/H" symporter), Z%ZRGHITREAH ATP BERBUNIREE, AWl HHS R ERS
JERBIESNE R pH 22, BN AR5 AL 280 FE v LA E AW B ia i 3h g, HEsh4n
N H 5 A KRS, DLAERRIBE N MR o1 RR R, RS 5 5T 1V X6 A gt
AT BB > TN T B A ) $50a o 108 1 B I AEARRE S5 A T SRk B v DA e OR B i 5
s AEAEANE S5 AF T AH G s Rl 1ok AR, HAth iz R B R IA &2 1R & B
Meia HoAm Bl s 7 A HE AN AN [R] I A7 AR IR B A SRR AR B S gl FRAE OB
WV HETE A JE W BT SR 20 i T B TR R AT AR 4 2 T 0 i AR 7 A R BE A U
T R INE S TR IS TR AR AR BE AN R SRR B o A2 R G L A 32 PRAIC ) B
Uiy S B R B RE A A AR AT B A%, DRIk 250 40 A AU 470 REL 3 LU S BLAC M A0 7] 26
P A AT HE U R A R . Zhao SEXTHTIA IRF=IMEERE (Lipomyces starkeyi)
[ s R AT, DU i 2 B RO S R 7y, BARMIRE AR R e 1A
P mr, (H A2 3 15 2 R /s AE 5 7 AR A1 5 P AopE B AR AR K129) . Anschau F5%)
L. starkeyi TEREIFERANER G 730347 7 =M (ot AhRV I, B AR
) HIEEFR . LEREIRE 20 /L FIARHKE 45 g/L HYS5 IR B AT IE L IR0, AT SEILAHE
AR ) O SE R AL, R AU T R AR ATS A 20—~ 001 260 W R AN 8 T 45 R 8
RAEREFR AL 1200,
1B 2 A P LI A2 Tl e BR B R AT S B A 7 B BORBEAS .  H AT 1Y
FEARAMCNF B HE S I O SO AU I B R o 4 5 BB [R] INF AT 3 20 B AT AR LA
TR N E . SCERR T, BB =B EE, W ROIR 2 fme B R B 22 fla i B
(Trichosporon fermentans)~ Vi3 BFEFAEERE (Cystobasidium iriomotense) Fe W W Hu [F]
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IS [7) A1 2 W R A 12071 {1 3K A2 R A U5 6 B A AR PR 22T R . Hu 55 AT 5T
RILR IR 2 HI e BRI AR T cutaneum AS 2.571 TER &I HEFIAKE J9 I & Bl (1) & s 77 2
HSEIL TR LA, HL R B ARNE 2 S a0 5 7R T P AL IR R AR — B
{ERAE S PR AR 21 4 25 A4 22 iR BE AU A A L T & s IRk T B 2 R B, RIS
WIEH L) 1A KREERE T A7 2081 K J5t 21 2 32 7K Ad 49y v 1R 1 AP0 2 R e e T e ok
NAD(P)H/NAD(P) “H a4 S8 A 3 Ji7 5o 7 T ok e A R I B O AT 25 o X e A AL d o T
RE 2 F T I B TR ACHE A P A R 7P A 00, e Ah, R £ 4 2 /K IR B g Al L 5
A, I R SR RN ) T RE S B e s B B R 4

RE A8 = R 3R AT CUBE A W 1 AR U 2 B AR P A o 2 4 2 B A i s M B2 F R
RERAE, FSRUIHLR B ER TRy e B S 3, UK H ot 3 IR o N I AE
PR ZE B vk b, SEBL H B R IORE AR R e . HAT, EIBEARBRE T
968 ) TR oA P 2 0 B W A 18 AR NG R I BEACRE AR BE D B0 20T Bt . Wang S57E
AR ERE R I\ 8 NI IS R 1, B4R E P h B BRI AR BOIR A0 M B B Is i BR
TCT1 1 TCT2, {HRERXMHIZE AR ARG EE, KAT0EIEHL KRR
(Meyerozyma guilliermondii) WIkE 1o 8 a8 AR KGR B = AT TiZE A RE A
FER IR 8 B AL, B SRAT R 19 BF = 47 B 1 60 0 b o e A Rt P L2 37
PR 2 BRI, Jiang SETE BRI I B R R IA SR B BLIRAKE (Trichoderma
reesei) [ 3 MEEMEHIZE N, Ho Xirlp A LN B IZE A Gal2p 1)
ARBEFBIEVE, (H 28I € MR AT BRI A S R B R R 2 T s i ai ik e 21,

F T2 KT 70 BRI U8 o T8 7 i I B P A 2 Ry R AR A i A i i 26 M A
AR [R] IS A AE T B0 26 W OB BELIE ) L, 1 T 2 B ol B B AR Joit 21248 BRI Y 47
TR I LA A T FR L P o A5 21 4 2R SR U PR 4 A QX 7= i e £ B 0447 Je 3
MAARFABEREY IR EREE, H— e 4R ME M S 25,
HH AT LAY e 2 DL 4E 3 £ B AR I A B Aot 21 4 2 RIS 7 i

1.6 ASCHILEAREAN LB LA A

FEVHEERE A P AE Y HR I BGE AN ) (E B AR R P BERE T R SR P 4 1)
PR, AR BRI ik A B Tk A r= 4845 . BT &2 17 & M7k 3R 15 5 v
BerE M EERE, AFR R TRECUE . A ik E s, (HidtRtaA R, st
EHALL T cutaneum ACCC 20271 JyH K E PR, $&H 1450 - 250 ) i dd B ek 1)
JrERE IR B 2 ZOTERYE T E IR B A A B RIS, B0 e S R AR KA
R B AR O BRI, FRIE DR B0 ST N BSOS RN i
A7 I I AE S IR I AR RS N A 24t 2%l 200 PR R R I 55, SR AL LGS 1 5 AR R SO A P
Ko LERFZE 200 K TG NAEHEA RS B R IR ARG R PR T cutaneum MP11 (AT
BB RITEIE) T cutaneum YY 52 CECIpaFIGHGE . 4F4E KEEIEE) E#EEOH
JHE AR K AR, TR/ MRRIAR RN . (H2 48 B0 Wi i B A 6T T
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T RRAN N AR BEACHIRIAE, R ARG | A0 S5 4 A IR AR 2R I S A AR it — 2D 3R AE
7 P 240 L S 12 g P (R e R AR 3R R O B J PR 5 S — 2D . O T AR R
ER R, AR AR LA I

(1) DAL B0 77 e 3 A 2 A S PR I R 25 AR A EK R SR A8 B R 22 f e B Dy
WEFUxT G, X LA AT S B BE T TS AN R ES A AT R o AL A i PR 2 EE i
AN 53 53 v 7 240 PR 25 AN AR 3R B8 70 R AR AR IR SGBE IA R, IR I PR AL T Rk 2R
PR S AT YE R AR

(2) PRFT T 7 P B 200 6 i 52 768 125 00 77 3 (i 0 B P o B AR SR KT N E LA
SNSRI 22 70 I Bt 0 A [ 558 58 (1 100 7 0, 8R4 0 A 75 A7 AE X S0 FHE B 0 T 1
Wi 7 5 i J 7 [5R] 21 2 0 J B AT A i HIS PRI B _E T el B0 S i ae g A AL, BAIE T 72
WU MG SRl e R OR ST Dl ZE R Aot . REFREEMNSZ . &
R AL ZKCT R I S5 S8, 42 300 AR 396 U0E A 328 7 125 o 0 P S R 3 11 2 M L0 15 5 J %
B e A 2 A BOIR 22 Ul B o @ S S R AR R T, B D AE N BRI %45 5 1 S
A

(3) PARIRZZ A B B0 W R AR, I TR 18 00 77 Wl A 365 2 1 52 A 8 P P 10 )
Yulppies, FIUATRII 4 v BOIR 22 £ 1 B 0 A 5T 214 21 1T A2 PR Py P 410 81 790 T 52 1 A0 B A sl 2
Y g RORR R o SE ARMARAE L SR R A 7K Y R 20 A e R A I ) 200 I 00 o 20
SR G S IR R A o S E A R AR AR A P R bR I £ AR R A I

(4) W ez A B o A 9 7 T 20 A 17 38 1 0 g A B IR AT (Y P PR 5
AR TR ARME A RE 77 5 R B DAL o R A R 08 3 B R 0 s 2 1 R DR A R e B S R
I VLSS UERE A S 2 S e B R Ao R o e e e 0 B RO S iz R A R A AT 2
P8 DURE G 3R LA vy R TP B B ) AW S
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F2E BEOHMEEMNMYHLKIESHRT K ZLAEIMEBRSER
FCBIRAE
21 3|

ARSI F A AR ST 1R B0 i B M A IR I T B, AR B T T S AN E S B
M AR, fa . AR 1 E AR R AR BOR 2 fU R B AR SO R, B
B, S ER AR 077 W ERE NS, TR RANEE B S AR . #
E b 2 40 B A AT LA 326 HA vl e 2 B 2 v R I L, DA T S 3R 2 ) v Yot T 5 B 4 L )
R FEE— AR R O T T A B I A 4 R A — A AR . YR
B 20 H BE SR B 155, AR AL 2 BT S0 S 00 SOOI A0 P 5k 2] B ZR1 T P bR = i
FERIMEER T cutaneum MP11 (SUHAT SO BB FTRIE) 1 T cutaneum YY52 (E5L»
JOE AR I . A AR R B E D .

B JIBR TR TG0 I R TR AR R AN, B R AR v BRI E Y

(45,000 g) 251 K E R TRARMEL IR AR . AE DL b P RhiRE &80 7 il i A 3t A

WCRAMIEA, SR IAMAE R VR T FOBS AR R ae KA T o3 . il il sd v
PEREC T Bt & BAR IR Ak, 2% Fug s h B b Ja R A E 2t b, 7522t
— P 43 AR AR A3 A A B AR SR DR ZH AR e 0, A O T IR SR AR A B e
HIVEAE B2 2150 Ty R AR 07 B8 A T LIdR i A Sy U 43 1 )2 T S R AH 26 25 R 2R
AR 7K g a7 Pl i I 1 A S SR AR ) BRI R AT A TR AR AT 2 H 2= AT B A
T4 50 RYERA G EE SN, WA BT 5 82568 B e S ATL ) gk — 242 4

FEAMEFEH, B S0t i B O W ia BEA SRS R AR AL R AR T cutanrum MP11
YY52 BT 14 PR AR e M e . 3t — DX st Ak R PR I 2 e 5 it AT 4
TAIZRAIE o 28 e 4 25 DT 2 B0 345 380 1 SR 38 67 mii RS (R 3 S /K- R A BT 4288 T Al 578
ARG 5T AR 2R 1) SRR R DR o e S R FH TP AR L P 225 T K ) R A% B ok LA S 47 4 35 D i R
RGP mda b A 4E 2 G o AHIE TR B 18 B0 JIAE 5 K Wi finh i PR R A% 3
fakee BRI BN o[RS O 07 1% R 5T 1 4 2% Tl FH s 70 167 i I B4 i
JER A e HEAR .
22 MESHE
221 EPRAE IR

T. cutaneum ACCC 20271 W H o E AV A bR Ol e B bl . I 2k
f£ DDBJ/EMBL/GenBank, 'Sy LTAL00000000!],

T. cutaneum MP11 H H R BE K T, cutaneum ACCC 20271 i8I fi HAE 550 7 3d Wi
AL 07 326 R A5 212, B bR O ORIk T R ] 7 E AR ) B PR AR B L (CGMICC,
http://www.cgmec.net), JEM5H 20481,
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T cutaneum YY52 B RFEME T cutaneum ACCC 20271 18 1K J& W18 550 /7 il bt
IR 4t 25 Bl id S AL IR0, LR & RS TR T A N AT 4 2= 1

LW B B MR Amorphotheca resinae ZN1 F1 Paecilomyces variotii FN89 LR 2 5 77
8 CGMCC 7452C 1 CGMCC 176652172181,

FeRERE 5% YPD (Yeast Extract Peptone Dextrose Medium) 35573%: 78 %) ¥# 20.0 g/L,
FEAME 20.0 g/L, BERFZEM 10.0 g/L CEAEFEIE 50 20.0 g/L BLHEHR)

PR 22 fa P REEE B0 J7db b B R 0 (B 7RI WIAHE 60.0 g/L, FERHEEY)
1.0 g/L, R 541 2.0 /L, L/KERBREE 1.0 g/L, BREREZ 0.44 /L.

AT YE AR R T A0 B R S 77 SR 4 4y N IR — &8 1.0 o/l FEBRHEIY)
0.5 g/L. L/KBREREE 0.5 o/L AR IRAR 0.22 g/l WilR%% .

AR AT Y 2 AR 5N A i e AN B4 i B G RS IR R 1.0 /L BER —
28, 1.0 g/L LKIRRREE. 26.0 g/L BifR%EkL

WL FE AR A. resinae ZN1 F1 P, variotii FN89 {#47F PDA (Potato Dextrose Agar
Medium) “F# L. 18 H SM (supplemental medium) £537#3& (15.0 g/L %t , 5.0 g/L K
W, 1.0 g/L FEREEEY), 2.0 g/L BERR &8, 1.0 /L BREREL AN 1.0 g/L L/KBREREE) it
TR ISR
22.2 AW ERF ]

INEFEFERULCT 2018 4E, FEHINREBEIMNT . FRAEFFRICT 2020 4, 7= H M /H
A EBHTT . AR 4% NREL LAP 202035 77510, ANEFERT R 4P 4 R B8N 32.5% (wiw),
PR TG EN 21.2%(Wiw), K EEN 8.1% (wiw); T RFEFFHAF4EREEN 34.4%
(wiw), PAHKERTEN23.6% (Www), KoE&mN43% (wiw). HTALEEEAEY
JRIERIRAE pH N 5.5, 30 A. resinae ZN1 Fh1-3H4T £ W i 25 = B2 40H19) .

2F4E = Cellic Ctec 2.0 W HE4EE (Lm0 EMEARFRAF, WA Brandford 75
RIS A BN 81.5 mg/mL, AR$E NREL J7 RIS 4KEFE A 256.0 FPU/mL21,

Hoechst 33258 W H H AR (Rl B AR AF . BEEHERUASE B EW H
Oxoid (Hamp shire, UKD ] %) % 55 HAth JE At 7503 W B B 25 5% B A PR A 7 .

223 AR EORHIUAL B i B

PR AR 5256 2 1) MR RV /N A AT AT T B 222, HARSEIR B IR T, ikt
HVIZE 1-2em K, ZRRERIG 2: 1 5EERERIE RN & A S 221 20 L
Wb H N get . FRIFHEN 4.5% (DM, wiw). BN FELE 175°C F4E5F 5
min. Bl J5 AR # R H TRAL AR .

ES B B E ) : K A resinae ZN1 (T3 FHEN 200 g NEREFTFEL
HREFE 7 RIEGVE RIS, BB L 10% (ww) PR EZR 5 L AYR
LES AT AN ERE AR A, SRy 28°C, IBAE 0.8 vwm, I[AIY 72

hi2231,
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WASIE CEREENE: Bad—RVIGEMPIEE N 5 L AV R8T
PEAL, N 200 rpm, N 50°C, F4ERBEHEN 4 mg A4 XM E AR v Z T T
VI . B 120 5, KRR N 3 L AR BiEEH, LU 10%3%Fh &N P variotii FN89
HAT A . MBS R)E, SRR AEY) R BEZREE R ZE 50°C, R+ 12 h Bia]
KGR BRI P ovariotii FN8OU0I,

224 /NEREFIKEBII G

X TR PRAL BRAN AWt 25 I 1) /N ZEREAT BEATHEAL , [815 BON 15% (wiw), £ 4ER i
M 6 mg EE/ T £ 5 L KEHETIATHEL RN, [N 25 BEE N 50°C, 150
rpm, 48h, BEALSE RS KB AL A% ) S L85 1 00 5 BR NIRRT, 115°CTF K 20 7y
B, CKIELER . UL DRSS 2R 1K R

2.2.5  RAUET R AL

PR FEAROWEENS, PBS ¥ 1-2 Ik, HRER 2.5% (viv) RV
TR 72 4 M (4°CIE R, AHBE7KER PBS T A A 7 40 M, A FEIR FE ) LR (30%-
100%) Mi/KACEE, N2 AR TR R A E T 4h, W& EHTRG. RS
RS 4% Nova NanoSEM 450 (ZE[H FEI A#)).

B AR RFEARBLODUREES, PBS U 1-2 WK, F T EERC B 1 2.5% % SRR
f£ 4°C' R [E5E 12 h, FHIE7KEL PBS Wi 2 K [ (AR, I F B R B2 (00 BV e i o
WK G HIRE SR N IR A BE AR T IRV S P e T PR S IR, S fa vl T 214
TAEEK B 5 B T 4% JEM-1400 Flash ( HASHL 7 JEOL).

PR BB FEARB OIS, PBS ¥ 1-2 I, BUKK K /MY B 4R PBS
BEKE R, A 171000 (v/v) [ Hoechst 33258 CEIEAEWRI:, LifE) B E 10-
30 min Jad AW ES . HCR A #54 VIHENT LED 2% YA B ) B 2 4 243055 (Olympus
BX51).

2.2.6  AHfEEH S E I

o1 it B rp SR BE ZH 2 0N 78 225 Manners 25602241 (1973) $RI R 5, AR &
OEUE R, TRBAUK PR EBH K. WA TG 100 mg 5 @A T 2 2R
o AN 1 mL4% (w/iw) TRERIEW, 30°C/AKBIRME 1 he I 28 mL 4K, 121°CH&
i 1 he HOREIE KPR &TRE . HEBREEE, METTSMEE bR R, 8 R
e

YR AE LT BZH 5 I E 225 Domer 28 APV (1971) $2H 738, HARTT 1572
BODHUE AR, A K BRI R K. BRI R TS B 50 mg THEZEI T, A6
M HCI /=i 105°CHEfE 24 h, 50°C T ek 78 K fa I 4l KB f# . FRaE 0.5 mL AbFE 5 13
5 0.5 mLIBEW 1 (BREREINE AT LW NEH 220K 1.5MD, minEdE 5G]
2 (30 mL45%ELFR A 30 mL L FEVAfA 1.6 g4-F R FEE) M 3.5mL =47 RE
JERCE 1 h, eI FETFER KA 520 nm ARSI ) BE 22 1] N- £ 19 7 26 4 e b il
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TR st LT R

2.2.7 N AAAR 0 A0 R A
{§ F Nano Measurer #4 (1.2 fiiAS) o Hrdifi B4R . 254K T cutaneum ACCC 20271
M IARIERUCA AR, WIEAK (4-1D) THEAER (V)

v=n(2) n @-1)
AR (D F, DANAMEER: hRAMNKER.
IEAAGTEETY ) T cutaneum YY52 MR IARIZ IR A (4-2), ITBAR AN R HIAH &
INERENENGAY ER e R

2
Vzén(g) h (2-2)

Hr, D: diIMEIEA: A MMRIKEE. 2HM TR ISR E 100 A4S DA 40
AR FIME . T AR AR RO PR, ANEFEAR R (/) 20 5 2
44T

{81 F Nano Measurer 8 (1.2 WA 7R ER. A T cutaneum ACCC 20271
T cutaneum MS28 ALK B, RIFAK (2-3) HHEAEF (V):

2
V=n (g) h (2-3)

He, DAMBFEER: A SHMBMKER. dHHAARF IS EE 100 A~ LA E4H
RSP ME . THE AR AR I USRI, AN ERE ARG (N AN 53 2205 (1)
£

% 21t DMA 4500M CBEHUR], 22 800D W& R RN BRI & . Al
2 0 25 PR PRV RE AR R R B 4B, 4B USRS 12,000 g B0 30 min, YSRCEE RSO ST
JE BT A M TR D26 270 IR AR IR Cpw, kg/m®) RRAE AR (2-4) THEL:

woow, (w—wy)
— =4 (2-4)
Po Pw Ps

Hr, pp RREERINEE (kg/m?); ps £ FIGWIEE (kgm®); w2 RKEERE
& (kg): wi ZRAMRERE (kg BOJE, BEMMENEEHERRIBERIK . SO HER A
I 5 & A A B A AR R LB 0.740P28), S (pe, kg/m®) HIHEARN
AR (2-5):

pe X 0.74 4+ ps X 0.26 = p,, X 1 (2-5)
228 JE SMHEE A FI NADPH {4

FRHZREE b)) ERHHEERAF I Acetyl-CoA Analysis Kit 12771 &0l 5 i i
OIS A M E R, HEER (R BRI A RAF R NADPH Assay Kit a5
&5 Mo Y NADPH FI+5 & .
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22,9  AxFEDR2H H R S AH T

T cutaneum MP11 1 YY52 )43 KA YRRV (R AEYIRML o 5 AT I
T ) DNA SCEEHAK/INA 400 bp, {5 A Tllumina NovaSeq ~F- & #4707 -

ff R Trizol X7 (RNAiso Plus, TAKARA, Otsu, Japan) $#2HFitk T, cutaneum (T,
cutaneum ACCC 20271 F T. cutaneum YY52) 15 RNA. RNA Il HiRARE (B 4
YR 2 7148 F Tllumina HiSeq 2000 £ 4858 %

2.2.10 RT-gPCR

1 FH AR AE AR (AL 5O BR A 7 1) RNAsimple Total RNA Kit 10771 & #2 B RNA
fERZRFEY (B AVRHEA R A A ) ReverTra Ace® gPCR RT Master Mix 47 DNA
LR N ERRFEYT (i) EYRHA R A F # SYBR Green Real-time
PCR Master Mix &7 &I BioRad CFX 96 (¥E{A%) #4T qRT-PCR (Real-Time
Quantitative Reverse Tranion PCR) 3£56. JIZ)&E H Actin ZRKE NN SEE, BT RNA
BB R IE A, K AR 270 AT IR . RT-qPCR AT 514 WLt 5%
P& 1,

2211 TAEYDM NG K

T i R R ) 5 — i AL A2 AN YPD (AP AR BREX T cutaneum MP11 HLpE 75 &
364 20 mL YPD 8537240 100 mL =ik, 55 G2 5 mL Wl E A 50 mL
YPD Bi7R 21 500 mL = fiffH, PIRIEALISTE 30°C, 180 rpm FEIREGFE 24 ho

TWAEYD MR SHE I CRob Bl i) P12 fE /N RS AT K AR b AT A= ik
A& SHF, 1L /NEFEF/KMRERSE S L kKt (AR F, T cutaneum Fh
TELL 10% (viv) RS MR KBELE 30°C. 1 vwm. 600 rpm FHEAT, ZRAMNAINI S 35
i 22.1. H4M EHREREBhHTT pH 2 5.5,

TAEYDI BRI SSCF KEF (R HEALIL K EE) 2291, DA KA 9 R AT R AE )
MR SSCF. 1 2ext FURMEHAT TRAL L . AN Wkl 2 5 L RIBE (BCH
WA Hr, 1E 4 mg FAERE/e TR BARS RN 30% (wiw) 54 T T 12
h FOpE L. [P REAL L R B R RS 2 5 — ANECAE B3 S L viash, Rk
4 30°C. 1 vvm. 600 rpm, FHMRINEIEFRER W 2.2.1, 4 M 8 E ZhiH pH &
5.5,

2212 AE S A B BOR R )

i Z BRI EATE (DCW), HEmUEEEE O, FEKTER 2 X, BN
65°CHEFE, TR 12-24 h EIHE,

A7 FH G047 - FR B AR B2 23 000 5 2 v A ) 7 i, 1) 3R T B R ) B L R BN
SmL KREN 4 M ERRRE, SEEM 3 h UL L. BERAME N REAEEE 50 mL
BT, WK 15 min J5 LRI E VK EA D 10 mine I\ 20 mL & ATFHEE (2: 1,
vIV) TR, BJE 30°C, 180 rpm ZEHX 2 h A i B 0. B0 EFEEUT E A AR A
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{1i Z8ER R R IEZ% M, 80°C NigX)a B T 65°CHAE, T4 12h J5illE., HEEE
TS AR EE AN T, U iE S ES T M EER DA T &,

22,13 Wk

M RPE. BT R R, CEALPE A B SE @ HPLC (LC-20AD, Shimazu,
Kyoto, Japan) faill, LAt RID-10A BURZHtk#: (Shimadzu, Kyoto, Japan)
HPX-87H R 414 (Bio-rad, USA), izAHN 5 mM BRIRVEW, JiEN 0.6 mM/min.

23 &R5%

2.3.1 B0 BT R A SRS ) SR AR B PRI A T ) S E

T. cutaneum MP11 F1 Y'Y 52 245 7 4568 55 /0o 77 b3 5 126 A0 8 25 o 7 JBipal 7 30 Bt I £
YEZR g 2T T IRAT AR TR AR, T8 L A P AT S RV T L TS 285 S5 7as T o TR ARAE 8L 7 3
TYRAEBERKIESZRA, FERRBLRRIET R VE B G, B E AT R L AR
SEVERISETE, TEMRRR N ) 25 T BT ESARARES 7

SR R PR B0 S LT YR B N S s IR (ORFREBR D Hhon Ak SR A2 1
MRBEAT E B AR IR . BRI AN 4E R MG . Feden At ATE 0 e, AR
S8R Ja AR UK IR VR % 22 K B IR AT N — AR IR, BB 6 Ik, BRIEHR
MEpEALRRENE (B 2.1 EEGMIEFREIT 1 6 @SR, KNP
PRITES R AR RIEALEFFAA, T cutaneum MP11 4EFF— i S5 1 B R KAER H
LN FE T ECE M AR MAs T cutaneum YY52 4ERF B R BRI B AN 78 M AR M. T
cutaneum MP11 1 YY52 {E G NG S FRE NI G, G & B e FF 4E R
Bk Vo T cutaneum MP11 A1 YY 52 (I IR & BAL & USSR B H 897 22 96 h N, il
EE R L E] 67.8% 70.2%.
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2.1 FMEES FESEFFRRIERZERK T cutaneum MP11 1 YY52 it fefa et
Fig. 2.1 Genetic stability of 7. cutaneumn MP11 and YY52 in several rounds of cultivation under stress-
free pressure: (a) Cell morphology. (b) Lipid content
SRIR SR EIRTE R e B A G IRk, FEIREARTIUR Y 10% ) 500 mL £ +32E4T, 30°C,
180 rpm 26T T IR 96 h, ELLFAL 6 1K,

IR AL R AR E PR ISR PR 35 R A R R T TR AR R B B PR ) % Ao 120
FEARRR B R FI PR B ) YPD B3R B i AT o s AR, il A S AR &
= (F2.2). HAEEFRAEE BN YPD 1T, T cutaneum MP11 7E[E /& YPD ~F#t_EiF
WEFNE WA YPD #5580k, UM ES 2 ERIIMRERE . 7255 AT R NK
Bk, BT REBR ARG, ROR 2 R R E N SR E B M B TRHAS, T
cutaneum MP11 £ Ja AR FF P ML S FEINEK . T cutaneum YY52 ¥ NAE YPD
BRI 5 A P I — v RS B SR B 220K, FHEAE 5 SR AR & e A g v ) kD R bR B
FHYEY . HT 82K FTAR TR, T cutaneum MP11 1 YYS2 B & &
TEIE N & BTG 7 AR B LE 45% 1 40% Ao 47 o AE B BRAHAE R IR I 264 R 3T 7 6 Ik
TR G, RIWHACEM T cutaneum MP11 1 YY52 TSN AR R 22 LB LB
R BEARUEFFREAL, KRR EREA — € i i e v,
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2.2 fE YPD BRETHEERFARIERDBER T cutaneum MP11 F1 YY52 FjBHfETaE M
Fig. 2.2  Genetic stability of 7. cutaneum MP11 and YY52 in several rounds of cultivation in YPD
medium: (a) Cell morphology. (b) Lipid content

SRSt WMRISIE TR R YPD B 3R4E, BRI EN 10% 500 mL $EI 4T, 30°C,
180 rpm M4 1E R 595 24 h, ELEHHE 6 IR

232 B IR IE N TR ) T AR TR AR AT 4E 2 I HE AR B Ae

BATHT B U 1 T R AE Jol Al S 2F R 38 S A R e 2 H N T 858 B R i 4 4
RS 10 m e i BRI . PRI, R — PR PR R PR AE R R 4R 4E 230
SRR RGeS B 2.3 BoR T HMGE R T cutaneum MP11 F YY52 1E/N
FEFF A A RIS L AR RIRES AN AR R Be ). fEM1 YPD Kt (& 23 a,
0 h), T cutaneum MP11 1 YY52 73 5| 2 IUMAER B AN — BUBS K I ACBR TR 2485 . R N/INFE
FEAF KRR 3G 7 24 h 5, PIRREEAL 20 B35 01 46 B iR 22 245575 28 R T R AR SR e B
A, JFESEFE 24 h & 48 h MR RNEF/ME. 555842 48 h I, T cutaneum MP11 Fl
YY52 4t — A N KAPIREE RBIMERTE . 559242 96 h I, T cutaneum MP11 2K
PRREGE — Ui A AR ER AR T cutaneum YY52 4 2 K918, F+ H M
PN 35 B ) I o /MR S AN B 1] . ] 2.3 b 3R B, LR T cutaneum MP11
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AYY52 EAR A4t 2K R rh 2 52 B s A R I A IR AR BB ST . T cutaneum
MP11 Al YY52 fER A4 2K PR 7R R 96 h B, BRI EYIEREH KEERT 3.7
A1 4.1 £, AR BN THAR & 5 0 il 2 R BE AR IR 2.1 f5 A0 2.3 f%

2.3 T cutaneum MP11 F1 YY52 FEARB £ 2R /KRR AR K B8 7 A A Moot R AR R Bk )
Fig. 2.3 Growth performance and lipid accumulation of 7 cutaneum MP11 and YY52 in lignocellulose
hydrolysate: (a) Cell morphology change; (b) Cell growth and lipid content
SRl ERTALR R S 15% (wiv) ARSI, K% 3 LRI T R

i, 30°C, 600 rpm [I451E T HEE3E 96 ho

233 B ) I sE B AL ST I SR AR B AR R SR AU 2 A 2 A RAE

20 8 i B R R S B0 7 38 R A SRAS B R R 3 A T AR R O A RN 4
o RS AR T B (FESEM) EUR Mz G0 )5 20 e (FMD BB
o (E24), T cutaneum MP11 1 YY52 45 2 Z AU I0, FHARRBAE 2 FE.
X 22 K% TV 25 [0 T BE 5 40 it B 2 DX i) T 1z PR 22 FR T R A 50 1 AN 38 B AR K B 13 5
AR, BCE R 2 S DSR2 A . SRR T 2R BRI B S e
AERE AR R E R B, BE R 2 H A (A YT, AR R IR
[PIFE TR T T cutaneum MP11 15577 2 AR A OB 2 FE IR (R EA 558D, T cutaneum
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(a) FESEM images

Parental T. cutaneum MP11 T. cutaneum YY52

(b) FMI images

Parental T. cutaneum MP11 T. cutaneum YY52
S I i
,{‘.- "‘Qt &: ©°
o Q
()
4
oy a
® 23
° & g@ ®° o, \
¥ o
®
@
. Wpm 23 ym 25 ym
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Fig. 2.4 Micromorphology and nuclear observations of 7. cutaneum MP11 and YY52: (a) FESEM
images; (b) FMI images
SKE A HIFRAERIEN 10%0 500 mL B #E4T, 30°C, 180 rpm (K126 FHFR 96 h, &4}
UL R SRR A L 2.2.5.

FRL PR P R B AR R R A DR P SR 1) 2% o B P 2 ] 1232- 233 4 e B v - 2 93 X
WHEBAERE T M BE 55 PR A R /N PR o R 1) 4 AR R PR DG B ER 2R 34 = 3l
T RE 44 it B 5 000 T R PR RE 0L, W7 DL AN AN E, H B 08 2 2 A0 2 B 32 B R
HRBERLT AW NER EZEH 5. W2 RBER LT T2 A AR B Ho BE 1)
YRR = E2), Horh, (5 RIGHHUBE S0 40% LB R S ) S e A R
JUT TS IE Y ACHR S, R 4ERF AN B S RN PU R T VE R (1) e L2 4312300, i)
1 B SR s I ) AN 5 R R 4 i B 2 ) A R T A NG T R R e R o KA T A 4 A
I (19768 1500 ) RN T4 2 g 350 0] 20 B BEAT B B A 2 AR O 1 3@ R 5 K 1 I T 8
Hh o SR MEEE S (remodeled) BF 4 BE 2H 43 (1) 2 A2 A8, TG 52 10 40 B A4 FRURIT A
Ao WK 2.5 Frax, WAk R0 i b SRR B R M R R, T cutaneum
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MP11 R RPERRE . HEERBEAMILT mEE0 D T 61.2%. 40.2%H 11.9%; T
cutaneum Y'Y 52 21 o BE ) 7 SR AN H 55 M-S & 0 3D T 91.7%, 56.9%, JL T RAIE
IS v TR AR R o 2 R ] SRME RN H R SRR IR D BRI T A B B
MRS . RS AT B . T cutaneum MP11 A1 YY52 MIELF H R B HK,
IR RRY K TR IE A SED (5.0x105 mP vs. 6.7x10"7 m3, 5.4x107° m? vs. 6.7x10°"7
m*). MM, T cutaneum YYS52 FIAH L BE (990.6 kg/m?) LU HY K B #k (1069.5 kg/m*)
R BRI FE (1010.9 kg/m?) AR, SARIMA4EREMHE . K& e Jiia sk
B T cutaneum MP11 #HEC, T cutaneum YY 52 1E#E O JIF LT 4E KB E A T, 4H
P B e SRR S AR . AT ARRE R, IR AR, RS EE S . LR RE
BH, 2 R T2 /MR o] e A4 B A 4 23 0 2 41 o B A e SRR 1 4 23 35 D AR O

(a) Cell wall compasition (b) Cell volume and density
mGlucan ®=Mannan 2 Chitin mCell volume @Cell density
14 3 7 - 1100
c 1.2 4 = 6 sk =
] £ ry - 1060 “E,
B n’g 1] e 5 o * 2
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E % 0.8 3 — 4 - 1020 =%
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To 06 3 3 [ 980 =
=T ] 0]
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W 0 - 900
Parental  T.cutaneum T. cutaneum Parental T.cutanuem T.cutanuem
MP11 YY52 MP11 YY52

2.5 T cutaneum YY52 1 MP11 [Z0RUBEA AR AFRFNEE

Fig. 2.5 Cell wall compositions, cell volume and density of parental, 7. cutaneum YY52 and T.
cutaneum MP11: (a) Cell wall composition. (b) Cell volume and density
IR WL e 2 A S IR, FEIRESRIEN 10%H) 500 mL #3247, 30°C,
180 rpm )& F T 355% 96 he

S i B (TEMD #E— B %% 7 AN BESE Ky (8] 2.6). TEM &5 KW,
B A LT 548 T T cutaneum MP11 1 Y'YS2 (R8N i P 2 6] o788 ok 5728 T ok 1) 41 it B
(CHRBEREMILT BN R HEEBEINE) T ARRI B ERME, T
cutaneum MP11 Ab = “HEFIR I H 28 FEMEFEAN K . BIRBEALT B & &, JUHZEH
EHEW S B UUE T AEMBER T oRE SO, 7 2 Ff R ZH 4y P B v P AR TR R ) R OR
WS 2 BRI (B 2.5), IXAR AT RE 40 f A S B M T8 20 DR 38 20 B AR AR R i
PR, fEXTRFRE 96 h R BARIEAT TEM DI, BHF4ipuaEdes &, 4B f
A5 2 [R] I T o R g3 B OB 8 WS R D), PRRRIEA BRI v R R I I 5
Ak, RS B ERE mi, RERSREE KK T cutaneum MP11 F1 YYS52 i<
TR AR R o XSS R IR, LR T cutaneum MP11 A1 YY 52 40 RE L5 5
R WAL R A T BE AL, B, SEESa s, 140 B 5 A 305 1) 5
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WELER, 7 IR B AR Pk 2 B B A 2 AP A B 52 R R, S A SR Tl
P 7 e R A o [ SIS 5 A S B e PR A B o R 0 T U S R 3R AR I T
cutaneum MP11 F1 YY52 40 5 2 25 E R B2 — 5 55T B ) T e P vl I F 42 L

2.6 T cutaneum MP11 F1 YY52 [¥)Jfd N Fn 40 fu Bk L Ui 22

Fig. 2.6 Microscale observation of intracellular and cell wall structure of 7. cutaneum MP11 and YY52
SIS WAL G AR B A U IR, B FRERORE N 10%H9 500 mL #8347, 30°C,
180 rpm F&AF T HER 72 h, BHHET. RS BB R A L 2.2.5.
TE: BT RGO R D B R REA LR, P R R SAR TR AR D) Py N i BN R R AT

2.3.4  HE PSR IHIE R RAR A MR IL SR A R

TR I B 0 77 JBI A 3 S A SR A I R AR T cutaneum MP11 F1 Y'Y 52 £ER AU
RBHRFIE LR TR Re et . I HPTPR PR 2 AN EFRAE (AR, 4H i BEZH 7y
&) MHS AR ER AR ZE R Bk, &N R R E R R
1H—E BT RN ER AT EL RN R 2Rl T cutaneum MP11 Al
YY52 HFERABAT 7 AR RA RN DUIRZHE AL PIREEAL Bk 3 R A R
ik DR B[R] S 1) R AR A5k DR DA 8 7~ 40 i A6 AR A R AR A iR TR o

T T. cutaneum MP11 % 5¢ H 1473 M EREAZ TR 2 & PE(SNPs ). 945 A~/ 2k s (InDels )
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F1 124 98 DU S (CNV) . 17 128 H E I 7 285 SR A (0 A S X3 ) SR AR AN DL 5

N 2.1, s (R &) W Sec 8p HIFEM Treu_04577 KAERA . E8
RERIAHR 7 B i R, 38 A FEAAHE 7K g i 1 280 248 o 1238, 2 BT W 92 B, Sec8p
Z 5 17X SENAERERF (Schizosaccharomyces pombe) HEFAA shmoos JEASHITE, 1
Asec8 B2 FEARAAR WL 42 2 K 4 K shmoos® . [Rltk, Treu 04577 HIRAE [ RE S T
cutaneum MP11 2% ZRRESMEIERE K. fWiSEDEEE C (PKC) AR5
Treu 04302 WRAZWAIEES T, cutaneum MP11 4 ARFR 1) 78 2 KA 5<, PKC &1
P2 AR K B 1 B A ORI PKC 0T RO B 15 5 P 400 R 7 A A A B B 5 B 4
HAREERRN, BEOIIE U /7] Be 2@ MU ) 2 28 58 1 Wsel/2/3 B
HIAHRE G2 (TORC2), RIS SAEEL TG PKC JfHE— A2 52 i 40 i e 5 B 1
N0 P 2955 . gmt MAPKKK (mitogen-activated protein kinase kinase kinase) i SSK2
IZER Treu 03394 FEAMNE T XIBUK AERAE, SSK2 Frib T-# HOG &8 (RiB Ik N E &
1) Z 5N i T R4 R, Bt gnAY PKC AT SSK2 FYJE P A% vl fie 2 4 L 13
JITRATEASZRACHJF A o 4 i BE A8 A8 AR SR R 5 ) LT o 5 s i ) 26 4]
Trcu 00765 F1Zwh5% P V15 FAEEE 3L K Treu 01919 YR AR, XA[GE2 T cutaneum
MP11 4HfiBE PN 2 W& AR B SRR . B 1 DA b P 1 SR AR 5 R L e U 4 4 i B e
PE. SR, AR (n PKC 55 sl A AR STEIE (40 Sec8) 5 41k 7
B, B AN IRAFFEF A Treu 05105 (STYX, 222/ 75 A8/ 2R AH HAE
MEAZERD . Treu_04230 (ATG13, HWEAHKREH 13) Al e a4 )RR, R
AR HE R 5 R R A — A2 B 6] o WA BORH DG 2 DR I SR AR AE TR ST b i

R 2.1 T cutaneum MP11 PRI B RAEEINE TR THE R

Table 2.1 Mutations located in the exon region and copy number variations detected in 7. cutaneum
MP11. Mutant genes might associated with adaptively evolved phenotypes were shown in bold. The same
mutant genes in 7. cutaneum YY 52 are shown in italics.

Gene ID Type  Start End Annotation

position  position
Trcu 00312 SNP 1877264 1877264 peroxisomal membrane protein
Trcu 04118 SNP 3794103 3794103 DNA-directed RNA polymerases |
Trcu 03613 SNP 1256695 1256695 PAB-dependent poly(A)-specific ribonuclease
Trcu 03114 SNP 4793342 4793342 translation initiation factor 2 subunit 3, EIF2S3
Trcu_03394 SNP 71863 71863 SSK2; mitogen-activated protein kinase kinase kinase
Trcu_04302 SNP 4831405 4831405 protein kinase C subuint, PKCg
Trcu 04737 SNP 288134 288134  aspartate-semialdehyde dehydrogenase
Trcu 05105 SNP 2008832 2008832 serine/threonine/tyrosine-interacting protein, STYX
Trcu 00992 SNP 5583067 5583067 drebrin-like protein, DBNL
Trcu 04577 1InDel 826232 826232 exocyst complex component, Sec8p
Trcu_03394 1InDel 71860 71860 SSK2; mitogen-activated protein kinase kinase Kinase
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H357

5% 2.1 T cutaneum MP11 AN RSB F IR RE NHEH

Trcu 00173

Trcu_ 00320
Trcu 00476
Trcu_02439
Trcu_ 03265

Treu_03701
Trcu_ 03742
Trcu_00765
Trcu 01919
Trcu 04211

Trcu 04217
Trcu 04208
Trcu 04215

Trcu 04227
Trcu 04232
Trcu_00623

Trcu 04236
Trcu 04237
Trcu 04221

Trcu 04229
Trcu 04234
Trcu 04238
Trcu 04228
Trcu 04233
Trcu 04235
Trcu 04218
Trcu 04220
Trcu 04226
Trcu 04223
Trcu 04222
Trcu_ 04230
Trcu 04231

Trcu_ 04242
Trcu 04249
Trcu_ 04239
Trcu 04250
Trcu 04251

CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV
CNV

1056403
1858079
2685702
1245863
5653197
1649763
1877387
4338421
455728

4336476
4352412
4386413
4383929
4400582
4391406
3471942
4398008
4396721
4416103
4419446
4412278
4409028
4427950
4424485
4430598
4372739
4340750
4389319
4469370
4475938
4485325
4483173
4489791
4493921
4526070
4524893
4528285

1059249
1860137
2688074
1248412
5656094
1652014
1879703
4340310
456726

4337576
4353239
4387486
4385460
4403520
4396676
3474234
4399403
4397098
4417358
4420841
4413769
4409481
4429919
4427042
4432109
4374990
4343151
4391151
4471726
4479618
4487155
4484108
4491555
4495107
4527750
4525667
4530235

nucleoporin GLE1

inosine triphosphate pyrophosphatase, ITPA
L-iditol 2-dehydrogenase

tRNA-splicing endonuclease subunit Sen2
hypothetical protein

long-chain acyl-CoA synthetase, ACSL, fadD
hypothetical protein

chitin synthase, CHS1

endoglucanase

hypothetical protein

ESCRT-II complex subunit VPS22
6,7-dimethyl-8-ribityllumazine synthase, ribH
ketol-acid reductoisomerase

hypothetical protein

small nucleolar RN A-associated protein 10, UTP10

hypothetical protein

CD2 antigen cytoplasmic tail-binding protein 2
U3 small nucleolar RNA-associated protein 10
alcohol dehydrogenase, adhP

ribonuclease P

myosin V, MYO5

histone H4

hexaprenyl-diphosphate synthase, hexPS
protein KRI1

D-3-phosphoglycerate dehydrogenase
proton-dependent oligopeptide transporter, POT
hypothetical protein

WD repeat-containing protein 45, WDR45
hypothetical protein

insulysin

autophagy-related protein 13, ATG13
hypothetical protein

CD2 antigen cytoplasmic tail-binding protein 2
myo-inositol 2-dehydrogenase, i0lG

ribosome assembly protein RRB1

small subunit ribosomal protein S7

lipase ATG15
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83821 T cutaneum MP11 "PREJZ R AELES BF I RBNE N HZH
Trcu 04246 CNV 4503932 4507735 WD repeat-containing protein 24

Trcu 04253 CNV 4519959 4522680 hypothetical protein

Trcu 04248 CNV 4579835 4581010 peptidyl-prolyl isomerase E (cyclophilin E)
Trcu 05534 CNV 4377836 4379419 hydroxymethylglutaryl-CoA lyase, HMGCL
Trcu 02188 CNV 1691793 1694612 SH3 domain-containing Y SC84-like protein 1
Trcu 01315 CNV 308006 309631 alcohol dehydrogenase (NADP+), ADH

T cutaneum YY52 5 H R E AR L AL 52 1443 DML EIRRAE (SNPs), 938 4
NN BRI TRAE (InDels) 1131 M DU 57 (CNV)D.o 1E T cutaneum YY52 1515
T X3 SNPs. InDels F1 CNV L4 34 4>, ik 5 40 MR AR AR A AN AR AR AH OC I 2R
AR (5 2.2), RIS Mytl B A RZEE Treu 01149 KM TAHMNE T X IR RAR,
Mytl & wee ¥EE R I 2 —, TEEZRAM 7 m Wi IE 203, e
MOJE S 22 IR/ 7F 2 RIS . DNA Sifie 5. s 5% S s ki HEZEH
BOT G A LR AR 7 A5 5T 1 (MDMIOOIZER Treu 02414 750 E T X R AL o
MDMI10 =& — MR E EZER K E R, FEATTYERFZRAN SN . ©
TEARM N 2R R AAR Th e BE AT DL A 40 i AR K AN 43 S5 T AR AR R 15 DS FH 24, 2
i3 Mytl A1 MDM10 2R RAZ AT G T cutaneum YY52 AU LT SR AL IR A

TE T. cutaneum MP11 F1 Y'Y 52 Y560 21| it N V) 781 SENERE I 2L ] Treu 01919 Yt
tRNA BT32 NI 2 (Sen2) HIFEDE Treu 02439 FZmbd{E & 5 HIFER Treu 00623 184k
BA IR AR . Treu 01919 B2 540 Mo BEACU 5200 41 ff BE o SEPEZH ) &5 &
IAZRAR 5 A M BE B A O Treu 02439 Frdwfi i) Sen2 51 53/ F B K -tRNA (pre-tRNA)
HN - ) 2 BR1245T, 1k DR SR AR AT e ad i 2 e 2 15 AR R T S AR A
I ASHEH W Sen2 JE DA ) SR RN RASHH My HAR R ) 0 R, A fpidk— P S5 50 .

£ 22 T cutaneum YY52 HRWBIH RAELESNE FHIRZFHE NHZ 7

Table 2.2 Mutations located in the exon region and copy number variations detected in 7. cutaneum
YY52. Mutant genes might associated with adaptively evolved phenotypes were shown in bold. The same
mutant genes in 7. cutaneum YY 52 are shown in italics.

Gene ID Type  Start End Annotation

position  position
Trcu 00270  SNP 1683582 1683582 intracellular protein transport protein USO1
Trcu 00716  SNP 4032594 4032594 cytochrome ¢ peroxidase
Trcu 05327 SNP 3356332 3356332 Hybrid signal transduction histidine kinase K., DHKK
Trcu 00992  SNP 5583067 5583067  drebrin-like protein
Trcu 04339 SNP 5006291 5006291  ATP-binding cassette, sub-family E, member 1
Trcu_01149 SNP 6370388 6370388 membrane-associated tyrosine-and threonine-specific

cdc2-inhibitory kinase , Mytl, PKMYT
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H37H

53R 2.2 T cutaneum YY52 AW BN H) RAELES BT FZBRNEE T H
Trcu 01397 SNP 725244 725244 23S rRNA (uridine2552-2'-O)-methyltransferase
Trcu_04595 SNP 911723 911723 Acetyl-CoA carboxylase
Trcu 00716 SNP 403259 403259  cytochrome c peroxidase
Trcu_02579 InDel 1966583 1966583 triacylglycerol lipase
Trcu 02090 InDel 1315574 1315574 26S proteasome regulatory subunit N11
Trcu 00449 InDel 167626 167626  partner of Y 14 and mago
Trcu 01919 InDel 455267 455267  Endoglucanase
Trcu_02066 InDel 1203562 1203562 Citrate synthase
Trcu 00269 CNV 1669634 1671530 hypothetical protein
Trcu 00431 CNV 2440441 2442640 DNA-directed RNA polymerase II subunit RPB3
Trcu 00590 CNV 3232147 3234469  AP-1-like transcription factor
Trcu 00623 CNV 3471599 3474234  hypothetical protein
Trcu 02439 CNV 1245863 1248412 tRNA-splicing endonuclease subunit Sen2
Trcu 03265 CNV 5653197 5656094 hypothetical protein
Trcu 04033 CNV 3476247 3478992 LAS seventeen-binding protein 5
Trcu 04810 CNV 487923 496290  hypothetical protein
Trcu 05089 CNV 1913945 1916096 hypothetical protein
Trcu 02079 CNV 1214355 1217114 neural Wiskott-Aldrich syndrome protein
Trcu 02115 CNV 1394999 1396490 5-hydroxyisourate hydrolase
Trcu 02176 CNV 1625884 1627008 hypothetical protein
Trcu 01318 CNV 433733 434881 inositol-polyphosphate multikinase
Trcu 01621 CNV 361065 361655  ecotropic viral integration site 5 protein
Trcu 01665 CNV 17741 21716 ATP synthase subunit 9
Trcu 00978 CNV 5510181 5513119 yeast amino acid transporter
Trcu 03163 CNV 5148000 5150614 U4/U6.US tri-snRNP-associated protein 2
Trcu 04792 CNV 470573 472145 U2 small nuclear ribonucleoprotein B
Trecu_02414 CNV 1170096 1173853 mitochondrial distribution and morphology protein 10
Trcu 04652 CNV 1172137 1174214 DNA-3-methyladenine glycosylase 11

DL g RAN R IR AN M 1 A2 T AMNE - X3k 9248, FERIZH 90% 1) B A% H IR AR I
AETEAEGRAL X 12460, IR e 75 BN AR YR X ) R AL AT B b . A 2B A R 43
M BTk — L BN % . T cutaneum YY52 ;& X E BRI ZE G SO J1 N4 4

ENC-DNNRIR GNP Y v S i 7 (L AN 1] UK S SAE | QN 41 i e 2 B N

T AR B T

MU o i — i 22 e i S A S MR DR A S B SR T T cutaneum YY 52 Al A2 EORAR
IR IR . {8 F|log2FoldChange| > 1, 2314 P-value < 0.05 NR{E, T cutaneum YY52
AR R 22 7 R IA 35 (DEGs) 17 1716 4~ Hf B 935 4, TR 781
N 2.72)  KEGG & £ G 7t s id 60% 1) %2 7R F 25 7T FE(E 2.70).
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HE— P E R REMIEKIEIT GO (Gene ontology) &EHEHT, 2 HIHANAEY) 2T FE
(Biological Process )~ 4lifii 2 4 (Cellular Component) F143-FZgE (Molecular Function)
3 K. B4R p-value (HER/DNIHET 50 A5k H &5 7E BP F1 CC, 2= 55E [ 1) 12

SRR, AR, B9 S UL R A R A B AR (] 2.8).

B 2.7 T cutaneum YYS52 M KBRS EHS T

Fig. 2.7 Comparative transcriptome analysis of 7. cutaneum YY 52 compared with parental: (a) Volcano
plot of differentially expressed genes (DEGs) of T. cutaneum YY52. The data for all detected transcripts
were plotted as log2(Fold Change) versus the p-value; (b) KEGG annotation of proteins encoded by DEGs
in 7. cutaneum Y Y52 compared with the parental
SIS SKPE: BEMRTE 30°C, 180 rpm MM FEFR 24 h USRIk, Pei ol T3 4 0y

o
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GO term

Fig. 2.8
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B 2.8 T.cutaneum YY52 EZRFRIEZENFN GO EE

Gene ontology enrichment analysis of differentially expressed genes (DEGs) for T .cutaneum YY52. The top 50 GO term with minimum P-value of higher
enrichment degree were presented.



40T BEEIKRF EL¥A0RT

¥ T cutaneum YY52 "FATIIRAEAL 4 (1443 /> SNPs. 938 /™ InDels 1 131 /4
CNV) 5 DEGs #H47Hxs, ik 17 A~ k4 SNP RAF[) DEGs. 22 K4 InDel 2748
[ DEGs~ 5 MK CNV 2551 DEGs (3K 2.3). 7 LA g5 AR AR IH B 5 o0y 5 4 e 45
. AEK U R A A AR R . iS N DI R FERG S N Trew 01919 7 T.
cutaneum YY52 1 MP11 FIAMNE F X R AERE (K 2.1 fik 2.2), HEMEFFRKT
B3 L 185.8 fir . HIARFIHFE SFK/KF I BT =R il B2 HL 5 B M R 4 |2 5L RS %
o Z A2 o Bk 52 MRS A% TR A Lo S162 JEBR Trew 00031 A6 RS RAE
I B e BEVE IR A CWI 7E 40 BB N R 5 77 I 38 st W0 U 2 s AL - DT 8 428 4 i e
A5 DR AR I 58 82470, FLORAR W] Rt M 95 20 BUBEAE R ) R BAREHLEL, NI 22
POEESE NAESS . th4h, 4afid cAMP/PKA 15 5 7 Sk H A& S E 51/ G EE M
Treu 02150 KAEFRA HEESOKFRE EH 19.5 1% . BN cCAMP/PKA 15 555 550
B 45 0 5 A0 P B S B MR IR AR AR PN 1 e i N2 A8Y SRR Trew 00031 F0 Treu 02150 (158
7R 7 5 7K ST (R 8 A TT e 2 5 S0 M 7 2 24 25 T AR 0 120 4 U 30 S SR 1 40 o B e
SR A AR AN 1) DA T 2 M 4 B P S5 A RN AR TR A o B AMIAE KR B A R EE R R AS AT g 2>
SR MIEA KIS . AR sME SR E 5 S ek b %0l (ERK1/2) %
Treu 02872, 1t T cutaneum YY52 R HEMFEFKFRE B 351 fif.
ERK1/2 il it &P AME S8, N T & A sk R A B A7 0 . %
PEIE . A YIALRY), HAT ERK1/2 W2 il 70 A S 36, JLRAR gL Stk
SRR TT e 22 T S04 T A A B R AR BRI

T I P AR 8 To R 0 7 Pl AN I TS R A R A TR T vk 4 2 TR 4 0 T 1)
XL, DA 2 ik DR 4 B P B e sk L R e i S Rl s T 5 4T A8 A DG I B 2 05k
DRl o &0 0 FEC 285 PR 38 Ak FT R 5 I 04 T 247 400 i 5 2 1 4 B B A W Q1 AR RN 53
VAEEAH G, 9T 7E AR B 35 R A SRR I i A DR SR BE R SE ] Trew_01919, V24
i B SE BEVE IR R HIFER (Treu 04302 Treu 00031, Treu 02150 25, DLACR#E40 A&
FIIER (Treu 04577, Treu 02872 %) HIFRAH -,



BAEIKRF WHEyAibx 41T

# 2.3 7ET. cutaneum YY52 H [ & A2 RAZFIHE /KPR B BRI
Table 2.3 Genes with both mutations and differential transcriptional expression in T. cutaneum Y'Y52. Differential transcription genes might associated with
adaptively evolved phenotypes were shown in bold.

Gene ID Symbol Description log2FoldChange P value Mutation type
Trcu 05327 DHKK Hybrid signal transduction histidine kinase K -2.736385253 3.8881E-195 Exonic SNP
Treu_02872 ERK1/2 mitogen-activated protein kinase 2 5.133074628 1.45536E-77 Upstream SNP
Trcu 04421 A1Q1 00413 apoptosis-inducing factor homolog A 6.908341245 6.1477E-164 Upstream SNP
Trcu 04134 ADH3 alcohol dehydrogenase 3 -2.073667088 5.05252E-17 Intergenic SNP
Trcu 01781 NIT4 nitrilase/nitrile hydratase 5.213039318 0 Intergenic SNP
Trcu 01192 FRE3 ferric-chelate reductase 5.021734101 0 Intergenic SNP
Trcu 02480 A1Q1 00137 hypothetical protein 1.982051608 7.4165E-12 Intergenic SNP
Trcu 04763 NUD13 nudix hydrolase 13 -1.096911684 1.52011E-13 Upstream SNP
Trcu 04704 A1Q1 06330 beta-etherase 2.02626489 4.57086E-20 Downstream SNP
Trcu_ 05367 4CL1 4-coumarate--CoA ligase 1 1.886706068 2.9351E-220 Intergenic SNP
Trcu_04595 ACC acetyl-CoA carboxylase 3.872247781 9.6445E-190 Exonic SNP
Trcu 05078 PHO84 inorganic phosphate transporter 3.663452434 1.70439E-05 Intergenic SNP
Trcu_ 00476 LAD L-arabinitol 4-dehydrogenase 2.048488 1.09325E-15 Intergenic SNP
Trcu 04901 BAT1 amino-acid permease BA -4.022864811 3.77163E-41 Downstream SNP
Trcu 00151 CNAG 07739 hypothetical protein 3.577607821 9.1748E-217 Intergenic SNP
Trcu_04444 AMDS acetamidase -3.177110911 6.73785E-06 Intergenic SNP
Trcu 00716 CCPR cytochrome c¢ peroxidase 2.957491219 6.55971E-35 Exonic SNP
Trcu_02066 CS citrate synthase 3.446344116 8.30016E-76 Exonic InDel
Trcu 03104 A1Q2 04877 hypothetical protein 8.746621007 5.62842E-56 Upstream InDel
Trcu_ 01919 EGL1 endoglucanase 1 7.537977668 2.28619E-37 Exonic InDel
Trcu_ 02267 A1Q1 05240 hypothetical protein 7.079796477 9.2553E-18 Intergenic InDel
Trcu 02828 GGT2 glutamate-pyruvate transaminase 7.029565472 0 Intronic InDel
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Trcu 02128 DGDA 2,2-dialkylglycine decarboxylase -1.98331366 7.91192E-38 Intergenic InDel
Trcu_ 04976 RDRI1 RNA-dependent RNA polymerase 1 -1.04448999 1.46598E-43 Intronic InDel
Trcu_00107 A1Q1 05473 Spherulin-4 5.214582569 4.00425E-14 Upstream InDel
Trcu_ 00849 PPK6 serine/threonine-protein kinase ppk6 -1.133851026 2.09458E-46 Intergenic InDel
Trcu 04218 PTR2 peptide transporter 4.632892919 2.9455E-261 Intergenic InDel
Trcu 03675 YVCI1 calcium channel -4.069797435 1.6363E-224 Intronic InDel
Trcu_ 05660 AHK2 histidine kinase 2 -1.035383709 1.38376E-55 Downstream InDel
Trcu 04482 SYF2 pre-mRNA-splicing factor -1.113264617 8.05838E-64 Intronic InDel
Trcu 01162 POX18 oleate-induced peroxisomal protein POX18 -1.413382449 7.31257E-81 Intergenic InDel
Trcu_ 00962 HADH 2-hydroxyacid dehydrogenase 3.769774659 6.5726E-100 Intergenic InDel
Trcu 01504 A1QI1 05810 hypothetical protein -1.254644334 2.4468E-148 Upstream InDel
Trcu 03279 IF4E eukaryotic translation initiation factor 4E -2.4091375 8.4727E-128 Intronic InDel
Trcu 02176 A1Q1 05173 amino acid transport system protein 3.714018423 8.30016E-76 Upstream InDel
Trcu_05085 DGAT Phospholipid: diacylglycerol acyltransferas 4.13258073 1.16224E-31 Intergenic InDel
Trcu 02106 GSTB glutathione S-transferase -1.488576355 3.2548E-134 Downstream InDel
Trcu 04313 AMDS acetamidase -11.4671488 1.9071E-137 Upstream InDel
Trcu 02657 PPA acid phosphatase -1.587935585 0.007499918 Intergenic InDel
Trecu_00031 SLT2 MAP kinase -1.033616555 6.39092E-14 deletion CNV
Trcu_ 03509 RSBI1 long-chain base transporter -4.014783833 0.000540124 deletion CNV
Trecu_02150 RAS2 RAS small monomeric GTPase 4.288879151 7.31095E-21 deletion CNV
Trcu 02115 CNBF1580 5-hydroxyisourate hydrolase -1.524659322 8.9965E-143 deletion CNV
Trcu 01318 A1Q1 08237 hypothetical protein 1.062677656 1.54077E-56 deletion CNV
Trcu 00156 BPH1 Beige protein -1.073383608 5.0037E-60 deletion CNV
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Gene ID Annotation Log2 Fold change
Mannan synthesis MP11 YY52
Trcu_02121 mannan polymerase |l complex HOC1 subunit -24 0.5 >
Trcu_00947 mannose-1-phosphate guanylyltransferase 0.4 0.5 -0
Trcu_01890 mannose-1-phosphate guanylyltransferase 1.4 09
Trcu_02036 dolichyl-phosphate-mannose mannosyltransferase 0 0 -5
Trcu_02921 dolichyl-phosphate-mannose mannosyltransferase 0.9 04
Trcu_02955 dolichyl-phosphate-mannose mannosyltransferase  -0.7 0.5
Mannan degradation

Trcu_04499 phosphomannomutase 1.2 0.1
Trcu 01427 mannosyl-oligosaccharide 1 0.9 0.8
Trcu_00284 Alpha-1,2-mannosidase 08 -1.0
Trcu_ 00569 mannosyl-oligosaccharide alpha-1,2-mannosidase  -0.4 1.8
Trcu_03942 alpha-mannosidase Man2c1 23 2.0
Trcu_00855 beta-mannosidase Manb 3.0 2.1
Glucan synthesis

Trcu_04136 1,3-beta-glucan synthase 0.6 -1.0
Trcu_00077 1,4-alpha-glucan branching enzyme 06 1.2
Trcu_03380 1,4-alpha-glucan branching enzyme 0.2 1.4
Glucan degradation

Trcu 05665 Beta-1,3-1,4-glucanase -0.3 0.8
Trcu_05082 Exo-beta-1,3-glucanase 28 20
Trcu_02840 endo-1,3(4)-beta-glucanase -0.8 21
Trcu_00501 endo-1,3(4)-beta-glucanase -086 -1.0
Trcu_03502 Endoglucanase C 3.2 -1.4
Trcu_01919 Endoglucanase 1 3.7 -
Trcu_02186 Endoglucanase 1 -04 0.3
Trcu_03961 beta-glucosidase 0.7 14
Trcu_02890 Beta-glucosidase 1.9 a3
Trcu_02915 Beta-glucosidase 11 47
Trcu_03972 Glucosidase 1.7 4.0
Chitin synthesis '

Trcu 01104 chitin synthase 1 1.0 14
Trcu 02202 chitin synthase 1 -1.5 0.2
Trcu_02791 chitin synthase 1 24 24
Trcu_ 04533 chitin synthase 1 0.2 -0.5
Trecu_05206 chitin synthase 1 0.3 0.5
Trcu_00765 chitin synthase 6 -0.9 0.6
Chitin degradation

Trcu_00189 chitinase 1 -0.8 -0.3
Trcu_02203 chitinase 2 os [JEEN
Trcu_04046 chitinase 3 -0.2 0

B 2.9 T cutaneum MP11 1 Y52 5H R EKRAH LR BRI B E R KR IEE R

Fig. 2.9 Transcriptional levels of differentially expressed genes (DEGs) involved in cell wall metabolism.

The transcriptional levels of DEGs in Log2 Fold change were represented by color gradations
SLIG AT FEARTE 30°C, 180 rpm IS5 1F FREFE 24 h R UEE A, WRIG 5 I RGHE R T # st 4l 5l
RT-gPCR 43 #7. T cutaneum MP11 £#5K H T RT-qPCR L4, T cutaneum YY52 i Ha KR T 2 7 %

kAT

Tt T cutaneum MP11 I Y52 HAgill 2] 246 T e & EEFERRF M RE. /£ T
cutaneum MP11 "4 KEEREIE-CoA & Rl (ACSL) HIZEK Treu 03701 (322.1) BUK
T, cutaneum YY52 RIS IR B (CS) FEK Treu 02066 Jtil L E4HHE A B ALEEFE



FREIRT WL¥An 554571
Trcu_04595 Mgt — A H M L 5 2 1 (DGAT) BIEER Treu_ 05085 KAV
B AKCPI _E A o MR 22 S B SR RT-qPCR Bl £ 1 T cutaneum MP11 A1 YYS2 [
VB AR i ot A2 ) & B A B R 22 S R A AR M g & (1 2,100 J N AR BT Y
TR B T 40 N 2 Bk A BB . NADPH Bt . DLK I 25 6 I e A0 H i = Eg 1)
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Fig. 2.10 Transcriptional analysis of mutant 7. cutaneum MP11 and YY 52 compared with the parental involved in lipid metabolism
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(a) Acetyl-CoA generation (b) NADHP generation
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Fig. 2.11 Experimentally measured intracellular metabolites related to lipid synthesis: (a) Experimentally
measured intracellular Acetyl-CoA; (b) Experimentally measured intracellular NADPH
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Fig. 2.12 Simultaneous saccharification and co-fermentation (SSCF) of corn stover by 7. cutaneum MP11
(a) and YY52 (b)
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T. cutaneum ACCC 20271 I 5 /1 ELR MNP AE P s Ak O 2 rp o0 e HARERA E |
& DDBJ/EMBL/GenBank, %5 3 LTAL00000000M,

Rhodosporidium toruloides CGMCC 2.1389 H R TR 22X S R 252 IRl 2H 2

Yarrowia lipolytica DSM 3286 H4E K B T K "7 AL i FR PR ZH FE G

DL b BERF R RIS AL T I YPD 5578 35 A B9 0y A 15 37 (5 i 72 58O WL 2.2.1
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322 FgAnE
EREEEEPIBR (PalmC) W H 2 sebk (i) AR PR A . Hoechst 33258 1 H
BEAEYR (R B ARAR . RORZARERE Ypk1 %5 2 v PR B < 10 3
Cra 30D A RH A BR A 7l 5Efil. NS E E/NR Actin 22 58 FEHTA (Beta Actin Monoclonal
Antibody, £%'5: 60008-1-1g) BRAR i AL YR 1L =40/ B — 3T (HRP-conjugated Goat
Anti-Mouse IgG (H+L), #2%5: SA00001-1) FIHAR IS E M MAric Il 4% —$t (HRP-
conjugated Goat Anti-Rabbit, 575 : SA00001-2) #JH Proteintech (ZE[E, ZM=EF) 1
NARERSRSN (R AVIRIEA TR 2 7] o 16 FH B E B P00 b 730 R0 1ol 12 Wl 4100 6 77V 5 )
(50x) WHBE= KR (Rilg) EWEAREGRAF.,
Westen blot Ficfil] 8 71 1 It FH {75 PMSF %5 DA K 4% S B B FH () vl A X551 SDS
running buffer. ¥ BEZE R B ECL &G A 00 B AR AW TR CEilg) HIRA W .
R 2] B S R R P A R A 1 2 A A S A PR A 7

3.2.3  AN[R]F I BE B R ()R o 0 Y

B AR 22 R T REA [7) i FEE P 250 7 Pl A0 3 7 e 2 R AR S 6 = iy 0 2 S py v 212,
PR KB PE T cutaneum ACCC 20271 TEA UG FRIEEF R Sd 5, HL 20 mL #5580 T
KEEH 50mL B 0EWN, fEEmEE O3 T (53,000 g, BechmanlJ-26) B5UJfE 0.7-
30 min; BCEEAF B OIRE RN (1,000 g-53,000 g) &0 3 min, 2.0 J5H S mL _EJZ
2 B AT — R AR AP T

[ 21 A& R B (0 50 Ty i i MRk : SR — PR B (1-9 fRD, TEA ks EEh ks
% 6d )5, B 20mL BT KEK S0 mL B0 W, 503 F (Bechman J-26)
B0 E 1-10 min, &0 71 2,000 g FHTFE T 2B OALER KBS0 ) 53,000 g0 B0 JE M
EIEHIRA 5 mL AR AT e . BRI B (10-25 A0 BEO4ERF 53,000 g, B0
S]] 10-20 min. 8 EC Ay MHE 2 15 S 7 3RBUR FEEAC. IR & & 5 s i 4 i e
BB InNEA R B, B0 EE LR 5 mL B CE a8 AR 0 R S v R D
TERAM TN T —RIG TR k2L 40

i HE H E I BF (PR 2O Sy e & S ik 3B — BB (1-13 AR, TEA R R+
B3 6d 5, B 20 mL 55359 T K E K S0 mL 550 N, 78550 /3% F (Bechman J-26)
EL A 3-10 min, 0 7 2,000 g FF46, B 1-2 AAHR % 1,000-2,000 g, 252 10,000
g, B JEMN BB 5 mL 4B SO T e B B (13-15 4% RO Ayt
FEFE A 53,000 g, BERESCHIEL 30 mins B =R B (15-25 480 @R O JI4ERFLE 53,000
g, BRIRESCHIE 30 min.
3.2.4 BB AL SR

PNILRAE BB v AR L 2.2.5
3.2.5 YRR

S R ARSI WL 2.2.7
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S AL 2.2.12

A BELH A I 2.2.6

AP ARSI TH AR 73 5 — R P 7 BT XIS TB) e B e 2 i TR A AR A ih 22
M PEAEXS BUE IR 2220 3 AN TR) 55, AEREAN I ] UREAS U 40 K, R ) 22
DHL20 MREARTHE AR (3-1D

G=1/R = (t2—-1t1)/3.322(lgx2 — lgx1) 3-1

Hr, 62 Ja— WA A LA — DT R x2: 5 — RS ARG x1:
IS 18] 5 4

3.2.6 R AT BURL A

AEE PR I BORL LB S 1R R 1, A SOk R FH 51 4 LB 5% 1T 38 2.

B AR 22 18 B DL B R DU R ) HPH ARk b 2 R R bR & i gt . o0 lidad
PCR 41 URA3 F£H ORF E Ri#& 2000bp 1E N FislE s, Hilid PCR 744
1026 bp #WIH = PUIEEER HPH, F BT ENEE A HPH 22K T = Befit& PCR, ¥
RAFHIRLE PCR it — B HEAT RAK RS0 PCR DAY G I E WAL & HUMPR S DNA v
Bto 2k [mli PCR ) Ja T B2 R 22 fa e BEFE AL

B AR 22 R e B DL B2 R PUVEEL ) HPH e dnic () CRISPR-Cas9 2 J5URL A4 2
HH R T W JBRE A AEE NE HIE PG R ) 4w 5 S5 RL pCRISPRyl, @It PCR 43 i 57 bR 22 fl e b
NIETER LEUp Ja38h 1 CrAESE R ARG K ORF L 1053 bp) A 25 2= Hi itk 2
HPH (1026 bp), FFi{TRlA PCR. JEiL PCR ¥ 14 H R 2 i RF N I M TEFp A
) e MRFFE K ORF i 988 bp) Al CYCt & 1EF (42 C ORF Fiif 248
bp). /55 pCRISPRyl ki 54 3 #3347 2 v Bt o 4% v % (ClonExpress®MultiS
One Step Cloning Kit, THMEE), K248 ok o E1 2 (1) 55 DR o B8 46 R 57 WK 22 R 1 B Y U
PR e, 58 BROIR 22 f % B 2 45 ki pCRISPRtc FUAg%E . 7EdbAT B pE RIS, X
pCRISPRtc JFifiH SCRI'-tRNAGly J& 37l gRNA ‘B EEH [ Avell U7 3 T
U1, &t 5436 s a B AR R KR s b T iR .

FAR 22 R RECL URA3 FEFUNTRIERRICH] GFP RIAFHL pUC19-LEUp-GFP (nsu)-
URA3. NSL [¥%/y: aaaaggccggcggccacgaaaaaggecggccaggcaaaaaagaaaaag. GFP & [K 1)
JA B A& 1T B P YR ) LEUp (1053 bp) A1 CYCt(248 bp), fifiidbric NI URA3
F A ORF JH bRl 717 bp A1 522 bp JFFIME N G 8 FZ b 7R s 5 54 1) URA3 2%
RIR B G5, ORI 7 KON 6 5% v B (ClonExpress®MultiS One Step Cloning Kit,
WERE) 12 Bt e b U7 1.

DA b Bl A S0 AN A g 5T R AE B ZH 00 3R 58 RS 3 08 O Ak 2 B A 1) 0 R 3 He
Escherichia coli DH5a #8252, FAFTKIHE N Escherichia coli DH5a Ja 347 FHYE ve F
(R, e ERH A b B 1) BORLEAT I P A J5 4 RT DAEAT T — 2.
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3.2.7 FOIRZHIBEREPR) NTG #5738
R BEHRIEAGJS7E 20 mL YPD iARR: F2 55 9E OD600 2 1.0 /247, & 0UERA

ML C B /KB PBS Ut 1-2 i, HF R AR8R 2 5 10 ML YPD A RE 77251 50 mL &
O, FIFZIREGER A H 1) NTG IR NTG 485, HARE -4 37°C,
200 rpm 25 NEEFE 30-40 min. BSOCEERAR, JEAJCREKBER 2 IRJE1E 20 mL ik
YPD H15557% 2-3ho B5FR4E ARG AR MM B 92 36 PR IR B 1K 2-3 WROF RN 22 MM Y AR B
FIEREIE 6h, 6 h JEIMANLZIRIE N 50 pg/mL B9HI 5 R 15 9% 2-3 he 45 G ISR B4 3T
FTER KRR 1-2 IR, M ZEBA YPD H573E855% 8-12 h, WUERBEREIRIGTE 0.3%

(wW/v) 5-FLIGIRI MM [EfA B IR R iR A, R R E SR A MM F1 SM #4537
B 4T IE S s At — 25 B B AN S6AIE

3.2.8 BURZZAEERE AL

TG RO 22 f B R A B4R YPD B537%E AR, 30°C, 180 rpm 2&1F N9 &
OD600 £14 10, HL 300 pL WA . Tow KPRk E Ea T 100ul 0.3M MBS IR,
FEIIANZAE Y 10 mM [ Tirs-HCI MIZH LN 1 mM 1) EDTA (pH=8). LA &l
AN 5 pL RS DNA GREE 10 mg/mL), 5N 2 ng o4 R iki e ZetE L FNA
FBUFI 15 uL 2l 5% (viv) I3 2E A BER =B H g . DL RS =R E R E
30 min. ¥ 150 pL 50%5 £ [ 4000 MU Z IR A+ IF 4k 22 = iR E 30 min, & 37°C
PEIR KR AR 15 mine HUCFRFS NN 1 mL JEHEK, B0 Ja BUE B WA A Tk
AR b
3.2.9 RT-gPCR

1 30°CF, KifR W R BRI R . 120 JEUSCEEA . S/ 2.2.10 )53
17 RNA $EHUR e & 0045 5% ) B Fl RT-qPCR 5246, RT-qPCR AT A 514 WL SR IR 3 2.

3.2.10  HEHM P

18 FH Trizol X771 (RNAiso Plus, TAKARA, Otsu, Japan) $EU Ik B2 IR 22 fu £ |
ST A Fr e RE AN AR A HE QIR B3R A B PR AT B SR AR TR AR I 5L RNA. RNA U7 B8 (db
) AEVREERAFEH Ilumina HiSeq 2000 R 4858 .

3.2.11  HfZ EIZESEES

T J6HEAT SDS-PAGE, ACLE 7.5%% B ARl A 3 /K B 2 o 7 B R EE I f5 25 B
L EARIIN R AR I F 4G BT, B S R R 22 W UK AE S NN 12X SDS running buffer.
keSS, L 80V IsITH B K WHEMWZRAZ AL, BETHE 100V, TEMHK.

LA 45 TR S5 VI TSR i T4 I % I IR i, 4 FH PVDF #5765 4644 100V,
90 min. FEELE G | X TBST WG K. B2 58 S% B gk ([ A
IXTBST &AM, A 1h, IXTBST WG =X, HK 5min. JIA 5% BSA
(ffiH IxTBST ¥WRIEM)) MBI —HT, 4°CIEER. —HikmEsn, B IxTBST
WP E =R, B 5-10 min. I 5%BAE 0k (A 1xTBST &R Mkr)—
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i, FRENEET 2/ 1he —HiME5EE)E IXTBST Yl =&, £IX 5-10min. FIEE
T 1 mL @88ROLRP B, &EBLinE.

33 35w

3.3.1 PR 22 OB BEAEAS [RIRINBOR BE T R 250 77 JWh a4

T AR 0 BT 7= it B R 22 Fa e BEAE g A7 A I s 52 000 9 o 70 I i 7 1 s
b, AIERASGE AR AR N G P B R I AR BE BRI T cutaneum MP11 R YY52.
R TR AT AR 0 B 45) 400 25 A0 3, 4 i B 2 3 v o] SRV R T BB (%) 2640 IR Sk ok s>, L P i
RN T 350 B AW, RO IR NS 770 40 M e 1 B4 7 A2 )
HRPIE, S IR R (e A vT B T S5 R A A AN AR E T I A AT I8 A IR AR R R
Ao WAL, AP AN TR O I RTREAEAEAS 5 Sk, A SEELKE A AL 115 5
RN IS S, A A B AR

T SRR B 0 T R T R 22 e R B A BEAR, 1E 2P0 BOIR 22 R RESH
P R A [ 5 5 4D 250 ) W 33 S M A, T SR AN [ 58 50 7 SR A AR 4k
B HEEANEREE L (1,000g, 5,000g, 10,000g, 20,000g, 53,000g), B}
(3579 3 min. FFAAEIREG IR G RN BT B ORI, B0 558 BJE R IBIRAE N Fh
TN T BRI E . ARSI RARES (A 3.1a), BO 8N
(<20,000 g> I, FEEAHEAEFER) 40 RNAMIEEIIRE LN, BEIE B K EKRH
[F R NERIR . BS O ST E N 53,000 g B, FEESCo b saE R R EE 30 AR, &1
320 BT U HH IR RS SO R I %, HARD B A i 2 A% 450 (il 3.1b).

55 T SISV B ORE A B0 A (0.7 min, 3 min, 10 min, 20 min, 30 min), &0
FIBEE B O R KBS0 17 53,000 g, BRAREIC AL (K 3.2a), B
B TE] (<3 min), BPBARGRFEREEL QR N, 4EMOESRET, Mz
TR B B W A o T AEFREE 1) ey o B B0 e T CBSGfTE] > 10 min),
M2 IR R B (30 AR R B ORI, RIE BN B MEEL . BRI B0
B TR 30 min B, 28 BRI AR AL AR ZR 28 20 AR 40 B AT w8 4 4t i B AR g 4 AR
KGR, BHAN FeiiE M. BE— DX e R 7R 25 30 R4zt ir @
ML (& 3.2b), BEE B0 B2 B3 i o a3 38 22, Hoechst SEA% Gk 504
Mghfutz 45 & B BA B R VO AT, B RO Z . HRKIATT LY %
SR T B O R AR GELOI T > 10min) B8040 S 2 AL AEE ST, %S
ZHT ORI FC R e i B O i B A SRS 1 RS e SRR T cutaneum MP11 A1 Y'Y 52 HI4H 10
TEASFEAR — B, a1 B O 1 20 B P B B
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3.1 AFEBELHIN T cutaneum B0 778 &M 1 34L
Fig. 3.1 Adaptive evolution of centrifugation stress in 7. cutaneum with different ultracentrifugation
force: (a) Morphological change stimulated by different centrifugation force; (b) Nucleal staining images
SRIG KA B0 I A AR S S IR R T BT, U700 3.2.3 . ELJENE 2 30 AR R E R
R R G RIEFREE, #5395 96 h Al TR RGBT B .
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B 3.2 AFEBEOSEN T cutaneum FBE O FIHHAE R L
Fig. 3.2 Adaptive evolution of ultracentrifugation stress in 7. cutaneum with different ultracentrifugation
force time: (a) Morphological change stimulated by different ultracentrifugation time; (b) Nucleal staining
images
SEIG 2K B O M E SRR & B SRR AT, TR0 3.2.3 . B O RE E 30 AERTF
ARG Ja e R B A B IRt Bi R 96 h I TR LRI 2O BB it

o b IR AN [ 8 ) B O i A S B 5 A, BIAE SRR AR O R, i R R B
S TR RS A 25 24 A (53,000 g, 0.7 min; 53,000 g, 3 min; 53,000 g, 10 min; 53,000
g,20 min; 53,000 g, 30 min) AT E N VELIHLRAL . EHUE O AE R 30 /R4
PRIEAT 5206 o 7265 WA T SR, 20 B /0 T HIOR 15 B kb B R B AR T S AN 35
3.2a), “PEIPAARE R AR IH B8 K. Wk 3.3a fl b, HEFEEEOH (53,000 g,
30 min) fHRE GRS A0 PR AR R K 52.5 £, RIRHHIR & 2 8E e 3.2 5. @O
VB BRI ) 1 38 52 e 28 i BE 5 s A o 220 9 1900 7 73R (80 INFA]> 10min)
AT A0, PR AR B H 55 JR A & &9k D 76.8-79.4%, R HE & B> 79.2-87.9%.,



FREIRT WL¥An W57
JUT & &b 50.2-67.1% (Uil 3.3¢). X SR AR I3k B AR HE4T Hoechst e 80 22 4]
Mukz, msRfEE.ObE (BL.ORTE> 10min) 5§ “FB7 KEEZZES (F 3.2b),
T V0 SRR T R SO A O o e S U 4 AR L 5 — AR BB ) D e 7 4
W, FORHEE 0 ) (53,000 g, 30 min) SR AT 1 200 A 1 40 o ) e e AR i 38 K 34.9%
(il 3.3d)

PLEgE R, B0 J7 2 B R A PR AR AR . A0 BB A . 4T B RV
HERRZRRE 7. BE RS B0 77 8 B35 35 7 40 i B D DR PR AT R AE AR 2508, X
WA P Yl B 20 A7 AR X A0 850 7 (i S ATL A

(a) Cell volume (b) Lipid content
Hkkk kRk
| ek Kk
10000+ | 80 p—
&
8000— ok kK o o
g = 60 rxr
© 6000- g o
E € 40+ *
S 40004 o
= 820 20 X
3 2000 5
0_
P NP S LS S P AT AP SR SR
(c) Cell wall compositions (d) Generation
ok kkok
15 |
ok kk
c
o 104 | * Aok
:‘c;n' & ——J Mannan
8. 510- = Glucan =
g ‘-Edj mm  Chitin ‘E
2e 2
@ ‘o | =
E2
Bl )
0 1 1 1 1 T g
NP AN A R AT L AJ SR\ SR SN
?‘a‘e(\ 01(0 r:_.J((\ '\0(0 ,LQ(“ (bg(‘\ ?‘3‘3{\ 01(‘\ .-b'((\ ,\06\ Q,Q((\ (50(0

B 3.3 N[E]SR BE PR B 0 ST RIBOE SL I REAL J5 PR £ T B B3R RAE
Fig. 3.3  Cell characterization of T. cutaneum after adaptive evolution with different intensities of ultra-
centrifugation force stimulation: (a) Cell volume; (b) Lipid content; (c) Cell wall compositions; (d)
Generation (*indicates P < 0.05, ** indicates P < 0.01, *** indicates P <0.001 and **** indicates P <
0.0001 between the evolved strain and parental, by Dunnett’s t test)
UG AT AN IRV R O A0 HEAL IR AT B TR ARAE TS AL Jm B 8 2 IR IR 2R 5 9 96 h EAT 41 i A
B RS R ARRE AL ARSI o IS T AR RS 2 B TR AR Al P e AL I PR IS 1] e D) 24
J AR 8]
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3.3.2 G 7 M N A A At R R R

N T BRI B0 7 B A I T2 DA ST EAS 5 A ol B I DR e, i — 2P
TAE A 2 i B B vp R AT 2O i E N A . R AR ER IREEEE (Yarrowia lipolytica)
e — PR R L T R B R AR, 42 T 2 R e I IR AT AR S A 2
W5t. Y. lipolytica DSM3286 & — kB A= 84 [ fig I BB [Q % £F,  Luttermann S512521%] 3 58 8%
SER AT T EHIF . ZATIBFTER M, Y. lipolytica DSM3286 J& 4 7= ¥ i6 BR B U 1Y)
16 E B2, BRI A A 3% 72530, B A 7Y () g s HIS G I B g o 25 B o 1K
AEIE 30%, £t B A AR AR o AR B T 2 AL LR I & = mT LLIS 2 70% L H
(2541, RS Tk, X R U TRE i 8 M DU AT R R AR AR AR 2R, AR E A R
BHEAE AT DUIRTS s B I 7 &, (H H R i A K HLA 3 ARSI AE ik, X6 Y. lipolytica
DSM3286 1R A G i 77 25 rh AT I B O W& B AN o RR A PR 22 £ BE A [R] o
FE WA B0 St B SEI6 45 R, i . A A 1) 8 500 7 e S mT A S5 3 4 4 4
L AR AR AR AR AR IR B . BRIk, R A HE AR R O T U R A B B O AL R E O )
(53,000 g), FEHRHE A M A= KRS VR B3 b e ol B I 18] (10-30 min) o AR AR X4
LTS A0 PR P R o /IMA EAT e 2 B 5% (I8 3.4a), 20 A B e ] 1) AR 40 B Az ) =%
F” WRERTE, &M —3 7 RN BUR filis i (78 754 2 2 B 2 A8 T IR AR B s /IMA, &
JE FE BSOS 200 AR A AR 38 3 K L I /MR TR I A B N 2 ) o R 0 0 B it
A ZE 25 RIBHMLERREATRIE, SDiHH 28 5O M 30 5 140 PR AR R B i
(1) 10.3 £5; EBECAIMHERIECT, WS 2RI 21.7%2H 2 67.7%, BERS T
3.1 i A0 R v & 2H o) B R BRI, R SR R SRR LT TR ) A R 40 ) AR 65.9%
63.2%F1 68.9%. 2 A AR [ 3K 22.6%

[A 41 4 Ml BE (Rhodosporidium toruloides) NI FI P2 R, PRIHAER R AE
R 2 RIRA T I BELL R L TARLL R REAY N KB4 AmE R G m1e 420, 42
e [ 2L A PR BRI IR BT & &, 22 N RN D B AR P R A B 0 7 A i A4 R i A7 2 T
ZHTPIR FUR B, 200k . AR O A R I L 2 A A 1B 20 4 B B R il T2 S AR G 5 v
et LIS F 70% LA 09 AHHF 5 S0t B A 7Y [ 41 & MU R R. toruloides CGMCC 2.1389
PBEAT FIRE A B0 Ay i tsE R EHEAL (B 3.4b). [FIfERAGER B B 3EAb T fE— %, 1
HEA T R A PR B0 SR 2 B 0L KBS0 77 (53,000 gD, HARYE 4 o A= KR A T
AN ES ORI E] (10-30 mind. MGG SR A AT LLE H, 4HifE AT
FE AR K L B PR 9ol AR 70 T R PR P 2 TR o FEAS s A ] e e v R R A R e 1)
AT, Zoad 25 QBB O a R, 420 1P AR R BE R Y 8.9 i
NER & & v DR S 4.2 £, M 15.2% 423 63.4%; AHMIBEEL 7 Fh A SR . H & S AN
JUT & SRR 81.8%-88.9%; 4 ffd AR ()45 Fr it K .

Zx L RIR, PaRR SR R i I B B R A B0 ) Wi TE VAL S 38 B T T AR
WK A EE SR A ek AR IS KIS, 5 B b R a2 fa R RE
B O JH 2T I A ) 5 SRS o T 5 B R B0 7 AT R A 1) D7 V2 R SIE IR 22
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PEMBE RIS 5K A BB AN R IR AR R, U 1l R R A S 0 T
AELHELE [V S 368 1% ) R AT DR T

(a) Y. lipolytica

s o

1t | 10t EENNCEEENEN | 15t ; 25th
7 % et : g i N ERE E 2y
A = p 9
and 2 . 2
i ¢ '
s s g Rerd
: sy BN - M S : o B
ok Kok Kok ok 30 == Glucan 1564 ok
15007 807 =3 Mannan
—— S £ Chitin
N & 604 DL 50 S
S 10004 T g E2 10 0o
2 = £%5 S
£ 2 8 E B
£ 5§ 0 e 5
K] o T o 2
> 104
3 7 Ei 20 %: 8
ol —f— . 04 0
N ) ) N
NG e o N4 (\\6 N
ee® o % o
(b) R. toruloides
B e ;
0 e Y
i 1ot o 20t 259
_ sy & e :
) GV L wes
Ak, e
2 . 2 g :".. L
AR ] N atmey —_— PR
800+ *k koK 80 ok 50 == Glucan 15+ * ¥k k
- =3 Mannan
600 60 . .g(r 40 % =1 Chitin
E 2 4 3 —
= = g5 4. < 104 0
) 5 g > 5 °
5 - £ 40 E 2
5 400 S 40 oF © ﬁ&o
] 3} T o 204 9}
s © =2 g 5] |
3 s 3 ©
8 2004 3 20 S 104
O-AL-— 0 T T 0- 0 T
N 3 N 3 @ e N S
NG ef G 3 O N \G ©f
ot ot o et o o

B 3.4 AENEHR PR RRAN B 21 & AU BRI B O 77 08 T S Ak kAL R A B AL 40 i B SR AE
Fig. 3.4 Characterization of Y. lipolytica R. toruloides evolved cells obtained by stress of ultra-
centrifugation fractionation: (a) Y. lipolytica; (b) R. toruloides. (*indicates P <0.05, ** indicates P < 0.01,
*#* indicates P < 0.001 and **** indicates P <0.0001 between the evolved strain and parental, by
Dunnett’s t test)
SEIG SR R0 g a0 3 N E A SRAT RO AR AR IS I A0 5 21 2 0 B AR 5 AL IS e 78 22 5 S
FRIEREFR 120 h BATANMO AR . IR S B AN BEL R IAG I .
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3.3.3  AE/ I B REGE i rh AR 3 0 B A T B I A T2 A

T IR B O ST & R AL, AR 2 O RE A TR HI IR B [R 41 A a1 B 1) 4
AR R I B S35 I AR B 28 BB Ak, X SR BH = Y T RS A1 5 30 77 1 e )9 B G A
FHIR HE 5 E 0  ] RE R AN DR ST 1 o FRATT3E — 2D il e s A S N B 1 ot AR Y
28 AT Y2 e LR 0 T S 5 i R IR AR

XoF T 0 ) A 3 M A SRS P v v T ) B AR 2 AU BE A M HIS QTR B
[ 21 2 B BEREAL B Ak, 230 ATRE B ) R AR TR ARAE o R, 1EAT 22 e e s L 00
H|log2FoldChange| > 1, &3V P-value <0.05 AB{H, T KEGG (Kyoto Encyclopedia
of Genes and Genomes) #{#i FE 1T DEGs (Z R HERED MEHEM . BHELER K
AP A A T 842, Bl N8P (Human Diseases) #1 Drug Development (%]
YR . WAL =HREL R PRE DEGs B & 4 R kI (B 3.5), KAEHEE
1L DEGs K% & %2 7 5HRuHE i@k b, HARE (Glycolysis/gluconeogenesis,
Starch/sucrose metabolism) 15 FRAL i (Fatty acid metabolism, Fatty acid biosynthesis,
Fatty acid degradation, ) & =PRE MDA I B PE R (AEFERE).

(a) Evolved T. cutaneum
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(b) Evolved Y. lipolytica
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l [ Icellular processes 146
T [_]Metabolism
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50 P value < 0.05 60
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(c) Evolved R. toruloides

|:] Metabolism
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B 3.5 HEELAMRELIREN) Y. lipolyticas R. toruloides M T. cutaneum BEALER S H R ERAH
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Fig. 3.5 KEGG enrichment analysis of differentially expressed genes (DEGs) for evolved Y. lipolytica, R.

toruloides, T. cutaneum cells by ultracentrifugation force stress in adaptive evolution.

KEGG )% 445 AR W], 288 B0 o i i B A f = PR T PR RO R A I A0 T 7
R (IR A RO e BRI RE B R AL TR EAR . BB 7 APERE 2 H
TH =8 1) R AR L P P A Wik BT R SRIE KT (3R 3.1, ek ) (TKT), ATP-F7#5
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PRZRGEE R (ACL), Wikl A BRALBEER (4CCO), NENITRE R 1 E (FASD
FUAR IR & Rl 2 JEIR (FAS2) FERIAE DA 28 8 0 g i B 1 3R A0 3R 75 1) = Rk 1k
EARF B I T 2.0-17.1 0 5EE R (B 3.6), imiEa ke B AL BRI R E
kB H— B0 AR . R ATHEN, 7 =R b R RIE B PR E AN T
ANIER (TKT. ACL. ACC. FASI. FAS2) WIRE/EE 55O /7 W ie s R AL 015 = a8 %
Wl B Je TR (1 B AN R

F 3.1 BELHHEENEILIRER Y. lipolytica. R. toruloides R T. cutaneum FEAHFIH fa &
FRAHR B2 o K
Table 3.1 Differential transcription genes (DEGs) related to sugar metabolism and lipid synthesis in T.
cutaneum, Y. lipolytica and R. toruloides obtained by ultracentrifugation stress adaptive evolution. DEGs
that were upregulated in all three evolved strains were bolded and labeled in red.

T. cutaneum Y lipolytica R. toruloides
Gene ID Log2 FC P value Log2 FC P value Log2 FC P value
(a) Glycolysis
HK1

1.28E-17 5.96E-09 0.59 1.38E-04

HK2 2.75E-18 1.27E-13 0.97 6.99E-11
GPI 1.30E-20 1.36E-19 0.30 8.50E-02
PFK . 5.04E-28 7.55E-26 -0.55 3.72E-04
FBP 1.08E-23 6.68E-01 _ 2.07E-06
FBA - 7.05E-15 7.87E-30 0.89 1.99E-05
GAPD -0.67 4.64E-02 0.71 5.01E-11 0.89 1.80E-05
PGK -0.36 3.29E-24 0.82 2.94E-13 -0.03 8.88E-01
PGM 0.88 2.05E-12 0.11 3.24E-01 -0.55 1.20E-03
ENO _ 2.02E-13 0.97 5.02E-18 -0.03 8.80E-01
PYK 0.67 7.85E-03 0.88 5.47E-17 -0.16 4.40E-01
(b) TCA cycle

PDHA 4.06E-08 4.89E-23 -0.03 8.80E-01
PDHB 9.84E-10 - 1.72E-33 0.85 8.88E-06
ME 4.06E-08 -0.16 2.68E-01 _ 4.55E-13
PC 0.38 1.80E-10 -0.52 9.06E-06 0.40 3.39E-02
CS _ 7.38E-24 0.35 2.38E-03 0.60 2.95E-04
ACO -1.08 8.25E-06 -0.28 1.64E-02 -1.28 4.65E-11
IDH _ 1.91E-06 0.14 1.93E-01 0.21 1.83E-01
o-KDH 0.67 1.76E-18 -0.34 3.92E-03 _ 5.92E-10
SCS-a -0.38 8.93E-27 -0.04 7.27E-01 -0.05 8.32E-01
SCS-B 0.67 1.47E-20 0.17 1.54E-01 -0.32 9.64E-02
SDH 0.89 1.70E-14 0.50 9.24E-06 -1.03 3.28E-09
FH _ 1.00E-15 0.19 6.95E-02 0.75 5.42E-04
MDH 0.56 3.14E-11 -0.01 9.23E-01 0.94 2.68E-05
(c) PPP pathway

G6PD 0.78 1.05E-22 0.46 5.83E-05 0.53 1.33E-03
6PGD -0.56 1.33E-08 0.23 1.18E-01 -2.60 1.67E-44
TKT _ 6.11E-05 _ 2.44E-72 _ 6.22E-01
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gk 3.1 EEOHNEEN T IREN) Y. lipolyticas R. toruloides 1 T. cutaneum PEFIH A5

BRI ZERERER
TPI 0.67 7.86E-02 0.99 2.08E-15 0.13 4.69E-01
(d) Fatty acid synthesis
ACL 3.78 7.54E-12 2.80 8.04E-141 1.74 1.04E-17
ACC 2.48 2.10E-10 1.70 5.72E-39 2.09 3.10E-25
ELO 1.14 5.99E-09 0.97 5.02E-18 2.32 3.24E-26
FAS1 3.78 5.71E-13 4.10 1.86E-167 2.96 2.83E-22
FAS2 1.78 4.00E-14 1.71 2.74E-43 1.14 1.23E-24
FADI1 2.19 3.68E-04 1.59 5.72E-39 -0.13 9.64E-01
FAD2 1.93 6.13E-15 1.95 2.17E-58 0.45 5.16E-02
(e) TAG synthesis
GPD 1.29 1.08E-14 0.71 5.01E-11 1.68 3.57E-18
GPAT 1.38 8.25E-13 0.72 1.10E-09 -0.32 7.13E-02
LPAT 0.83 2.24E-15 0.96 3.90E-16 0.76 1.04E-04
PAP -0.67 4.09E-08 0.09 4.70E-01 0.45 1.70E-02
DGAT1 1.37 8.20E-04 -0.91 2.50E-11 1.26 8.41E-10
DGAT2 -0.78 3.64E-02 -0.51 3.52E-06 N/A N/A

ST, gk T EERE (RREEERE. SRIEZRGEEERER AR ERED T IINUR
AR &P REIER (& 3.6), RIEAFE RS2 28 & B AL SALH] 73 4 2K,

B SR YK E I AZ 2N 5 5 W, W R B B8 B A A KR —
FERIAN IR ANEE IR (& & 2R/ R R, STR G5 M3 . {2 BN J10, fdh
YUK TR R AE, 8T MR A R X AR N AR S S . R A RS ST
Rom1/2 filifk 22 2 )7 3540 B P (MAPK) RIGI&FE, TUE MAPK 3l (S1t2) Fg
PN ELEE SR F Rlm1 A1 SBF (Swid/6 cell cycle box-binding factor) E-&4%, HEmiA#E R
TN R R 0 o XA 5 G K SR B S5 A I DR S UL AR 70 Wise1/2/3 K
A Mid2/Mtl1 ZRMS . 5 2R R A IEOE B 1 Il 18 RS2 2 ALk 7015 58 . Mid1/Ccehl
BEYEES S FAERZ N E SR, %5 5845 EH (calmodulin) ffi 2 Jf
B s S S ER RS  (calcineurin, CaN), CaN i#id Cnbl 1 Cnal/2 B ALEE SR T
Crzl, #EmiA$E TR pRIAIS), =R HMEREHNE &4 2 (TORC2) 24
PSS 8B . Aan B2 BN 115 S, BOEIEF Sim1/2 M AR B R S
i 5 TORC2, TORC2 JEiE Nl Ypk1 765 A1~ 4 NLsh 5 (A 5 3 F#E w1
A A DT ISR 0 A0 g I R0 B i AR, L 4E R 5 TORC2 [RIVE Y
mTORC2 [P -5 240 M RE 5 & i A4 i S A A 5%, S5 D N 4B A 1 & &,
SXof T AR A 5 A DR o 26 B A AR S A B AR A, BB DY SRR R R ) Msb2
[ 52 %% Shol RSS2 s B H T IR UL )15 5 18, FENLIN. ) RS 51518
“5 MAPK ¥ Hogl, HEMI7E BRI i BHWT /K 73 S A in Bt 3 H Vi 2 Rk 389
O N 2 DLAERR 2B A7 30 T cutaneum, Y. lipolytica 1 R. toruloides 3K 2H 34 R yE R H
Msb2 AHIAF B, PRI J5 2253 B o 8T AS 53 # Misb2 A Shol B & 44 it J& LIk 7715 8 %
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Fig. 3.6  Four kinds of mechanical force signal transduction pathways in yeast
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AT IRFA L E =R 115 518 (T cutaneum, Y. lipolytica 1 R. toruloides FE[H
HHR I RFREH Msb2 ARG R, EAZ T Msb2 Ml Shol B AR &N /I{E @)
AT 5 TANE =R i B RRE A 4 SRS B LR 25 IR ] (TKT. ACL. ACC.
FASI. FAS2) 9w & FAFEA AR I OC R o A5 5 I i v 32 T3 i b R I e 284
T 25 5 IR P A s R A DR AR B, 40 ) S B s I F RIm1 Al SBF (44K 5 3
K2 2R 1S 58 8%, Type D Fsg i1 Crzl (hiff 7l iE K2 48 L )
fE518%, Type ID. ¥EF Ypkl (TORC2 /E3Z2estlik /115 T, Type ID 53FKiA L
W 5 AN 9 b5 1 & B AT S 5 AR M2 o . R B B AR 4 4 AT AE
GeneMANIA (https://genemania.org/) Pub#EAT, HAEMZ NS RUE 3.7 o, 3417
P T DB AL SRS T B 5 TKT. ACL. ACC. FASI. FAS2 &
A BARM O A EE (3R 3.2). 45 5REW, X Ypkl 5Pk 7o/~ B PR A A0 BAE
HGR, H Ypkl 5L & s FAST M) B AH B AEH (Physical interactions) [J4H
KMEREAEIEE] T 0.606. Rlml ESRE FASI. FAS2. ACC #1 TKT VUM (4 M EAE
F 5 B8 AR S A S A B, AR T 0.02, HAHBAE 7 AN BR T H: 3R 18 (Co-expression)
3L E AL (Co-localizations) o HE—05%F HAE M 45 Hh LR AT SR04, Ypkl 25 T
NEi A I #2 (lipid biosynthetic process ). [FIEHEN, DL Ypk1 % CoBilE ) TORC2 #l
PR JIAT 5 380 B 0T 77 E R B4R 3B A0 SR B0 ) B A 5 3R R TR B A oA EEEAEH

B 3.7 EEEEMERN

Fig. 3.7 Predicted map of protein interactions

TE: A GeneMANIA #5152 928 T TR A e o i 8 114 R R IR 19 B AR


https://genemania.org/）网站进行，互作网络预测结果如图3.7
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R 3.2 HUEAME T E B OB SRR R T 5 0NN R 8 B R A EE

Table 3.2 The weight values of protein interaction between the core kinases and transcriptional regulation

factors of mechanical force signaling pathways and five potential effector genes

Signaling pathway category  Genel Gene2  weight value Network catalog
Type 1 Riml FAS2 0.016845947 Co-expression
Riml ACC 0.016504863 Co-expression
Rlml FAS1 0.01624329 Co-expression
Rlml FAS2 0.007917543 Co-expression
Rim1 TKT 0.001277139 Co-localization
SBF ACC 0.017060848 Co-expression
SBF TKT 0.012801694 Co-expression
SBF FAS2 0.01001435 Co-expression
Type 11 Crzl FAS2 0.007383004 Genetic Interactions
Crzl FASI 0.001261034 Co-localization
Crzl FAS2 0.001261034 Co-localization
Type 111 Ypkl FAS1 0.6065378 Physical Interactions
Ypkl FASI 0.027513178 Other
Ypkl ACL 0.014803931 Co-expression
Ypkl TKT 0.009079384 Other
Ypkl FASI 0.00889354 Co-expression
Ypkl ACC 0.007146077 Co-expression
Ypkl FAS1 0.001261034 Co-localization
Ypkl FAS2 0.001261034 Co-localization

Bt — DR gk T AT B0 e E R SRAR I T cutaneum, Y. lipolytica 1 R.
toruloides TR 3 %% Sl g h B EE N ) 3 oK. S5 R an1E] 3.8, & il g0 71
A IE N A RIS T cutaneum, Y. lipolytica 1 R. toruloides #M I8 i R 5K 4840 5
5 FLIER TORC2 &2 4% (Type 1D HIEGE K+ Siml FIRE EHEH 2.6-7.2 %, [
i 52 SIm1 $3% ) TORC2 [ 3 B PR Ypk1 B4 5% /K43 1E T, cutaneum, Y. lipolytica
Gyl B 4.7 A1 2.2 £ T AR R 2R 2R (KBS T EIE D PR I 15
FIEEE (Typels Type 11D A 195 B B L (R 3 Sk PR AN BB A — B 224, @id
o AR W28 53 B AL PR e SRk AR A &t s — A 3R, A2 B0 JJRIECT , TORC2 #L
A5 S BRI TR RO R B FAST R ACC RikK-F- 8.2 L.
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Fig. 3.8 Transcriptional levels of important genes in different types of mechanical force signaling
pathways in evolved 7. cutaneum, Y. lipolytica and R. toruloides obtained by ultracentrifugation stress
adaptive evolution. Unannotated genes were indicated by gray color blocks
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Ypk1 B /115 Sl % 1 TORC2 Bk Al ¥ Slm1 FlAZ0 UG Ypk1 [RIAE HI T 23
FR. EGE, Ypkl B 5 RE TR, HMBEL 2r. dEMOIN B S 2 AN RS, &
it E%‘Dﬁﬂiﬂ‘b’%{ﬁtﬁﬁﬁiﬁ%%éﬁﬂ@é%%ﬂéﬂiﬂ@iﬁﬁiﬂﬁﬁzTﬁ%éﬂ%o K, BL TORC2
NS ER IR A5 5 B A T REA%R 3 1 00 7 A B SR (BRI AR 75 2t —
A SR A R IR S

3.3.4 TORC2 MUK /IE 5 il KL 88 5 0 ) i 5 5
LA TORC2 Y32 4% 5 I RINUIO IS 5 85 id s b, AP S IHU 15 5 s i
AU R T Slm1/2 M 38 5 1) 5 A AR A S RS S AR IE IS — 20, Slm1/2 A2
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R 5B # 1 TORC2 456 )5, HEGERN TORC2 & F#t— P idd g ik 1) 7 s
UG Ypkl, HZH Ypkl BEEEUE ARG R E B R a1 S B RE A & R A
Kl (ACC) FRBHTER & Rl 1 258 (F4SD) %5, Kk, Ypkl {8 TORC2 MU 1155 5
FIE PR AR OB, FLBERR ALK sE e A R U R R B D e R L o JE I S R I S
3% (Western blot, WB) A LUK AL Ypk1 HIBSERILFEREE, HEIM /R TORC2 WK /115
SRR HEOEFEE . EAVERME, TORC2 3 DK 7E R L3040 20 R B v 2 A 6 =
(1), fEREYIERE. 27 A A ANAEAED ) TG HI IR BEAN R 21 A 1 i BE L R AH | AR
A ) TORC2 28 L R RE, H Ypk1 $%H WA IER (G 820 70t 7 81 e 7F
FEE G HE IR BE R B AT E T Ypk1 ZEPRD . ROIR 22 flll# BFh TORC2 ML 115 538 % E 1)
FRBEE ARG A ERE . ik, RSSO R 2B RERFE N %, g WB
SEBG IR FUAS [F] 98 B 550 77 W aE SRS ROIR 22 fO R BRI AL B #R ' TORC2 T Ui A% L il
Ypk1 HIBEER ALK

BT WB 8256 3 e TR R, QBRI RE . ROIR 22 70 RS 78 (1) AR X
FEMRERE, FLM A AR S B 2, ORI 1R E AR BN SDS-PAGE I SEEG AU .
WAL, AE T o I R ) WB SEES A A B () SE B AP RS, XK INE |
SEIGHERE . Rk, IR T T WB 5257 SDS-PAGE AR A& N & A ERER
ZEREW] (& 3.9), L B-actin B H YK R olEFEE WB SEEELEIE I RN S
H_EFEEN 30-40 ng, UBLEF B-actin &5 2% 5 NIE M

(a) SDS-PAGE (b) Western blot

Loading quantity of protein sample Loadmg quantlty of proteln safpghe
M _50 20 30 40 (ng)

-
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l ii<—ﬁactm
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& 3.9 7FeimEERE Western blot LW IR B EH FHERR

Fig. 3.9 Exploration of total intracellular protein uploading quantity of oleaginous yeast in Western blot

experiments

S WRIENWG R ARG TR T, 559E 36 h G AT N BRI R ORI WB SE56 . RE
PEHUG A H BCA 7 &AM E, Western blot 3236+ SDS-PAGE (4 A _EFEE 41 A8 20 pg, 30

ng, 40 pg #0150 pg,

SKAEESLI) WB SER 7, 6 H R R PR DA A8 AN TR I TA] (53,000 g, 0.7 min;
53,000 g, 3 min; 53,000 g 10 min; 53,000 g, 20 min; 53,000 g, 30 min) FJ#EE &5 s J7 A 3RS
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IR R Ypk1 PIBERR AR BE AT RAE . Wik 3.10, RS CoRIB AR 2 20 AAM) & AL B Ik
e, S O R T ) 38 I BB Co TR B R R R, Ypk ] OB RR AV AR FE RS N s 48 Mg
FRaHEAT RO U, B O TR AR E 40 A, 3 BRA BRI ORI (53,000
g, 10 min; 53,000 g, 20 min; 53,000 g, 30 min) FAMLIREXAE T —5 (K 3.2a), it
[FIBTIX 3 AREERR Ypk1 B R (b /K F T —S0H A B T R T AR R A R i 28 i 3K
PAFHIZM (& 3,100,

<03 20th
Centrifugation time (min), 20th § 0.2
0 07 3 10 20 30 &0'1
Ypk1-P | ~ w=|63kDa & 0o
YDKT (S s s s s S | 63 kDa Q‘g’.\@'b(i@é\&%Q&
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> 0.0
Ypk1 PPN
P '—- — — - — -—I 63 kDa Qi’&@fb @Q:,Q(?b@

Bl 3.10 AN [FIRFELT [E] (250 e RIBERAT AR T Ypk1 BOBERR LR
Fig. 3.10 Phosphorylation levels of Ypkl1 in strains obtained by different time of ultra-centrifugation
force stress

SRR ANF R 0 T B A TRAT (KT PR R AE 15 G IR 685 97 36 h J5 #E4T Western blot S&
%o Western blot SL46H ti T PUUARI B Jm — IR B ST AR AE, MU S F k4T SDS-PAGE J& 70
0 B BRI AL DU AN Ypk1 iR

A2 FWM I 1G5, R AR S ATk g, K 77 038 hnidk i 51
KRG EEAET N B AR BS54 TR 1Y) Sim1/2 ORI M5 0 5 B2 48 85 TORC2 454, M
M58 770 2 45 85 ) TORC2. Riggi S 00@ I mrd s ikt &4, 1R B BEAH fg R
ST TOR (55 BN+, KIMERHEBEATE (Palmitoylcarnitine, PalmC) B & —1{4
HhiE i PR AR 5K J 50 TORC2 W&, 1 H X TORCL #A MHIVEH .« 2k — SR8 e O
DI R A S5 T NN PalmC PHMT TORC2 HUMAE T, ik 4 27
TORC2 MUK /115 & H H 2L IR (1) e s /K- ARG Ypk ! BB R AL AR FE 284k, R 9T
TORC2 15 51 B AE M0 N 40 FHEE 25 00 ) FF 4% T it A= BRAR I I ZAEH

PalmC /& —FiE I (R . AR R TORC2 35 PEAHIFR10), R AE Sicder v,
EAB B CRBRT RIZ I R 7558 (10 uMD [ PalmC 17, FEHR #0077 53,000 g
M T RHATRIT . A TSI I G 0 IR X 7y BEON B, O S E A K (5 T L 52 4
MR AR, G B OB TR BN 10 mine %SISR E AT SEE B iRk 22 . IRPE IR 3.11
Fiios, TR AT N PalmC #77),  4HMOAE RS 2.0 JuRIB RN 2 15 AQN g8 B s AR 4R
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U S A R R KPR A TS AL (B 3.12a), Ypk1 BERRILFEE B . 5H B
AT BT R R A — 2 (& 3.12b) . S5 HRFBAAE TORC2 31k 32 2401 i
ELOHINSIE SRR AR b, P T TORC2 MBS @ASE TREO
FIRIBAE AR T3 BR A A E A« FRAT N, 8 B0 IV E R K I H LR A7 e
W& T TORC2 MU 115 5 il , FEORUSEEF —ME & oA S R g R, B 1
(iR 5 2 RN A ARt 2 A S A BSE 5K 1 0, (658 2 R R T Sim1/2 BRI S
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No PalmC PaimC (10 uM)

ﬁ‘“. st - =
10th I :

B 3.11 TORC2 M%7 PalmC T K T cutaneum BB L F7 B 3E M BEL
Fig. 3.11 Ultra-centrifugation force stress of 7. cutaneum under the TORC2 inhibitor PalmC during the
adaptive evolution
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(a) The transcriptional levels of genes related to TORC2
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Fig. 3.12 TORC2 mechanical force signaling pathway under TORC?2 inhibitor PalmC: (a) The
transcriptional levels of genes related to TORC2 mechanical force signaling pathway; (b) The
phosphorylation levels of Ypk1. The gene expression levels were normalized against the parental strain 7.
cutaneum ACCC 20271. Each RT-qPCR was performed at least three times (*, P <0.05 and **, P <0.01
between the evolved strain and parental, by Student’s t test).
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1230 0SB Sim1/2 BUt% O Ypk 1 34T ELAERR, FEEAT 6 25 0 77 38 B 4 AL
IR AR

w:m@@%}%%mﬁwm e R, HEARORMPTE M, BRIARA
BRI I T I R A RGO, XKD 7% TAERIMERE . o, 7ERSERIE
DRI 1 2 0 ) Fa 28 A I R I, 75 AR A0 ST 2% A1 A I 8 PR 75 128 7 VA I B4 0 PR T e i
FLE P ZEAMC A WIS R G418, HRE SR LE . HARA IR
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TP BE BT A2 B AR T cutaneum ACCC 20271 X LA & 4 Fhbu A 2 UM DU 2 A& I ik
fiEbrid (B 3.13a). 45RERM, BARZBEREXT 4 Mt RIABUK, EEPIAERIK
A 800 pg/ml [FFEAES 7 3L 55 3% 36 h, OD600 HJREIAS] 1 £4 . ML N, #i&E
M G418 B AN BT, W% R AE A BEIL 2 800 pg/ml I, OD600 %% 1 LR
MRIEAEAS [FI B ] 85 2 A G418 PR L RIZe g 3R (B 3.13b), T cutaneum X% %
UK, W R B AR EERA E 9 950 pg/ml.

3.13 T cutaneum ACCC 20271 5T A FHiAE 2R SuUskt: il ik
Fig. 3.13  Susceptibility of 7. cutaneum ACCC 20271 to different antibiotics: (a) Sensitivity testing in
liquid medium; (b) Sensitivity testing in solid medium
SIS AT MRS 20 e e 2 MM OIARE IR 8L . FE[ER MM 55502k B RIZR, 1557 36 h el
OD600 LA KW A KAF L o

HE—20 DA 5 R L ALK (Hygromycin B phosphotransferase gene, HPH) {F
DA 7 a0 5k DRI g gl B R DR R 8. 1 St el oy il B 1 [R50 0UAS ke ik KT 45 AR 4
(K 3.14a) JEAL JFRTE S AT 950 png/ml 185 R I I ARG HY 1) B B V& 64T URA3 HE [
HPH BRI AZE XEE. &3d 5 3 UL EFALFIIGUE S R IR URA3 BE PR ok 1)
¥, T—H, EilMH CRISPR-Cas9 2K 2w4E R4t (K 3.14b). 4w’ ik pCRISPRtc
1 HH R TR A fife g IS DRI B8k v s 68 R0 % A v A 7 ML BURE pCRISPRyle 4 H R JBRE H )
IEARICEE N HygR W& =P, 44 Cas9 HEHFER NG 3)F A2 k355 # 0y B R
22 fPRE R YR R 37 TEFp Al CYCto HEIERER 5 T i R B3k 47 9125 0% 1 1)
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URA3 FER (). PEXT0 B[R G A YIBR A G R 10 ZEDH, S 5 Toik A
HKEENRIIR ) ADE2 IRl (B RRAZ M R IR i DK e 3R A B TR, i s e 4 AR AR 3R A
a0 Ry ) &5, AN HESE K 3538 1T Synthego Design Tool WXk T it 3 25 LA sgRNA
JEB e AHAR, 2250 SRR IH 5 A SR 15 2 D] A T 20 5 110 1 A

B 3.14 7E T. cutaneum ACCC 20271 FRAE R FVEWEZ #M CRISPR-Cas9 [ EF#IE RS

Fig. 3.14 Construction of a homologous recombination and CRISPR-Cas9-based gene operating system
in 7. cutaneum ACCC 20271

Ba UL LSRR, IR R HPH P S K 1 n 10 A4 2 R R PR 0SS e Bl
CRISPR-Cas9 FE[FI#E RS, W% RM TIEKE CAE] 1000 pg/mL 74, HREEE
D5 BB HE L, foe 2% PR AT )2 DR i ok o ) 68 R bl D i A OO AL 7 [RLE

B AR R T TR R IR IS R R ST, URA3 23 (08 IR ok R e
PRICEER, HLAMADI 5- LR IR AR JR I E & OB AR (K SR, (RN AT LAEAL 5-3FL
R (5-FOA) &I A BEIE RS- bR v e B R 2, DRIk URA3 PRI 2K [ SR 2R ok
FEAGINRIEEIEIREE (MM B19R3E) FERAE R, RS IR NE K35 7R (SM %
FRE) FASIN 5-FOA FIFR Al LUER A K. tHRIEIE NTG (1-H1 -3l - 1- 11
FEAD B, B REE T cutaneum ACCC 20271 5458 URA3 & Fedh[EAY, A H
URA3 fE B MERRE, R RRIE RS

T NTG BRI, 45 R 3.15 iR, EBEBOLEN 90% 445 % R
NTG #JEH 0.2 mg/mL. NTG FA545 A 555 B BIHER A 7E 0.3% 5-FOA i3 V-1
b (B 3.162), SRAFKH T IESET IR MM B FRER SM (MM 35 3R BHA IR
WENE) REIREEHIEAGRILE (B 3.16be), LTS R URA3 JER RASHREF 1T 5-FOA
BOEPERI AHERR B FAPE (B 3.16d) FR4KSLHEAT 240 MM AT SMLIE 51§ i DAJ 28 3145



74T BAEAEIKRE WHL%ME
Fa e (9875 hk . $RAFR TR T 1 SRR AT B2 R, S53K73 1 9 Ak URA3 Bt R 4%
R R AE A 2 A R (B 3.17).

100%

80% |

o

Q

>
1

lethality (%)

40% A

20% -

0% A . . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6
NTG (mg/ml)
B 3.15 BORAIEEEE NTG B3t H
Fig. 3.15 NTG lethality of T. cutaneum
SEGFA . BAEIESIIRAE YPD iR ET, NTG B VEN 5.2.4, FIRFELE R GIRATE
YPD PR b, 3 d e I SR

B 3.16 BORZAIEERE URA3 ZE R ML
Fig. 3.16 Screening for URA3 mutant 7" cutaneum strains: (a) Transformation plate; (b) The first
positive-negative selection; (c) The second positive-negative selection; (d) 5-FOA susceptivity re-test.
Colonies circled in red are control strains

SIS BB IR MR IE B FRAE X N B R h kAT, BE9R 3 d R K.
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3.17 URA3 R R h HIRBAL R
Fig. 3.17 NTG Mutation sites in mutant strains of the URA3 gene

E: 6. 49, 64, 158 SH#ALT URA3 LR AMNE T XA 24N AL 15

W AR A Al REAR B 5 R B bR I ) 64 5 URA3 RASHRAE N R
RN R B MR 22 O BERE DR 308 R4 . 1 e ik ) A e 1 FRL PR Ui B9 SRR R4, MR TA
¥ii pUC19-LEUp-GFP (ns1)-URA3 (& 3.18a). N 1 HER: = i B B A Jig /M B & 9 %)
LI HTHE, ¥ GFP FHIJEMA NSL B EA 55 1l SRR AR Ak 5 % (i JBURi 3 A\
B2 IR 22 F 1% REIERSZ AS S R o SREUTURL 22 3 PCR B0 IF 5 M58 GFP HIRIA T L (1 3.18b),
W22 AT AR GFP G0, UM @ PURL e 75 ROIR 22 A 19 BF v gk
ITERIFHATRERRE ., Ha, FHFARMERREZARG, ATREZ H T BOR 2 fu iz B]
Je ARSI E B S Bk WA R, BE Priz#:5 T BDGP (Berkeley
Drosophila Genome Project Searches) %8 4% J&8 2+ Tl () LEUp (57 A 3851 SR R it &=
W) JE BN 2 R R I KRR B 22



76T BEEIKRF EL¥A0RT

(a) Yeast episomal plasmid (b) FM assessment of GFP expression

White

PUC19-LEUp-GFP+NSL-URA3
011 &

Hoechst

A 3.18 URA3 ZEERTHIFHRIX GFP ZH

Fig. 3.18 Episomal e
xpression of GFP gene in URA3 gene mutant strain: (a) Yeast episomal plasmid; (b) FM (Fluorescence
microscopic) assessment of GFP expression.
LA B TAE MM BE IR 5% 24 h WBE L BRI E 20 BT BN RS, Wik
B RO R 408k GFP A EAL, Wi hik S5 E (0 1 3% Hoechst et A% 52 fiL.

FEHEAT H (02 R 1) 308 1 75 B30 UE BURLIE URA3 JER 5wk b e M, DRIkt 3k

A3 DU B8 TR e AT AT T SR AR, R I R S FR U B B R AT PCR B8
BAMEALRM SRR R, HE 6 MEWTIENR, TRTEER (B 3.19a). 7R
MM £5 323857 250 3 AR, kAT E R (HiE, HEHRKIHBEEA S B IREELE K MM
BrapE K, 52 AR A FE R URA3 LR E K (64 SR TIRAE MM
Brardkrp A K () 3.19b) . JEId 9% BBt 1AL 82 1] GFP 4Rt A1 L
XERIRBL AT RERT IR A : (1) R R (64 5 URA3 HEK RO BH AT T cutaneum
ACCC 20217 3 HAth URA3 FEFRRAZH T cutaneum Btk (2) H K Bk (64 5 URA3
SRR R EE R FEE WS ER R 80, RS RERSE,
YRR E s (3D T B8 JURLAE B AR 22 F e B rh 8% DLBURAIR, I R4 AR SOk P8 DUESRF 28 F
AEARATY ] AZE SR RIS WE A B RE 7T« FRATRHEARG 6 N4 URA3 JE R AR s AT
R, I URA3 B RAGN: fUARIBAEAE, HEBR TRLE (1) A1 (2) 54 X T0548
(3) FRATIE K A 75 58 A IR P B AR R AT R ) 0%, DA SR 0 pr 3Rk
PRAME PR E G ORE SR TR 2 0k 25 o IR R T A B, Al T S IR & R P,
VoI FEAL T T BRAK IH AR AEARAR S DU B TR . S5 SRR, 1E8 R IRt ik 8%
RS RUARRFRG, A FIKIH AT DAZEAS & PRI 0E 35 7k vp A K . IXRE 45 2 B AT
A A B B AR, BOTT IR RE T B A SE G I IERE A (3) A=, /e85
RIC o TATIE— 2P 221 DL URA3 LR TR A H R WAk, 8 b ik FE 42 1% 4 DNA
v B DL G JoORE 25 2R 1D I R 3R AT 6 DR R ok B i Rk, (U 230 5000 3 AR 3RS e e 13
R T DL 2 RULEH, ROR 22 i BRI Bl v . BRI VRS A . &
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TG 2 B 3 B AL RCRAR R LRGSR Z UKL B A H i v] 225 (R AT (R e, i IR 22
TR REAT R DR AE RS FE R AR M, 5 22— D4R EHR T

(a) PCR validation of transformants (b) Growth of transformants in MM medium

M 1 2 3 4 5+ -

7500 bp

M123 45 6 + -
7500 bp—

M 1234 56+

7500 bp—

8
Bl 3.19  FeAb T B B RIA FORLAE AR A R T AU
Fig. 3.19 Genetic stability of episomal plasmids of transformants in the transfer cultivation
SR A TAE MM SR AT ARACR IR, RERITR 24 h A LA 10% (viv) SR
TGRSR IR
T Kl 3.19b i AL T IESAEA 3 R BURLE RAE R AR IA AT DIAE MM B R A, oty
HEREL HH A A R R (64 5 URA3 JERIRAZHR) JoikfE MM B Rt h A,

gk AT, FHECT AR R IR R AN 4T &l BE, T ROIR 22 f R RE A SE R )
TORC2 WUME /115 5 e T8 s BE LRI B, S itk — 0 04T M A Dy REBGHIE 1 B 4 AR 7 E T bk
FATVHE T A5 @I TE B R 2 i B g S ] S R E R 4, X TORC2 MU 1{E 5
T % P O TR F SIm1/2 SR o Ypk 1 JEAT SE DR m bk, AT T DATE B 1 3R 1% A5
5 0 % T 24 PR A 3 A/ S 0 70 P JE R B A o {H R IR 22 A BRI AT R R AR R
Gt AR A, BOAEIRTS 1 RO 22 i B FR IS e 5 5 0k e S AR R I 7T LS8 e T8
Fr ok B TR R R B R IA,  (ER FURLYE I AT Tovk AR e A7 7E

TEE ST T, FRATE I T KiE Ypkl FIZEFFH, 76 AR AR HB FQRE R kAT
FERIELRT, FEAHE T ARAGHR I BRI Ypk1 3R LBERR AL A7 25 . o il S HE EC 1 B S5
BT Y. lipolytica DSM3286 % Cre-LoxP % 4ifll CRISPR-Cas9 % Fi kAT I K #4E,
Pyay LA RS I B DR B R R A G e, G B 5 (RIS e TR AR KU70 BE R
Br AN dE . 33— 5 I At R S8 T TORC2 B4i% A1 Slm1 FE [R IR Rk o 1% 3% BH7E
P iE— 25 %) TORC2 MUK JI5 5 8K 1 DhREME SRS T RAFITE EFEFEE TR, 5
SR FEFRA 1K 22 AE R MR BB EQRE B P e B B I 0L SIm1 A1 Ypk1 S8 5EN, #E—3Pi@
o R B0 77 JO 3 A AR B IE A [F) TR B TS AR AR Ak, ATATIE BH 1245 5 38 2% o0t
538 1 FUB B O DRI AR o A 2R I A 3 i Y B R AT I R IA B AT
HHRA, GELINEE @M N TS EERE, Wiz s —28 I TR
RS SR T . AR AR R ER IR BRI TARRAE 5 SR S h B0 k3R
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3.4 AENG

ASHIF FEAE T HAHE H A 500 77 03838 PR HE AR R 1, SR IT T PR I B AL /T
I8 ) BN o RAE T B2 AR 22 UM BEAE AN [RIHE B9 77 5 P& B At g A T S AR B 22 e
B DR Al = B R By R ANGAE T SO e T A A Rl E S
F SR A3 M B R ELAE I 45 43 B FD B R IR A KT IR ARG U S5 38 48 7R 1 R O B A TR
TMEERFAN M B R A 3R 4k 5 TORC2 UM 155 # S A HEE VIR . AEF
[P FEAER T R

(1) XECRZ B R AR AR T cutaneum ACCC 20271 HEATAS[E] 98 EE B0 Sy fl
5o B[] 14D P SR 3505 2 B, e S8 ) B A P8 5 00 77 Pl I8 2 Y S8 A R 2 B K A T
BRI EOEABEE = T AR & &, XU A0 A7 70T 1 FE 880 77 1 ] S 368 B

(2) 3k — 2 0k 9 ok S 2R %) 7 oty P B B PR IR £ & L% B R, toruloides CGMCC
2.1389 FIfENEER 2R Y lipolytica DSM 3286 34T 1 #EESC J1Wtiid SvEHEAL,, 45 %
BHAZ 7 3247 T LS R 240 e A AR () 38 ORIV i B 3 /=, K 3R B P Y R RE X A0 S g 0
77 ¥ v S % A A K LR S Y

(3) I S 21 S AR [ AR P 285 23 BT 472400 A% 328 168 25 o 7 S 380 1) L LA
TG T T o R B0 77 W38 3E R YE A RAS I ROIR 2 f e B AR R HI DGR R (5]
OT A TR BEIEAT 22 e e s AL A0 A, WEARUT AN TG 107 R AR A2 = Rt AL TR AR Hh 3 8RR R
BEACHIAN NG BT R IE B A = AR AR P 3 LR35 B 5 AR (TKT. ACL.
ACC. FASI. FAS2) W] fg2 B0y ia S ALK 715 5 10 A T S 1428 1) R0 2 A
HEBAEMZE TRV, X TORC2 FUR S Tl ek P A% O 3lE Ypkl 5ULE 5 MR
Pt E A MHEAERRR, H Ypkl S5HEITER & BUEE FAST B EE B AFAH G S i,
H AR EIE 0.6 UL L. FEREFOKFRLE Fik— 0K, ElE0E
FIBECT, TORC2 UM M5 5 18 B TT REM 0, I8 I DS VE Ypk 1 1A% T Ui R 2L PR
FASI Fl ACC 3RiE

(4)  F—BIRAIE TORC2 HUK /115 5l AL 1B 2O B R 5 . A sein g
KW, SBE.OPERENBRK KR TORC2 JEYIMEF Ypk1 BIBERE (A2 BB
o JEEAINHUE /115 5 B2 28 85 1 TORC2 HEM MEFIHF] PalmC, £ S EGEE O J1h
R Ypk1 BERRACFEREFRAK, [FIR 40X Ah ke 50 JT R O BURS . A g 8%
T TORC2 U IG5 ES 5 T 5.0 /1 e s 542180 T AR e .

(5)  FHRIE R 2 e RE g o] AL R R RS0, DAHIHE— 20 7 i P9 50 IF
TORC2 {5 5 1@ M B/ TR 5.0 I ia M E B EH . (BAE RORZ R, @l Hid
FPUME I P [R5 X A8 e 35 [R5/ R 401 CRISPR-Cas9 3[R 44 R G 1) K i Th 5 2t .
LLWE%H%EM“%%ﬂ%ikﬁﬁiﬁjamﬁﬁ%ﬁﬁmﬁﬁ’mmﬁﬁf%
WATITGIEAS G EAFLE . J5 SR UK AE A i HE IR TR BE 5 TORC2 MLk 7715 5 180 6 A% 326 8 29
O 77 ol I B PR AT 3 — P R AL
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BA4T KBERPBERDIIMNEE R M E A E B HIE I 21 B IR 4 1
[Z38;

41 35

FH 77 YR P B A 72 B 302 0 38k T 2 DA D e 2 4 S 3 B T A 27 o OBk 1 A B )
(R B AR 27290 AR e I P 2 7 e BROAR R I 70% 55 T i )R 2 ol A D260 261
N BARSE R SA, B A B R T T R R AR 2 BN AR SR AT 4 2 2 )
JR A PR M R RO, o, AL TR AR AR 4T 4 R A 40 DA RS RRT R R
(B LD IRIL, SR, fE AR E I RE Y, AR PAr4E R AR R 100t B i 2
FEAERRIRIE . AVLER A IS S E BB XEE REYX FIER TR R A= i fe B
A KRR S AR SR I B0 /R O3 264 Oy TV BR TR B 5 A= I AL S, R
H 7 BRIl S B R (B 73R . SR, XSS R S AEAE — S s, a5 A (1 457
R A0S 2000 | FRFIR A AE MDA T AE I B VN R I B E I VR — o RSB ETF K
IR FF BT W HE R B Amorphotheca resinae ZN1 5T AR, T4 NER 5-5
FLRERE (HMF). BEIEAT 2., ELAT R BERE 1045 05 il 2B AT (T 2%) 222, 4R,
It B BRI AR PR SR R ATAE I I B, (DL 4-F2 FJLSE FRE (4-HBA). HEBEA T &HEEA
R, LW EERNG . BB AR, A AT G Hh 2 38 5] K TR 1 o451 2k 2231,

AR T RERE S A AR B 1 77 Yol T B o P 1) P i 52 M PO A A0 T L 2122670 R AR 34
TAREAEME LT A= K . AR & ORI 52 Mex = AN SR RS, 54R5 T
FEAH LG, & N B R il 2 AR 77 A 5 X = F 1P . EIRFR k)
T, RN R BT DLOREE, A B AR BRI UK - A AR AR 72 rh AT E1 5
e B R RS, CLB D s A Wb A s PR OY, BRIk, 75 2 S A i 3 7 2 o it
A7 38 R A AT DA = o T R XS Py s 0 o) 0 () T 52 A4 L19°- 2700 SR, AE iR 3 B
PEREA T T A, SR T 52 1 R B v A SRR 2R B i d R A P . B T AE S
1P (15 7R 5L AR AT IE RV AL, T BB s A A () S AT, RSN
Tl e R SR AR RN A% 7790, AT IR IR 52 vy 7 Yol 2 BT 4100 1) 420 P i 52 R T Jo (R AR 2R

TE AT IR FE R QI Pt R 1 — Pl S« A R B9 0 g o ae i St AR IR T v
Xof HEAR 22 R REREAT T s R SR AR RN A Il R T it o ASHIT Tk — DO B 0 T e A
TP A A TR 2R B 0, 1 25 M R R T B P10 ¥ T KRS FE /K AR PP g AT IR 22 10
TR FA R B8O SO W& AL, B AR B L Iy B P R 32 4, T R 4 e e
T R AR TG i 5, e TS0 7R T B AR AR I TR R LA ) i 52 1k
5 AT BT A BCRE S 4 Y B IR A
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42 MES5HE

4.2.1 PEHRAIEE IR
T. cutaneum ACCC 20271 W 5 T B AR MNP AE ) Ak ORsUE B b oG, MRS AT 1E

Nk . 4R 40 2 EAE DDBI/EMBL/GenBank, %5 LTAL0O0000000M3,
Paecilomyces variotii FN89 {&jE4m "5 A CGMCC 17665, T EWli #2221,
FHOGEEFR AL 2.2.1

422 AV E RG]

FORFEFRUCT 2019 4, P~ HIMFEA AT, R4 NREL LAP H700E 77, W
BERBHAAERSERN 33.9 (ww), PAREREREN 17.8% (wiw). TARFEHYIERLE
T o 75 A A 206 5 S () T RR TRAC B AN AL W B B kAT Ab 3, BT 2.2.3.

2F4E R Cellic Ctec 2.0 W A4S (LD AMEARGR AR . HFEE, THFE,
4-F2 PR F I, A0 S AR R I B E 2 A =R A R A .

423  FRFEF KR EIHI %

BRI B B IR P variotii FN89 X TiACHL It J5 1) FRAEFF AT B S ARV 25, k2
AN B VEN 2.2.3. fEAED BRI AEF, G AHR . BREEFD 552 FE ESMRmE P R |
PITE 36 h PRI B, (EATH 20 20% 1 By B Mk 5k B, oAb aLdE 4-52 H R 2K F R
TR T &, BEE, ™I S5.5mg/g 4R/, 75 20% (wiw) TS &, 50°C5%
PE T KSR B A By BEHN A 1) BORAE AR R, K AR FERR4E 48 he KRG R RIS
BS O AN P8 S RS B EIET, FEIINE TR 2.2.1 ZEKFEF KB EA 80.1
o/L WM. 21.2 /L AKE. 0.8 g/L EFL0E. 2.0 /L HEHEA 0.8 /L MBI RifrRE. 24
MZAK IR A 0.08 g/L 4-F2FHEIR RIS, 0.13 g/L HFEEM 0.07 g/L T &

4.2.4 TR IR B 0 S i 5 N R4

FEE &8N 20% (wiw) B EARFEF KM TS FR T cutaneum ACCC 20271, Hid
5d 25 JEHL 20 mL WiAA T 5081 (Bechman Coulter Avanti J-26 XP) #1250 3 min. %%
A& VEREASEEAT 70 R OFR, B0 I 1,000 g SBHTEINE] 12,000 g. WE S E
e I A B B AR, TR I B o P AL 7 32 J Vit T 5 B e R A M AR T B, #8
B 5 mL SAEBEMEN EEBETEAT — I FRIIF T B s 23RS 1 4 e 2l e
YPD iRk B S RA B, %P DR VR R H AR E R BRRE, Bidn N T
cutaneum MS28 .

T. cutaneum BEARTEAL G HAE G Rl 75228 BB % 24 h, AAJEHMiRE 2 OD600 4 1.0.
B J5 W BB A% 0%y 10% 100xF1 100045 FERMRE . FH RS MBI 4 uL #6%E J5 I Fh
BRI B S A AR RIS Y (4-F2 PRI EE . FEEENT FED 16 BUH IR R
EEIR 3 d,
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4.2.5  AHRAARFR AR R B &
A AR RN B BT 2.2.7
4.2.6 4 EELH 53 far il
o o BE R R SRME . HER RBEIL T B IE W, 2.2.6
4.2.7 ARG R
R AR R TEIE T cutaneum MS28 HFh-FiEALIL 2.2.11.
DRI KB K B (SSCF) UM KB T VE N, 2.2.11.

4.2.8 ARG B

TR R IBCR F &7 - R G, BARTTE L 2.2.12
429 RT-qPCR

£ 30°CR, 7E T KRFEFF KA 85 77 K AR AN R AR T cutaneum MS28, 155+
24 h JEEM M. S8 2.2.6 (5753 T RNA JREURIE & 00855 e M AT RT-qPCR 5
5. RT-qPCR JrH 51 ¥ WB 1 56 3,

4210 ATk

G RHE . 4-F AR H I . AR, T A& S5 HPLC (LC-20AD, Shimazu,
Kyoto, Japan) ¥, 4%+~ Bio-Rad HPX-87H, KHI/RZ/K M Zs (RID-10A), Hishid
NS mM BRiR, JiEN 0.6 mL/min, A 65°C.

43 ZREW®

4.3.1  J2R 2z Al BEAE /K A b B B0 J i i SR AL

HEANE B R AE FORFEFT AR P 24T, HRHFEE 350 R (Bt 70 IKEEED.
B0 I 1,000 g B INE] 12,000 g (B 4.1a). R 22 o BEREAH 0 14 A R 2 & M e v)
K 23.3% KR IR w21 76.8% (18] 4.1b) BEALIRE P4l T M 7.6 g/L BH1R = 5] 15.5
g/L (B 4.1c). AT IR B K HaB B RS E B R AR B vk LG ot & &4
HAM S ERAC, HERIT TR KR SR (R4.D. BEEBOHENET, &
O J B 4E M A Z T N KBRS “#83h 7 BRI EE (K 4.1d).

A i1 s 2 e WA BTN i o s s A S & PN (L S B A 27 N | 7
EME IR (K 4.1e), FHILFEE T cutaneum MS28 EHELKHIMGIRFL, 1 H & Bk
MR /INERIR o ALK T cutaneum MS28 P2 A IR TR 2 R BRI 14 £ (1.39>10°
Bm’vs. 97010 m) (R 4.0, VIFHEBMEER (K410, JRF/MELTF S 7k
WEPE T cutaneum MS28 [N Ma A 73 6], H 40 BB LU H R TR PR BH B AR 7
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£ 4.1 T. cutaneum MS28 5 i K BRI 40 S B LB

Table 4.1 Cell parameters of 7. cutaneum MS28 compared to parental strain in hydrolysate.

Parental T. cutaneum MS28
Cell radius (m) 2.85 x10® 6.93 x10°
Cell volume (mq) 9.70 <10 1.39 x101° (~14 folds)
Cell density (kg/m3) 1156.3 992.1 (lower than broth)?

2 The density of clarfied hydrolysate was 1025.6 kg/m?.

(a) Centrifugal force (b) Single cell lipid content
14 - 100
= 12 g
Y g & 0,
2 10 - @;&@W
@ o 60
B o
£ < o
T 61 & 5 O
;e V)
E B
3 S 20
2 s
0 l. . . . . y . 0 4 . . : ! . ]
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Transfer number Transfer number
(c) DCW (d) Cell mass distribution after centrifugation

DCW (g/L)
=)

0 10 20 30 40 S0 60 70
Transfer number

(e) Cell morphology by optical microscope (f) Cell morphology by TEM

Parental | T.cutaneum M_SZé ® Parental

/]

|
| < 4
b |, %o ) i
m [ um

. o
B 4.1 FEFRBEFABEFN T cutaneum BB 7 HEE RN M
Fig. 4.1 Adaptive evolution of 7. cutaneum in corn stover clarified hydrolysate combined with
centrifugation stress: (a) The changes of centrifugal force; (b) The changes of single cell lipid content; (c)
The changes of dry cell mass; (d) The cell mass distribution after centrifugation; The morphology of 7.
cutaneum by optical microscope (e) and TEM (f)

KU G NAERE BRI R 4.2.4 R SRS PRI &AL 2.2.7 B .

1o

432 RAZHAN GV 2 1% 8RS

TEAYIRE R IR AT T, I 25 B PR A i B 2 55 SR BENS e 2 v, 12
N TE R EY) (HBA. HEEENT HEES) FaeIBE, HARKHLTE 2R,
PTG 7 1 e B 1 DR AR SR 32 RE ) R v R B 22 . AE- S UG TR IR I HBA ., & 5L
i T ARV S EEIIHIY, FRP T cutaneum MS28 ST HIMI R 52 1 (B 4.2).
FE SN R = MR B 2145 2R IR B B, HBA X T cutaneum BRI A KA
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HVE R (B 4.2a) . RN —BURSIIHEIIRITEIL T, T cutaneum MS28 H AL
KA & &3 m T H R ER. AT HAREM, T cutaneum MS28 737l #£ HBA. &
B 1A BRI AR IR A b AN A BN T 19.4%H1 73.9%. 64.5%F1 94.1% A
S 87.5%7H1 81.3% (& 4.2a, b, c). E=MEEMEEESIHYIR, THFEXN T cutaneum
HAR NN, JF H AT S AR B A 4E 2 R b & B8R, K m b
WSS, T cutaneum MS28 & B EEH MR A R e 1 W EHem (B 4.2b). SLIRIERT
T T cutaneum MS28 7£ =Ty B W) A7 AE T ¥ HAT 5 v I A0 v 70 Ao g AR

(a) 4-Hydroxybenzaldehyde (b) Vanillin
Seed diluton 100 10" 102 107 Seed dilution 1Q0
Parental Parental
T. cutanuem MS28
T. cutanuem MS28
47 mocw 4% 41  apow - 40%
WLipid content i s mLipid content .
- 30% < 3 ] - 30% =
il [ £ - ¥k
S . £ & 5
= 20% 8 = 2] F 20% 5
Q I T O o
o ! [FRa b=
L 10% — 1] L 10% 5
[ 0% Q 4 - 0%
Parental T. cutanuem MS28 Parental - T. cutanuem MS28
(c) Syringaldehyde (d) Inhibitors mixture
Seed dilution 100 100 102 103 Seed dilution 100 1017 102 103
Parental Parental
T. cutanuem MS28 T. cutanuem MS28
& | DCW r 40% 4 7 mpow r 40%
mLipid content i . { mLipid content =
3 1 - 30% & 3 F 30% £
=4 ] | 2 2] ' £
= [ 2 2 [ 2
= - 20% § = 2 L 20% 5
] [ o 3] 1 i o
O [ T O ] * [ b=
1 - 2 | T s a
1 ] r 10% - 1 ] F 10% -
0 - - 0% 0 L 0%
Parental T. cutanuem MS28 Parental T. cutanuem MS28

Bl 4.2 T cutaneum MS28 TE-5 FREGFEE H X By BRI VT 2 M TP
Fig. 4.2 Phenolic aldehyde inhibitors tolerance of T.cutanuem MS28 in synthetic medium: (a) 0.6 g/L 4-
HBA; (b) 0.5 g/L vanillin; (c) 0.5 g/L syringaldehyde; (d) above inhibitors mixture (*, P <0.05 and **, P <
0.01 between the mutant strain and parental, by Student’s t test)
SKH kA AE YPD B IR IS 24 h )5, SN S SEIR AR RN 10%0) 500 mL #EHi
HEAT, 7E 30°C, 180 rpm fRI2%F FHE9% 120 h
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20 N R 3 S KM BE i — D4R IC T cutaneum MS28 I 25 38 5 (¥ 41 40 i

X BeSTo T cutaneum MS28 Xof By B F i s 52 14 1) 4 v A 4R K AT g 5 My 1 4 e A DG 2 PR
(R S A ) o FEMYIESN R YD I M I R b, Lo ol ol e ot Sty o e 3 D il a0 T 3
S AR N T BERAL B, AR JE WA B T e 1 8 i 0B 4 1 A A N T By R
(B 4.3a) XMy FESN IV FALAR R B L PR AT T R K IIE (B 4.3b-d) . S5RFE

B, S AWML T cutaneum MS28 Jwhid i [l S 1) 225 PR b 38 1 2 5L B Zmfid
Fig i S B I Trew 01775 25 EIRT 18.8 £, iZIEN Kk B 1) B3 L m v] RE£E My g
kR A LR 7 EEMER, #WEE T T cutaneum MS28 FIH AN I 52 VE -

(a) Lignin-derived inhibitors conversion (b) Aldehyde dehydrogenases
25
CH,OH 20 X
& £
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£ 5 * w4 ** *
]
.,’ \\ 5 Z I gﬂ :w' uE1 f?
H;CO OCH; 3832 g
OH g EEEBE 2
NAD(P)+ NAD(P)+
Aldo/keto r“'lu'itﬂ““) <\Ic0hu| dehydrogenases
NAD(P)H NAD(P)H
CHO B
£
2
)
z
9
w
’I \\ - =4
H;CO OCH; 5 3
OH e

NAD(P)+
Aldehyde dehydrogenases  (d) Aldo/Keto reductases
NAD(P)H

COOH

Fold change
nblots o raca men

H;CO OCH;
OH

Bl 4.3 T cutaneum MS28 P 5MEE AL A ST K FIFE R 40
Fig. 4.3 Transcriptional analysis of the genes responsible for phenolic aldehyde conversion in 7.
cutaneum MS28: (a) The pathway of lignin-derived inhibitors conversion; (b) The differential expressions
of aldehyde dehydrogenases; (c) The differential expressions of alcohol dehydrogenases; (d) The
differential expressions of aldo/keto reductase . Each RT-qPCR was performed at least three times (*, P <
0.05 and **, P <0.01 between the mutant strain and parental, by Student’s t test).
SEI SR AT BRSO G BB 2 KRR KR, B5 R ERI R Y 10%11) 500 mL FFHE -H AT,
30°C, 180 rpm FIZ&F FHFR 24 h, R mRNA e 3%3E47 RT-qPCR L5
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433  RAZEE RN AL ZH 2y 1 A

P RS M BE 5 22 bl B0 SR . H R SEME . LT AN R AR . 2 BB 1 A RN
P& BEE B R AT R A SIS . Gu ER72R L, 782 Ry B PN H 0 47175 1115
o N AT AN 2SS W S A G 9ei O Y = L xR Y NSO A R A O S
T LA AR EE /)N o i H G T8 0 0 70 Ml 5 S P R0 PRI 9 B, K I A F (R 5
O JIAE BRI I oA R 25 (5 40 i B A ki . e 95 R T 3R A AR B R ) sdbAb 4B Al . A 7
HORE I e AN B0 g M E TR AR SE G, USRS 6 N 52 77 34 58 HAG R T 5t
PR B S AR AR B A0 A o SR 22 70 P B 240 P e b £ 7K AR ViR ) Tl SR 2 0 77
BIENSI G, EILES RS (TEM) WK, T cutaneum MS28 T 1k 41 o EE (1) H
BRPEZ. BREZMLT FRZEEELE (E44ab). #—BMEXRY, MHETHK
BRIPR, AP PR PRRE () SR BE . LT A H B2 R BE S E b T 76.2% 26.7%F
66.7%. B BT M= i RE HR SR AR ZE iy e S A M AR, H F T RE v A R R
i SEBE AN LT 5 - SO PR A A R A T A DARKERE R K S R B0 A e, (AL
BRI PR P ) SRBE AT LT S R, AR AR, XA R T RAE i g kA AR e
(1% 210 B 25 R T ol 2 L

i RT-qPCR #E— P ME 115 4 B RE Rl 53-G ORH B AR S0 258 R 1 2 s /K T AR AL (I
4.4c). ZEREKW, T cutaneum MS28 W 4wtl 1,3 (4)-B-H EFENE. WU R C. JLT
JREEN 1, 2-0- H BEREFF RGO R Treu 02840+ Trcu 03502 Treu 02203 F1 Treu 01427 4y
BIEE LT 130 f5. 8.4 %, 5.1 5 6.5 5. 1M4mhd5 LT ORI H EE0E & A L
T G H -1 L R B A H B MR AL B LN Treu_04533 . Treu_01890 1
Treu 02036 W5 T 2.6 £ 1.6 580 1.1 5. iX 82 540 M BELH 23 & RURD B K A0
IR () S AR TRk, R 3R T 44 B 58 ) A v 5 0 0 U3 T ) L 2 DL SR AT 4 A
CUPE A NI~ Y Nt e R i



86T BEEIKRF EL¥A0RT

4.4 KEHGERO I MHEE N B S 40 R EEARRE K324
Fig. 4.4 Long-term adaptive evolution changed the cell wall characterizations: (a) Cell wall structure
and compositions. (b) Transcriptional level changes of the genes related to cell wall component synthesis
and degradation. The gene expression levels were normalized against the parental strain 7. cutaneum ACCC
20271. Each RT-qPCR was performed at least three times (*, P <0.05 and **, P <0.01 between the mutant
strain and parental, by Student’s t test)

SIS A BMIEAL G R RN 20% (wiw) FKRFEFFAKMRIR, BEFRE3E RN 10%1
500 mL #2H A AT, 30°C, 180 rpm FISEMF FH:FE 24 h, $HEHU mRNA #4547 RT-qPCR 525,
S BB B R AR L 2.2.7).

4.3.4  DLEKRREFT N IR 1 45 2 T A B vEAir

KRG AR T R ERAECE R T cutaneum MS28 “EF=4F4E R
HEHI R BERAR (B 4.5). TR FREE AR RE AT R BRI, BBt 40t
KAFLLME o 7E 72 h WEREREIL 5K (SSCF) W2, R T cutaneum MS28
THAE T IR E B L AORE L H FR R BT Rn AR AT~ PUBEAE Y A T m R B RE (18 4.5a-d),
A A YE MR RIS B T 33.840.1 g/L, A& H R BRI 6 15 /245 (5.9+0.5 g/LO(E] 4.5¢).
T. cutaneum MS28 [ IG5 215 B PR 121 82% LA EGHUAR BB A3 3 0 0.33 g/g B8,
HWHEFZ 3N 11.3 g/L/de BBHLERE T cutaneum MS28 MR T 41 24 2= Jr Rk A2 77 i i ) 4
e HABA ST TR (R 4.2). #HMLE T cutaneum MS28 TEMIE =& 7= 15
FITH A — N BEIRH RE LT B R g A B T2 AmT Fed - M ek
75 FERAT TR IR B, A )R v AR R PR AR S5 4T 4 3R K RO 5 AT
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(a) Glucose consumption (b) Xylose consumption
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Fig. 4.5 Cellulosic lipid production of 7. cutaneum MS28 by SSCF: (a) Glucose consumption; (b) Xylose
consumption; (¢) Mannose and arabinose consumption; (d) Galactose consumption; (e¢) Lipid accumulation
and cell growth. The parental 7. 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
SRR TR AR A 9 SOK EURHIOK AR 12 h (30% (wiw) [EAREED. LL10% (viv)
R, RS HE L ILREAE 30°C, 600 rpm M55 T HEAT 72 he
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Table 4.2 Cellulosic lipid production performances by batch fermentation.

Strain Feedstock Titer (g/L) Yield (g/g) Productivity (g/L/d) Refs
Mortierella isabellina DSM1414 Corncob 11.6 0.11 0.61 (273]
Schizochytrium sp. HX-308 Corn straw 5.3 0.13 2.1 [274]
Lipomyces starkeyi AS 2.1560 Sigmacell cellulose 9.5 / 2.4 [279]
Solicoccozyma terricola DBVPG 5870 Cardoon stalks 13.8 ~0.13 1.4 [276]
Lipomyces tetrasporus Y-11562 Corn stover 29.0 0.15 8.1 (2771
Cutaneotrichosporon oleaginosum

Corn stover 14.42 0.24 3.6 [278]
ATCC 20509
Rhodosporidium toruloides Y4 Jerusalem artichoke 17.22 / 9.1 (279]
Cutaneotrichosporon oleaginosum Waste paper 16.4 0.19 4.1 [280]
T. cutaneum ACCC 20271 Corn stover 59 0.05 2.0 This study
T cutaneum MS28 Corn stover 33.8 0.27 11.3 This study

Notes: 2 Only the results of batch fermentation were adopted.
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RAZRR T cutaneum MS28 1ELF4E 22 Mg A I 2 A DR A RIS TR B2 B 7 I
Ehnag, H— DRI T 5 AR A4 2 RURE B AU AN IR 5T G BORE % ) S B R Rl R IA /KT
At (B 4.6). SRS, T cutaneum MS28 F1 5HEAUA e (FE AL H LT L.
T AE SRR T8, Ty S 420 (0 A7 J0) 2 0K AR X 0 26 1 ) S RNV o TR BH T 7EIK
SRR AT R 00 T TS R T A S v ) A 52 A 7 el T R 0 L SR T
Sim e A BRI B R B KPR AR T 2 AR . 5 g 7 TR R — Ik H v A R R R SR TR
TR LT 3-89 5. MRBTE RCHTAAR AN A 2 1 nok. S A RERR P A g 11
tpid FERFEE LT 130.9 fi5, XA FF A 3-BEER H Vs = 20A e R T AR mE iR — 5%
BB . i ATP RFFPEFT AR IR MREE (ACL). ZBL4EE A & (ACS) A3 RR
B (MBE) (2R R Bl T 8-131 %, XA T/ 4EE 2 1 ZBEHiEE A 1 NADPH fF
NE R A T

Mar?nose Galalctose Glucose Xylose Arablinose
( GALKE—" N
(4.01+0.23) ) L— NAD(P)
GALT (2.83+0.41) 0P (347+0.16)HK (4182045 XR s Nap(pjH+H* l
UDP-galactose <€«———— q-D-Galactose-1P L-Arabitol
GALE (3.27+0.03) (2.4410.03LADIC M
GALU(1.78%0.14) (1.48+0.05)PGM G6PD(1.8120.04) _ D.Glucono- (12350:42) o
UDP-glucose ————> a.-D-Glucose-1P. ->Glucose-6P———; u —>AD-,GIuconate»6P Xylitol L-Xylulose
et Naopree  105-18Ctone-BP 650,057 6PG] (4.170.05)XDH| NaDR"  NADPHH'
(2.97+0.07)GP| ATP —HAD:
MPI(2.18%0.09) ADP XK (2.39+0.05) B
D-Mannose-6P LSO Fructose-6P 3 D-Xylulose-5P —> D-Ribulose-5P D-Xylulose
(2360 ”)PFK:\L‘]::DNFBP(L%iO.OQ) D-Erythrose-4P . l
’ 1.2740.02) TKT| ’
Fructose-1,6BP I ¢ ) D-Ribose-5P
ATP ADP (1‘54i°'1°)FBw D-Sedoheptulose-7P xl/
Glycerate-3P < (ilycerate-1 {,3P<— Glyceraldehyde-3P 5-phosphoribosyl-1-pyrophosphate
(0.97+0.01)PGM PGK(3.740.07) (2.62-+0.08)GAPD
Phosphoenol-pyruvate TPI(130.8628.31)
2p —— > -
Glycerate-2P ENO@47L028) P
@A7£005) PYK AWD Dihydroxy acetone phosphate
— Pyruvate Pyruvate
PDHA (2.45%1.41)
Thp PDHB (345 1.80) NADPH+H* MESO 15+3.48) co,
2-Hydroxyethl-Thpp NADP?
Dihydrolipoamide-E Malate Acetaldehyde (" snGlycerol-3P )
L " - o NAD‘<\ H,0+NAD* > Acyl-CoA—] GPAT
S-Acetyldihydrolipoamide-E [PLD(1.52+0.63) NADHH— NADHSH consn—] T 0oo)
(2.69+0.49DLA Lipoamide-E
CoA-SH+NAD* Acetate .
COL+NADHH" Oxaloacetate (o from hydrolysate) Lysophosphatidate
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\ = GrelaEn Citrate Ci'rateCoArSH-:‘rP mADPoPiAce yl -COA Phosphatidate
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NAD® Isocitrate HCO5+ATP + (64180
57+ (1.60£0.09)
Malate D e Phosphate+ADP- ACC (11.24 +5.95) . ELO DAG
1 - 29.67+0.57) (3.25.86+0.39)V [\ ¥
/\ TCA cycle O o Malonyl-CoA o oTant “Z%Apz | T A pear
a-ketoglutarate ConsH™ 1 (3.83+0.26)
CoA-SH* Acetyl-ACP\ g5 84+ 5.31) (80.76+4.78) (2.05+0.41)
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B 4.6 T cutaneum MS28 FHEREIAIG IR & A B 5K F
Fig. 4.6 Transcriptional analysis of the genes involved in central carbon metabolism of lipid biosynthesis
in T cutaneum MS28 compared to the parental strain. The gene expression levels were normalized against
the parental strain 7. cutaneum ACCC 20271. Each RT-qPCR was performed at least three times.
SISt ERRIE G B E S RN 20% (wiw) IITRFEFKIRR, BFR1E3MEAN 10%/1
500 mL #E P HEAT, 30°C, 180 rpm HIZAF FHEFR 24 h, $2H mRNA J #5317 RT-gPCR L5 .
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FE 2 HIT BT R H 1 — Pt FL 1T ) B 0 0 A 3 S MR ) T, ot B2 AR 24
M B REREAT 1 i R SR AR AN Al BRI e o FH TR BT AT 4 2 RUR IR A 00 B R AR K
AR ), AR M [R] IS 52 5y 7 il 2 58 (R 40 P 32 MR A R AR B e 0 o ASHIE Fe 4 i
O JTAIFN IR AN B R J7 80, 7£ 5 R BE By e 1) KRS AT K g b AT Btk 22 10
P B (076 9 0 g LI B A 3R AL, 5 A (R B B i X H R R R i 32 AR B AR B e A
BB AL IR

(1) AE T KRR /K g A7 8 B8 0 7 W deod Bt idE AL, AR AT FE 3L 3R 4T
70 R, WRIEKRRR AR 2 500 L, MRS ERE 3 AL L. s T
A S AR A BCRE T I R 2 3R

(2)  XIFAFW R FRAT A F T FRAE, T cutaneum MS28 FH LT~ H K B #k
R R A AR SE 4R R | SE e o & i B R ) M P O e D 52 A
5622 (G P& BT A4 A s DA S SR s R IR BE AR, X L8 I B AR A [ D 41 4 2R il s 1 A
Pt TARMRIR 2R o (RIS Dy e 7 il 2 5 ) 5y P T 52 14 AN B AR R 4R it 1 P 228 I S A
&l

(3)  AIKFFIR R 2O & N IRAR 0 T cutaneum MS28 TELF4EZR
TG A e AR A R AR AN IR o AR R BE T N, R KT A R Rk e e 4 4 25 i
R EIAE] T 33.840.1 g/L, RHARRIN 6 ffi/ih (5.9+0.5 g/L). ifiEfFIEEH L
1HE1) 82% LA L.
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E5R REFRLMEBHARTERKFELEHRRBONLRR

51 35

EVIBRRIFOR (TRALEE . AP BEAKAESE) AT DK R 4T 4E 3 /K %28 ObE
FNRE o AT £ 4 22 U R AT A R v R o 31 30% 2e A, 32 B AN AR i A 12090,
RE W% U [0 FH RS AN DO A2 A B b bR O BA R % . AR H AT, R D EI A KRR A
AU SRR RE ), ol B BOIR 2 B B (T cutaneum) . R EFVE 22 P £F (T
fermentans) FHLLIERE (R. glutinis) S5 7] LA SRS, (H 20X L0 87 REAR [ 34 i A7 1E 57 i
R T¥IBHIE (carbon catabolite repression, CCR) JEA i 414 55 HEAR S 7] . 2B 4R
FAR 5T £1- 4 2R T R B b o O R 3 B KT O, SBUR SR e KR RE TR
PR, TR 2 JEURH IR [ B 1A J5 8= il 1R 73 B i SRR PRI HE 8 BRI, 4 R0 vy s 3
I FHTR B B ) e AW A 8 2] 8 (1) s = i B B BRI R, TR 70 3L S 3 O R TIeop A R
FRIATL AT T 21 4 28 3 T 1 ol A 7= 2 0 E 2

SERTROBT SR DL, B A BOR 22 fa e B R BIRR T cutaneum ACCC 20271 SR LAF]
I AU A 5T 21 4 2 AU %) 7 4 B AR, (R AR R e 26 B 2K T &) b, HLAE
22) B S AR A Y R 0 R AR Fe o 2 BB AR BT, G B0 0 il d RIPE HE AL
ARAT PR R AR Rz IR 22 fa e B SR 30 D0 R (PR o 21 4 2 g A IR 1, G H 2 A
FH AR 5 21 44 3 AR5 1) BRL IR AT [ 25 B AN L R BRI R 8 Pl o 0 [R) 1) P A Jo 4 448 35 R U )
OB AN S pE R 2820 (R, B9 SRR HOIR 22 Fa e R 20 B AR B AU ATL ) 5o R P £ L
R RE SR A R BB R, QBRI BE, HAA B

R BESAL G 1) CBE AR P bk, HA ARV E S AR BEFYE R AT A IS VI 52 PR 4L
SRR, AR BRI BF B ARG IR AU N o AR AR A0 A ACHE AR 5 N BRI
RGN TP AU s A r= A 4k 25 CRERIRE 128 (HE, BRI EELE B ACKE AT
BRI A 25 T RE R A R 0 RS A, OGS O I B B T B A
AT SH A7 6] 6 40 5 P PR AR, 3K S AR A SrT R AR PR R FH 23841 T e R ) R R 2 —
(2851, R AR AT LA HE () A= 0 =2t R 1R OB 32 B 1 ) R Y1280,

AHIEFCIRAUE T 228 55 0 77 oI A I A A SR AT AR TR AR v 7 P il R B, AT R
KURFETR R, RES IR 5T 21 45 2 K s A 3 Frop R bR . P 8] [R5 AR SN A 10 g
WIS R R B 5 32 R0 B0 2 e A PR 7 T 23 M 1 R AR B RBE AR U e 3 ey B R Lo 42808 HY
RAZ R PR SR B3 BRI = AR s lE R R . T R 46 JOIR 22 10 P B
BRE RS, [RLAE BRI e B g AT e R R 08 DUSGHIE SR A8 B IR 22 A I B 1 ik OB B 0 [
U BE I He i (R OSBRI D o I S B RN B 32 8 ) s i (X)W e 1 B 1) R R R P 17 B %
AR Z 38 DAL AT RS o AR FE R A 4 25 1) R b 1 4= 2040 R DA S BRI e B T
PR IR ST 7 Rl
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T. cutaneum ACCC 20271 1t H H B AV A AP ROk i B R0 . HA R RA T E
& DDBJ/EMBL/GenBank, %57y LTAL00000000M,

T. cutaneum MP11 HH R EE T cutaneum ACCC 20271 183 K F #8250 77 il &
JSLHE R A T A2 3R A 121, B AR O DR T L 8 A AR Y A P DR B R L (CGMICC,
http://www.cgmec.net), JEM 5 R 20481,

T. cutaneum MS28 Hi T cutaneum ACCC 20271 £ 7K fife st e 550 77 i iE 3& B M 34k
s

PRV T PR S LR IR L 2.2.1

A T FH TRV 1 B Ji 6 TR R R A A ) B 2H st T AR G B S TTLER 1 s

KW % LB (Luria-Bertani) 357#3%: &ALEN 10.0 /L, HAM 10.0 g/L, FEEZER
Y 5.0 g/L (EMEREFREE 5N 20.0 /L 3R ). 55950 H 2w hitE BRI K i B I
FERARRG TR BN INZOKREEN 50 pg/ul MERHH R, ERIARFRER IR INAWRE N
100 pg/ul FR T HHER -

FEEE YPD R FR B 1E ML 2.2.1, 578010 Bt 5 DRI 25 3R DORL I BRI % BEINF, 7R3
B IR FE TP R IR D 250 pg/ul () G418 (Geneticin, L E), 7 BARRE R ([H
PSR IR R A T IS IR FE DN 400 pg/ul () G418,

% £} MM (Minimal medium ) £5 7% %% : YNB ( Yeast Nitrogen Base) L& 3E &R 6.7¢/L,
FiERER 10 g/L, %% HE 20 g/L.

£} SM (Supplemental medium) 35783 7E DL MM 853835 55 4R I0 0.2% bR %
WE o

PR RF BRSO 7R & SRR WL R 51000/ b & B R, HRE FREK
S ONEIR A 2.0 g/L, FRERER 2.0 g/L, FERHEE) 5.0 g/Lo

f# £k SD (synthetic dropout medium) %575k HURE (ZZZFPE. HiaifE. BTR{EpE)
20.0 g/L, YNB LRIEBELFEIR 6.7g/L, DO Supplement-Ura #5771 10% (v/v).

DAIAR B AF4E 2 A IR R B K B8 77 Eh 0 iR — 4 2.0 g/L, B4k 2.0 g/L,
ez RESEEL 10.0 /L

522 AV R R AT
FORAEF SRR AN 7 W, 2.2.2
FYE R Cellic Ctec 2.0 W HE4EE (LD AWHARGIRAF . DNA H2EUAFIM
WHZRE dbr) FHEARAF . YNB LR ZURE B 8 A AR AR
A ] . DO Supplement-Ura #8774 5 H B3 (b)) BHEARA R . 5 DNA W
Bk (R AVFREAERAR . fIFEZE. NTG. Tris (ZFHEZIEF L) M
EDTA ¥ B PRI Gt lFERA R . #abE . H 80 opsian DL S0 5%
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HERE AT TR 0 T 2 4 AL SR A PR A 7

523 kiR

AEE PR ORI OB s TR 3R 1, B FH 51400 LB 3¢ 1T A 2 2, B 20 g ok AL B s T
1.

A BT FH B 0 258 Bk & DL R BURL pYES2 R ki HEAT Bt . FF pYES2 1
ARt URA3 S 4CH Saccharomyces cerevisiae 2100 7] LLA# A '] KanMX (G418). H
AT VR T 5, A5 FH BRI P U018 Ncol A1 Nhel % pYES2 #E4T XUEG], B 5 A H PCR
FEMAA G S (FEEAEY TR (R A IRA D A7 gt =, R85, B
kL pUG6 AR, @ik PCR |, £E51 PPN b b —B v pYES2 XUBgYIEg U7 5
Pi3 ) Linker 41, % 1357 bp KR KanMX 748, 3715 ) PCR P24 4lifb [mi .
J&, FIH ClonExpress ® II Jo4# b il GEMERE (FIRD AEMRHEIRMA IR A D
P47 A Linker [ KanMX 2K 530D =237 5 . it DL E2PIRK pYES2 Kk
PricE URA3 ¥ G418. SH P, (A MRGIEN YIRS Agel. Xbal ¥ pYES2-
KanMX @47 XEFY], BEY)EFIH PCR P4t ol S ATEE VI =) B 4tk =0, 485 DA
S. cerevisiae Z100 F: K41 AR, i PCR M, 7E 5 ¥ %0 _E_F— P pYES2-KanMX
KU L)t L) A57 05 9 3 1 Linker 231, %% 629 bp K2 PGK 1p JE 571 851 bp ) TDH3p
R IE, SR PCR At . & fia, R Jo4E v R & A Linker 1)
PGKlp J3 3T TDH3p Ja 873 K 43 7 5 0B U =i AT E 20 . i DL 2D R ik
JRAT GAL2p AW ES 3 ) 7 B4 PGK1p 1 TDH3p J& 31, 3R13 i fL pYES2-
KanMX-TDH3p 1 pYES2-KanMX-PGK1p.

MG F R pYES2-KanMX-TDH3p 1 pYES2-KanMX-PGK 1p FRik &kt 6 5 (L A
()220 JTURL A 5 2 1 FH R 1 N DTG Xbal 43 5% pYES2-KanMX-TDH3p 1 pYES2-
KanMX-PGK1p #AT58V], BEVIRGYIEHRH PCR WAt idsf &AT B )1 2k
[, SRJ5, LAFHL pFA6a-kanMX6-GAL1p-GFP AR, iEid PCR M, 7E 5] 9)Wi
b b — 20 BRI R UL 55 P 5 1 Linker 751, #4741 bp KB (1) GFP 2[R Y1, 418
JE ) PCR P=alif i . o, FIF 4% Bl S0 A Linker B GFP 2R 5G]~
VAT E A

I FH B0 45 IR BURL pYES2-KanMX-TDH3p #3475 1% bl #% 12 B (1 1% 3040 B 5 o7 1) A
RURL IR 7 V202 B St BORLEAT S Y] (B YIA A XbaD) JE4iifk [Hli, @it PCR
SN, TE S| P v 0 b — 20 BRI, SR I Linker JP51, B ABR&IEERD T
TAA. TEFRR )5 51 NBRGIEEEIA7 5 Xbal HUFEE FFREE (Trew 00722, Treu 02200,
Treu_01509)FERIHATY 34, $K45 80 PCR v BUAT 44k [, K DA B A4l =Py s 4.,
FEFRE I IEH# I pYES2-KanMX-TDH3p-Trcu_00722Xbal . pYES2-KanMX-TDH3p-
Trcu_02200Xbal. pYES2-KanMX-TDH3p-Trcu_01509Xbal =N ki i 4k 25 %7 Ho ik 47 B il
Pl (XbaD), EgVIJE4ifk e, it PCR [, 7251 M N b b— sl vl R U167 5
Py Linker FP#1, ¥ GFP ZERIEATH 4G, K PCR Jr BedtAT 4k [mlfie, #4 0L Epg~2




94T BEEIKRF EL¥A0RT

Wr= W AT A, ARG =AMk i B B 4 i 2 62 1 PR pYES2-KanMX-
TDH3p-Trcu 00722-GFP . pYES2-KanMX-TDH3p-Trcu 02200-GFP . pYES2-KanMX-
TDH3p- Trcu_01509-GFP. F| FH o1& 4f (3R 18 Bk pY ES2-KanMX-TDH3p i3 1715 1§ i
B AR (Treu 00722, Treu 02200, Treu 01509) JiE 525 TR & 5 iR GEP 3
DRI R R ) A 3 07 s — B0, B UDAL i AR 3% Xbalo S Z3R15 =AM bl 4% i R E &
() ¥ B % ik B kKL pYES2-KanMX-TDH3p-Trcu 00722 . pYES2-KanMX-TDH3p-
Trcu_02200.pYES2-KanMX-TDH3p-Trcu_01509.7E EBY.VW4000 B ¥k #1725 £ ik Gal2.
Treu 00722+ Treu 02200~ Treu 01509 FER kIR i 77 Xt a0 ERrs (R B8 Ura3 ik
FRic) o

A A FH B #E TR A2 DA LT ORL pUGe A H R FCRE AT s, WA . B
Jext pUG6 #EATHUE, SINJESIT, A BRIV N UIBE EcoRI #H1T HEEY], BEY)JEHH
PCR P4t ik A AT =4tk [al B, DL S. cerevisiae Z100 3 X 2H kR, @it
PCR I, TE5:K % J5 5] N\ EcoRI BEYIAL s FELE S| Wi in b b — 2 ik puGe B
Az s W Y Linker 741, # TDH3p §3 3F b7 4k [, 0L BB IR 7 BU# T =
H, REFRL pUG6-TDH3p. 25 05| N&IETF CYCIt (4t z C), i A PR il P iy
VIl EcoRI #H4THEEY), BEVIE264LIENL, BL S, cerevisiae Z100 FE[RZH Atk , 8L
PCR N, FEFZERRIHATEI I EcoRI MEYIAL s HHAE 5 Wi hn b E—B ikl pUGe-
TDH3p BEUIAL 5 #5355 6 Linker 551, ¥ CYCILt I 13- T 4i b I, #LL BB IT
A BGIATEAL, R FURL pUG6-TDH3p-CYClt. =255 N\ 18stDNA b R [R5,
7 b, KR8 FURL pUG6-rDNAup-TDH3p-CYC1t-rDNAdown, JIT F 3] (1) S B D)L 1 4y
A2 Sall M1 Xhol. #Ja 2528 Treu 02200 FEK 5| NF 3 37 A& 1E T2 0] 4 1 e 2
()34 JFik pUG6-rDNAup-TDH3p-Trcu_02200-CYC1t-rDNAdo, J5ik[H s

DA b B A 0o AN A g 5 R AE B 4H 00 3R 58 BRG 3 08 O A A2 e A0 ) o R 3 e
Escherichia coli DHSo M 5E R, BRI N Escherichia coli DHSo & i#EAT FH M 7 %
fROgRide, B H R A v ) o b A T PR A S A AT LR AT T — 2.

5.2.4  BRP P B E 4 B IR AL 2

A B BT R (1) 2H TR AR LB SRR 1

PP P 3 A R (1) B A R R A S R B o =00, o TR BRI B R B2 S T A, R
P R AL D IR RN BH P e B 0T . DL S = AN (O 4B

(1 BB EERHERZ A

O MBI VKA B RAFAE 30% (v/iv) B R BB EE BEH A, 76 YPD “FAR I
RILRIEE T 30°C TR 7R 2 K BT V%

@ MEE— 25 (AR PR EL B e B 2 & 5-10 mL YPD WA B R B R 955 1, B 4%
LK G S0 mL S0, AT IR E Z R SR A LR 100 mL =
i, ELF| OD600 ik 1.5-2.5;

@fE 250 mL =i, A 50 mL 245 AR YPD Wk b — P3R4 B % OD600
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KLIN 0.3 £idi, HE2ET 30°CRRIRKT R E A 0D600 125 1.2-1.6 ( LEAEIEL 1.6),
ISR RR 2 3-4 h Ao fqs

@ | — DR R ERE B B M 7 2 50 mL 5508 I FA B0 AL, 7E 4°CF 3,000
rpm 2.0 3 min WAL il ;

OB LS AN M S5 I T4 20-25 mL 1 M 1L 37 v 25 R 40, FH R YRR 3T B
I ETFE 5 B RR, TAeHEESG 4°CF 3,000 rpm &40 3 min;

®MF 16 mL 1 M 11Z4EE. 2 mL 10xTE A1 2 mL 1 M BEFREKG E— 25 b B0 5 1 B 1
HE

O¥ L —PIERA R EEMHEAET 30°C. 200 rpm MIREKE 75 30 min, &
F5JE A 200 uL 1 M DTT, [A]_ BRI &4 S5 75 10-15 min;

@HE T E K E R E T 4°CHIEOHL, 3,000 rppm B0 3 min, FER_EFERS FH AT
20-25 mL 1 M L B4 5 B 2 1K

Offa—REEEOGEFHF R EHER, MATAT 500 uL 1154, 7Rk 282 100
uL 3B IT0R EP B, BRI BRA AR 2 AR E IR HLA -

(2) R P BR 20 P Ak 10 0 BB

OFRIEAE 75% (viv) FHITEEE N 0.1 cm IR (BioRad, USA) B, AT
WARJETE TS G, FTIFWRAE AR ik R A A

@¥ 1L (Gene Pulser Xcell, BioRad, USA) HIHHESHIKE N 1.5kv, 5 ms;

(DN H 3 fif 1] 46 B VAR A7 A B IR VK AR BRI B B2 S B T UK b, Rl 5 8z
SR FRRS) FRARINE A 0.5-2 ng, M — B A EZE 1100, BRERZER
FERT, o kR RN

@)W ETARLF B SZ A TR A U IR L 7 22 AR I kv

O MBI IR, B EEEREMA 1 mL B2 1M LA
75 U 4E R R WO AR R 5 #2 &2 50 mL B O BB B B

®MNA 2 mL YPD MUK REF:%E, 7F 30°C. 200 rpm 644 F#ET 2 h A RIE TR,

OE I3 e B U UCEE B AR, B K B AR 2l 7K 3 2 3, BGE & B VAE o AR L A 5

@AM Ja s P E T 30°CHEE FRA BS 77 24-48 h Ja 3T FHE se FEIGIE

(3) MR Pz B FH A o o2 i e

Qi B8 FRIX B AR IRE I E : 2R IE SR IE A 51 sk DLsokr ) B 5 R 5
Y, PREUR M5 e 55 Ak 1 34T B V& PCR, I 5E BH P Ja 5k 3% A i b 22308 YPD
HREE 24-48 h e, FHBERHREGARIG (EREREEREARARD ST kL — D
17 B BRI ) PCR BiiE 5

QFEE R IE IR : FREURF IR BRI 7 1 DNA B0~ BCPAR w7 F b
EIRAEER, N 700 uL FE EHEEUR (Tris-HC12.42 g/L, ZR4%4 1.36 g/, EDTA 1.86
g/L, SDS 5 g/L ‘K Ja & i frf7), RAJEEEME 15 min, A 350 pL &5 A1 350 uL
DNA $#HURFIE 78 78 21 )5 12,000 rpm &0 10 min, 250558 FiE 25— EP &
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JIA 600 puL &4 787351 J5 12,000 rpm 250 10 min, B0 G588 FIGEE 5 — EP &
TN 0.6 AR SR EE, 1) )5 B T-20°CUKAH 78 43Uk DNA, 1h J5 12,000 rpm &
O 10 min, O JEF EEMA 1 mL 75% (viv) ZEF, 12,000 rpm 250> 10 min, BEE L
—, FEEFEEBN 65°CE&BIB T CBEAK AR, A 30 uL ddH.O0 FEAaill
DNA #KFZ. VIRTHEH LR ZH DNA B T B L) PCR 304E, 1E5r AITEZ
A [FIJEE AN 3 A _E W B6E PCR BIMIHE T /2. 4738 X PCR BRiiE .

5.2.5 RT-qPCR 55

30°C, DA [) Spp 2 VR A5 W DA AR P s 77 B R 7 HH R I R AR 79 A 742 T R
T. cutaneum MP11 F1 MS28. 24 h JGSE4ML. 2/ 2.2.6 7775317 mRNA $EHUR &
. WS RN RT-qPCR 5256, UIFER ALGY9 (HTmMEREREEIER) NS RE.
RT-qPCR FTHGI# LI 5% T ik 4.

5.2.6  JH0 A ACHE N AT iz A B KA

Y # 21 5 20 g/L F5FFER) SD Bi ek, 18 30°C F15F% 10he 2A)5, WadEdn
MTFEHHET 5 H 20 g/L AR¥EL 20 o/L FHhi{fkE ) SD #5375, #5374 OD600 214
20 J5, $53% 30, 60 1120 min &5, 73 AEE 10 mL #¢a J5 HFPA 1) ddH20 Padk 2 IK,
HETF SmLddH,0 F1, EIFFE 37°CF 250 rpm FiEHE 2.d, FH 0.22 pm (K38 AL 45 21 g
P ICIRE, B P OB iy (HPLC) llsE & 887,

5.2.7 ARV EORIIRAL BEAN v
FARREAT B FRAL BEAN [ A AV BE L 2.2.3

528 CZFEEREE

DA 227 A A A HE B 1) B BB 7R 25 TP IR QB R BAAE 3 L R IR RE R 34T, ATl
JEALAE YPD 53R S IE ST IR, FHIK 240, LL10% (viv) FER SRRl Rh 2
R EE TR, B IR I R BB AN E TR R I 5.2.1, I BN Uk IR E 2 B8 R 30°C,
200 rpm, 05 M EEMNBNE BT pH £ 5.5

PAA R 2T 4 & JFORHR] 5 WAL 3L & B (SSCE) J7 s\ T 2B R B R30S 1L 3 1K,
55— IAE YPD 85953 AT R 9% 24 h, 55 IRAE 5% (wiw) [ & B B KREAT KRR (&
KRR TR 3.2.3) HidtfT, BREFREE (AW 5.2.1) SMSNAIT 5 mg &
F/g FYIRIL 420, 3 =IRAE 10% (wiw) [l &8 E R KR 3T, BioNGR
S mg B A/g TR 4R . 2R EE G R TMEL IS FEE 5 L RFRE (I
AR AT, BN 30% (wiw), 7E50°C, 150tpm, ¥#iN 4 mg A Jfi/g T
VIR &AF T AT 120, [RE BRI R RIS I TOME A IS DR R A B 220 3 L )
Riggr, KEEZATN 30°C, 200 rpm, AN E FRERW 5.2.1, H 5 M S AL NS
pH % 5.5,



BAEIKRF WHEAibT 977

529 ik

Wz HE. KB, ARESFEIT HPLC (LC-20AD, Shimazu, Kyoto, Japan) ], B
N RID-10A BURZH 6N 2S (Shimadzu, Kyoto, Japan) A1 HPX-87H H 4 i%4E (Bio-
rad, USA), ViahAHAN 5 mM BilRIETR, E A 0.6 mM/min.

1 F L 483 6 6 i+ (BIOMATE 3S; Thermo, Waltham, MA, USA) #5141 fit) ¥
0OD600 LA =41l [ A= K &

53 &R5M%

5.3.1  TRARROIR 22 f s BEA 57 £ 4k 3 KR e FEAR R 1 3t

5K PR L, 20 8 O g 30 3 NP AL SR AT AR R AR BOIR 22 AR B T
cutaneum MP11 F1 MS28 [FIFEACUTRE 1 2 E 48 5. BERSHEAT AT 41 4 2 K U vT R TR 1)
R AR (] 2.13a ME] 4.5) . ASHIETT 1 SafEAN R SR g ME— BRI 5 9 B
()G s R TR S AR R AP AR AL R AR T cutaneum MP11 BT HEREFN A KAB LR 1 o
Kl 5.1 KIS AR, SR AR TR S 2T 4EZ RIS I A7 B — E A RE . (HZ
PR TRAZ TR A0 & A BB (R R R R B R . AR KB LRI . RSSO, PR R AR B bk
FEATHFETE A B CRERI RS, T AR B ARTTA 30 /L DL R & 2R R IRI R . fEIR G
PRI (B 5.2), BFAH R PR RENS [F] I T COREAN RS, (H2 SOl Sops A&
FMZERBR, KBRS AH BN . PIPRTRAL AR B8R H B AR5 21 24 3 R A 4
PR P FEACURE D, JUHR BB RE IR Y, 144 h KIS R G R A T
PERI R T cutaneum MP11 1 MS28 HAG A A 57 41 4 3 J5URHBEAT Sl A= 0t G 26 7= B A
A RE o
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(a) Glucose (b) Xylose

—O0— Residual sugar-Parental

—o— Residual sugar-T.cutaneum MP11
—e— Residual sugar-T.cutaneum MS28
70 —a— OD600-Parental 25 70
—a— OD600-T.cutaneum MP11

—a— OD600-T.cutaneum MS28

60 60
350 950
2 =)
2 40 v 40
8 30 2 30
= <
O 20 20
10 10
0 0 K— — — —
0 24 48 72 96
Time (h) Time (h)
(c) Arabinnose (d) Galactose
70 25 70 25
60
*0 20 20
< 50 3 50
N2 2
© 40 158 o 40 158
a © @ ©
2 o 8 g
£ 30 100 & 30 10
©
S 50 O 20
< 5
10 5 10
o ———————9————90 oXK——F——++ —+@——@0
0 24 48 72 96 0 24 48 72 96

Time (h) Time (h)
(e) Mannose

70

Mannose (g/L)
[y N w S al [e)]
o o o o o o

0 24 48 72 96
Time (h)

51 T. cutaneum MP11 F1 MS28 FEA [F] BApE A ME—BRUB R4 T KA K SHEFER L
Fig. 5.1 The growth and sugar utilization of 7. cutaneum MP11 and MS28 using different lignocellulosic

sugars as sore carbon source: (a) Glucose; (b) Xylose (c) Arabinose; (d) Galactose; (¢) Mannose
SRR ARSI E ] PBS T — a2 G U IR A, BIIRTERGBE Y 10%H) 500 mL FEjH
BEAT, AE 30°C, 180 rpm HIZEAF N AEEE TR 96 h, AR FREHIIK LN 60 g/L
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(a) Parental (b) T. cutaneum MP11
—o—Glucose —a—Xylose

—&—Galatose —a&—NMannose and arabinnose 70
0 per—ODGOD _ 25 ()

w & W
o o o

Sugars (g/L)
Sugars (g/L)

0D600

Time (h)
(c) T. cutaneurn MS28

Sugars (giL)

0 24 48 72 96 120 144
Time (h)

52 WEHH. T cutaneum MP11 F1 MS28 FEIB-& BB (4K SHERE R
Fig. 5.2 The growth and sugar utilization of parental, 7" cutaneum MP11 and MS28 using mixed sugar:
(a) Parental; (b) 7. cutaneum MP11; (¢) T. cutaneum MS28
SCUR SR EIRTEALJE ] PBS Yo IR R FR B G B TR AL, BRAERE Y 10%H) 500 mL &)l
FEAT, 7E 30°C, 180 rpm (251 N REERGFF 144 h, WIURTR AR H 35 5 RR FE 4330 70 /L %
EIWE, 50 g/L AHE, 8g/L BHifHME, 2 g/L F-FUREM 2 g/L H#ahl.

532 RAPUIRL AR RIS ﬂﬁﬁﬁﬁlﬁﬁm¥m#Mﬁ“ﬁ

PERFAL LB b, 9 — DRl s Rapas 2w, 5 i m
Al N FHADARE =W . BATE SeXT T cutaneum MP11 (1) 4 3% DA 20 5500 - 25 S 34T 0T
B TR A ar iR i R A 2 —, BRI AR R R, Rl R e i e i
RIE L R AR R AR L ARG SR DR DK BRI B SR [, IR 4R 3 5%
TR 5 B B0 0 Y R 1 S R R Y 81 A A R R R AR R

N B BA TR TE H b AL B A A 50 3 DR % SRk R Aer il o 1 Bl B0 i o 22
J A R A e B S, R R R AR s AR 38 JE T P Bh R IS B KR (major facilitator
superfamily, MFS). #ith &K w#k T cutaneum ACCC 20271 Eﬁﬁ%léﬁzﬁ% ikt 17 A
MFS Fp ik H e (3R 5.1). Hi% BEACH 32 Sl i e 2t AT, S5 HAh B AR
FURE OB PURfabl . EFUBE . HERRD RACUIRAR IR BN [F) 5008 AU Y B AL ]
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® 51 BORZAEERP RS MFS FKIREZEEAER

Table 5.1 Candidate genes encoding MFS sugar transporter proteins in 7. cutaneum

Gene ID Description
Trcu 03878 hexose transporter
Trcu 03559 GDP-mannose transporter 1
Trcu 02200 hexose transporter
Trcu 00722 hexose transporter
Trcu 03962 sugar transport protein
Trcu 01874 hexose transporter
Trcu_ 04201 glucose transport 3
Trcu_04000 glucose sensor
Trcu 05586 glucose transport 1
Trcu 04600 monosaccharide transporter
Trcu 01509 hexose transporter
Trcu 01249 lactose permease
Trcu 01404 sugar transporter
Trcu 02678 sugar transporter STL1
Trcu 00919 glucose transporter

FEVIR LA e RIS IRTR G0 ORBE. BTh A aml . miaibs. HEepE. FI N
B YA 25 2070 BB g ME — B U A B SR AR rh B SR R AR . RAS MR RE T cutaneum
MP11 FI MS28, VLR AR AT B4 % T RT-qPCR 3256, R FUMEL 12 B CORpE Qi &
BRI 7K. BRI RE A ORI I I SEER 25 R, FEPIRRRAL MR, AR Hb
BE IR 5 A N E R is R B AR R R AR KRR — KPR . [EEERE,
Trcu_02200- Treu_01509 1EAN R FRARE Y ME— BV ES 75 26 A N A B, 78 T cutaneum
MP11 ' Treu_02200+  Treu_01509 7£ VAASFI RPN BIEE T2 5644 R, BT oK
T2 1M 6.4-28.4 1%; 7E T cutaneum MS28 1 Trcu_ 02200~ Trcu 01509 JEKI7E LAAS[F) B
PEONRIIEE TR 56T, AR SRR B3 Eil 3.6-16.0 £ . JEIHEAE DIARKE AE—
BRIE B IR, T cutaneum MP11 A MS28 I Treu_ 02200 FE[RI%E 56K 71 It N B
2, ol B 28.4 F116.0 5. ERRIIR A 4E R KB BNR A ERAE T, £
15 Akl s e is B B ol — PR Is R O 2R IFE T cutaneum MP11 FI1 MS28
Ry B 2 5 0A L, H Trew 00722 B2 LTS i, 1E T cutaneum MP11 F1 MS28
gyl i 15.2 F15.6 £
PEIRFLAL B 55 — 0 R PRl 0 A o FEAS[R) SR 9 ME— BRI EE TR 3R T, 0 A
AR I B R R AR e AR e e R, (] 5.3a-e) . KRB AME— BRI IRE TR 64 T
(K 5.3b), T cutaneum MP11 F1 MS28 H Trcu 01943 Trcu_ 00347+ Trcu_ 05012 FEH 4w
T IR BB SR B . AR It R . ARG 70 ) R 2.8-7.1 f5 40 3.4-4.6 fiF, X=A
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B (A AT 2 e DA Tl 1 A T A P 5 R i 7 ST PR B s e A A U B s 2k 3 N
MR I HEE 1% (pentose phosphate pathway, PPP). il i i 15 PR 1R Il CUE PSRN -1 1R
FREEER tH Treu 02268 Treu 03222 F1 Treu 00360 Ywtish, 6748 %5 KA H 2240 Ay —
WIRZAE T, RAE T cutaneum MP11 F1 MS28 HHix =AMNER 4> Fif 1.1-4.6 5. &
1 0 B M At S s 20 A i A R B B AR ) R (A1) S s NI RR IR 1% T cutaneum
MP11 HZIE AN 11 BRI, AW FTRAERE . 2008 5 Bl e — B 75 2%
PR E A ERRIEE B 11 A4S 10 AT 10 A4S, oA AME—BIR & 1F T 53
i (P<0.05) FIEREA 74 UAFEBHERASENBIFENRTFRELT, HRRAEkKS
PR U A DG IS DR e AR 35 i A e S /KT ) 0, AW AU A DG 5k IR e s RSP 2k (A
I 90%.

REERL, TERAKE T cutaneum MP11 Fll MS28 i HE#E 1z £ [ F [K A B4 /) it A 1
ity 35 PRI 380 R A B B I e ST B B, JC R BRI 2 S B R Trew 00722 Treu 01509
F Treu_02200 VA BT fg A0 %5 5% o A QU A Hh OC B RG JE DR 1) 3R08 Bl 190 W35
FAKVE BRI WE 32 0 5 B2 10 500 40 e AU A7 A DG ik DR 3R] 3 350 17 3 35 1 mim f A K
Re 77, HETIA T2 0 CTRAHEGE A BT TR G . T 9% BRI 5 1 IR T AR R e Tt
B Z Il R R A AR, D s AR S R Rk,
et 7 RERMBE DR . o, RAFHERE T cutaneum MP11 Fll MS28 W =AM pEEL 12 1R
F R 2 R B R T3 & ) T MR 2R DA =AM R s S A T R R A
1Rk — B IRIT

(a) Glucose

301 mmm T cutaneum MP11

== T. cutaneumn MS28

20

Fold change

T T T T T T T T T T T T T T T | T T T T T T T T T T T T T
BRSSP PSR FAB PG SRS PSP g S
FEIS FEFFEFLIITES P PP FEF P SE
SRS TPNEGNVENTENVENTENTENTFNTFSNTFN TN TSI TN TEEVTANVENTEN TN IV TAN VI T TEN TN
AL RERERERCREREREAEREREEREERE ARG ERERE R EREREREREREREE

" MFES transporter | | Glucose metabolism |




[ A"

L % i -

F1027

(b) Xylose
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(d) Galactose

*ke kK

15+

T |
o [Ts]
—

aBueyo pjo4

@
S
PNTANYNTNTNTNTNTL
SESE \}\‘P@z&‘%&z@i
Galactose metabolism

S

AN
S
Q“L
&

D M
O
PG

NSNS
<&

&

OO
O
(e
P
K&

NPRG)
QLD
)
P
&

G,

Q]

o
PATANTNTNTANTATNTNTNYS
0@2@\\} YO8
MFS transporter

o
e
8




BAEIKRF WHEAibT #1037

(e) Mannose
10—

%
*
*x . * *

Fold change

-5 T T T T T T T T T T T T T T T T T T T T T T
20 P2V A D (P PP DR PADD Db D DAV O P DD S D
TS FRFIRLFLTITPRS PP L TR FE S
ISTPN TN TFNTINTINFANTENTFN I\ TN TFNTFN I T NFENTFNSFNTEATFNIFNTIN TSIV PENTANTFN TN
P S A S A S A S S N S i S S S A P P Sy

MFS transporter | | Mannose metabolism |

(f) Mixed monosaccharide
30

20

Fold change

<
P A A AV VA VAV VAV A VA VAVAVAY R VAVAVAVAVAVAVAYAYATATATATATITAYAY S i p s avAviviviviyiyipivieiy
REEEEEREEREEE (G REEEEEEEEEEEEREEEEEEREEEEEEEES

(REEEEERREREEEEEL
L MFS transporter 1L
B 53 DAFEREFENE—RBEREEEEMT T cutaneum MP11 F1 MS28 H MFS B2
B A AR O B K% FoKF- 24
Fig. 5.3 Transcriptional analysis of the genes related to MFS superfamily transporter proteins and sugar
metabolism using different monosaccharides or mixed sugars in mutant 7. cutaneum MP11 and MS28: (a)
Glucose; (b) Xylose; (c) Arabinose; (d) Galactose; (€) Mannose; (f) Mixed monosaccharide (*, P <0.05 and
** P <0.01 between the mutant strain and parental, by
Student’s t test)
SIS MR F B G R, BEIRTERMEN 10%11) 500 mL #RH#E47, 7E 30°C,
180 rpm 25 HE F1EFE 12 h, $REU mRNA R 54T RT-qPCR SZ56
E: (@), (), (), (d), (e)TLuhrh & FpE IR EY N 20 /L, REWEFIFRIL 30% (wiw) [E&&E
R4 KRR CRI%TFE 100 g/L, ABE 30 /L, BlRifAME 2 /L, FFHE2 o/L, HERE2 gL,

Monosaccharide metabolism |

5.3.3  {EERINPEERE A5 I AIE S AR B IR 22 7 e R CUBE SORE AR U BE 04 10 SR A
FRATTH P 78 R IR 22 7 P Bk v % 2 26 DR 8 41 2R 50 0 T 30 o 5k R g o B 3 ik DL

IERRIEM =AM IS B AR Treu 01509, Treu 00722 Al Treu 02200 #7552 RALH

PRBEACU RE J1 3R = I OB DR 38 o H 2 FH T HOIR 22 70 B (1) B DR R A 3R 0 A R D 45 22 R
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TAVRE =AW i T ) B A BRI R B AT Sl Rk, fEE T IR UESE 30 (1 RN, i ge
{5 S T e R R PR AR A i

MR YEIEERE AT Treu 00722+ Treu_ 01509 F Treu_ 02200 ¥JZmts CHERIZE A (£
5.1 BERF 12 B 1 IR AE B A AR 1, 5 LS5 M A AL I B 3 T e i
R RIS AN T RN RIS, O T- 0 (1) % da & B 58 ORI R E RS . fER
FEAC I BE 7 K 32T 10 AR B R e S /K 35 A Treu 00722p. Treu 01509p il
Treu_02200p I AE A2 =56 A T ) i e ia i .

W = AHEZ [ Treu 00722p. Treu 01509p F Treu 02200p 1) 8 R4 K B ALK
BT RGE KRB LMD (B 5.4). Treu 00722p. Treu 01509p Fi1 Treu 02200p J& T-AS
5] (15332, A ClustalW Sk = AN WEH 18 85 E 1) > R EEET Eont, R4 MEGALL
(AR AR AT T . A5 KW, Treu 02200p 5 Gxflp A%k RZMITL, Gxflp /2R
T T B A RE R = I YR R B B8 R P38, Treu 00722p 5T B IS E RE 1)
DEHA2C11374p HHEHE AR K R BT, Treu 01509p 50 (G 22 0 R () Hxtlp 354
KA, Hxtlp /& Hxt (CHERIEEAZRE FEBPIARELEHE. Pz EaikE
Treu 00722 Treu_ 01509 F Treu_ 02200 TEAS[F] SRAREFVR A 055 77 2640 R 30 B B 5%
KPR B, HIRZ R R B H AT 2058 R BRI R B NI R IE Kk (HXT)
e, KRUER 2
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- Saccharomyces cerevisiae Hxt7p
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Trichosporon cutaneum Trcu 02200p
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— L Candida Intermedia Gxs1p

- Arabidopsis thaliana Stp2p
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54 80
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—_— ——— Debaryomyces hansenii DEHA2C11374p

Trichosporon cutaneum Trcu 00722p

Ambrosiozyma monospora LAT1p

Ambrosiozyma monospora LAT2p

Cutaneotrichosparon oleaginosum Hxt1p

Trichosporon cutaneum Trcu 01509p

100
Trichosporon asahii var. asahii Hxt1p

B 54 BREEEREEANRERKER

Fig. 5.4 Phylogenetic tree of the candidate sugar transporters

SRR I B B R TE R G, RABM BT VE T 5.2.3 Mg ARSI 5 R
RERPRIG FH 1) LA KanMX (G418) 1EATREARICHIZRIA TR, J58:75 R 2 SR R R A
MIRgsE M, B Bk R 3 F NS SR GAL2 CEIUHREE Jash FE N E 5
IR A B R B o A BT B P A BRI B B g R R4 Y JE 2l F TDH3p
(3-Tle g H vl s i B 2L R S 30 1) 1 PGK1p (3-Ri R H I RIS £ R B 3h 1) Bkl 7t
SERCR) 43 A L TDH3p A1 PGK1p 185 8131k GFP (S5 GE D FE R )i B9 R0k
FiRiE N S. cerevisiae 2100, FFHRIFH W BMEIEITUNE, S5 NTH TR (pYES2-
KanMX-TDH3p/pYES2-KanMX-PGK1p) %R HRAHLL, 1] 5.5a, PIANBRIEGEELEE
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B LA FR pYES2-KanMX-TDH3p-GEP il pYES2-KanMX-PGK 1p-GFP #% N ¥4 G4 {67
o #E—Pulid RT-qPCR SZ3ataill 7 LA pkIE B RIS GFP BRI 2GR,
&l 5.5b KB, DL TDH3p 1508 81 Kl B RIAB bk GFP BRI RA B 3w, RI#
TDH3p JE 3 F1F A J5 S 85 21k BOR AN EE & 2 JFURLIV J5 31

(a) Fluorescence image (b) Relative expression of GFP under different promoters
Control 087 = TDH3p
—= PGK1p
c 0.6
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Fig. 5.5 Comparison of promoters in expression plasmid: (a) The fluorescence microscopy images of S.

cerevisiae strains episomally expressing GFP genes under different promoters. (b) Relative expression of
GFP genes under different promoters in S. cerevisiae. ALG9 was used as an internal reference gene, and the
relative expression was the expression of the GFP gene under different promoters in expressing strains
compared to the internal reference gene

SIGAKPE: BMRIEIGE S YPD Ki R, REIRTELSMEN 10%01 100 mL [IFRIE 3T,
30°C, 180 rpm (&5 N 7% 24 h, EFFERIINZIREE N 250 pg/ml B9 G418, 1577 45 o I & B 1k
Ve WA AT EDG N R, W BOGARIE R 488 nm 1) GFP &5 E A M. B

BB RRIL R AE RS (AR,

A S F B 48 0 v iR S M A RS B B AT A BE B B AR BRI BE L) S, cerevisiae
7100 BA A 4R CBREM T AE =3 7). B et s B [ A 2 Treu 00722+ Treu 01509
Al Treu 02200 ) 3’4, Sk HAEBRIEEELE R AL B . L& EZ 71 Treu 007224
Treu_01509 A1 Treu_01249 ] cDNA v Bt a4 A e80& 5 1 iUk pY ES2-KanMX-TDH3p
() TDH3p (3-ff R H- i 5 Bt B 2L R 2 ) J& » 3381 pYES2-KanMX-TDH3- Treu_00722.
pYES2-KanMX-TDH3p-Trcu 01509 pYES2-KanMX-TDH3p-Trcu_02200. # & =45
RLFE N S. cerevisiae Z100 H, T % 6 B Aem 34T W52, 45 R R 0, tnkd 5.6, S. cerevisiae
Trcu_02200-GFP, S. cerevisiae Trcu 00722-GFP. S. cerevisiae Trcu 01509-GFP 1) Y 4E
AR T, HARAFEA MR 0 A O 6B nT RE A2 IR B T N BT L e 2R AR i
HRERNERE, U EGERRYRIE T AR 2 AR #1258 H Treu_00722p.
Trcu_01509p 1 Treu_02200p R ff A [r) 2 L FBE , 76 BRIPS I BF v B % HoAA B E I DR
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K, S. cerevisiae Z100 7] IAE NIAUEIX ZANE BOIR 22 f R RIA B 3% HAf e 2
PRITE R R bR, WA EE— Dl S bER I RE 13k e m AT 4 R A R .

Phase-contrast image Epifluorescence image

Trcu_00722p

Trcu_01509p

Trcu_02200p

B 56 FEREEHA Trcu 00722p-GFP. Trcu_01509p-GFP 1 Trcu_02200p-GFP FjERE R REE
PRI B B R
Fig. 5.6 The fluorescence image of strain expressing fusion protein Trcu_00722p-GFP, Trcu_01509p-GFP
and Trcu_02200p-GFP
SIS WRRIEAL G AR R YPD R 3, BEREREICE Y 10%H) 100 mL HOREM kAT,
30°C, 180 rpm 45/ N ;7% 24 h, EFFERIINZIREE N 250 pg/ml B9 G418, 1577 45 o I & B 1k
etk R AT FOG T IR, W53 P0G 2L £ 488 nm () GFP 8 HE M Rk, RAEift
e REFL IR B (AIRD.

WA Is | ARR Treu 00722+ Treu 01509 K Treu_ 02200 15 SR 22 58 F R SE R 41
IR O s B, RS R Re 1A FEilt— P InE . R TR SuEH
T ACHE T B 7 AP QITE 1 S, cerevisiae /N REAEAKE SR HAFhE AR, HATLLK —
AR SRR RS PRI, T DR T 0 AR AR R AR DL R XS N A 44T P
AR B SR VPl =AWl 18 B 1 1) IR RIS B 77 o 78 N YRR 602 B 1 4 0 e B ) R
P REZRAR AR EBY.VW4000 Hit471Z 52561239, DL S, cerevisiae IR ARNERE J15¢
I EE 85 11 Gal2p NXTHE, K3EH Gal2 M= AR 8 3 R/E EBY.VW4000
BHATRIE, SR WE 5.7 FR, 78RN ETR pYES-KanMX {15} JE B K H = AN 1]
A ) S ARG W S B A BT R AT R . SRIA SRR T R 2 R = AR s
Trcu_00722p. Treu_01509p 1 Treu_02200p {8 B ik EBY.VW4000 7E il ]9 AR 88 1 AHE ]
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FLAEHE, FFHIHAF Treu 02200p 1)K FIZHE Mg 5T Gal2p, FHXEUTF. ET LA E
SEIAIEAESE T RIR SRR 2 F8FERER Treu 00722 Treu 01509 F1 Trcu_ 02200 F: [ 2
S 2 AT DT R R 12 1 Th e .

(a) Intracellular accumulated D-xylose

- 50 —— 30min —= 60 min == 120 min
Q
52 40 ok -
S O
=ya) * *
32 30 *
[SENe] *
@ E
i — | *
Sg 20 * .
=2
g % 10
£° e M ]
= =5
0= T
N
< 0\@ @’7}(& ,\q,qfl 60@‘2 q/QQQ
< 00“ \}Q\ v
Ve e Vd
< < <&

(b) Intracellular accumulated L-arabinose
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Fig. 5.7 The pentose transport capacity of the transporters: (a) Intracellular accumulated D-xylose; (b)
Intracellular L-arabinose

SEOG S WMRIEIL R R R SD B3R At BEFRAEREMEN 10%) 100 mL FEH AT, ZSEI0H
FARRGIN VAN 5.2.6

BE— W RIR T ROIR 2 fEERE R BE 3% 08 BE VR R Trew_00722 Treu 01509
Treu_02200 1£ S. cerevisiae Z100 HHATRIE, LAIGIFFRIATE ERIBE L 18 1R 2 75 72 R 22
Tl REREAR G B8 ) B PR A I IR ER . DA R B #k S. cerevisiae Z100 5 N\ 73 #iURLAE Xt
MR, HEHATHEACSBE N S AE PR R T ARSI . R RIS AE SRIGAE 3 L R EERER AT, With
HEHERIANE RSN 40 g/L. REZEFEH OD. R A FEREHER . ACHEAR § 3 R A
LB EUNE 5.8 fi R o £ S. cerevisiae Z100 H T B3 R 1A Wi %18 B I 5L R Treu_00722,
Treu_01509 1 Treu_02200 J5 ARRERUIEZE 7514 0.19 g/L/h, 0.24 g/L/h A10.28 g/L/h.
R (021 g/L/id), 430K T 11.3% FHE T 14.6%F1 31.6%. FIFEFIELL
=AM E A, 4h WHEIEFEREER 25008 4.1 g/L/h, 41g/Lh 1 4.0g/L/h, 5
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JRIGBRRAELL (3.9g/L/h), 3 HITHE T 5.1%. 5.1%H01 2.6%. MZERTTLLEH, Fikbl
b =N RS R 1 TR R A R AACRE AR R BT R, (H R E R A X TR,
VA AR R R P 5 H R ok )81 67 B AT LI SN o PRI X =AW 3632 B A (W s Ras A
A2 B MR 22 0 TR R CORE AN 2 B R0 B8 00 Y2 35 4 v AR A D A

(a) Glucose consumption (b) Xylose consumption
50

—e— Control —e— Trcu_00722 45
—o— Trcu_01509 —o—Trcu_02200 40 3
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30
25
20
15
10
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2 Q g
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Kl 5.8 REREHESEOER Treu 00722, Trcu 02200 F Trcu 01509 W) S. cerevisiae
Z100 {1 R BRI

Fig. 5.8 The fermentation characteristics of the S. cerevisiae Z100 strains heterologously expressing
gene Trcu 00722, Trcu 02200 and Trcu_01509. The strain glucose consumption: (a), xylose consumption
(b), ethanol production (c¢) and growth (d) in anaerobic fermentation.

SIS S A RIEAE 3 L RIEFER T, SR BRI RES B IRk, RIBSR N 30°C, 200
pm, HENFEG] pH & 5.5, KEEN I ZIKREEA 400 pg/ml #9 G418

BEECL ESEIGAE IR, N T IRAIE A ROIR 22 70 e B CURERN SORE B AR RE )8 1 O%
i R, B LSRR KT B3 R BN A8 B BRI Trew 00722 Treu 01509 F1 Treu 02200
TEBRIE L) S. cerevisiae 2100 WHERIA. 25K, FIRFRIASGH ARSI CCR RN 1 f#
PRELE &M, ATATRERIIRR . ok, TTREAR BT FURRIA A R & T RRIR I S5 R 5
FIhReZ BI5EM o 55—, HAR R IR H ) RO 22 fla 9 B 548 B AR B B8 0 AR AR L AL
EIRRKIN T .cutaneum MP11 B 745 5 i A7 55 8 5638 FOHE AU BB AH OC 1) 3 R R A,
TERAENE AR ARG B R, FEAE IR IEALH NS R 4. SR T cutaneum
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MP11 A1 MS28 i 4% Bl 2 52 AR A X AH OG22 PR (10 942 m] g S 3008 3 A B A s
R R . EAERNE, WA =T B R A 20 T hE T ME S
e IR AR S M, L T N S S R I AR S e S S R 4 T RE
e HEA B OB AQIAS B8 70 b ve ) S R R o e 10 7 M ik A R R AT O [ 41 & £
FERE iR i HIS PR TR AT B2 AR 22 A B 5k 59 A4 A U AR Vot R A AT D3 A2 3 B (1R L 1 AL

(I 3.5) 0 Lo 30 N 7 I R A PR 50738 B Ak OB AN I o ) AU RE 0 BT AR AR J5L A
Vit Zdt— 2B 923

5.3.4  (ERRIPIRBE b RS RIARIE T BOIR 22 f BB B #5122 A 2k A

£ S. cerevisiae Z100 H1 R F A YR T B2 AR 22 il BF 0% i B 1 2L ] Trew 01509 A
Treu_02200 J5 AR HHE R A AT F+(5.8b) , (EH 2 B th i 2 R Fiif% s 55 Treu 02200p
A RE A AR gae /) (B 5.7a). BRIk, 1E S. cerevisiae Z100 Hidt— P H & RIX
Treu 02200 R L2435 S. cerevisiae Z100 HIAKEA I BE

FERRAB IR B PO Treu_02200 Z: RIS R IE G LB 85 RIG AR L 22 R A B3
JER ERI AT R 2 Y P B U 120 a2k UKL KI5 DU IR o BRI, 3E— 28X Treu_02200 PR 3EAT
25 IR G AR IL . IR BE A AR RIS E AL J LB, A BT 75 DL A 2505 3K
e FIIEE A SR AR R TP b BRI RERE R4 Pk fA DNA (tDNA)D £ 100
AN EEFEIG, FHE 18srDNA &N Treu 02200 2R 245 TUREA A7 5 DA K FR
JEG v BRATS I B AR R . AR EAE pUG6 Ay E SR, A 5] 18srDNA |
N RIS K i 1DNA S H 28 DU G A . 2558 3RAF BIPEHAL 7 Ja X R & AR EAT
ARJREFYEZAR FR CFOKRFEH N ERD A ACHEAC T 68 770 L B2 A7 B 0 ER 7T CInf&l 5.9).
L TR %A S. cerevisiae Treu_02200, 41K 5.9a, 12h I, S. cerevisiae Trcu_02200
A FEAC U AR LG T R R R B = 5.4%, KI#R 96 h ARERIFE R A L T H R B bk
fEi 1 25.8% (& 5.9b). HEARBGRE GREKERKRER AR, RO~ E5H
KR EEIRACA R BG5S SRN T 4 A B 3R s Sl 21 H R
Yi A AR AT PR
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(a) Glucose consumption (b) Xylose consumption
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Fig. 5.9 Fermentation characteristics of S. cerevisiae Z100 integrating the heterologous sugar transporter
gene Trcu_02200 using 30% (w/w) solids loading corn stover. The strains glucose consumption (a), xylose

consumption (b), ethanol production (c) and growth (d) in anaerobic fermentation.
SO SF AT TRAL AW EE 5 ) EORREFT BRRRUK A 12 h (30% (w/w) [EAEED. Bl 10%
(viv) BEePpEHERD, [FEREHELIE R IFAE 30°C, 200 rpm (1251 N IEAT 96 he

P FRIE T BOR 22 U BEREAY Treu 02200p 7EBRIEEERE P IR RIA RIS B, BR
P TR R, (B E AR AE KA 2B A P R R R T S R
XFE R B RN OB = B R F AR A IR, i — DR E R . MFS Bl I8 8 H 50 AW
HK: B, ATHFEREE EAE BRI R RS B m) Ay 808 (Facilitator/Uniporter ),
J& T HeBhis i, AWERL IS KRR S ARBE SR MBS, (HFHE R m: R AMK
SR VR A P AL R A IR0 TR Y FE ATP R & 11 )5 7 [7) [7) 13 [F] 3L (H-linked symporter),
J& T EBhigk, AR IS IR R ARG BUmsR A T, (RIS R AR, BRIP e B)
TN VRPER RIS RIS 8 T 238 —Fh2%), 4 AE EBY.VWA4000 =i RIE Gal2.
Treu_00722\Trcu_01509 F Trcu_02200 FIE#IEF 2 OD600 Ny 1.2 A ddH20 Heik 2 IR,
Ve Ja EET 20 mL i sh BRI R ZE pH N 5.0, I 500 uL 400 g/L A 19
T I IR pH B, FREEEURE ARSI pH {H, JEIS BEANAEE pH (AR AL A =N 518 B
2R, SEIRZE R 5.10 PR, R s AHEEBUMAT [8] 21, A4S A pH IR
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pH AR A ) 248 . 35188 A Treu 02200p 2328 B AR AL RGN B 18] B P 400 i v pHL B
T U PE B o FE A B T PN 2R - Treu.02200p J& T3 7 [F] A1 %844, 1T Gal2p.
Treu_00722p. Treu 01509p FRiA W PRAMIETR H pH A H B2, KXW ER)E
T MFS ZR IS i 5 B .

& 5.10 fi4h pH ERIZRAL TR R IE R RAY
Fig. 5.10 The type of transporter was indicated by the change of extracellular pH
SCEG SR WKL R BRI RS B M Fh IR 34T S, HURE N DR JE B HRATE

54 EKB/NGE

ARIFREFYEZRITHITT ARE DR TR ERESN, B T ORESNEA 2 30% I B, 12K
B, JCHOEAHERI A R, e mBOR AR AT 42 R AT 52 B A2 007 il i B T
B AR 22 O I Bk B AR AT D[] I 0] FH 46 ) B AN AR (L2 LW [ R B AR AR R o BT 1A 7
P28 B0 7 B I B 1 A SRS I IR R AR BOR 22 U BE BE T cutaneum MP11 Fl MS28
CUOBEAT RS ILACU RE ) B 25201, X — 0 R AR EEPE R A HE— DR Tt . AW E Sk
I P9 R R AR T R A FH AR o 21 4 2 AU ) B P BB A R =2, Bt — 2B R IR b 1 b
iz B AR AT S8 DR A B s /KT o H240 H PR 928 D R P I iK1 251 8. 25 LR
SARERISE AL, AR RN I R P gt AT YR Rk DA IR R AR BOIR 22 AR B OB IR
SR RE IR = B SR IR R, (RIS A SRR v MR I BE R AR RE ) . AT R E BT
LR

(1) EAFE HBE N ME—FRIEAR SRR FRAE T T cutaneum MP11 A1l MS28
REMS SEIL COE AT OB DR« PRI FH o PR SRR T ok oW e 3 R A A O R IR e o
KB IN A B, KAz R AN % B e A QU A S R A e oK i B .
IR PR A s R U 7 A QU I [R) 3 550 7 3 0 i B A

(2> LA [F] BB DA ME — B 5N VES 15 B 2 1 T AR SR AR T AR S /K P sl 5 42
JEH 3 AN EEH LR EE AR Treu 007227 Treu 01509 A Treu_02200.
B UL b= AR IENE I R AR IAE S, cerevisiae Z100 H 471K, Trcu 01509p F1
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ARG BHIE RN o (R DA b s 3Rk B 02 B 1 B TR AN A2 R ROIR 22 fR R B U . Ok
SEAR U AR 5 = AR AR B R o AR B8 = 25 50 T 90 J7 ol S T 7= e B R B AT AR AL
IR T, 8BS0 J1E AU S 5 5 S @ B S 5 AR EE 3, ARG 1R
P 0T e AL T AR A QI A P2 10 SR IR o R 00 0 P 38 B M AL SR AS I AR B ik
R B B [F AT RE 70 T IR AR A 5 BRLAT) 75 B2t — 0 42 408

(3)  KhEdLiz e JTAHAT R Treu 02200p 7E S. cerevisiae Z100 % #% VAT s 3E4T
BEG, ABEREE —ERERES, ERERNAEKM I ERA RS, X
()28 ST CBER TR VA A R o #5525 5E H Treu_02200p J& T FERE & 15T 1 [F] )
IR,
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FoE HiLtERE

6.1 45w

P EERE T S TR WARFR R B 5. R AR 77 B AT T A P g A
B AT EGEM T)o DR A4 R AN TN ER, Gl A YRR & A4 = A Y i
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(7738, BRERE T =M EERE I R RN B B8 J) o A ST E 75 9 R 25 0 7 WA B 1 i34k
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(1) FRAE TEEE O Wria & NSRS R E R T cutaneum MP11
YYS52 WAEBRHIE . PR R AR A MO AS . AU BE S M St I R 2R T RE . R
HARRM A . Fm IR R B RS, AR OE AN E R, AR o R
B A H 5 RS B B PR . A DR 4 S0 A A e o A 3R HJB 7R T 4 B B AR AR
IR R ) TAL N s R 42 1R 35 U8, D02 0 SR o AT ik D] ) R A v R IA W e
21 o B 2H 73 A8 A ) SB35 o IR DT O B R ) AR R B S T | U T R AR AR
T A BRI B T 00 B2 S5 IR o PR SR T R R FH R KRG T 9 SRk e T A 7= 144 2 v g
(=& s 2 40.3 g/L A1 58.4 g/L, LI 1 A 0T 21 4 25 A W S AHE IR R T A = Ak A A il
JE P R TR R o

(2> HRFE T B O J7 I8 38 L 33 4 J7 25 H B o B i) AR o 5t B TR 25 5% 4 B T
AR I RENA o I VR B TA) 48K (RO 85 00 70 I L P 2B A A R S T RHR 22 fra
RESH M ARFR 3G K . 4 H BE 2 53 (1) OB AT G & R3S 2 o 68 250 7 Bl aE RLPE EAL I
T — 0 S BT (B 41 A TR R A A IS DX R P 440 A4 AR 5K RH e i 3 o B S
0o 77 R A 77 YT TR B4 o T 2 A ) DG B R 3%

(3) BE5E 1 — KA I T B A LR ST R A% 33 8 B0 T I8 AE 5 R IR AR R
WU 115 T BB . B ST AR A BAEM AT, VB2 T DL Ypkl A%
B TORC2 AU A5 5 188 25 0] 7= Yo I B A% 8 5500 ) 3845 5 9 I i A oA =
TR R o DR 2R IA 2 2 A A0 DSR2 1R A /K ORI S5 S 30 R B, 7RI B0 e R,
PG AT Slml RIAE L, RN 52 Siml #35H) TORC2 £ EEFIEY) Ypk1 IR /K
ST, N IERON LR U FAST A ACC FIERE L, NImHE s 7 PRS-
I B ION LI S 5 K2 38 85 1 TORC2 B PR 177 2 S SO B O /7 a3 T
Ypk 1 B B AR P B AR, [T 248 PR XS A S 80 IS UG UE B T =3 B BE R SIm 1/2-
TORC2-Ypk 1 AU 7115 530 2% e 2 4/ T 12540 713 Pl 2 30 95 M (R i3 L ) ekt I R 1) o
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Table 1 Primers for qRT-PCR in Chapter 2
Gene ID Annotation Forward and reverse primer (5°-3")
Trcu 02121 mannan polymerase II complex HOC1 subunit CCTCCTTGATGCGGTTGAT CCCGTCCAAGACGTTTGC
Trcu 00947 mannose-1-phosphate guanylyltransferase CCTCCTTGATGCGGTTGAT CCCGTCCAAGACGTTTGC
Trcu 01890 mannose-1-phosphate guanylyltransferase GACGCCGGGGCCAATGGCG GCGTCCGCCAAGGTCGG
Trcu 02036 dolichyl-phosphate-mannose mannosyltransferase GGAACGGCACAAAGTGGA GTCTGTTGATTGCGGGATG
Trcu 02921 dolichyl-phosphate-mannose mannosyltransferase GGAACGGCACAAAGTGGA CTGCTCCGTGGACAAGG
Trcu 02955  dolichyl-phosphate-mannose mannosyltransferase CTCGTGGGTGACCTTCTTCT TTGTCATTGGCTGCTTCCT
Trcu 04499 phosphomannomutase GGATCTCGGTGAATCCCTC AGTTTGAAAAGTTTGACAAG
Trcu 01427 mannosyl-oligosaccharide 1 CATCCACGAGCCGAACAT GCATACTACCGCTACCTCCA
Trcu 00284 Alpha-1,2-mannosidase GAGGCTCTTGACATACTTCT CTCCGTCTCGGCGACTTC
Trcu 00569 mannosyl-oligosaccharide alpha-1,2-mannosidase GGCAAAGGGCGTAAGGAAT CGTGCAGATCAACCCACCA
Trcu 03942  alpha-mannosidase Man2cl CGCAGCAGCCTTGGTTTT GCCACCCTCAGAATTGCC
Trcu 00855 beta-mannosidase Manb CCTTGGCATTCACGACTTGC ACGGTCTCGGTGCAGAAGC
Trcu 04136 1,3-beta-glucan synthase ATCGGGACCACAATGAGC CATCCCCTTCTTTGACCG
Trcu 00077 1,4-alpha-glucan branching enzyme TATGTGTGCGGGGTGGTA AATCTACCAGCGGCTTCTG
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Trcu 03380 1,4-alpha-glucan branching enzyme GCAACGTCGACACCGATA GGGCTGGTCTTCTGTTCATC
Trcu 05665 Beta-1,3-1,4-glucanase GAACGCCTCCTTGAATGC TGACGACATGCTCCTTGC
Trcu 05082 Exo-beta-1,3-glucanase ATCCAAGCAGCGGTAAAG AACGCCATGTGGCACTAC
Trcu 00501 endo-1,3(4)-beta-glucanase CTGTGGTCCTGTCCCGAT ACTCTCGAGGCCACTTGC
Trcu 03502 Endoglucanase C ATTCAGCTTAGCCCTCTTGG GTGCGCCAGACACTCATGT
Trcu 01919 Endoglucanase 1 CGGCATTCGCAAGACAC ACCAGTCGTGCTACAAGCA
Trcu 02186 Endoglucanase 1 TACGTCGTCTCAAAGGCG CTCCTGACCGAGTTTGGA
Trcu 01104  chitin synthase 1 ACCCCAAACATCCTCCTC GCAGGCAGATGGAGAAGA
Trcu 02202  chitin synthase 1 CGGGAGACAGGCTTTGAT GACCAGAACCGCACGTTC
Trcu 02791  chitin synthase 1 TTGATGCGGATGTTGTCC TGCACGACTTGTCTTGGG
Trcu 04533  chitin synthase 1 CCAGATGGGAAGCGAGAG CACCAGGACAAGCCGATC
Trcu 05206 chitin synthase 1 CACCTGAAGGATACCCGC TTCTCACCGAAGCAAAGG
Trcu 00765 chitin synthase 6 CTGGGGGTGGGTCCTCTACGTT TTACACGGCTGTCGGTTCCTC
Trcu 00189 chitinase 1 GCGGTCAATCGAGTAGCT CGTTCTGCAACACGCAA

Trcu 02203 chitinase 2 TGCCAGAACATCACCGAG GCGTTGGCAGCGTTAGT

Trcu 04046 chitinase 3 CAGATCGAGCAGCCCTTA GGCTTCGTTCGCAACTG

Trcu 02268 hexokinase CACATTGTCGCCCACCG AGGATCTTGAGTGCCTCGTGT
Trcu 03222  glucose-6-phosphate isomerase GTATCGCCGCCATTGTCT GTGCGTCGTAATCTTCTTGC
Trcu 04167 fructose-1,6-bisphosphatase I AAGACTGAGGAGCAGGTTGT CATGATCGAGTTGGTGGG
Trcu 01724  6-phosphofructokinase 1 GCGGCATCTTCGGCTAC GTGGATCGAGGTGGGGAC
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Trcu 00360 triosephosphate isomerase CAACGCTCAAGCCTACCA TGCTCCACCAGACATTCG

Trcu 00578 fructose-bisphosphate aldolase, class 11 CCACCATTGAGGAGAAGGACTG GTTGACCGAGCCGCCGTA

Trcu 04860 glyceraldehyde 3-phosphate dehydrogenase CGACACTCAGTTCGCCTACC TGGTCTTCTCACCCTCACG
Trcu 01126 glyceraldehyde 3-phosphate dehydrogenase CCACCAAGCCCTTCAACA GACGACTGGGACGAAGTGAG
Trcu 01680 phosphoglycerate kinase GACGGCCCTTCGCACAA GGACACGGAACGCCATAC

Trcu 05335 phosphoglycerate- phosphoglycerate mutase TCCACATTGAGGAGGAGGGC GTCGCCGAGCGAAGTAAGC
Trcu 02862 probable phosphoglycerate mutase CCCCGTTCCCTTCATTATCTC ACTTGCCGGTCATCTCCTCA
Trcu 00681 probable phosphoglycerate mutase GGTGCGGCTTCCCTATCCA GGGCTCCTTGAGCGTGTTGT
Trcu 03622 probable phosphoglycerate mutase ACCCGCATATCCGAGTGGC GCCGTCTTGAGGCTGTAGGG
Trcu 03969 enolase GGCGAGACGCTCACCGAGTT GGAGGGCATTGCCAAACAGC
Trcu 05201 pyruvate kinase TTCATTGCCGACCTTGCC CGGTGGTGCCCTTGGAGA

Trcu 00983  hexokinase GGCTCGCCTCATCTCCAA ACGGGATAGACACCACGC
Trcu 01943  xylose reductase AGACACTCCCGTCGCTCCTCA  TGTTGATAAGGGCGTTGTCG
Trcu 00347  xylitol dehydrogenase CGCACCGGGATCAAAGGT GTGTTGCAGTAGCGGAAGACG
Trcu 05012  xylulokinase GGCCAAGAACCCCACGAT TTGTACGCCACGCCGACC

Trcu 00933 transketolase CTCCGCTCCAAGGGTCTCAA AGGCAGGGATACCGATGTGC
Trcu 03868 xylulose reductase GCAACACGGGTCTCAAGCA GGTCGAGTTGGCAATGTCCT
Trcu 00347 xylitol dehydrogenase GGCCAAGAACCCCACGAT TTGTACGCCACGCCGACC
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Table 2 Primers for qRT-PCR in Chapter 3
Gene ) . .
symbol Annotation Forward primer (5°-3") Reverse primer (5°-3")
GPAT glycerol-3-phosphate acyltransferase AAGGCAAAGGAGGCTCTC TAGCGGTAGGCGACAATG
FAS1 fatty acid synthase TTCATCGAGGTTGGTCCC CTTGTGGTTCTTGGCGTG
GPD Glycerol-3-phosphate dehydrogenase AAGCGCCTGCACCACCTGT TCGCCTGGACGTTGAGGAA
ACC acetyl-CoA carboxylase AAGCTCAACTCGATGGGC CGTAAGCACGCGAAGTCT
Wsc2 cell wall integrity and stress response component 2 ~ GCACCGAAGATGTCTACGAGTT TCCTGGTTTGGATCGCTTTT
Mid2 mating pheromone-induced death protein 2 ACCCGTACTGGAATGAAAACT  AATCCCTGGTCCTTCCTCTT
Rhol GTP-binding protein thoA TGAGGTCGATGGCAAGAAGG CCGCGAAACAGATAAGGATGA
Pkcl protein kinase C GCTCGCAAAGCTCCAGATGA GAAACCAAACCCGCTGTCCC
Bcekl mitogen-activated protein kinase kinase kinase CCCACCTATTGTCGCCATCC CCATGCTTCCCAAAGTGCTG
Mkk1 mitogen-activated protein kinase kinase 1 CTCGCGTCGGCAGGACCATC GCACCACCAGCACCAGCACC
Mpkl mitogen-activated protein kinase 7 CCGACTCCTGCACCACTTCC CCTCGTACAGGTACACCTCGTTG
Rlm1 SRF-type transcription factor RImA TGCGGCGTCACTGTTTCTATC CGTGCCCTCGTAGTCATTGTAT
Slm1 Slm1 PH domain AAGGAGTGGCCGACATTGAG CCTCGCCAAGGAACTGGTTT
TORC2  Target of rapamycin complex 2 subunit bit61 CGATCGACTCGCGGACGGAG GCCCATCCTTTCGCACCATG
Ypkl AGC/Akt protein kinase 1 (Ypkl homologue) CATACGGCGTCGTCGTCTCG CGCCTTCGTCGGCAAAATA
Pkhl serine/threonine-protein kinase PKH1 GACTTCCTCCTTGGTAGCCG GAAATGTAGCCTGATGCTGATTC
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Midl calcium channel subunit GCGTGATTCTCAACCGGAGCT  TCACGAGCGGTGTCTGGAAC
Cchl calcium channel subunit CTACATCCGCCGCAAGGACT CGCAGCAGGTTCGGGACAGT
Cnal calcineurin catalytic subunit A AGCGCCAGCCATGTATCTCC GCTCCTCAGTCAGACGACCCTC
Cnbl Calcineurin subunit B CATCTTTGACGAGGAGACTGGG TAAGAATCATCGGCAGAAACG
#3 ZBIUE RT-qPCR LR3I

Table 3  Primers for qRT-PCR in Chapter 4
Gene ID Annotation Forward primer (5°-3") Reverse primer (5°-3")
Trcu 03118 Aldehyde dehydrogenase TCATCCCCGGTGTCTTTGACG ATCGGGCATAGCGAGAAGAC
Trcu 01234  Aldehyde dehydrogenase AACGAGGCCGATGTCGATGC ACCCGCATTGACATAACTTCG
Trcu 01775 Aldehyde dehydrogenase GTATCTTCATCAACAACAAG CGCGTGATCCGTGCAAAGCT
Trcu 02661 Aldehyde dehydrogenase CGATGGAGGCCATGGACGAC ACGTCCTAGCCTAGGATTAG
Trcu 03855 Aldehyde dehydrogenase GATGTCGTGCACCCGGCCAC ACGTAGGATAGGACCAGTGAA
Trcu_ 03870 Aldehyde dehydrogenase CGGGCAGGTGGCGCAGGGCG ACGTTAGATCGATTCGAAGA
Trcu 04064 Aldehyde dehydrogenase GCCGCCGCCCAGCCCGCCGCTG GGGCTAGGTAGCCGATGATT
Trcu 04141 Aldehyde dehydrogenase CAACAAATGGAGAAGCGCATC ACCGCAGTTAGCAGATTACCA
Trcu 04359 Aldehyde dehydrogenase CTCCTCAACAAGCTTGCCGA GGCTTAGTCGGATGTGACCT
Trcu 04385 Aldehyde dehydrogenase GCTCGTCGAGGTTTCCCACGC  GTGCCGTAGCTTAGCCGAAG
Trcu_ 05408 Aldehyde dehydrogenase AGTTTGAGGCCGAGACGGACC ACCGTGTGACCCAGTGACGGA
Trcu 05469 Aldehyde dehydrogenase GGCAAGGTGATCGGCTCGTGC  GGTAGATGCCGATGCGAGAGT
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Trcu 05623
Trcu 05610
Trcu 04531
Trcu 00411
Trcu 02229
Trcu 02051
Trcu 04032
Trcu 04134
Trcu 00109
Trcu 00589
Trcu_ 00604
Trcu 00714
Trcu 01328
Trcu 02264
Trcu 04134
Trcu 04221
Trcu_ 04303
Trcu 04946
Trcu_00053
Trcu_ 00098

Aldehyde dehydrogenase
Aldehyde dehydrogenase
Aldehyde dehydrogenase

Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase

GTGAATCCCGCGACGGGGGA
TACCCCAGGCCCACGCCGGC
AGCCCTTCCCAGCGTACGCAT
GATCACTGGGACGTGGGAAAG

GTGATCAAGGTCCAGCGCCCCT

CTCTCAAGTTCTCGCAGAGC
CCCCTGCATTGCTGGTCACGA
GGGCACGAGGGCGCGGGCTT
TTTGCCGGTCGCGTCGCTGCCA

CTTCGATCCCCGCTCGCACGCTC

ACAACTCGAACGGTGACTACG
CGCCGCCTAATGCTCCGTGTC

TGTTTGTTTGTTTACCACAAAG

CCGCGCACAACCTTCCGCTCGA

GGTATCCCGACCGAGCCCGGA

AAAGGCGTCGGATACGTCGCCA
GTGGGAAAGGGTCGCGTTTCGC
CCAGCACGACAACTTCCCCGCC
TGCGGCTCGGACAACTCGGGTC

GACATCTGCAAGGGCGGCAAC

ACGTGCTAGGGATCGATTTAG
AGCGGTATTACACAGTCTATT
AGCGATGCGTAAGTCGATATT
GACGTGATCTATGCTAGTAGA
GCTATCTCAGGTCGATAGCTA
GGGACTTCTAGCGATCACAT
GTCGATTAGGGATCAAGCTA
CGAGGGCTTTAGGCTAGATC
TGATCGATTGATCCAGATCG
ACGTGTCGATAGCTAGGGAT
AGCGATTAGCTAGGTAGCTAG
GAAACGATTAGCTAGCTTAGT
TTCTAGCTAGCTAGCTAGTAG
ATGATCTAGAGATGTCGCTAG
TTTGAACACACGTCGATGCT
ATCGATCGATATAGCTAGTA
GTAGTAGCCTAGCTAGGTAGA
AGATCTAGCTCCTCGATATCG
CGATCGATTAGCTAGCTAGGA
CGCGCGGGCTAGATCTAGCTA
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Trcu 01328 Aldehyde reductase TGTCTGCAAAGTGTGGAGGGGG ACGATCGATGGTGATTATTAGC
Trcu 01463 aldehyde reductase AKR1 TCCGGCGTCGACCGCAAGGACA GCGATTACGATTCGATTTGCA
Trcu 01821 Aldose reductase A ACGGCAACGAGGCCGAGGTCG TTCGATATAGCTAGCTAGATC
Trcu 01507 aldehyde reductase GGCCGGCAGCAAGGATGTTACT ACGATCGATCGATAGCTATTGT
Trcu 00463  Aldo-keto reductase AAGGCCGCGCTCGAGGCCGGGT GCTAGGTAGCTTAGCTAGCTAA
Trcu 00843  Aldo-keto reductase ATTGACGGCGCGCTCTGCTACG AAGCTAGCTTGATCGATCCAA
Trcu 01822  Aldose reductase A AACTCTTGCAGGCAACGAGGC GCGATTCGATTAGCTAGGGAT
Trcu 03519 indole-3-acetaldehyde reductase GCAAGGCGCTCAAAGCGTGGGG TATCTGATCGGATCGATTAGCT
Trcu 03746  Aldo-keto reductase CACAACGAGCACCACGTCGCG CGATGCTAGAGAGATCGAGGTA
Trcu 00476 L-arabinitol-4-dehydrogenase GTGTTTGGCGGCAAGGTGT CGAGTGGCTTGAGGTTGATGAG
Trcu 01351 galactokinase GACCTGTGCCTCAAGAATGGC  GGCTCGTACTCGCGGGTAAT
Trcu 00643 glucose-hexose-phosphate uridylyltransferase TCTTGCCCGTTCCCGTAC GGATAGAAGTGGAGGTGGATGT
Trcu 00100 UDP-glucose 4-epimerase CATTTACGGCTCGGACTGGG TGCGGTTGGACGCCTTCTC
Trcu 03126 UDP-glucose 4-epimerase CCAACATCTTCTCCAAGTGCG TTCTGTGCCAGTGTCGGGTC
Trcu 03229 UDP-glucose 4-epimerase CACTGGAACCACCGTCAGC GACTGTGGCATTTGGAACCC
Trcu 03995 UDP-glucose 4-epimerase GCTGAAGACGCCGGAGAACA GAACCATTCGCCCACCATAGAA
Trcu 05559 UTP--glucose-1-phosphate uridylyltransferase AGCTCGGCGAGGACTTTAA GGTGGCGACAATGATGCA

Trcu 00165 phosphoglucomutase CAAGCTCTTTGCCTCGTCC GCCGTCAATGGGGTCAGT
Trcu 01188 mannose-6-phosphate isomerase CTGTACGACCCGCCCATT TGCTGAATCCCCACGAAA
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Table 4 Primers for qRT-PCR in Chapter 5
Gene ID Annotation Forward primer (5°-3") Reverse primer (5°-3")
Trcu 03878 Galactose transporter ACGAGAATGGCGAGTACGT CGTAGCTAGGTAGCTAGCTAA
Trcu 03559 GDP-mannose transporter 1 CCCTCGTCGCGCGAGCAGGCG  GAGCTAGCTTGATCGAAAGCA
Trcu 01249 hexose transporter GGCCATTTCGGAGCAGTGCC CGATGCTATTATCTTTAGCTAA
Trcu 00722 High-affinity glucose transporter ACAGGTGCCGTCGTCTCGGTC CGATAGATATATACGTAAGGC
Trcu 03962  sugar transport protein GCATCCCTGCGAGTCTTATCG TTAGCTAAATCGATCGGTAGC
Trcu 01874 hexose transporter CAAGGTCGCGACTTTTGGCTC CGTAGAGAGCTATAGCTAGAA
Trcu 04201  Glucose transport 3 GCATTCTCTCGATCGTCCTCACC CGATCGGGCTAGGCTAGCAA
Trcu_04000 glucose sensor AAGGCCTCGTCTCCATTGTG CGATAAATCGGGCTAGCTAGA
Trcu 05586 Glucose transport 1 CGCGGCGCGCTCCTCGTCGTCG TTACCCTAGGCTATCGAAATA
Trcu 04600 monosaccharide transporter TAGGTCGACGTACCTCCGTCAA ACGATAGCTTTCGATTACGGG
Trcu 01509 hexose transporter ACACATGGCAGAATTACTTCAA CCGATTAGCTTAGCCTAGGCC
Trcu 02200 Lactose permease AGCCTCTCAACAACAAGGCAGA CGGGCTAGCTTAGCTTAAAGCT
Trcu 01404 Sugar transporter GAAGCAGTTCCTGTTCCAGTT CGGCTAATCGATTTTACGGATA
Trcu 02678 Sugar transporter STL1 CGCTTCTTCAAGGAGGAATCGT ACCCCGATTCGATTCGGATCGT
Trcu 04201 High-affinity glucose transporter CAAGTATGTCGAGGACGGCGAT CCGTAGCTTAGCTTTAGTTGAA
Trcu 04000 High-affinity glucose transporter TGGCCCTTCTGTGTGCTTTGGCA GGATTGCTAGGGTAGCTTAAAC
Trcu 00919  Glucose transporter GCACGTTTTTCCTGCCCATTAC  TAGTTCGATTCGGTATTCGAAG
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The recombinant plasmids involved in this thesis
Plasmids Characteristics Sources
Expression vector for Saccharomyces cerevisiae, It contains the URA3 gene for

PYES2 selection in yeast and 2 origin for high-copy maintenance Lab stock
pUG6 Integration plasmid, Gene KanMX source Lab stock
pFA6a-kanMX6-GAL1p-GFP Gene GFE source Lab stock
pUC19- LEUp-GFP (nsp)-URA3 Expression of GFP in T. cutaneum This work
pCRISPRyl Editing plasmid for CRISPR-Cas9 in Y. lipolytica This work
pCRISPRtc Editing plasmid for CRISPR-Cas9 in 7. cutaneum This work
pYES2-KanMX It contains the G418 gene for selection This work
pYES2-KanMX-PGK1p It contains the PGK1p promoter This work
pYES2-KanMX-TDH3p It contains the TDH3 promoter This work
pYES2-KanMX-PGK1p-GFP Expression of GFP gene This work
pYES2-KanMX-TDH3p-GFP Expression of GFP gene This work
pYES2-KanMX-TDH3p-Trcu_00722Xbal Subcellular localization for Trcu_00722p This work
pYES2-KanMX-TDH3p-Trcu 02200Xbal Subcellular localization for Trcu_02200p This work
pYES2-KanMX-TDH3p-Trcu_01509Xbal Subcellular localization for Trcu_01509p This work
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pYES2-KanMX-TDH3p-Trcu 00722-GFP Subcellular localization for Trcu 00722p This work
pYES2-KanMX-TDH3p-Trcu 02200-GFP Subcellular localization for Trcu 02200p This work
pYES2-KanMX-TDH3p-Trcu_01509-GFP Subcellular localization for Trcu 01509p This work
pUG6-TDH3p It contains the TDH3p promoter This work
pUG6-TDH3p-EcoRI-CYCIt It contains the CYCI1t terminator This work
pUG6-rDNAup-TDH3p-EcoRI-CYCI1t-rDNAdo It contains the 18srDNA This work
pUG6-rDNAup-TDH3p-Trcu 02200 The integration plasmid of gene Trcu_ 02200 This work

CYCI1t-rDNAdo

K2 EARNKHESY

Table 2 Primers for the construction of recombinant plasmids

Primers Sequences (5°-37)

PUCI19-F AACACAGCGCCTTAGACCGagcttATGCGTCTGAGGATTGTCA
PUCI9-R TGAGGCTGCCGCCGTCGTtggcgtaatcatggtcatagetgt

LEUp-F ACGACGGCGGCAGCCTCAACG

LEUp-R CTCGCTAGTCAGCGCTCACGTCTTG

LEUp-GFP-F CGTGAGCGCTGACTAGCGAGATGTCTAAAGGTGAAGAATTATTCA
LEUp-GFP-R CCTGGTGGACATGGTCGTTTATAGCTTGGATTTGTACAATTCA
LEUt-F ACGACCATGTCCACCAGGGCAT

LEUt-R CGGTCTAAGGCGCTGTGTTAAGGA
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URA3-F GCCTTAGACCGagcttGTTGGCCGATTCATTAATGCAG
URA3-R CGGCATCAGAGCAGATTGTACT

Linker-KanMX-F
Linker-KanMX-R
Linker-PGK1p-F
Linker-PGK1p-R
Linker-TDH3p-F
Linker-TDH3p-R
Linker-PGFP-F
Linker-PGFP-R
Linker-TGFP-F
Linker-TGFP-R
Linker-00722Xbal-F
Linker-00722Xbal-R
Linker-722GFP-F
Linker-722GFP-R
Linker-02200Xbal-F
Linker-02200Xbal-R
Linker-200GFP-F
Linker-200GFP-R

cctttagcggcttaactgtgccct TCTGTTTAGCTTGCCTCGTCC
tetttgacagcttatcatcgataaATGGCGGCGTTAGTATCGAA
gegtectegtectcaccggt TTTTGGCTTCACCCTCATACT
tacatgatgcggecctctagaT TGTTTTATATTTGTTGTAAAAAGTAGA
tgcgtcctegtectcaccggt CCTCATCAGTAAGACCCGTTG
tacatgatgcggeectctagaI TTGTTTGTTTATGTGTGTTTATTC
tttacaacaaatataaaacaaATGTCTAAAGGTGAAGAATTATTCA
actaattacatgatgcggccc TTATAGCTTGGATTTGTACAATTCA
acataaacaaacaaatctagaATGTCTAAAGGTGAAGAATTATTCA
actaattacatgatgcggcccTTATAGCTTGGATTTGTACAATTCA
aaacacacataaacaaacaaa ATGGTAGACTTTGTCCCAAGCG
tacatgatgcggecctctaga AGCGAGATGGGAAGCCTC
atcgaggcttcccatctcgct ATGTCTAAAGGTGAAGAATTATTCA
actaattacatgatgcggcccTTATAGCTTGGATTTGTACAATTCA
aaacacacataaacaaacaaaATGTCCGTTGACAACAAGGACGACA
tacatgatgcggecctctaga AGCCTGACCCTCCTCGCGCATCG
tacatgatgcggccctctaga AGCCTGACCCTCCTCGCGCATCG
tacatgatgcggccctctaga AGCCTGACCCTCCTCGCGCATCG
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Linker-01509Xbal-F
Linker-01509Xbal-R
Linker-509GFP-F
Linker-509GFP-R
Linker-00722-F
Linker-00722-R
Linker-02200-F
Linker-02200-R
Linker-01509-F
Linker-01509-R
TDH3p-EcoLinker-F
TDH3p-EcoLinker-R
Linker-CYCI1t-F
Linker-CYC1t-R
rDNA-up-F
rDNA-up-R
rDNA-down-F
rDNA-down-R
Linker-Z02200-F
Linker-Z02200-R

aaacacacataaacaaacaaa ATGGTTGCTGTTAGCGCCG
aaacacacataaacaaacaaa ATGGTTGCTGTTAGCGCCG
gtcgaaaaggtggactctgtg ATGTCTAAAGGTGAAGAATTATTCA
actaattacatgatgcggcccTTATAGCTTGGATTTGTACAATTCA
aaacacacataaacaaacaaaATGGTAGACTTTGTCCCAAGCG
actaattacatgatgcggcccTTAAGCGAGATGGGAAGCCTC
aaacacacataaacaaacaaaATGGCCGGCAGTTCAAAGG
actaattacatgatgcggccc TTACATCCTCTGCTCCTTGAGCT
aaacacacataaacaaacaaa ATGGTTGCTGTTAGCGCCG
actaattacatgatgcggcccTTACACAGAGTCCACCTTTTCGA
cttcgtacgctgecaggtcgacCCTCATCAGTAAGACCCGTTG
agttatattaagggttgaattc TTTGTTTGTTTATGTGTGTTTATTC
cataaacaaacaaagaattcTCATGTAATTAGTTATGTCACGCTT
acgaagttatattaagggttGCAAATTAAAGCCTTCGAGC
ttcgtacgctgcaggtcgac AAGGACTCAAGGTTAGCCAGAAG
aacgggtcttactgatgage AGGGAGCCTGAGAAACGGCTAC
tgtcgaaaacgagetctcgagCGTAAGGTGCCGAGTGGGTC
acgaagttatattaagggttGTGGCTCTTGGCGAACCAGGAC
tttttacaacaaatataaaaaca ATGGCCGGCAGTTCAAAGG
tatagggagaccggcagatgaattc TTACATCCTCTGCTCCTTGAGCT
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Table 1 Recombinant strains

Strains Characteristics Sources
Escherichia coli DHS a Host for plasmid construction Lab Stock
Saccharomyces cerevisiae 7100 Evolved from high-temperature adaptation, Ability to utilize xylose Lab Stock

hxt17Ahxt13A::loxPhxt15A::1o0xP hxt16A::1oxP hxt14A::loxP hxt12A::loxP
EBY.VW4000 hxt9A::loxP hxtl1A::loxPhxt10A::loxP hxt8A::loxP hxt514::1o0xP hxt2A::loxP Lab Stock

hxt367A::10xP gal2Astl1A::1oxP agtl A::loxP yd1247wA::1oxP yjr160cA::loxP
T. cutaneum pUC19- LEUp-GFP-URA3 T cutaneum harboring the plasmid pUC19- LEUp-GFP-URA3 This work

S. cerevisiae pYES2-TDH3p-Trcu_00722-GFP S. cerevisiae Z100 harboring the plasmid pYES2-KanMX-TDH3p-Trcu_00722-GFP This work
S. cerevisiae pYES2-TDH3p-Trcu_02200-GFP S. cerevisiae Z100 harboring the plasmid pYES2-KanMX-TDH3p-Trcu_02200-GFP This work
S. cerevisiae pYES2-TDH3p-Trcu_01509-GFP S. cerevisiae Z100 harboring the plasmid pY ES2-KanMX-TDH3p-Trcu_01509-GFP This work

S. cerevisiae pYES2-TDH3p-Trcu 00722 S. cerevisiae Z100 harboring the plasmid pYES2-KanMX-TDH3p-Trcu_ 00722 This work
S. cerevisiae pYES2-TDH3p-Trcu_ 02200 S. cerevisiae Z100 harboring the plasmid pYES2-KanMX-TDH3p-Trcu_ 02200 This work
S. cerevisiae pYES2-TDH3p-Trcu 01509 S. cerevisiae 2100 harboring the plasmid pYES2-KanMX-TDH3p-Trcu 01509 This work
S. cerevisiae Trcu_02200 The expression cassette is integrated at the site of 18stDNA in S. cerevisiae Z100  This work
EBY.VW4000 pYES2-TDH3p EBY.VW4000 harboring the plasmid pYES2-TDH3p This work

EBY.VW4000 pYES2-TDH3p-Gal2 EBY.VW4000 harboring the plasmid pYES2-TDH3p-Gal2 This work
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EBY.VW4000 pYES2-TDH3p-Trcu 00722 EBY.VW4000 harboring the plasmid pYES2-TDH3p-Trcu 00722 This work

EBY.VW4000 pYES2-TDH3p-Trcu 01509 EBY.VW4000 harboring the plasmid pYES2-TDH3p-Trcu 01509 This work
EBY.VW4000 pYES2-TDH3p-Trcu 02200 EBY.VW4000 harboring the plasmid pYES2-TDH3p-Trcu 02200 This work
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Hamg AR AR
PGS AR AR
ACC acetyl-CoA carboxylase LIt A FRAGEE
ACL ATP-dependent citrate lyase ATP WA AT IR 22 e il
ACO aconitase i 2 S R iy
ACS acetyl-CoA synthetase LIREEEE A A R
CS citrate synthase FF IR & b
DCXR L-xylulose reductase L-AH B Ji7 g
DGAT1/2 diacylglycerol acyl-transferase1/2 TR R A AL I 1/2
DLAT dihydrolipoamide acetyltransferase e AL
DLD dihydrolipoamide dehydrogenase U S I e T S
ELO fatty acid elongase JE 7 PR A K Ty
ENO enolase A A T
FAD1/2 delta-9 (12) fatty acid desaturase A-9 (12) JBWIBE 2 AN R
FAS1/2 fatty-acid synthase complex protein 1/2 NENIIR & RE 2 &1 1/2
FBA fructose-bisphosphate aldolase SbE R I i il
FBP fructose-1,6-bisphosphatase RbE-1,6- IRy
FESEM field emission scanning electron microscope Yy RSB B
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FH
GALE
GALK
GALT
GALU
GAPD
GAT
GPD
GPI
G6PD
HPH
HK1/2
ICL
IDH
aKDG
KEGG
LAD
LPAT
MDH
ME

fumarate hydratase
UDP-glucose 4-epimerase

galactokinase

UDP-glucose--hexose-1-phosphate uridylyltransferase
UTP--glucose-1-phosphate uridylyltransferase

glyceraldehyde 3-phosphate dehydrogenase
glycerol-3-phosphate acyltransferase
Glycerol-3-phosphate dehydrogenase
glucose-6-phosphate isomerase
glucose-6-phosphate dehydrogenase
Hygromycin-B-phosphotrans ferase
Hexokinasel/2

isocitrate lyase

isocitrate dehydrogenase

a-ketoglutarate dehydrogenase

Kyoto Encyclopedia of Genes and Genomes
L-arabinitol 4-dehydrogenase
lysophosphatidic acid acyltransferase
malate dehydrogenase

malic enzyme

B Rk O
UDP- AT 4-% 11 5 K3
SER

UDP i 41 - CL 8- 1 - R SR AR R
UTP- i Bl 1- AR SR ik P S
3R RS
-3 BT A R
3R

4 BB-6- R 5 K

14 58-6- A b L

1185 2 R ML

LA 12

S B R

S B R

- B~ B L
AR 5 S AL E R4 1

LB 3 04

T L AL 2
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MLS malate synthase SRR AT

MPI mannose-6-phosphate isomerase H % -6- I 7 AL g

NADP+ Nicotinamide adenine dinucleotide phosphate THE N BRI A% E IR IR (A AL 4 1D
NADPH Nicotinamide adenine dinucleotide phosphate (reduced) TH B f IR VR S — A% IR IR (i 5 B iy 11
MDH malate dehydrogenase SR M

PAP phosphatidic acid phosphatase Tk JIEE I Tk PR il

PAP phosphatidic acid phosphatase Tt T T ke I,

PBS Phosphate Buffered Saline TR 2z b Eh T TR

PC pyruvate carboxylase PR P 2 A i

PDH pyruvate dehydrogenase PR T 1 o, =

PFK 6-phosphofructokinase - TR SR W U il

6PGD phosphogluconate dehydrogenase ol IR 1 7 vk 1 ot S Pl

PGK phosphoglycerate kinase B IR H I R B

PGM phosphoglycerate mutase TR H I AR A g

PPP pentose phosphate pathway TR TR I AR

PYK pyruvate kinase TR ] s e

SCS-a succinyl-CoA synthetase alpha subunit BEIABL AT A & G o T3k

SCS-B succinyl-CoA synthetase beta subunit PRI AH G A & g p W

SDH succinate dehydrogen BRI it =l

SSCF simultaneous saccharification and co-fermentation 7] 2 BB AL 3L R T
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TCA
TEM
TKT
XDH
XK
XR

tricarboxylic acid cycle
Transmission Electron Microscope
transketolase

xylitol dehydrogenase
xylulokinase

xylose reductase
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