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WAEYDMAE (microbial lipids) 3% 2 H ™ i S AR PR F A6 B4 i 7640 i A 5 1)
Hh =5 i g R RH Il o A 4 S S FE A R LE S, RIS P A H I E VR =,
10 WA= M5y AR st 25 7= 28 1 O Hh . M H W A 2 MR, bEREE, iRE, H
M=EE IRBIRRA LRSS . M2 FECHH M PR G R . S5 ek, 1 B
DARE SR TE N TFARAREE o I FH 7= 3 S 2E 0 KL H e 2 e A SR I FH - A= ) S 1 A
FAER H M R ET e —. RALMEEEE (Rhodosporidium toruloides) R FI|H 2 Ff
IS AE = S AR A e, CASOCRER AR H v b B A DR FE R, T EDCDH H A i 2
P o0 A BT 52 P, AT AR SR BRI FRL H = A IR (A T o A S Jexy
[ 21 4 fBE B} R. toruloides CGMCC 2.1389 1 R AR I AE A TiE M. RASEIR = O A AT
[RYEE B0 ) e AR A TT A R T RIZL &1 BE R. toruloides CGMCC 2.1389 ]
A E PR R AREE /). i — D% BRI TR A A LR ERE R toruloides
CGMCC 2.1389 Fl HIH H i A BERR S TG IR RE 7T, FEXS B A3 RAR (1 33 A B R 12047 4t i SR AE
Hedb AT R TEIIE o

A SCE 5 (R AR NIRRT, KR AR R, toruloides CGMCC
2.1389 4T 7SO JIEN s, H T RS R AHEERE R toruloides CGMCC
2.1389 [IIMAR S & . A SO0 = A AT 70 AT L 00 B 0 @ R A T, ST
JE 22 S RO I Ik O E R AR S B m R ARG . X ZL A MEERE R, toruloides CGMCC
2.1389 FFJE AR B0 S3a@E M EEAL , FEREIT T 36 IR H2(216 ), B0 JTIBIRIETE A 53,000
g CEONIEREEED . BRI S R 47%35R T 5 80%. B4k B MR U6 1 Ak 41 i A7
WK, NI TE A P AR, ANRERT SR R E . HERBEAULT S YR, LB
A F1 NADPH W& &30, Fes 20 iR B, Ak B AR BE AN g 17 B AU AH DG (138 7
B R GG B ik 2 B, XA R TR KRR

AR S B AR H O BRIR 2R, XA HEERE R toruloides CGMCC
2.1389 HEAT THEES O J1IE R SOE , -T2 i B R PR I AR 2 A vk i )
GO 1 IE N AR T T 33 RARAR (35200 KD, B0 JIBIRBEF R 53,000 g0 K
2840 BRI B 41 A& f B AL AR iy 24 N R. toruloides XR20. VU H vl N R RNHEAT K2,
SIRIEEMRAIEL, X MEERE R toruloides XR20 IG5 B N 63.6%, L 2 % #2
AR AR RN 4.5 g/L £ 19.8 g/L, $em [ 3.4 f5. LA MEEEE R toruloides XR20
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ARG R IG KL 3.6 i, AHMIBERT S8 20, HERRBEMILT a2, A
NADPH Hl Z B4l A 05239300, FEACUTAINEITRR & BUAH ¢ B VF 22 25 R ) e sk B
T, LFEEERE A S NADPH & ALK TE R. toruloides XR20 F) R H- i 77 i g 45 b 12 3
FeTt. XK R toruloides XR20 7= fg BFH H i 7 B AT IR A (R ),
PRTE C/N N 100 WIUGHLH MR BN 95 o/L (A H 2 80 /L) ANLES THLA L] (£
K TR R N 025, KHaPO4RIE N 2.0 /L i AEWS SR FiZ @ Ak iR 10 427 . 1 3
L REERER LR BT, [ X HEERE R, toruloides XR20 FI 477 24.5 o/L Jhiflg, #RIATH
PRIRTT 40.8%; fE 7 fAMRL R B b, [ 21 & fI ¥ BF R. toruloides XR20 JH#EARH H i 234.0 g/L,
FeH 42,56 g/LfiE, WIE S RN 74.9%, HARTEEN 0.182 g/g, MG 3F N 0.161 g/L/h.

Zx ERTR, ARSI I R B 0 I3 B A T [ 41 A F I R PR H It AR A g
R 77, HEACERPRIDIMIE & B B R E R . Ed R R AR R R, #E—PiR
TET BRI 5 . ASCHTIRTS IR AR H = A M0 R I B AR, BRI AR 4 25 1
PRI A AR P R P () T SR R IR SR T AR SR AR, A BT AR S L ]
FREER .

REEA: AL ARERE; BB LI BENAERE L eEY e, R H
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Production of Microbial Lipids by Rhodosporidium toruloides Utilizing Crude
Glycerol

Abstract

Microbial lipids are typically triglycerides synthesized by oleaginous microorganisms using
various substrates and stored intracellularly. Lipid feedstocks are converted into biodiesel through
transesterification reactions, with crude glycerol generated as a byproduct at a ratio of
approximately 1 ton of crude glycerol for every 10 tons of biodiesel produced. Crude glycerol
contains a variety of impurities, such as small amounts of methanol, soap, triglycerides, fatty acids,
and inorganic salts. These impurities make the re-refining of crude glycerol challenging, resulting
in low economic value and difficulties in environmentally friendly processing. Utilizing
microorganisms to convert crude glycerol into lipid feedstocks for biodiesel production is one of
the most effective approaches for managing crude glycerol. Rhodosporidium toruloides is capable
of producing microbial lipids from multiple carbon sources. This study initially focused on
enhancing the lipid accumulation capacity of Rhodosporidium toruloides CGMCC 2.1389.
Employing the established ultracentrifugation-based adaptive laboratory evolution (UC-ALE)
method under hyperosmotic stress, the lipid accumulation capability of R. toruloides CGMCC
2.1389 utilizing glucose was significantly enhanced. This UC-ALE strategy was further extended
to enhance lipid biosynthesis during fermentation using crude glycerol as the carbon source. The
evolved strains obtained through this approach were subjected to comprehensive cellular
characterization and fermentation validation to evaluate their phenotypic and metabolic
performance.

In the first part of this study, ultracentrifugation-adaptive evolution was performed on R.
toruloides CGMCC 2.1389 using glucose as the carbon source to enhance its lipid accumulation
capacity. R. toruloides CGMCC 2.1389 was subjected to UC-ALE under glucose conditions
through 36 passages (216 days) with incremental centrifugal forces up to 53,000 xg. The evolved
strain achieved 80% lipid content, representing a substantial improvement over the original strain
(47%). Phenotypic analysis revealed enlarged cell morphology, reduced cell wall components
(glucan, mannan, and chitin), and elevated intracellular acetyl-CoA and NADPH levels.
Transcriptomic profiling demonstrated significant upregulation of genes associated with
carbohydrate metabolism and lipid biosynthesis pathways.

Building on the success of the first part, the second part of this research focused on
implementing ultracentrifugation-adaptive evolution strategies on the same strain under crude
glycerol conditions, aiming to improve its ability to utilize this low-cost substrate for microbial
lipid production. R. toruloides CGMCC 2.1389 was subjected to UC-ALE under crude glycerol
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through 33 passages (200 days) with incremental centrifugal forces up to 53,000 xg. The evolved
strain R. toruloides XR20 exhibited 63.6% lipid content (2-fold increase) and produced 19.8 g/L
lipids in shake-flask fermentation, 3.4 times higher than the parental strain. Enhanced metabolic
performance was attributed to increased NADPH and acetyl-CoA availability, as well as
upregulated genes involved in glycerol assimilation and lipogenesis. Medium optimization
identified optimal conditions as C/N ratio 100, 95 g/L crude glycerol (80 g/L pure glycerol),
organic/inorganic nitrogen (corn syrup dry powder/(NH4)2SO4) ratio 0.25, and 2.0 g/ KH2POa.
Scale-up in 3 L bioreactors resulted in 24.5 g/L lipid production (40.8% increase) in batch
fermentation and 42.56 g/L in fed-batch mode, with 74.9% lipid content and a yield of 0.182 g/g.
In summary, this study enhances the ability of Rhodosporidium toruloides to produce
microbial lipids from crude glycerol through UC-ALE, with significant increases in lipid content
and yield of the evolved strains. By optimizing fermentation conditions and strategies, further
improvements in lipid yield were realized. The obtained strains capable of producing microbial
lipids from crude glycerol can convert biodiesel byproducts into lipid feedstocks for biodiesel
production through microbial fermentation, contributing to the sustainable development of the
biodiesel industry.
Keywords : Rhodosporidium toruloides; Ultracentrifugation-Adaptive Laboratory Evolution;
Microbial Lipids; Crude Glycerol
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B RBO, B DL AR A B H R A& vk BT, HAR S 2 R A P R R R
HM AR IR, DA, FRIRF R (Citrobacter freundii) BY K v E
HIRH B (Klebsiella pneumoniae) BRI H AT 475~ 1,3 ] & (1,3-PDO); ELIRIR
(Clostridium pasteurianum) WA= T BEF 1,3-PDOPY, ; KIRE (Rhizopus oryzae) 74 =
L-FLERPY; BEIRBERE (Pichia pastoris) W] 4 7= o-3E ¥y RS i i BE [REEBE (Yarrowia lipolytica)
A AR PERT AR B A ARES 3T DL A 4T A HIlERE (Rhodotorula toruloides) T A= F= 1 AL i i
S

A H MR Z RIS, BT AR REER P, AR RA
WA= W) it BT T o B R B A . TR P A A e Nt s, AT R
BN T o B H A BB A Pt e 1B A A S, AT DASRI AR P s o A ek
AR, JE S m AR 2, ORI = I A 0 A 7 A it A R I ) g R
MRz —

1.2.3  FIRHE H = G Yo g B AR SR 52

PRI AR 08 e SO TR S I 20% AR, BAEREERY. B 10
REEISE . PRyt s 2 — FhBe AT 6 G E I B TR 2R A i e 2512, B R R 5 A
5T 5 20%-40% O HE 44, 32 AP (A A U ER (EPAD AT —+ 8N ER(DHAD
FE N ) 2 ANTHURI I DT RS- 401, HL A B R FANE e 8 DL = I A e R B B A%
R (Chlorella pyrenoidosa) SR A (Chlamydomonas reinhardtii) 55, BIRREFRIEER
T E TRV, HE M LT & B B 5%, IR B RN e 8K,
P ANASE

P2 A B A — MR 2 MR R 22 R B, BN G PR, TR G R
#& EPA. y-TEMER (GLA). fEAVIAIR (ARA)D 7E NI Z ANEAIAR RS . & WL r= i 25
R B 15 LU 0 55 (Mortierella alpina)'™) KA #1%5 (Mortierella elongata) « &1 E %5 (Mucor
circinelloides) POFIK B (Aspergillus oryzae) PU%%, HEFZERHPIMWESK L, AHEE
FEME A Re 2 SFEE R A T A RIS, HEANTEER = MEe JIAE, DU #Eidk
ITEHIFEU EARE

FEHBEREE — PR RE A LR R AR . H AR RESE Z MR, iR E AR, Ak
JAMVER I BN, REE N 2 P 28R EE . WL B i B B EL3E ROIR 22 /8% BF (Trichosporon
cutaneum)~ fREAGHS ICEELE (Yarrowia lipolytica) [AZL 4 f1EERE (Rhodotorula toruloides) FN
R RE (Rhodotorula glutinis) 55 BRI HMBERER)E TR 4040 (B, EEmiozs) v LUE
FHI G & S e g, IR & B A s R T BN B 80% /e 50 R Ah, FEIHIE



AT EERBT XS Wil

BERBEROR A, BEAE D B e & h B LR 9707, AT A= 2 M. 2 M
T BRI 538 2 PR 44 R Y, AT DL AU TAESOE ST i B B > b Pk s, P
LA H RITAE 7 H Ot 7 B R R i el A P AR R oE 5 2

A P2 R & ) AR 9 i e B e, (ERLH P ae &4 . B,
HE TR FF B A CHLER S5 2% 0, Al R @ T IR i) & 8 S i i AR IS A Bl 2
SN A T SR PR A% 368 34 3 55 22 e 2O BT RR A AR AT e AT J ] %s BT L, R SRt g
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Fig. 1.2 Metabolic pathways of Rhodotorula toruloides utilizing different carbon sources for lipid

production.
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A, CAGERNRERNGER RS, Al Lol AU TR s 31T I8 28 7= ge i An o2,

1.3.1 RS Bl

[ £1 A SR B B R FH 22 Bl A = T A E i HE I, TERPTE I N AR R e 5 A, 1N
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[RIAH AR R AR U ] 1. 2 FR(64-66,

1.3.2  WEE BRI R 2=

AN [E R 50T 52 21 A Fr e BE (1) A=A RN = i B AN IR B 520 o DA A B 9 B IS, ) 260 B
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Table 1. 1 Lipid production by Rhodotorula species using crude glycerol
. Culture ) Lipid content Lipid titer
Strain Biomass References
mode (%) (g/L)
) Batch
R. toruloides 32489 49.52 21.32 10.56 [70]
(flasks)
) Batch
R. toruloides CBS 14 19.1 46.125 8.81 [74]
(flasks)
. Batch
R. glutinis NRRL YB252 9.8 40.85 4.0 [75]
(flasks)
) Batch
R. babjevae 05775 14.1 50.3 7.1 [76]
(flasks)
R. toruloides AS 2.1389 Batch 26.7 70 18.5 [77]
R. mucilagenosa 11PL32 Batch 20 28 5.6 [78]
R. graminis DBVPG 4620 Batch 16.25 53 8.61 [79]
R. glutinis BCRC 22360 Batch 14.8 36.5 5.4 [80]
o Fed-batch
R. mucilaginosa CCT 7688 21 51 10.72 [81]
(flasks)
o Fed-batch
R. glutinis CICC 31596 30.63 53.15 16.28 [82]
two-stage
o Fed-batch
R. fluvialis DMKURK?253 39.14 79.42 27.81 [72]
two-stage
R. toruloides DSM 4444 Fed-batch 37.4 51.3 19.2 [83]
R. toruloides Y4 Fed-batch 31.1 41.7 13 [84]
R. paludigena CM33 Fed-batch 46.32 37.65 17.439 [85]
R. glutinis BCRC 21418 Fed-batch 46.4 62.2 28.86 [86]

AU TR 50 TR R A2 B FR Y AH ¢ Bl 1) 22k DR ol 30k Bl M B = A SG E IR ) 3Rk
fs A 30 B B 22 MU IR A AR T IR, RSRIS 2 B, CAndRkiE Y, R4 A O EERE
[ 4 DR AH O e 5 ™, A ] o R A B DR B R R0, REAE AT AH DG IR R IR 4
IO AR 21 A P R I P B R T, AT aE et A AR i B v T R AT B R
FHIRIBAT IR R R SRR TH R AR =i e 7, nm] DL 3Rk A 12-flg iR KA ANEE, H T4k
AR O RRER () & =3, s W] LR IA VHD LA, 3 5man i SRR H R, Wi
(et 20 M AR AT P AR =2, TR gE AR 2 720N, X semt st 3R, il AR A%
FB, AT LA RO e R 41 A e R 1) 3 S 7 2 R0 o o

i W P 31k (Adaptive Laboratory Evolution, ALE) & —Fh{E 4 e M35 [ /) N IELE R 7
PR, R SE A R IEE R B ARRAE, AT SEIGAE Y R DO i FE 23), JE i
JSE AR A TR TR AR AR I 1k H AR IR, R 22 2B BRI G 2 A R R A A% 1K,
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AT DL T A H AR ERAR DG R R AR s B, 127V IEE T RAE KR H R, HE
Tl 2 BT BT 5214, B B Fh =M ) = 2 4504 e Hl Badk AT 1 520 ARRIMRARER IS
M REIE VR, SR AR HAE LU, PRI IR S BN T 1.1 = 1.6 51, JOIR
22 F R BRI R B8 0 7738 NP I A A5 A A B 3 K I R R T Hm IR AR SR e 710 AL ZF
AR Bacillus subtilis JA6 1E5 - FU0E 085 75 e i 23 MAEHEA 5000 A8 T HA FH 2 5L
P e 107,

FIRIRTF BRI R R T VA, AR DT SN B B IR T AR, AU TRk
T PR FE SR AR 2 B [ AR RE, 138 M MR B VI TR = AL, R R R A& R
R 7 v 5 R BE 7 (R MR 15 R SRR A, IR E A k.

1.3.5 (B 212 F e B (R34 S AR H it 7 3 s 2B R g 0 35

R L & A B — R A BRI B, 5 A HI PR BT SOIR 22 78 B B 25 [F] I A£7
FERERL NG 2275 10 P B BEAR b, AR R AR KIS N R E e am, HAK S A
T ZE RSB AR EP eAh, 15 214 f B 1 1 2728 AR A IR 2 Bt REIS B 70%
PAE o B AR KA SRR IE R =4, BoRdfe st pH JLF A 224, ERErE—
SEREIE LR 2 MR VEIAEE, RN MR BB HEAT iR BERT IR, 10 H. AT W FEIE W i AR A A
" A 2 A o S A B2 A R, 3 REAR S SR FEREL e R, R e o B R
FH TG th REAS AT D BRI SO 2 — 2B S T g 7 ST, S A B AR M) AR ™ el
YRR R R vR o AT OC T B 21 A A BRI R il b AR Ot e B, TR T bR i g
TWTTERZRIEEA R, Tk e iR &, Fr A R g & 1E A 2 5 iR
SR T BRI A AE ST, K R B H ™ Sl e nah g R RS, AT BE AT T RERs
ZBARBANTAE, RIABL RIS IR 1 RE R AR L

1.4 EELIEN BRI B R K AR &

1.4.1 &0 LR 3

B0 IIEN— MU, 7, PTF5 5 I BR A B A5 5 e S LDRE B0 0 e AL o i
WAAAE S, T A A A B AR A M S a4 4 i ) Sk A X B SR P B 4 g ) P91,
TR, EEE O 3E BRI It e 5 R 0 S SEDUCE A . 5T, L
B P85 SR 50 A A A P SRAR AR A0 s AU 00 10Uy 5y — T T, T 24 ff R 2 e )
B YRR IE, AR il e & BRI EE B s R T EISAH, i A0
WTRE 2R, TSEIL H AR R B B M oorif . o0k IR HAE T, 40 N R IR BT



>

&
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PRI R R B AR T KA A BT, W iR & S AR o 2 R S P, FE RO AR, IR
2 g e S T A R B RT IR, T T R B RV R [ BRI IR R . I 2
R O-FEIREATEIS, R EIRTT AR IR A R AE

1.4.2 B0 73 R 2R A4 1R I FH 22461

958 EZ R B Tl adE A, AR A DL B BE AR TR R R OIR 22 O 1 B

(Trichosporon cutaneum ACCC 20271) NHFFEXT G, KA S O 7@ WA g4k 56 e el T 3R

RRALKR T cutaneum MP 11, 1% B PR A AR AR AR 0 A2 B3 KRN B S (29 100 %), B
NI IE S ERTT 5, BRI EE AR & RARCEERE . gD, EdEEa4ER
Al ik 22 Sk B0 ST B b A i, SRAS SRR T cutaneum YY 52U, FHAN4ERFAH A
AR BRI G, 10 REE LE AR BT 21 4 2 IS4 vh ST s 250 g & O & i 58.4+ 0.1 g/L),
WESEAZ LA 2% R IPEAR R (S

FIRBFEARA, R S0 3d B A AR T T A B a2 R R A A ) A ] A
H, RAL G A TRESOE R /R, i B € m I s s 2k, RS i ik
PETRIE .

S H FIEE S 0 738 B AR AE 7 i 9 B b i B T 58 22 Jm PR T B2 AR 2 fla i £
R T B Y N AE & ML —— B HUON )75 3 B DRI 2 i VR R AR 5 2 T AR FE )
7 3 R Bip (R FH—— A% O 2 CHn R o2 2% B 22 S SRS R A M 7 ade . ATLBR 0 il A 5 3
P aE) U0 MR AT ZAu e RE R [RIFEAPAE . BRI, AHEFTHERT, sl &0 28 (o
W AEHBTED R AT IR A R, MO N B R AT R0E MR T R 41 41
P BRI R 5T A R

1.5 AOLBRERFEERAAER

AP s B R E SRS, EEN, EREEE, ATEAT B A S A R
PEL ST, MR SRR IO, RS AR PR P AR R R, PR EA
AR, AT B A m B T2 k. F RE S 52 A H i 453 5+ R o H
NP I DA R H I, BEREHLH I BB o A R AME R P2 . %576
A RS H M, SERE=E I E, AR T YR AR B OR

FH = e B R H i A S A= i iR, PR b e A T 2R = A e, Kb B K&
FEH I A RIE,  SB P CASEELRER A R, A A= P S A Ak R b D RE AN T IR, ks>
PR IR SRR S HER, B H I v —. BHET, O FRIE A A
A TR RERI PR H Vb 85 5 AR P2 AR IR AR ATIAEAE — S8 SOR REAR R, 2 1) 8
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(1) A TRESGE W] LUA RS TFwR 107 M e 77, (ER A AR BN 2 28 A th B
HAP=IRbMI SRR AR (2) B Fert, M T 5ETHEI 24 f B B O H i o IR 1
A= A 1 3 A Pl 7 P I T A EL AR B GE THIR EEAN K, T HL R £ 3 (1 7 e T
B ORI RCE A M RAZ AN . B0 bl [ 21 A R R FRE b A 7 A= P i
B R, AR S B T R

(1) B IE 158 21 A& S BEAE LU 260 W D9 et 1Y) 5 RSG5 7 22 rh e R P R 50 0 T B PR AL
SETHEPR MG & &, XS B R RARE R BT A I RAL, SR A0 & A K
PRGSO, FRAS A S IR AR I ARG . i B A A A DG B R 1) 28 156 1O 64T 43
AT, U B 0 3 NS T R PR 52 MR R 7 A 52 0 ) LA

(2) X+ RENS =y 280 Bl A Aot g PO 63 20 A PO 5k g g IS EG e R B IR 22 0 e 158 Y AR
H R AR A BUBEAT VPO, 5 SE AR PR H I A it B P TR R R AT SRR 2t
R ARSI i e

(3 Rl B0 /3 A HEAR I 07 16 A T 5 20 & R BEAE R TR & b= S 2 E it IR
WEFE, ANWTER T B il A AR R, IR AR OGO AR R AL, AR
RN R S KOP X EA R ™ A2 1 SRASREAT 70 HT

(4) ReAEAH T i i SR BE A AT 21 P SRAR [ 21 2 SR 19 B 1 PR EEAT SRR A RS, IR TT 1%
W MRAE R IR IR R T, /NS BIAE R H MR EE . A LRV TR L R T R IR LS RESR T
TR AR 7 5 R DR B A I 2 P X T R A 7 B R AT RS, R R 2845 BB A I R R e 2% F
TN a8 K B -

(5) 3t T i 2 8] 21 4 £ 1 5 TR T R M BE AL i T R R DRt b g O 10, 58
W] SR B B 2 AR T T R S A P s e R, Rl o e Ab R R B, 22D T
TR R 1 7 7
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£2E RIrRIEABESEIESECHENEELTERESEREA

21 3§

R 5 0 7708 B A () 7 Vg L T AR SIS | R 22 W BE Trichosporon cutaneum
MP11PO R, SRS B T cutaneum MP11 A EL B R AR TE A T cutaneum ACCC 20271,
LA ARG K, RANRMEEN 2, MBSl . 77k 0 R B 2 ) 0
JIRIEAIM R AR RAE, T 2T 40 i 5 AN [F] 97 18 5149 SR AR AE W _E 2 R st I 5 B 4 M .
I AT LR SR B 2 R RAT A, DT v S (S AR R A i 5 e X 4

[ 21 4 F g BE 2 — P DL S = WG I B, 76 I B0 ) N G R AR A B BT
Gl BER S FEE M, MM ERE IR, ATk R LA R E AL SEIR T 5,
FEALUMES: (D NS RE, HAKRMEERE, n#aREsR# (i
BELEAS-TH L SEAD) sLEMAAEAIL: (2) MEZREFREME GRS, ERRED A
BomErE, R 2 KIE.OQITEE 71 (3) REY (AN i EE%, A
AR R R TR pH B ZERRI TRV, 5 T4 9% FolRR sl I 3 PG B 18 o 70 7 1
OHEA ) S50 Bk

A S0 T2 B P 1 A B RE AT B 250 J & VR AL, B0 IE X VAR A AR TR
CLA TR BRI =M AaE J0, FE AR BB AR EEAT I & 2R AR R P4l S ERIEA
2 0 B % L PN S B A I ) 1 B SRR AR AR EA T, DA RO DRI R B e sk R 22
FEREAT 7 e AT ik

22 MHESHE

2.2.1 BRI IR

A4 4l BE Rhodosporidium toruloides CGMCC 2.1389 HH KIZEH T K X S AR 247
VR ZEE

YPD K578 Glucose 20.0 g/L, Peptone 20.0 g/L, Yeast Extracts 10.0 g/ ([E[{/A5F7 ¢
FAMIT 20.0 g/L Agar);

B0 Sk A i 7R3 Glucose 60.0 g/L, KH2POs 1.0 g/L, MgSO4 . 7H20 1.0 g/L,
(NH4)2S040.44 g/L, Yeast Extracts 1.0 g/LP%l,

HRIGE LS 7% WK R. toruloides CGMCC 2.1389 #EATiEAL . HUHI7E-80 °CHRAZ I
PRI IRARTR, (BB G T R BRI T YPD [l 7Rtk X2k, 5557 48 h )5,
PRELH 75T 20 mL YPD Wi RE 7R i s % 24 h, RIVEALSERL, JE2RPTHZHE 10 % (viv)
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MR T AR TR Horh, 2L & AUl BEE & O IR R 5 7RI (A 144 h, BRI
PREE IR B R 55429 200 rpm 30 °C,  [FAES RGBS FRFE IR N 30 °C.

R B0 0 B A S8 T Vs KRR R LD A AR B) R, toruloides CGMCC 2.1389 4
Fh 23 B0 JJ G s IR AR (500 mL HETE MR S0 mL), 1597 144 h 54T U
BT O 1R R R S RS 50 mL B 0E T (20 mL B O 0k
20 mL HTRNZSEO, BHP—ANEOEEARPNEOCH FETBEREE LR BOE,
WU B RS AR A 5 mL W, AR N —RE R R R AT, R EN
10% C(v/iv) P8l

222 ZHMIEEMEE

JeE WA LSS BV 10 uL TEIE A b, FRRIEA RSERTEAM, KA A
PP b, BT EME OLYMPUS BX53 (HAZRLD MBS £, H 100 &4
TEWALET S, fE B S USRS I RE R .

PR HIRE IS B B DS R R, PBS 1EVE 2 Ik, 1 2.5% (viv) TR VA
[ e 40 3d, FEAEBAKERAMGE, CRERRENK (30%-100%), K BEEA G TR
5, W4T R AHES BT B S JEM-F200 (HAKH FRRR &4 B A

DI BB RE ISR . K BT B O R EE T R, PBS 1EYE 2 Ik, H 2.5% (viv) TR
WE eGSR, TR e A FERASRT] A g .

223 WMAEK. BEWRPEARE. RS AR

WA AEKAEOLINE : K 1 mL B AKHRE 40 £5 )5, H Thermo BIOMATE 3S %84t
A G 6 E T (Waltham, MA, USA) I %E B W HY) ODeooo

B VRO R FE I 5« 8% 1 mL BER 12,000 rpm 250> 1 min, HX_EiE#iRE 40 f5)5, A HPLC
(LC-20D, Shimazu, Kyoto, Japan) #aill, it Al g5 A1 (3% 44y RID-10A /= Z Al
#% (Shimazu, Kyoto, Japan) F1 HPX-87H thififf (Bio-rad, USA), FsIAHN 5 mM iR
W GAIE 0.6 mM/min) .

AT ENE: HZEEERIETE. BEBRRESEHE 20 mL T 50 mL .08
12,000rpm E5.0> 3 min, 3¢ b3, FAMAUKERE 1 )5, H 5 mL @aAUKESEAEK, BIARK
B PEEREFRILT, 65 CCHETIH 1, TH G FREEFR L+ AR B il sk, IREIHFRILER
AEEHCAMES. i TE (DCW, g/L) A4 A E & KR e 40 i T 5 BT A B R 4
L

WAR S & A e MEMBTEE, mORE M TEENEE PRI 5 mL4M
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HCl, ¥ EAESHBIRIEEHS, SRNERME 4 h Db BREGERIES] 50 mL &0
H, ANFE R FRR/KEDE 10 min, fERRS LR . dHRREE, ER S OETE TIK B
A 10 min, SO 20 mL &5 FEREE (2:1, viv), ZEHET 200 rpm, 30 °CHERAEHL 1.5
ho B0 MEERFELHE, 12,000 rpm 20 3 min, FIBEE T Z&GH, BT
I E ) 50 mL BRI Z& KM, 80 cC/KMIREL 28 K A1, W IEZEME T 65 °CHLAd
. ARG E, ZEREMERFEAEEN AMEES. WESE (Lipid
content, %) NiMlEEEFRE AT E. WiEr"E (Lipid titer, g/L) il g 5 2 BRI 2 i B A
PR

224  AHfEEH S E I

V4 [ AT A R T BEAE 250 7k Ak & s R R R 5 97, 7E 24 h IR 100 mL, B0
LR, FAHAKIERAIM 1 7%, 12,000 rpm 250 3 min, B AR EA G KB 5T 1%
LI

WE 2 e R R AV & & PP RRENNE . BT K 100 mg THIEE S, A
1 mL 2% RS < 78R A, 1 30 °CAKIRIE T B EA £ (5 5 min fitHE
— V) F AR IR AR R KR 60 min, MTA FI T 40 RE IR . B T AR RS
£ 100 mL #EJEHEH, A 28 mL 258 FKKEIRBRRM BN 4%MiEg, TR 5 HZE M
FORESIR AR LK 2K, BT 121 °CHRIKEH 60 min ST DR fR. BUHHER
i, TEEREST, B 5 mL VR, INBRERES R R GEATER B R AT, 12,000 rpm B0 5 min,
B IO g, O HPLC & v v 1 e e B R H B B R B2 . SRR SR B ) 5 PR e i B
RECN 0.9,

M A EEF LT P d&: FREL 50 mg TRAE T S0mL gZ8 i+, ¥ 10mL6M
HCl ¥EW, FPRZEM S DS T, T 105 )CHLAE TR 24 he KRGS BITR A AR 7E
110 °CiMiB 78 R H /K MELER, IMANFBZE/K 5 mL 780 AR F A F A . B 0.5 mL 5
5 0.5 mL Solution A (1.5 M Na,COs & T 40 g/l ZBEREEDHEAT 1:1 IREHZE], ik 20
min, #HJEIA 0.5 mL Solution B(1.6 g % — FHEFEIK H VAT 30 mL A1 ERER & 30 mL
CBEVEW) N 3.5 mL ZBEVER T8 1R S), HUE 60 min. A ETHE 520 nm R REATAS
I RN R B 2l K BEAT ESRACFRIRE D . PA N-Z B bR v th R 5L T & &

2.2.5 AR I A0 B AR . R
A B AR S . TR T R R IR A EE I 8] B S R e R L & S B AE
O A B TR AR T A 2R, FEXT BRI bk 3 ANINFIE A R
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(B R BORE, FH IBRTH BT SR B AN B, BRI TR) R 7R 22 22 D 20 MREARTHEL, FRi AL
X Q2-1):

G=1/R=(t>-t1)/3.322(1gx2-1gx1) (2-1)

byt JE—/NIFTE RS FRIT AL ¢ AT — IR RE IR ] x 20 5N INFIH]
RO AMANEG x o T — NI TR) S A AN 2

2 2 T AN AR T ' 2 SR A A 58 T A ) 0 A AR B REAE DI 7 R B D I IR T
H image j tHREAHIKTE, BOIZE MR FITRR SHEERERL, A (2-2) tHRE4EIARTR (V),
A0 (2-3) HEAHERER (S):

4 /A\’B

v=37(3) 3 (2-2)
4 (A2 AB

S=§TE<I+7> (2—3)

Her, A SAEER: B: K ER. HRARTIRIRIAR A & L 100 4P
AR AR IME . TSR AR R T AN R B A, AN EFE AR G 4
AT > LIS (AL, 1SR 00 A B 0 JTREA 5 Il TR, P AT

22.6 M LR A & NADPH & 245

W I 21 A AR P B A 218 250 Sy A & UG TR AR h R IR IS 77, 7E58 24 h, 48 h M1 72 h
IFEURE, AR s S w A, TR BRSO A 40w OB A (A-CoA) ELISA
For ) S E M SR AR A ISR, R R R AR A R A 7 NADPH
Assay Kit {7 Z0E L NADPH W& & . AR i e W B — e 5 500 A I Bk 44
Bt A3,

227 AR SAN

K 1R 20 2 A I B AL IS 2N 100 mL B B0y & BUE IR 2k b, fERPRIETR 24 h I
BUFE, 12,000 rpm, 4 °CES.Cr 3 min WA AR, FEAIKIEBE 1 5B Tk F& &R
AT AT AE R, BRI, BT 200 °CHUAE 4h BLE, GRS
WA . BEEHREA TG, B TUERPTE ok AR, NSRRI | mL 4 2%
7% RZ 111 1.5 mL RNase-free .08, WAAR A ZAEOEF, HEASRMERIES
FEIENE 5 min. § TIANGEN DP419 & RNA $REGAF GRS RNA. HAbst#Rl (-
W) AR A FAT R AD T (lumina HiSeq 2000 £45) .
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23 ZR5iTR

2.3.1 BB G R IR AT ) 5] 4T A TR RE S AR B bk e MR e e P X

B im A5 R & AABELE R, toruloides CGMCC 2.1389 Bt 288 B 0 J1 ik Ak & Rl 77
HIELLAEAR 36 1R, BOATEA 0-15 mine MANHHAR & & & 3 — e 2, LR SRE
FERLE W B, TN B2 EAR-BAAR-TE R I 5 2 FM SRR R RS O BTSRRI
A, RECE A BER MR R RN N RGN AR TR R . S TN
e S E, ERERIERILEZAMBEIEOY, ABriE s & AR B O ) BUE
KB ]

(a) Lipid content—@— OD600—®— Centrifugal force

L 55 &

70 LT o
50

60 45 g
gso- _'4°§
e M '35(—33
£ 40- 30 2
(o] —
o -25 ©
o 304 LT @
=2 [ ©
T 5 ; - c
20 15
-10 ©

10 4 ! 8
=

0 laniie o O

02 46 81012141618 20 22 24 26 28 30 32 34 36
Transfer number

(b) . Transfert™ . . = Transfer 5. Transfer 10— Transfer 15

>

R R L : o) |S0HMy < o0y RA0UM ¢
Transfer 20 Transfer 25 i Transfer 36
50um ";L{ ~.50um St 5 74 50um 1.50um

B 2.1 BOERE R. toruloides CGMCC 2.1389 i 54 B [13E B 34k
Fig. 2. 1 Adaptive evolution of improving lipid content of R. toruloides CGMCC 2.1389 by centrifugal
screening: (a) Strain evolution diagram ((DCulture time is 72 h; @/@)/@Culture time is 144 h; @Use corn
oil); (b) Cell morphology
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mE 2.1 Ca) flir, # R. toruloides CGMCC 2.1389 ESALARHEE 36 /. HEALITHA 1-
2R, FEHREEFEI TN 720, R AR S A, IR B E AR, R 50%EL .
MEE 3 AREIZE 14 48, ERKIEFFRIH R 144 h, FHESPEEE 01 50,0008, 2] UG
BRI TR & EAWTHE 2 70% LA B BRI 15-25 I, BEG 7 LFRB B O HLR
PR, it — PR AMIE SR, EROIIER, &M 10 mL T KA 10 mL R &5
B, ORI BEAR T B R VR, WO B0 JE VR T ORI b ) B AR R A R T i v
N2 B A . R Rk T 2, A e & B A PRI, AR 23-25 4K,
MRS ERET 75%U F, HRIEH] 80%. TEHHIEE 26-36 RAERFEATRIL T, H#—
AR e AR & & . ESHRINE IR R 5 36 AR, AR &I LAEIE 75%0L . H
B0 EN R SRIG E ik, ARSI 56% L L, SRR 4T & H R RE A 5E MR

MR 2T & SRR B (B 2.1 (b)) WAl LLEH, FEHRABAE 15 a4
PR/ S JE U TR ARAE L O B R B C,  Ma A B IR LT Fe i A G, SRR AE S
O, N THPIARI AR, 02 R AL, TN B0 f5t Bk
BIIEER, SARAERERIIMIE S B2 HRANS R EE, &AL R A
e S iR E, AR RIS . B 22 mnd &0 I B IfIE, BRI OR /N BRI
(RRE LI O, (L2 L Py 08 14O I VR A7 R 8 7 i R A 4 o

N T WRZ AR M, KR A7I 0 [ 40 A F B B IR U AN A R AR B S 1k, 4
BRSO S B IR IS IR 144 h, AT RO IE, SRR 6 IR, e WA
DCW. Hifi & =M=,

R IR AR E PEIG R B B R R A R T R IR A, A TR
AT RE AL B AR ST P AR RO F R, s i8R Ak, LA 2. B
EAEMREIA B P IESALAR, Wk T r=mae i s, s RAEKm g, wmE 2.2
(a) hizn, BEARARIREIG N, DCW Ze12 TR, 1R ot sk 0 0E ROz AR KR,
DCW & s TR R MR i 2.2 (b) Fow, JRIGAHHRAE L ERFIHE S BB TR
S, A TRIAEE R B & R e T 55% A4, BMUBEMRAESER 8 &4 R &A% 6 RS HIh
RE & B L AR AR S AR 0 B & AR, AFRETE 75% A4, AR B2 5145
FHUCHEC . WEMRATEER (B 2.2 () WHH, BEEESENR, K R FECR
YRR D, (B LRGEE R R B R 2, AU N SRR A A IS U AR AR . AT R
B, ZRRRARRE R E, %L E R R G Rk AR e R E R
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20
(a) ‘} OParental strain @Evolved strain
15 1 ]
)
B
= 10
0
o
5 4
0 ! ,
1 2 6
Transfer number
(b) 90 5 OParental strain  OEvolved strain (c) 20 ; OParental strain mEvolved strain
80 A — M — = "
=70 15
Feo 2
£ 50 1 210 ]
840 A i
T30 A =
2 | 5 1
-1 20 A
10 A
0 T T T T T \ 0 $ + } ¥ }
1 2 3 4 5 6 2 3 4 5 6
Transfer number Transfer number
(d) Transfer 1 Transfer 3 Transfer 6
Parental
¥ Sopm, . pr Soum
Transfer 1 Transfer 3 Transfer 6
Evolved -

B 2.2 THHEES TESEEFRRIE R. toruloides AL HE MR KB 512 i
Verification of genetic stability of R. foruloides evolutionary strain by continuous culture under
stress-free pressure: (a)DCW; (b)Lipid content; (c)Lipid yield; (d)Cell morphology

Fig. 2.2

232 AR RS R i
58 41 A& fu e BE it b (7 00 & PR EAL, 3R BRSNS R G 12 0 70 I K B e
LRI R MG EE S IR A E R . ARG A2 BRI (& 2.1 Al 2.2) mT%,
2 B A ST A P AR TR AT TR DU DIAOS, RN A B R AR th 2 DG K i Ae ik, sy
W, AR LR R AR S R RIS 2, ROV R, AN 2 RN
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N IRIRIINS A& R 2, AEARTRAE I N A 3 2 I 3E R R 25 2R

TR 1 40 33 N A HEAL A A AR AR O R S A A AR K R VIR, RET AT RE 2 5
LA HLRE 73 PR B3 S BT e 2 SR AR R AR AL, B 22 S DL AR 3k — 2B R T 7T
PRl ASHI TR [ 21 4 R B IR T PR AN BE A T PR 2 i 22 0oy EAL 5 B SR R AT 5
7, TEREFR 96 h BOASE WIHCERNR, 519 PR AR (SEM) WL JiR 46 Tl A R L4 T A 400 ff 4 i
T ZE S, LRSS F7 144 h iR A7 5 SR 440, A D) A Fe B (TEM) AL 4 i B 52
AP AAE A TS DL, BRSO T

olved strain

“Parent8l strain

\(LL

2.3 BAXHIBEE R. toruloides RIS R ARABEALE YR SEM H1 TEM E& EeE &

Fig. 2.3 SEM and TEM observation of the parental strain and evolved strain of R. toruloides
(a) scanning electron microscope image; (b) ultrathin section electron microscope image

WK 2.3 (a) Fron, BIZA AR R I it 2] SLig o, KBHpmK
A AT AN EZF R R BRI B o B4R T PR AT EA B PR ) 91 30 AL P S i
RIMMZER], ERTLEH, RSB IR RN, A EB AR T R 0 4H I P o 2 K e A2 R Bl
SEMRERIRGANL,  BEA TR R U SE R TR ER T AR A, 7 ELAH M A AR A B SR 1 K. Rl Z0 &
BRI A B s, HEAL TR A 20 A AR BT 8 O, PRy P e B A T L vk i ) = 1)
PO o ARSI B S R PRI TR N [ TR G DU BT AR 0 A KB BUsE DIAER, (HIA
NZR AR U] AR R SR AN SR B H S —, TOVEE AR S i =0,
A3 AR e i 2

233 [ A& fa Bk 40 e SR AE
N T T R A AT R R AR R MR AN A R AR I 22 5, oF B R P A B BE . 4
JH AR A R AR RN B A7 I 2 FF v 22 S e AR AT RE R AL
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o
S—

(3)45 _ BGlucan @Mannan OChitin (b) P<0.0001

Y ! 00- 45, P<0.0001
£ 40 1 I
3351 . € 600
= 3 8 E
£30 2 = 10
= 25 ] §=]
= * E 400 3 o
=20 2 © i
157 s s 5] [&
£ 10 - . g 2004 QO
[=] 5 4
o
0 ﬁ_‘ 0- 0 T T
Parental Evolved Parental Evolved Parental Evolved

B 2.4 EALXAEESEE R toruloides #E0 F13E MAE AL B BEAL BE R IR 40 IR AE
Fig. 2. 4 Characterization of the evolved strains of R. toruloides obtained through centrifugal force adaptive
evolution: (a) Cell wall composition; (b) Cell volume; (c) Cell generation

2 B 10 S B A S A T S AR, I BRI B 1) 2 A SR . H R R AL
TR R R SR A A B ) E LA PR ), R B P R A e T T B R HLE K
I B8 R YRR, H Fe SRR T A & 1k, LT B mT DA A S B R A 2245 0
=HEER, JLFEERR ISR K ThRe. WK 2.4 () Fon, R4 RERESEAL g Ak
BT R T AR A I B 1Y) 3R =R e P4 BRG] A 2 B A R 8 00 7 R TC AR AR 45 A
SEVHSE MR B O, AR B0 7O R B AR R, T A5 A5 40 A 48 K ) TR B 3 e 4 e A
AR

5 21 A& f e BEBEAL T J5 4 M AR RR AR B 2. 4 (b)), B R T EAL s A I AR AR T
YRR 10 5245, AT RES AR BEAR AT B D) 5 &R, I L A R (AR SRRt 1 S KA = ],
SEA T BRI o HEA 5 A0 B AT R T A I BE AR, 2 i BE A Rk 1 0 2 A
AT AT RE AR P A A A, AT AR B A NS, R B IR AR, A AR
Ko N TIUEZIEA, XA TIE, WE 2.4 (o P, 4 B K,
MR — AT R B TR P ESE R 1 h, 38T DURE R B4 Jm 40 B AR R 0 KA 3
%o

RO J g AR 3 B A ARG R AR EACIE K . A R B o U SR AR AL
NI AR S B R SRTHSEOE 7 B S A, (EUHAR A AT AR N E 2 T, (B0 i i
ERTHHBAR R R Rt — DR

234 B AEERE A SRS A FI NADPH & &7

CTRARTG A 2RI A U EEERTIR, CBERRE A PEAEfb 8 BON B A, FEK
WEETE UIRIIIR, W Bt A SEAAR B2 IEW, AR TR R . NADPH =it
R B4R, NRITRR A& BOS AR AL R T, H TR SRS A BB EOIBITER, % NADPH
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TR AR TR AR, AR R 21 A A B R 6 TR AT A B PR ) A TSN E 2
filile A A1 NADPH &, JFORZR RO FIRE i A B I R2 T

(a)O OParental strain @Evolved strain (b) 0 OParental strain BEvolved strain
) @
804 8 0.16
S I
E 0.3 ;g 0.12
< 0.2 £0.08
Q i
= 0.1 o 0.04
¢ il :
< 0 0
24 48 72 24 48 72
Time (h) Time (h)

2.5 BLLAEEE R toruloides N R B A Z.BE4HES A 1 NADPH & &
Fig. 2.5 Content of acetyl-CoA and NADPH in different stages of R. foruloides
(a) the content of intracellular acetyl-CoA; (b) the content of intracellular NADPH

CEHEE A M. BRI AR B A R, R RN LY, xS
S5EBER. MEREEZHYE. WK 2.5 () FiR, ROLHERPN OB A &
R AR TR (A RE A, S ROk R, TR TR, KNS B I
MR R, SO R LB A S E2 TIRGwR. WK 2.5 (b) Pronth
Bl NADPH #8017 HE A bR & B s 00, ) RE AL B AR BT TR I (B IO SE G, 2
NADPH Hl THElIR & 1. 750, £ EBIRE R T, Al fefise i fCia RS S = L
Wil A AR, M T NADPH A&, #EALE#R NADPH & & 5 e AT A il i &
JSIS B A A S5 T

23.5  [ALT A B BERE S A DL o i

2k B0 IE NP, (B 21 A fl P B M R A I & B AR AE TR RIAR A,
N T PR R AR L DR B R T T AR B AR A, 6 R R AT e s A AR I A A . DA
JRUG TR o B2, 4T 22 S e sl =2 73 M, F|loga(Fold Change)| > 1, 23 1% P value <0.05
NBME, #&TF KEGG (Kyoto Encyclopedia of Genes and Genomes) #(## & #t1T DEGs (%5
R ERD BIEEST
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(@) voicano plot P value<0.05 (b)

Fatty acid biosynthesis =—=———o0——c———y 7
ican
« Up(sss) Tyrosine 7

* Down (849) 9
) _—
® MNormal (§138) . Butanoate 8

Niragen ism 9

Starch and sucrose i ———19

log1o(FDR)

Glyoxylate and dicarboxylate ———— T

Tryptophan i 111
Fatty acid i 1 12
Valine, leucine and isoleucine degradation 1 14
Pyruvate i 1 14

= 5 0 2 4 6 8 0 12 14 16
loga(FC) Number of genes

B 2.6 @BELHMEENE LA AR ERS RIGERN LK Z R RARER K KEGG ESR

Fig. 2. 6 KEGG enrichment of differentially expressed genes in R. foruloides evolved by ultracentrifugation
force compared with the original strain (a) Volcano plot of differentially expressed genes (DEGs) of R.
toruloides XR20. 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 R. toruloides XR20compared with the parental

R 2.1 HEEOLIHAINNETLRREEAEAMmIE S BRARNERERER
Table 2. 1 Differential transcription genes related to sugar metabolism and lipid synthesis in R. toruloides
evolved by ultracentrifugation force. DEGs that were upregulated in all three evolved strains were bolded and

labeled in red

Gene ID Log2 FC P value GeneID Log2FC P value
(@) Glycolysis (b) TCA cycle

ENO -0.03 8.80E-01 SDH -1.03 3.28E-09
FBA 0.89 1.99E-05 SCS-a -0.05 8.32E-01
FBP 1.06 2.07E-06 SCS-B -0.32 9.64E-02
GAPD 0.89 1.80E-05 (c) PPP pathway

GPI 0.3 8.50E-02 6PGD -2.6 1.67E-44
HK1 0.59 1.38E-04 G6PD 0.53 1.33E-03
HK2 0.97 6.99E-11 TKT 1.39 6.22E-01
PFK -0.55 3.72E-04 TPI 0.13 0.47
PGK -0.03 8.88E-01 (d) Fatty acid synthesis

PGM -0.55 1.20E-03 ACC 2.09 3.10E-25
PYK -0.16 4.40E-01 ACL 1.74 1.04E-17
(b) TCA cycle ELO 2.32 3.24E-26
a-KDH 1.08 5.92E-10 FAD1 -0.13 9.64E-01
ACO -1.28 4.65E-11 FAD?2 0.45 5.16E-02
CS 0.6 2.95E-04 FAS1 2.96 2.83E-22
FH 0.75 5.42E-04 FAS2 1.14 1.23E-24
IDH 0.21 4.55E-13  (e) TAG synthesis

MDH 0.94 2.68E-05 DGAT 1.26 8.41E-10
ME 1.28 8.88E-06 GPAT -0.32 7.13E-02
PC 0.4 8.32E-01 GPD 1.68 3.57E-18
PDHA -0.03 9.64E-02 LPAT 0.76 1.04E-04

PDHB 0.85 8.88E-06 PAP 0.45 1.70E-02
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N KEGG &4 (Bl 2. 6) P, R AR w42 235 2 H) DEGs K
ZEE£D T 5RWA xR @ER E, HAREU (Glycolysis/gluconeogenesis, Pyruvate
metabolism, Starch and sucrose metabolism) FIAg R (Fatty acid metabolism, Fatty acid
biosynthesis, Glyoxylate and dicarboxylate metabolism) Z F##8 Ko 5 MAE AR 2T A H i =
e R B BT A R R SRR AP AT R (3R 2. 1), FBE-1,6-BEIREE (FBP) , a-H
R IRIERE (o-KDHD, ATEIRAREEFR (ACL), CBEHHRE A RILEEIE (4CO), N
IR A& RSB R (FAS1/2) SRR A S I B, (23 7RI TCA FIBEER b 1%
7, BHRTHERIEAS: IR G BOSREE D BRI R, 2B IL [F R A A kAL
TR AR B 21 A Ul BEERAS 1 PRI IR & B TR A5 R .

2.4 EKEB/NG

ARSI 2 S AR 0 70 VR AL e A AR A B4R T P iR Rk R S &, (HE AT R
TEROR 2 faE R G B, A T RS SEIRRE 7L, IRz A0 RE A Ak [ 4T A TR B
FAMBEBE S0 AR B I B0 J7E B B o T 4T A T BRI A S i, R S R
SEZE ST AR RS R R o R AR AR 7 RNt B 20 2 AR A 5 R B BT SR 2
[ RIEC R, LARIL & Bl AR RR e, S ah 3 H DU R 4518

(1) ELKAMEEERE R, toruloides CGMCC 2.1389 LU &M AR I IR BN, #HT
B JE R 36 A8 (3 216 KD, FHAWITEREAET $& & e 1 B5 0 J7, A3 B PR
RE & BRI B0 SR VAR TE & B 53,000g, A H M AR & B 47%TH 2 75%, R
BRI ARTE AL & RO TR TR AT E W IE 1 6 ARIELERT TR, AT AR AR & EAa e
15 55%, ML ERIDEERETE 75% 4, U IZ L SR R RN GE .

(20 %] [ 21 A fa B BE AR B MR IEAT OG22 AR A IR, T LG B 7E 4 PRARFRAE IZ BT 1S K,
1 P 0 PR M VR AL AE AN BT B K ) FRBR T H AL AR B P T IS & R R 2 T R AR 40 e,
Hb g AR ] K TR . 5P &R ARG R RAH L, HE b B ik s A R TR AN
(eI SR . H R RN L T & sl R, A MAARARIE K 10 544G, A M0 oA 4 B 5
—RET TR K 1 he AL MRIBAN ZBEHES A 1 NADPH & 2 AH b S5 4R T bR B

(3) XFHEMRIATE A 2000, FIKEGGE 2 A, B4 A& Al REdEAb T AR A AR
AT 7 R AR U A DG IE R R AR IR 2 AR, R T AR TCA MBS IR I WIS A2 k47, B
R BRAH D JE IR 1 5 B 2



ELERBTKE L2 hiib 03T

£33 E4EmiaFAEEHE~REYHE

31 5%

BEASEM P B R R, M E A S E Y, R E ARG .
M S A KRR 2R, SO ORS B K B2 B AR, WO T ok DA ) 2% el H
I TR - R H T SA 2R 285, AT LS Hh b #RU L AL s IR R 100 i
H g e 7 AU 10T TS I R ORI SE T ys A n E BE AR AR AR E . AT 2
e B R TR P s RERE I R R AR B A O A i e, IR B T A
S AE P AL BTV, AR SR TR B R R, SR SEI T AR S A e i AR R A
A Hbr, b EHH s TRz —

A 21 44111 £} (Rhodotorula toruloides) {F—F0 i Wil £F, Ge8 LUH H il Y
BEATARHS,  RPRH I v S A NI 2 R R A — E I 32 1, 3 s B 3 o ) e T R
RO, 0 &b A e S5 AR IR R0, n] LA I T 2 2 AN R SO S i ig - &=
e H TR H = AR YD R P BRAR TR AR . AN SCER 2 F U B A SIC 00 = i S0 ST IR B 0
PRI 0 72 e A AR TH B £ 2 B B () P RE 0, SO S50 R ) 120 o A
BT, R TFIR 41 A0 i BEAERE T i i 32 R RN, SR FHMAR . 8T 2 gl
i AT A R 1 R 500 I3 R 1 3 A ko LA H e Do i i ) [ 40 AR e BER o, FEEAT R
P S0 3k — S5 HR T 5 20 A f s BER] FPRE H ™ Bl A= 0o g 1 B

3.2 MRS
3.2.1 HHHMERIEF RS

FH R TP EAR A T A H R A IR AR, HPHMEENS3 oL, AEH
R, RO H AR5 5 05E pH N 5.6, K. Ca. Na. Mg. P. S B TIRESHIN 1.5,
2.5.2.7.0.15.0.29. 0.5 /L. fHH i AR 7 & FR R & 2009 10%, Horp PS5 R R (C14:0),
KR HETR TS (C16:0), KERMITER S (Cl6:1), AEAGHR T IE(C18:0), JHER FHE(C18:1), MEIHAR
FE(C18:2) LB N 2% 26%-~ 3%+ 8%+ 39%-. 22%.

322 WA KEIREE
FAR 22 fBER] Trichosporium cutaneum ACCC 20271 M\ H LA b A A= 4 B i Cr il 7 385 b
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fift B BE IR B} Yarrowia lipolytica DSM 3286 AR B T K 24 A6 i 2052 R i 2H B

[ 21 2 #0B B&F Rhodosporidium toruloides CGMCC 2.1389  H1 KEH T K2 S AR PR

B B

i H PP A RS 7R EE . Glycerol 30.0 g/L, Peptone 10.0 g/L, Yeast Extracts 5.0 g/L.

A H PP A 225 . Glycerol 30.0 g/L, Peptone 10.0 g/L, Yeast Extracts 5.0 g/L.

FHH PR %5 77255 Crude glycerol 95.0 g/L(#H % 80.0 g/L glycerol), MgSO4 . 7H20 1.0
g/L, K KIK(CSL) 0.415g/L, (NH4)2S04 1.25 g/L, KH2PO4 2.0g/L.

FHH AR 77 3E: Crude glycerol 118.0 g/L(£ A £ 100.0 g/L glycerol), EKH(CSL) 1.0
g/L, KH2PO4 1.0 g/L, MgSO4 . 7H20 1.0 g/L, (NH4)2SO4 1.0 g/L.

YPD 3577 HE 0 7 AEE 72 25 AR L 2.2.1

A E S PR BOAR R TR 2609 200 tpm, 30 °C, [l ACE IR 2614 30 °C.

3.2.3  4HMRAEAH OS5
MG BB LS, A SR VA TE L 2.2.2,
21 Jf B 2H 43 I o 7V TE L 2.2.4.
1 it 2% T AR R AR AR TS VTR DL 2.2.5.
LG A AT NADPH & &€ 557 2.2.6.
AT A MR AR I AE R I PR RS TR R B TR R kAT

3.2.4  HPFEHAH S HOTH A

PEACRE . AT, IR & A ENDE T 2.2.3,

A FE (CFUD ME 77325 B R G B BE 22 1074-1077, TR 100 pL AR FH iR AT
BRI SIURTE YPD [ RS IR b, P E R R AR IR 48 h JE A i F T S 4 2 1

MRS (Lipid yield, g/g) TR J5i%: MR EERTHFE IR .

MR~ 2% (Lipid productivity, g/L/h) TH8EJ77%: R &k R B AT A B [A]

HEWTEELE 723 HT: ¥ 5 mL =FALHIAT 30 mL FEFIE &, HU S mLVESR7E T 50 mL
R, I 500 puL Al G, 4 B R Gei 22 28 R 8 I F B T ilig s A, 80 °C, 400
rpm XN 40 min J5, ERSAFIIN 6 mL HB4KA 4mL IECkE, RESEER LZEER, A
SAREIE- R REE A (GC-MS) 5 A I ER 4. 57

GC-MS WM& Z40: RN 280°C, HiFEE 1L, AW EEEVCEAE ZSEN
B, MHEN 1 mL/min; Gi%FR SN Agilent 19091J-433(30 mx250 umx0.25 pm), 7>
TR KA TAR I ZS (FID) IR 120 °C; FHEFET: 80 °C4ERF 3 min /5, LA 16 °C/min
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FIE R TR EE 280 °C, 4EFREE 8 min. 40HT 24N NITS MS Search 2.0,

3.2.5 RT-gPCR

IR 2L A R AL, AER H I BR U IR 2k TR 55 57, DA AR TR U B 2H, S [l 2.2.7
FrR T3 B RNA ARG C RO AP H IR A 7] 1) ReverTra Ace® qPCR RT Master
Mix #t47 DNA ) BRI 5 O . F ] A & ) SYBR Green Real-time PCR Master Mix %
A&, FIH BioRad CFX 96 (EHEAA%R) RGi#AT RT-qPCR (Real-Time Quantitative Reverse
Tranion PCR) k4. WIEhEH Actin ZEPFE NN ZEK, HT RNA S&ZREH—{bkt
B, FEEACPER AN 2 3T . RT-qPCR ATH SIP LI 5% T HE 1.

3.2.6 LR TEFIRMNEL S ik B

FhFRE 35 10 WA AR R R 2 T YPD [EfARR: #3E, 8597 48h Ja, HURE K
EEAhT YPD WK IR 2E, FRIKEEFE 24 h J54% 10% (viv) BERp P 200 H i PR 7R 2k
HREFE 1440, FHIZ 10% (vv) EEREER T REER 7R

Oy R R TR IE /2y AR R R 97 %5 Crude glycerol 95.0 g/L( 2 80.0 g/L glycerol),
MgSO4 . 7TH20 1.0 g/L, LK (CSL)0.415g/L, (NH4)2S041.25 g/L, KHoPO4 2.0g/L (HARIZAR
1SI0SR FERE IR A1)

SrREANELR BEANEHRER . FREX 47.0 g Crude glycerol(& 4 glycerol £ 40.0 g), (NH4)2SO4
0.725 g, KHoPO4 1.0 g, FKH(CSL) 0.208 g, MgSO4 . 7TH20 0.5 g, FH#4li/KE 2 F) 80 mL J&
KB

3L RIFHRER) S 564 R FRAEeiE 1L, #AEN 100 mL, KEFRER N 30 °C,
A 1.0 vvm, 3% 600 rpm, pH A 5.6 (F} 3M HCI F1 3M NaOH H 3, KB 4A
PN 5 mL VH LR KB O h B HUCREIN E WIGEEIR B, RIEFAG S, F5R% 24 h BURE, e
B CFU. Fol R Bk B A G 7= &

33 &R5w

330 LA FUmE EERRDRLH P BR 7T 47

o ik AR 2L FURE Y MRS I BRI 204 U R BB S YD BE R IE T AL IS 5 Bli
AT A E SR I E SRS, W 30 (A Bz, SHEibe
A KR OR F2E H . TR AR = A B R TRLH IR RIERE 9% 144 b, 0
BOUERA MR
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(@ T cutaneum Y. lipolytica R. toruloides (D)

T. cutaneum Y. lipolytica R. toruloides

(c) (d)
15 - 50
ar =%
D 10 A =
P S 30
g -
= 0 20
O 5 - o
o - a
1 g '
5 1
T. cutaneum Y. lipolytica R. toruloides T. cutaneum Y. lipolytica R. toruloides

3.1 =T R AR A v A O TEARY
Fig. 3.1 Evaluations of three typical oleaginous yeasts for lipid production using crude glycerol: (a) Cell
growth on glycerol contained plates; (b) Dry cell weight (DCW); (c¢) Lipid titer; (d) Intracellular lipid content

Kl 3.1 G5 05R W], =M g R mT DUR ARl , &0 144 h B8R0 A 1 ik 2
439N 60.25 g/L 56.90 g/L A1 22.75 g/L. [B 41 4 F Pt RE4 J IR 22 O e READ i g B FQ IR
P TS e PR H AR S G R A KR IR AR SRR T, DCW A = & 43 il vT LAIA B 33.5
g/L 1 10.7 g/L o B A 7Y (5] 21 A 6 P BE PR H dol A2 77 R R 45 22 51K, A 0.19 g/g HHI,
S THIRER (0.3 g/g) 1 57.6%. BARMMAMIES & (31.8%) & FHBHAFREK
ISR AL, DR b 7 et A 204 1) 7 B o [ 20 A FR I B 14 it P o R AR R e 7
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3.3.2 BB J13E BB T B 2T A R RER AR H e A T A

BSOS 0 I T SV A 2 B T SO A B (B P 72 e, Al RO e B R R P e IR R
AARITT . IR 2.4 S50 RN, DL ETHE AN, 8 B0 703 R AL I 7 VR e A8 R
CLATREREM N A R AR T, WeKRZ TR F T AR BT B 41 A F0 I BRI AR H vt A
il it = 8

HUBI 2 & IR R, toruloides CGMCC 2.1389 #EHLH M HEL 5 IR HE 15 9% 144 h S5 B
¥ 2.2.1 FoRT BT B OIEE S, W EERAME GRS BEED ST RERFR, &
RBEAT, AR 33 48 (3£ 200 JO). B0 B IR GE R B K0 /) 53,000 g, &L TE] Y 0-
15 min, A7 12 85I A e M H b 3% 3, W LA HEBE 900 7 B3RS 8 n, i Al
FrEARE IR N, (3% R A I R 4 m,  PRE AR I R e AR P AN
H, T HAESCRRIR S, MUESS 13 ROIFAE, BRACHIMAIR R IR B, IRl = B0 7T 15
min kS . GRS 21 ARTF 4G, =& WL KIRER T, JH7E 5 SRt fb Hhia 2 e e 2 19.0
g/L Zids, I RE A0 MG R g A e 2 L EAE A

il 3.2 fos, EESO T IE RV R A T IR AL AR BER FRE H I A A
HARRIRE ), HOMARF=EMNIIAR 4.5 gL =% 19.8 /L, &\ T 3.4 5. (2, FiES
OFEAERHET, BRI CFU 2L T NG S, X7 Re 2 B B0 17 R ss K LR
JIIE, AR IE R T S Ak, AL A R REE A A R P A AA i i
A4S g/L, SHISC 3.1 Fn B4 AR EE BECER Hl T 1) 10.7 /L (i e 77 B 22 UK,
Ry 3.1 B A A R 3 2 5 S0 3.4 AL IR 135 9R 58, AR T @b g, mcgs R R
TERVEM A, Sz g AR . AT MAMIRAGTE YPD P b, 7B
W%, KHATH N R toruloides XR20.



28T SEHEIBT KRS Wi rip
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B 3.2 BRI R A AR R i i R A e B S N AL
Fig. 3.2 Adaptive evolution of improving lipid titer of R. toruloides in crude glycerol system by centrifugal
screening: (D Crude glycerol evolution medium; @ Low glycerol and (NH4),SO4 medium: Crude glycerol
95.0 g/L (80.0 g/L glycerol), MgS0O4.7H,0 1.0 g/L, CSL 1.0 g/L, (NH4)2SO4 0.475 g/L, KH,PO4 1.0g/L

3.3.3  HEEO ) MR SRS R AR [ L A U2 B R. toruloides XR20 HIZH AR AE

LLAAHBERE R, toruloides XR20 238 B0 7738 B 3k A 5 Hoyt i 7 B B 3 7t
N T XAFEIM R, toruloides XR20 HEATHE—5 T fif, DL 4R TR AR, JEAT 40 M RAE 5256
Je T P TEASIAT IR 0T, R ERRA R, toruloides XR20 FREE:FE 144 h J5 F 2
AR R, FH T 5 [5] £1 A 7 P B3k A S0 1) B P et S o A A B RN AR S O . 3 0
R IRURTERR R. toruloides CGMCC 2.1389 MIBEALE IR R. toruloides XR20 }55F 96 h J& FH 44
HLBE I B IR T

B 3.3 BRAXHBEE R. toruloides XR20 5RIEEMREIEE BB SEM B4 L&
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Fig. 3.3 Microscope and SEM images of the evolved R. foruloides XR20 compare to the parental strain
(a) optical microscope image; (b) scanning electron microscope image

i 3.3 (a) Fos, BEEEEOEN SR ET, AR R, AR
5510 AU, iR A BB, MO IR BN 2, 51 3.2 MR Ak R
AWHRTHHEB RN o JaBnd MRS, BONRAREE O ) CiE B i s 53,000 g, R AE
ANWTIEAC BSOS TR], SO B B AR AN A0 B A BT o5 B AR B B R TR AN . WL
JRAG AR A HEAL TR R. toruloides XR20 A AR (& 3.3 (b)) AIHH, 4RI DG
%1%, R. toruloides XR20 K15 5 R AG RARAH EEIAE — @A RE BRI IN, 4k T Ak 1 40 i
Him A e, WAEMEZ, MRARA —ERE B,

M PR B O B RT G BRG], BEE A MR AR RRAE B B0 JT RIS IR, X
JRIG RN R. toruloides XR20 HEATAIMIZRAE, 73 Bl B0 JIX AR R. toruloides XR20 4
P AR A I B SRk R Rk RS2

(@) g9 (b)400_ P <0.0001 (€) g - BGlucan
— & ] + DOMannan
— I o~ E 1T i
éso T mE 3001 g15 ] O Chitin
= = E
s o =
5 40 £ 200 S 10 1 =
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Fig. 3.4 Characterizations of the evolved R. toruloides XR20 compare to the parental strain: (a) Lipid
content; (b) Cell volume calculated according to the light microscope diagram; (c) Content of major cell wall
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components; (d) Intracellular NADPH content; (e) Intracellular acetyl-CoA content

N 3.4 (a) fiios, BELHERR R. toruloides XR20 76X H i PR &S 77 36 h 15 9% 1440 )5,
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el A PR Sei L CAINEE Sk O
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LR T DA AR 7 A, AT R e A R e B S B (PDH e AR TR Ao B3 o b
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ELERBTKE L2 hiib 317
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Fig. 3.5 Gene expression levels in central glycerol metabolism of lipid biosynthesis between the parental and
evolved R. toruloides XR20. The gene expression levels were normalized against the parental strain: ACL,
ATP-dependent citrate lyase; ACC, acetyl-CoA carboxylase; ACO, aconitase; CS, citrate synthase; DAK1,
dihydroxyacetone kinase; DGAT, diacylglycerol acyl-transferase; ELO, fatty acid elongase; ENO, enolase;

FAD1/2, fatty acid desaturase 1/2; FAS1/FAS2, fatty acid synthase 1/2; FH, fumarate hydratase; GAPD,
glyceraldehyde-3-phosphate dehydrogenase; GCY 1, glycerol kinase 1; GPAT, glycerol-3-phosphate
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acyltransferase; GPD, glycerol-3-phosphate dehydrogenase; GPD1/GPD?2, glycerol-3-phosphate
dehydrogenase 1/2; GUP, glycerol uptake protein; GUT1/GUT2, glycerol utilization protein 1/2; ICL, isocitrate
lyase; IDH, NADP+-dependent isocitrate dehydrogenase; LPAT, lysophosphatidic acid acyltransferase; MDH,
malate dehydrogenase; ME, malic enzyme; MLS, malate synthase; PAP, phosphatidic acid phosphatase; PC,
pyruvate carboxylase; PDHA/PDHB, pyruvate dehydrogenase E1 o/f subunit; PGK, phosphoglycerate kinase;
PGM, phosphoglycerate mutase; PYK, pyruvate kinase; SCS, succinyl-CoA synthetase; SDH, succinate
dehydrogenase; TPI, triose phosphate isomerase; a-KDH, a-ketoglutarate dehydrogenase.
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£ 3.32 1, B0 70 S A AT R e 15 20 A F I BRI AR oty A 7 Gl A it g
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HIM AR 75 R 5 T RGE DR H IR FEATBR AL, (6 AR FREUR A T RES 2R i IR,
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Fig. 3. 6 Optimizations of key fermentation conditions for R. toruloides XR20: (a)C/N ratio. (b) Initial
glycerol concentration. The crude glycerol concentrations of 60, 80, 95, 120, 140 g/L are equivalent to the
initial glycerol concentrations of 51.2, 68.2, 80.0, 102.4, 119.4 g/L. The nitrogen source included 1.0 g/L corn
steep liquor and 1.0 g/L (NH4)>SOs. (c) Ratio of corn steep liquor (CSL) to (NH4)2SO4. The concentrations of
CSL and (NH4)2SO4 are 0, 0.42, 1.0, 1.9, 3.5 g/l and 1.4, 1.25, 1.0, 0.64, 0 g/L, respectively, at the ratio of 0,
0.25, 0.5, 0.75 and 1. The water content of CSL was 74.4% (w/w). (d) Initial KH,PO4 concentration.

(D FICHRBR B &AL

Bt a /D 55 75 P15 A (L a3 7 e TR R Bl B ) R AT 1), A IR AR T
WEIC R IR G CE iR LD 7= i BEh IR AR oG 3R . AR SR IR e RE Hr i gk b s 9%
FEEEAL EX) R toruloides XR20 #EATEIRHIHIRE, BN R. toruloides XR20 FEHTAARH H
HIREEH 95-118 g/L I, }iF% 144 h N HMRIREL 2 (L98 2040 /L it), #uk$
WIGEH H AR BN 70.0 /L (A %) 60.0 g/L HD JHEATASLE:, MgSO4. 7TH,O 1 KH2PO4
WM 1.0 g/L, [RIFRATT CSL FI(NH4).S04 & &I —F LLBh 1:1, 3 C/N K 50.
100, 120. 150, 200,

WKl 3.6 (a) 7w, R. toruloides XR20 fEANE C/N LU TR RIIARE, disreH
AT CFU BT 7007, v LLE MBI O/N 2 FEEIRHIA L, MR ERA KRR, H
T RE R DR IR P B, MIREHE O/N ELRIIE K, BRI S &5, BadAdKs
—EHEIWER, W IUH AR, IR R R IC. LREORE, AIWRLE C/N L 100
I, e R R, 2908 15.3 g/L, LI RT3 BRI 122 B R 10 T DAAS B e i i
o JIAh, H TR IR B R B O AL (R B IR LU, Wb e R T A
B e a, YIRS RIS B IR A R B G IS, TREAT T — R R B A
AL -

(2) HIAEREH R B2 R4

B IR rh R P R H 2 BB SR AL 0B IE RGN, AR T B AR H R AR K
B I NKER MY, RS S B MR A KA R R A 7= 2 5o, MO 35 IR B T 4h
FH MR R R T B2 WA LRSI BT F IR =5, WA R H MR FEE £ 60,
80, 95, 120, 140 g/L, #M4TFHMKE N 51.2, 68.2, 80.0, 102.4, 119.4 g/L, [EE CSL
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(NH4)2SO04 I EELGI A 1:1, MgSO4. 7H,0 Al KHoPO4 & &4 1.0 g/L, L C/N K 100 [Fl25 1
¥ CSL FI(NH4)2S0s &5 & o

k3.6 (b) Fow, BEWILEHHMIKET S, R. toruloides XR20 IR =& THFEH
A EA CFU ) 2 2 EIHE TR, B H bR BEXT BRI A 2, B ik B X os
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IKIE 95.0 /L, C/N HJy 100 HIZ5 A FEmt, BT 5 SE0 AR SR A0 AL S2 50
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[F FF) 2L 2 W B R AN [R] e AR A, IS MR AR = (5 e, AR 5256 32 2R CSL
HI(NH4)2SO4 TR FL A L5 A F T R. toruloides XR20 A7l . 1% SEU (335 4 F 00 F -
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BEPT R toruloides XR20 (i & &, (HH IR AR BE T g S 4 ) AR K P AE AR 2%
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BN 17.4 gL, FLERMIEF= &N 24.5 g/L, HRIAEERIET: 40.8% 47 . BEALERFRIAE
PERE ) SRR IC I R 20, SREEAERE IR I RV AERE A H o SRR TR AR R I B S
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3.7 BAXHEERE R. toruloides F) R H )40 HiL R B2
Fig. 3.7 Batch fermentation using crude glycerol by R. toruloides: (a) Lipid titer; (b) Residual glycerol; (c)
Colony-forming unit (CFU); (d) GC-MS analysis of fermentation broth at 0 h and 144 h; (e) Fatty acids
composition of the lipid
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A SIS BT R. toruloides XR20 A58 R H vH 234k A e 7= 1 A= v i R P 22 24.5 g/L,
TR N 65.3%, WA 0.32 g/g, TMARF=% N 0.17 g/L/h. £ Fel i A3 AH O HE 7T 41,
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T A5 = B AR i g TR 25 AR AR I Ak T RO A AL o 1 o, AR SEEG (1) HE A3 23R B B vy
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BESE Sd TR, PRSI Hm & ERAC, M HEFRN RK, HEARRXEEW, A~
YRR, BRiLEE 2R A, TREIRES 7d J5 CFU 4k4E BT, AT RE2 By wbkeH
FHMENE 2, R WA, {619 CFU &5, JE2eisRitad, CFU KE
%A Z, HEKBESR, &% CFU 24 5X10° 4~ /mL.
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74.9%, MRS EN 0.182 g/g, MIEF"ZF N 0.161 g/L/h. R. toruloides XR20 15 245 [rAH H
T FEANEE A B = i B S T EL B 3.8 (o) B, s R m T HETFTA #iE, HEN
RIERT A, BrCOl AR R K T o R B, R =B, (B & TR0t 5
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3.8 FLXFABRHELE R R. toruloidesXR20 431 AMELR BEME Hih A 72 g
Fig. 3.8 Fed-batch fermentation for lipid production from crude glycerol by evolved R. toruloides XR20: (a)
Time curves about lipid titer and residual glycerol; (b) Time curves about CFU; (¢) Fermentation performance
compared to the reported studies[’? 83 84 117, 18]
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(1) ELEECH K== MR (T cutaneum ACCC 20271, Y. lipolytica DSM 3286 Fll
R. toruloides CGMCC 2.1389) 7EAH H i FIAEKAE LI T-ali Hoyh, 70 H i BR s 7
Ak 1440 5, RIOAHIFERER DCW. WA= =AM A &R & e, Ui 4 & iz akE
TX = o B R P A0 A R H T = IR (0 B

(2) R. toruloides CGMCC 2.1389 7EXH H it (b5 78 o, AT 88 B9 0 /73 B kA
33 4R (F£200 KD, HTFAERBZERIET B0, WARR = =AW . &%, Wlisr™
T ERAIN 4.5 gL 2 19.8 g/L, $m T 3.4 L E kG %8 R. toruloides XR20.
XA R. toruloides XR20 HEATAIMIRAE, PURIAEEPE R. toruloides CGMCC 2.1389 K
XTHE, R. toruloides XR20 W40 HUARFAR S AR BRI PRIG K 3.6 1%, IR 2 &2 B AR B bR I PR £ 5
FRLAS 2 0 4 B ) SR R SRR AL T A RS RIS, . N NADPH M Z L A
SEERIFIRFERIEIN, EEEE R toruloides XR20 WG B TF. M qPCR 4551 E H!,
R. toruloides XR20 H1 ME BB IR & O DR R i 5K F B, X gt 1 gt
R

(3) PRI RS IR R. toruloides XR20 #E4T KB 2EAE0AL, FARLE C/N A 100.
IR H R B 95.0 ¢/LCEH HMZ) 80.0 g/L) A HLE(CSL)Y/ LHLE((NH4)2S04 4 0.25.
KHoPO4 & 508 2.0 g/L I B8 i b T iZ BRI AR 1427, BBk R. toruloides XR20 fEALAL fG
R R m e == N 21.8 g/L. B 3 L KEEEEX FIGE MK R. toruloides
CGMCC 2.1389 FlE#E R. toruloides XR20 HEATHLH =M AR I3 HL K B2, R, toruloides
XR20 77 24.5 /L Wi, WRGAHEMR 17.4 g/L BIMAer= &R TF 40.8% A4, WlESEN
65.3%, WHAESHEN 0.32 g/g, MWHEF"F A 0.17 g/L/h. Hrk R. toruloides XR20 M) FI
HE T S AR ERYEE R, W~ NRIIR 2 MR AR, L&t 57%
P bo XFEERE R. toruloides XR20 BEATHLH i /0 fANEL A EE, H iR I AFE— P i b 70K H- itk
ANBRHERRE R IR KT, bR 3 Wk, KRB 11 K, Bk RSt K H 2340 gL (5
BHMZ 200.0 g/L), 7= 42.56 g/L AE, WIS =N 74.9%, AR 0.182 g/g, M
REr= %N 0.161 g/L/h.
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F4E HieERE

4.1 ZRRAIF R

FHH R E ST E =Y, AR, ARFE A B AR AL B A s 5 ) R, g RE
REL 9ol 00 7= e 2 REAE R R H e e AR R i T, 845 AR ) S A e i R o 2 R A A
B MR sk b T . [AIZL A FEEERE (Rhodosporidium toruloides) &-Hafk:
5, FIFIFHZMRY), Remt A H AR A0EI), ARSI A B AR R AR . AT 7T I8 0 R 4L
AFEFEREATEB B O JE A, e m T R =, AR TR,
(R T ARSI A P R R BRI IE RS . AR SO R R LS R

(1) B UESE56 5 O IR 25 000 B M A $R T 77 el 9 BE 3 i 3 = 7 VR B iR R
toruloides CGMCC 2.1389 4 &5, W[5 41 2 flu i BEFATIESE 36 4R (3% 216 ) MBSO J1i&
iR (DAY, B0 TR IRIETE A 53,000 g, BSOS [E Y 0-15 min, fH1F[5
LT R THFERE IR B BN 47% 48 TF R 75%, FREI K Rk — 0 07 ik B 23R THM g &5 2
2 80%, ZHHLFEES R UG TR AR (A K 22 O AR T o [ 21 A TR I BEE AL TR R 5 06 R PR
FHEL, 4HMUAFRIE R 10 574, 4EMaBgGE— RPN R EK 1 h 724, 4 M R b e S0
HEE SR LT & 28D, U B I A R AR A PR R B AR, R T A ARG DK AN I
U M NADPH Fl ZW4HEE A & LRk iy, a0, U BEbkm)
BRI AR D R AT B 30, AR T B bR B i R AR e AR R

(2) X =M= MEERE (T cutaneum ACCC 20271, Y. lipolytica DSM 3286 F1 R. toruloides
CGMCC 2.1389) #EAT ] PR H W ™ i g 68 0 VPN, (5 20 A& fR e BEAERH Tt b A= R i
ReJTELT, KA THH M= MAR I 7L . 4 R. toruloides CGMCC 2.1389 1EHH H i IR &85
FRIEPHTIESE 33 48 (3L 200 KD BB RO EN L, B0 R IREETEE 53,000g,
ELIEIA 0-15 min, {REZLAHBE BRI AR BN 4.5 ¢/L $271 % 19.8 g/L, &&= T 3.4
%, BZL R AT 44 N R. toruloides XR20. XTI PR R. toruloides XR20 #EATAIRAE, %
BELL B AR R 2 BN 63.6%, SRS AR ARIG 2 f5 A AT s AHBARRAIG K 3.6 54544, 4HffEE
[ E R S K, BN NADPH Fl ZBEHIEG A & EERIFEEEIGE I T 15.2%-42.2%
1 68.8% - 68%, 4 qPCR 45 R 13 M Wi B4 RO ANE AU R AH G R854 B, A DG
Rl Fif 2 BhT NADPH. AR 2 BE4EEGE A PIFAE, ATARY 5 0 78 2 BER A5 B P R
toruloides XR20 JH fIg 7= & KIEHE & .

(3 eI RE R R TR R A TR P R B i — 3D AR FH TRk R. toruloides XR20 FIF AR H it
PEME I P . IR I R AT AR R, toruloides XR20 HEAT R EF LAY, HHETE C/N N
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100+ WIUEFH H IR EE N 95.0 g/L (5 HIMZ 80.0 g/L) A HLE(CSL)Y/ TEHLE((NH4)2S04)
90.25. KHoPOs 58 2.0 g/L B e A T Z AR AR A7, WA R. toruloides XR20 1EH:
R TSRS ) B s IR = B 21.8 g/L. 3 L KEEREXT BRUR AP R. toruloides CGMCC
2.1389 # R. toruloides XR20 HEATH H =M R b K B, Zid 144 h (R H il FR &S 7=
FEHIRE TR, R. toruloides XR20 7= H 24.5 ¢/L I, BRI B #K 17.4 g/L B9 R E3E Tt 40.8%
FeAi, F CFU e ARG, W iR & &N 65.3%, 554 0.32 g/g, AEF= %N 0.17 g/L/h.
R. toruloides XR20 Bef%F IR H il s2 f b G /D B DTR G,  BRRAER H = A1
e iR 2 Ny R ANy R, 3L 5L 57%0L Fo 3 L KIEEREST K R. toruloides XR20 #3E4T
R AR R B2, Bi Rk R KL Bl 234.0 g/L (A HIMZ 200.0 g/L), KE%
11d J5RER BT A Hl, ERS=H 42.56 /L g, WG S &N 74.9%, HER%HEN 0.182 g/g
MRS Z 08 0.161 g/L/h,  RHT 1R T 7 S AR Pt R 1 fe s &

AHIEFE BB B SR T IR R G IR O B 0 7738 B AR R N [ 41 A 8 B
(Rhodosporidium toruloides) TWAEYIM GG KAe &R IER, FFRR %7 E R T
[F) iR A R G VR P 1) v 28U A 5 R B m) AR R e

42 RBH

AHFFEIGAE 1R B 0 0 R A B T 7 ek e B IR B B P U7 VA A [ A1 A R BE A T
ATt AT TR PRk 7 ik B T 15 40 4 Fa I RK R H i A A o A i AR (i R
ARART T MR S &A= &, Dl R KRB R R A iR EER S
HEANEL A TR T 1 (8] 21 AR RER FAR H Vb = S A= i MR = 2, 3w 1R H i R 22
ELRAHIE FEAT 75 BRI A LA T A 25

(1) TE B0 e & R R, B AR R A & AR PR &
PR B) 7 i, FOBENLSI R E s — PR

(2) AL HFERE R, toruloides XR20 AR H i A A& BLPE HEAL [ PR AR AR ALK BA AR
AT PR R LR R 2 5, X R WIEI TR AJ7 ] e R IE B ARIRAS, R E bk
I FH KR d = 9 i ) 7 AT B T )

(3) AW FT A [ 21 A R T B ) R H Ve P A i i, DA St — S e Ak R A
T PR AR 7 T FE AT PR RN R R A A
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Table 1 Primers for RT-qRCR in chapter 3

Gene ID Annotation Forward primer (5™-3") Reverse primer (5>-3")
RHTO_03915 ACL GCCGAGGGCAAGCAGTGGAT CGAAGGGTGAGGGCAGAACG
RHTO_02004 ACC TCATCGCCAACAATGGTATCGC CGCTCGCTTCCGAACGTCTC
RHTO_02657 ELO CAGTCATCTTTGGAGGACAGGC CATCAGGGCGAGAAGGAGGC
RHTO_ 02032  FAS1 GAGGGCGACGACGAGAAGGA CGGACGCAAAGTGGTTGAAGG
RHTO_ 02139  FAS2 CAAGCAGCACTACTGGGACCTCT CCCTCGATGCCGACAACACG
RHTO_ 03910 FAD1 GAGGGCTACCACAACTTCCACC GCCAATCCGAGCTTCGACAT
RHTO_06538  FAD2 CCGCCGTTCGTCGTACCCAA TACCCGAGACCCGCGAGCAT
RHTO_02273  GPD CTCATCGGGAGCGGAAACTG AGTCCTCCTCGTAGCACCACA
RHTO 06391  GPAT CTGGCGTTCCTACACCGACTA CCGCTTCTCCGTCACTTCCT
RHTO_06718 LPAT TTACCTCCGCCTGACGACTTTC CACTGGTTGTCCTTTCCCTTGC
RHTO_ 05653  PAP CAAACGGAGCTTGCATGACG CCCACTGACAGCGGGAGAAG
RHTO_ 01962  DGAT GACGCCCGAGGAGCTATACAC GGAGGAAGAAGACGCCGAGTA
RHTO_06753  GUT1 GGTCGTGCTCAAGTCCAAGAAG AAGTCGGTTTGCTGGTGCTG
RHTO_08013 GPD AGCGACGACGAGACGGACAA TGGCGAGGAAAGGAGCGAGA
RHTO 03817 GCY1 GGACGTGGAAGAGCGAGCCT CGTTTCCTTGCGACCACTTGA
RHTO_ 06134  GUP GTCACCACCGTCGCCAAGGA CGAGGATTTGCGAAAGCATGTAG
RHTO_ 01329  TPI CTCGCCCGCAAGGGTATCTC TGACCCAGTTCAAGCCGATGT
RHTO 01292  GAPD ATCGGTATCTCAGGCTTTGGG GGTTGATGGCGACGACTTGC
RHTO_00033  PGK ATCACCAACAACCAGCGCATCA GCGACGGGCTTGAGCGAGTA
RHTO_ 07820 PGM CCAGATCGCAGCAGGAAACG TCGCCGTGAGGAGGATACCG
RHTO_00323 ENO AAGTCCAAGTATCTCGGCAAGGG CCGTCAAGCTGGATGAGGAAG
RHTO_ 01610 PYK TGAACTTCTCGCACGGCTCG TGTTGCCGGTACGGATCTCG
RHTO_01852  PDHA AAGGTCAAGGTCCAGCTCCACG GGCCATCTCCATACGGCGCATCTCG
RHTO_01754  PDHB TCGCCAGCTCCATGCCTCTT TCCCTCCTTGACCTTCCACTCC
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Gene ID Annotation Forward primer (5™-3") Reverse primer (5>-3)
RHTO 03915 CS GCCGAGGGCAAGCAGTGGAT CGAAGGGTGAGGGCAGAACG
RHTO 02628 PC ACGCCTGTCGCAGCCTACCT GCCCGCTTCTTCGACCTTGC
RHTO_ 03795 ME CCAACTCGGACCAAAAGAACT TCAATCCAGCGAGGAAGGTAT
RHTO_ 05318 ACO GGGTTGCCAGAGGGAAAGGT AAGACGGTCTGTCGCGGGTTGG
RHTO_04315 IDH AGGGCTGAGGGAGCTGTGAC GCAGGGCGGAGGTTGTCGTA
RHTO_00034  oKDH GTCGCCGTCTCAGGCATCAA GACGACGACGCTGTGCTTGTA
RHTO_01205  SCS CGCAGCACGCTCCATTCTCA CGGTAAAGCCCTGGCAGATGA
RHTO_ 00723  SDH ACCACTCGCCGCAGCACAGA CGCTCAAGAGGCGCTCAAAG
RHTO 05746  FH CCTTCACGTCTTACTCTGCCATCC CCGCCAATGTCAAAGTTCTGCA
RHTO_06555  MDH CACCTGTCACATCGGGCTCA GCGGTGTCAAAGTGCGTGTAG
RHTO_03109  MLS AACCCTATGACCATCGAGCAGAA TCTCACTCGCACTCGGGAAAC
RHTO_04998 ICL CTGTATGTTGGCAAGGAGGAGAA GAAGCGGAAGACGGTGAAGG
RHTO 04669 DAK1 CTACGACACGACCCTCCTTCTCC CTCGCAAACACCTGCCCACT
RHTO_02931  Actin CAGAAGGACTCGTACGTCGGTG TCTTCTCCATGTCGTCCCAGTT
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