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WE: 28FEH 2 (ARSs) MMIIMARNAIREREERIBZIES, BUHES. BIEEE, S ZNAT
FTEEBESEENE, AMBFEESZEHRZAAMINKREARR, mHEMELES (Rhodotorula
toruloides) TNER/DIER T E . AIHFRFIBR. toruloides PITR ARSHIEEFE B FRAI R 5, FHIESDIZ/EA A (E L ik &
NTEX, NEBERFOIWERN, #—SRIF7EFBERESHENE, RPZEAEHATEREREER
& . FHZEHRLS CRISPR/Cas9 fRIBRGLET , ANARANELINT CAR2. CRTIFINAT FEERFRIFEN R, KB
HRERIREHFERS BTN T WEERRIGSIERIFERNEORBER (6FP) REXENREBARESES,
HRIEERA A B EERASMLIHEFMCOREI, KBECERECSIERIE. 5L, ZEBERNESE—E
REBAEIMEBRRIETE, AE8B NSIER. oruloides EETNEEMRIT . SEHEFRARKHIBIRENESHLEY
FHR.
x#a: RaE; ERElk; BIRESR,; HFRIEEN; CRISPR/Cas9
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Abstract: Episomal plasmids containing autonomously replicating sequences (ARSs) can replicate independently of
the host chromosome, exhibiting high transformation efficiency, simple operation and excellent flexibility, and have
been widely applied for the genetic modification of ascomycetous yeasts. However, mature episomal editing platforms
remain scarce in basidiomycetous yeasts. The oleaginous yeast Rhodotorula toruloides lacks recyclable genetic tools,

which hinders gene functional research and targeted metabolic engineering. In this study, a new episomal plasmid
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system specifically adapted to R. foruloides was constructed using an endogenous ARS element. A series of functional
validation experiments with long-term continuous passage culture confirmed that the episomal plasmid could be
spontaneously eliminated under non-selective culture conditions. Repeated plasmid recovery assays and sequencing
identification of intact plasmids from transformed R. toruloides cells further verified its stable episomal replication
feature, laying a solid foundation for marker-free iterative genetic engineering. To further improve its editing
performance, this system was combined with the classical CRISPR/Cas9 system and established a multifunctional
genome editing platform in R. foruloides. Genetic amplification and sequencing verification confirmed that random
indel mutations were generated at several functional loci, including CAR2, CRTI, and NAT. In addition, endogenous
homologous recombination was induced by co-transformation with homologous donor templates achieving accurate
target gene knockout and site-specific chromosomal integration of the enhanced green fluorescent protein (eGFP)
expression cassette. Fluorescence observation and molecular detection further confirmed the successful integration and
exogenous gene expression. Benefiting from the self-eliminating property of this episomal plasmid system, selection
markers can be seamlessly recycled after each round of genome editing, which significantly simplifies the cumbersome
screening and purification procedures required for iterative strain reconstruction. In conclusion, the flexible and
recyclable episomal plasmid system constructed in this work offers a stable and multifunctional editing toolkit for R.
toruloides. 1t provides reliable technical support for subsequent synthetic biology research, including gene function

verification, multi-gene coordinated expression, and precise reconstruction and optimization of complex metabolic

pathways.
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211 £F (Rhodotorula toruloides) JN1H T
CTEERE, R, PriivEsE, wrR AR Y
JJE R, TN A R R i R R RS 25
WA Tk S g A LA AR = P B R A, Tl
NHEE R, BHEl, BB CES T 2
RN T R, b, CRISPR#A C&zh M T
BEML AT i g . (A9 5 4 A 5 10 ) B A DL RO
S s v [HI, JE T Cre T2 g 1K A HE
(Cre-loxP) fiF G AARiC I R Gt CL @ o, S
BT IEAREE R L g e U

SR, b o [5082St
et R4 sms U R T TR RS S AR
BN Fase AL, B A7 IR ARG LLE R
FIH . ZRERTREMGERAPK. DTN RE
MU & R 55 1) 8, ) 2 7 FL IR kB 72 5 B OF
KBRS N, A& ghRiC R T (AN Cre-
loxP R41) HEAESLHbRIC 2B, HarEfmik -
BT EEFA, X5 T8 65| K R TUH &
S Ek gtk EHE T

T 5 0 R DR L ST AT ) S R R 2L R )
T brac B O 22 B TRIE AR G b S e 1, 2 R
RIS BEAR TR B 20 iy B R o kL 7 R 4
Jf AR A R TR B RGO B A
JE%] (ARS) M 4ki, ARS 1137 DNA &, *
SEFURLRE TS [ A, 5 4 R R A 2 B R
M TR IR R ey R P . BAR
2 R BE A Z KRR 2p i 4 DUTORL, (HF S KA
I R A [F) Sk VB ) ARS T2 4 Ui B R R .
filhn, TEHERBERE, R A [FSRUE Y ARS O
ke iie B B kL, FFIF K = 20 CRISPR/Cas9
SN gni R Y. Rplth, 7EH B LR,
I8 i 0 3% 3K 79 panARS, K H 3 T panARS 5
PPARS2 [ ARS 21 & Seig, 353 1 i 2 3L o
RLIEEAL R . ¥ B R A= Y

[ 21 W B D AR B B, LU0 9 2 T R A
K2R T = 2% ARS M ks B . R
HLLE 1985 SR A W 7T 4 b, [ £0 % B R (1 R T &
MR A ARG (PAL) Fy BEVT g 4% ARS I& 1,
B F & R e A H . &M ARS G
51, 2021 4, Schultz 25K Ff CUT&RUN # R Xf

ZIEREI G R X O T AR AH S, RIT
15 AN K JETE 8-19 kb 2 [A] {4k 52 5 2 K7 51, {HG)
Horp a8 38 2ok 51 0 B DR A B adE AT s
B R K ] ARS 351 B, I, aE Xt PAL B
F o BN T B HEAT o By B RN A Ak B R PR A
CL AR T AN [ 41 % B vp 55 5 — BE D) RE P ARS JP 51,
TR O Z BRI B R SUORL &R S8 B ST R A T D
Joff . RS MR RGOV, HE
T [ 211 B (14 )82 0 L AT JR) BR 1 i AL 5% A% R o
[Fi) 50 L 2H A 5 1 i TR i B R R A AT R WL R Gt 9T o

AT LR % E K ARS P, & TE
MFRaOBEREEEMNRRNRERS, H8E
CRISPR/Cas9 Hi R, 1L Mt H(E b iiE 1
Hod e . 8K % ARS FE A5 6k bR A0 &
CRISPR/Cas9 JuiF 4 4%, ) g kT i 25 AL L (1) Jik
D gmiBfk &, SCOLLAT =J7 R . i i Ui g 2Y
JF AR5 sgRNA FRIKEL, BT Bl AL 5848 g o 2% 1)
N RKAGEREE (CAR2 AT CRTD R % A
(NAT) ; 38 i B8 8L 5 R0 A 45 717 51 4% 5] 5 RNA
(single-guide RNA, f&#% sgRNA) FIA £ #E AL
LR LR DNA F Be 3L b, SCLE T [FYR HE A1
FE IR i B s 7 3 DR 30k 1 R Ui R A A A [ R
FEA, BTS2 Ve 1A DNA A BT 25 AL o ks 4t 4%
1, SELYtEARER AL S RIB GRS, @il LR
WEFL, AL T — % v RO A D I 5 2 R A B g
FEHAEIR R, G SR AR TS B0 A& A ) 2
Wit fliae T A .

1 MRS T
1.1 3t

1.1.1 BHE

LB (Luria-Bertani) }7773E: JR& AR 10 g/L,
FERFHhEEY 5 o/L, S ALEN 10 g/L, L ) o] 44 55 77
FERFAR N 20 g/L B3 e K o LB 53R 2 TR iR b A
RBEAWE A FEFEZER (Kan) 50 pg/mL.
ANHEHE (Amp) 100 pg/mL.

YPD (yeast extract peptone dextrose) 1% 773 :
FERRIFE 10 /L, JREFR20 g/L, Hi&HE20 g/L,
C 1) [ A 5 77 L ) VAR 0 20 /L B E K - YPD £%
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FREERBRMPLE R EARWRES N WFH R
(Hygromycin B, HYG) 50 pg/mL. ¥ /R 2 H &
(Nourseothricin, NAT) 50 ug/mL. YPDN V-4t A
NN 50 pg/mL ¥ /K 22 16 2 [ YPD [ 44T 4

SD-Ura 15 7R 2 - 1 % B 20 ¢/L, R IR
BEEIR 6.7 g/L, e il [ A3 37 FE 7R 0 20 /L 1B
JIEH3 -

5-FOA 557755 & HE 20 g/L, TCa LRI )
BIR6.7 g/L, S-HAEM (5-FOA) 1.0 g/L, JKM
WE 0.1 /L, FCiil [ 448 7= 50 7 0 20 /L I fE R -
112 k4

SLHAE A R AN LR,
JASCO V-530; & & ¥ % 25 .0 #l, Hitachi GM-
21M; i i & 2 Ot Ot 2 it . Thermo Fisher
Scientific ND-1000 NanoDrop; #t i i % & 4t »
Syngene InGenius LHR; PCR 1%, Takara TP600;
B, %% 1k 41X , Eppendorf Eporator; & % Bf B 4% ,
Servicebio KZ-5F-3D; 4 il i % & 4t
Fisher Scientific EVOS M5000,

Thermo

1.2 FRRASE

J5 kL3 38 1E RF o8 £ (restriction-free cloning)
(7R g B

Pl i B R IR B . DABI 0 RE NPT SR 20
DNA ~#itR, F 514 ARS1000-F/ARS1000-R 4 14
MR ARS F Bt (DNA &% L& S1), w2
pUCS7 B4, 3£13pA0. LLpHOI NBA, FH5I4
PGKpart-F/T, R 4 1] 55 K LK I8 & Poo - HYG-T, 5
70 A pAO, 315 pAOl. LDANPI1 3 K 4H A AR,
4y B A 51 ¥ URA3P-F/URA3T-R il LEU2P-F/
LEU2T-R ¥4 URA3 (4 tdFLi5 F 5-5 R i 72 )
M LEU2 B[R (9wl B- N B R ARG Fr
B, % HEHpAOl R HYGHEN, K15 pA02 Al
pA03. LLpZPK-eGFP Ak, H 5|4 eGFP-RF-F/
eGFP-RF-R §" 3 eGFP 5 K, 41 5l 46 A pAO1 Hl
pA02, 343 pA04FlpAOS.

4 5 1 T CRISPR 2 K] i@ [ 1) & 31 % /4 pAUn
(pAUO1. pAUO02 5 pAUO03) . 7£ H 3L K ) 4h 5
FIXH T, ik A S -N20-NNGRRT-3" 4145
HE Y #E s Y, IR BH F A sgRNA ) 5S-tRNA Bl & )5

BT RYE T 13 20 B2 BF YR 5S rRNA 55 tRNA 5 B
i, HeH 5S rRNA H s ii M 5 (RNA ) EH 351
Rk U, DLpCar2.1 R AR , 4354 I 3 % 5
YD (T,p-5s-F/sgRNA-R. T,,5s-F/nat. 1-sgRNA-R
T, 05-5s-F/erti.2-sgRNA-R) 4 34 A [F] ] sgRNA £ 1A
&, I E BT B E pA2 JFURL |, 45 BIAH M
MR A pAUOL. pAUO02 5 pAUO3.

oy g T G i 4k o a5 () VR AH RS A I AR
MONPI11 3 K] 21 o - 1 URA3 3 R L i AR Ui %
1000 bp ) DNA v B, 1E LR URA3 ZE A (1) 7e (7]
VB AAT FIJEE 43 B v BE & pHOL iR P,-
HYG-T, s RIE G WM, 93] Bk pURA3H. it
Ab, AT R pCAR2Hsg MR , 51 %) pZPK166-
F/CAR2-RF-R 3474 15, L& B H A H Py
HYG-T, R 1K &, 343 ik pCAR2LRsg. % )& »
DA it ki pZPK-eGFP A B4R, H 5| % eGFP-RF-F/
eGFP-RF-RY" 1 eGFP A A, 437 % 4 pCAR2Hsg
pCAR2Hs2. pCAR2Hs3 & pCAR2Hs4 i ki L (¥
HYG [, %t 3K75 pCAR2eGs1. pCAR2eGs2.
pCAR2eGs3. pCAR2eGs4 H 4H Jii Fi .

T H RF 3 [ 7= ¥ %tk & K g M &
(Escherichia coli) DHSo /&SN fE, SETAE
YT Chig) Bm A R A& 0T 5 S,
FEAT PORL PR HG, F T e 8siin . AR &
R WLER 1, BT 51T 51 LR S2 .

1.3 EHEE

KR PTH R RE (Rhodotorula toruloides,
Oy 4 8 B 40 & fil B BF Rhodosporidium
toruloides) ™, FAEARBE R NP11. NP11-SaCas9-1.
NS03. NCYC1585. IFO0880 ) H A S8 = {147 .

R. toruloides SDU6 B #E FI R R AE T~ BL
FUR IR R. toruloides NS03 g I, @ BSR4 4%
il % 2 B A . DL pURASH Ji Ri A 4K
F1 514 PZPK 166-F 1 RB-R #£47 PCR ¥ 1, 3154k
PEALR DNA v B (5 51 45 849 )y URA3L-P, ., -HYG-
T,0s"URA3R) o« #f1Z4 VE {1 4& DNA 1k %2 NS03 J&%
RSB, A PEYRAT T W = YPD P
WRIEAT WD 0 ik . PRI 7, 3 kI 2 T 5-
FOA “F-#% A1 SD-Ura “F 4R - H1 T URA3 5= K 4 1 38
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J& 4 L 3R 19 S-FOA $L ik H 2k 2 IR ng 5 F2 68 77,
[R] b 7 3% 8 9% 7E 5-FOA “F AR b 2E K. [A B 7 SD-
Ura PR _EAAE KA T . SRR IR 41 11 3
[A 40 DNA, i#if PCRY 1 URA3 fi7 & b Nigil i
AT R A S E (SR 2, I PCR =%
TP S0AIE . ¥4 %5 52 1E B I B ik iy 44 9 SDU6 .

1.4 EEEEADNAIRE

I3k 1 15 57 1 [8) 20 T B R A, 2 O AT TR A
IONBE 3SR 5 TES 28 vy, {3 FH 40 o it B8 Al R A

AN . BEJE, KA RE-F G-l (25 @ 24:

D I RARA, B0 EI G . N EE BR AN AN
ToK LFEULHE DNA, 24 75% LIENed . TG,
4 IE K4 DNA W il T TE e, 38 B 1l i 43
JEEE VI E WL, T--20 °CIRFE&H .

1.5 BEOESEREEWE

(5] 21 T B f1 T 1% 8 2 40 7 v E Sk [30] 1
Bl BEAT S A gk, BRI R MR EE TR
5 21 o B} 5 P 25 37 6 YPD, R % 4)45 OD,,, £ 0.2,
30 °CHR %15 9% £ 0D, =0.6~1.0. WHEFIKE, W
K 50 mL. 25 mL FL B 7K A1 10 mL 100 mM i fi2
B PREE— I, B JE N 100 mM S R £ 8 B B
o BUERIRZASHMM, T 8000 g#030s 3 I
o IR 240 pL PEG3350. 36 pL 1 M ES R
B 100 pg R e 0 F DNAL 1-2 pg iR 502k
P14 DNA B, MG R /K 2360 L. RS T
30 °C#& % % & 30 min, {737 °C /KB F 60 min
(NCYC1585 1 IFO0880 B I 7E 4% A 37 °C if 75 A 4
BN 36 uL DMSO) . .02 [iE, H YPD HEJF
Ve — WG, FKaiME ST 1 mL YPD H i & 8%
Fro B ZCER A B R A T AR BB 1K) YPD SF AR,
30 °CHEFR3-5 REWIE K H .

HALBOCRIT A AR (cfu/ug DNA) =
CPAR B E SRR EO /54 DNA & (ug) .

1.6 HFERNNEXSTHE

1.6.1 AT#HEZFRBEFTH LR
¥ pAO1 5 pUOT JoRL e ot I IR A4 4% A V20 N T

FHRPENSO3 o, F b= inAn T &8 % £ 1 YPD
R, T30 °cCREFR2-3 KRB B FALT AR B
Phifk 3 ¥Rk AL T & YPD A 1% 9% 36 b 3% 41 8 7
CRB IR, BL1: 100 Eb 4 K 84 42 % 5
B YPD, HELEREFES K. FRIEIFE 24 hEURE, 0l
i T & % Z W YPD i (YPDHD FIA & itk
[F)YPD AR, MELH & A K AE Bl o

PRI B R AFE . AN AREE (%) =
(YPDH AR B 3 > B B 5450/ CYPD P 1 7 £ <
FREARED x100%. REASE[A] A3 E 3 N2
17, ERUSF AR EZERIR
1.62 A TURAAGRMIFEER

TR pA02 5 pUO02 i i i R 4% 1h V255 N1
F B bk SDU6 1, AL =¥ ik A T SD-Ura “F- 4R,
F30°CHi 3 2-3 RE RN TEM. FEHLHEGE 3
AT 2 YPD AR SR A OB LRI IR ORI INAE
farte), BL1 100 Pufl B R B 4 2R i YPD, 1%
BEREIES K. BRAIRE 24 hBURE, 2 94 T SD-
Ura “FARAIAS & B0 YPD AR, W 7% 4 K
TH .

5-FOA ¥ A4 B 77 2k 0 i = B — AN 485 71 i i
pAO2 LR 75 T YPD iR R k5 72 24 h )5, %
1: 100 ELfl #5782 5-FOA WK B g2 3L rh B 9%, &
[F] [ 24 h HUAE, 23 50l ¥R A T SD-Ura “FAR AN A & 4t
PR YPD AR, WS KGO .

JFRL R B 26 1) 5 R vk VA 6.1, Bk
YPDH -~ # ## y SD-Ura ¥ -

i o R AT s R D R B CAR2 FI CRTI %k Al
AL+ R RS A O L2 B 6%
CHPAERLIE R B2 BOIh Rl bR NAT 5 [ (1 % 4k
T1E 8 NAT [ YPD PR LA K . A4 #T B V& 1)
FRAFKAL, St AL A PCR P29 47 Sanger M 7

AR5 H, CRISPR/Cas9 £ Zi /-5t 1) 4 = 1
IINPISE: —FONBENLEAE (P NHEJ &2 R T 80t
K25, il [ B/NAT BURE R T iRk 55—
FKNFVPEEA (HR) (FERNmBSEmES),
TR P SR T O 3G 4 A W P AT S . B TR bR Y
KR T & AL AR, A T o B PR
S BT E A ST

B #Hl 2% A &% % (Random mutagenesis
efficiency, %) = (RAERMRA AT/ Y]
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AT S AT HO x100%

RN RS2 (CAR2 5 CRTIFEERD, “k
BERMRBMENLT” BREEED AL T
BE X NAT HUtE bR 250, “ kAR B RAR 1AL
T 81E YPD PR LREWE AR K. (HAE & NAT 4R
EARRRERK AT

CRISPR /i 3 1) %i %5 2L % (CRISPR-editing
efficiency, %) =H & # 1k 1 #a ¥ AL+ £ <
100%; CH AL 1 RICFR A SL 5 2% 4 T CRISPR
RGN FIAE CAR2 BRI R TG AF, I 55 Bl LR
25 5 HR A5 10 58 DR R )

Fi oK % & % (Episomal plasmid loss
frequency, %) =fE SD-Ura “F# A4 KL T
B/ K AT H0<100% 5

[ Y5 2 B 1k e B R CRIACSR G 2644 F A HR
A YR T ARSAT 5

HR % (HR efficiency, %) = (&l 756 1E
TE T (R 3 MR A0 7 580/ B O 07 2 A7 5 R 4k
THD x 100%;

Horp, BEXEEE R CAR2 1 HR A 5 10 3 [R5 B
S5, R ERAL T 4RI 5IE K A 666 bp JE
DR i B 1) % AL 15 BT X R TR CAR2 (1) B ) 2 &
eGFP IS5, “FrmtEd b+ 48 PCR A7 55
UE R AEAMNIR b BESE ) B A LT

1.7 [RAEIK

H4 4557 oKL pAO2 I8 BE % Ak 458 T~ SD-Ura
WARE IR, 30 °C. 200 rpm R IE R TR &
O WA, B ER A TES 22 i, 8 4
JL IR S R ST B S, R R T B SR B B 7
(CRIET) $RBUT R DNA. ¥4 T 15 ki #5102 E.
coli DH5o /& Z A, Fiik MR, E2
ATAYTE (Riflg) BoaaRA #4707
B63IE

1.8 RABHREUWE

HUmE Ry T b, s Bsesi e E
TR BB M. FITC 3Esb QBRI
K 488 nm, K &t ¥k K 507 nm) K W &% 4 0% Ok

5.

2 HRGWik
2.1 BEIEEEERRNAGR ST

ARS 2 4E FF IR J5ORLAE B BEAH A R E o A
(I AZ 0 TC A B0 DAy 2 1 21 % B e 5 1 o bs 3R 0K
ARG, AWFMNPLL KA by 13548 — B Ok
TE [ %7 1000 bp ¥ ARS I g A BE [27], IFK L4
A pUCST #i A& 48, 315 2 5Tk pAO. 7E Itk I
filh b, A RlAE AN RmRE R (P -HYG-T,,) H
URA3 %k 6 (P, -URA3-T,,), 155 55 8 J5i i
pAO1 F1pA02 [ 1(a)]. BhAh, AHF I I L&
PEAER DNA # N bR NS03 1, i Bl [R5 8 40 R
R URAZ LR, B A Jat JR v W 7 3% o 234 154
LR R SDU6 [ 1(b) s

UG E N R ARS JofEThRE, ARHTTUIE— B
HE ARS J7 I R A B RE TUORL pUOT 5 pUO02
[ 1] ¥il SRR pAOL. pA02 SFEALEE A
¥ 8¢ 5 B4 5OKE pUOT S pUO2 73 J3l) B A % I i 3 7
PR, X BT & H R AR . SR EOR,
i KL pAO1 F1 pUOL [ A LB 2 R M
PAO02 H) 5 1k 20 %y 492 cfu/ug DNA, &% & T
pUO02 ] 245 cfu/ug DNA [ 1(d)]. X5 LLUREELE
SR O 3 A T B 2 B SRR B AR E T TR A
BRI #R0E — 8™ Y, R WF1Z ARS 751 AT A &L
YHERRE R AR E R

AR FR AT K 5 04 Ui S TR ORLTE G 7 4 e
IR AR ERED, F% TR pA01 2 pA02 1)
AL T TE YPD WM 85 75 B p B e R R 5 K
B 24 h HURE iR A T8 B B 0 1k R 77 1S AR L
LU N R pUOT BE pUO2 FEEAL TAF N iR . 8%
FE5RJE, pAOl IR EAFIEEL5.7%, pA02 Hfk
B2 PR 20 61.2%. 0 OR B 07 36 A 1 10 4% AR Ak ik
ITPCREELE R LW, 61.2% I pA02 {2 B B #k
77.8% A [F I3 34 H BB 4R 5 3Rk &, R BA TR
DU A fe e A AR RAEERAE S, BA
22.2% HI R Bk & 0% 56 B R B SRR R B o Rk
&, BERLR AR R AR OC 7 41 EE A T LE L
13.6%. UbAN, 1UAE ) 5.7% #5445 pAO1 [ B 14 7 #k
LR 2 )G, bRidfRE R — PR 2.1%,
Ui B U0 5 TR T B AR AR RS B R, X R AR S Y
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Table 1 Strains and plasmids used in this study

Strains and

Relevant description Resource

plasmids

Strains

E. coliDHSa  F- 1 - endAl ginV44 thi-1 recAl relAl gyr496 deoR nupG ®80dlacZAM15 A (lacZYA-argF) U169, hsdR17(rK- mK+) Our lab

NPI1 Haploid, MAT A Our lab
NP11-SaCas9-1 NP11, P,,-SaCas9-T,, [11]
NS03 NP11-SaCas9-1, P, -NAT-T, ¢ -P,,..,-ScRAD52-T, ., [31]
SDU6 NSO03, URA3:: P,,,-HYG-T, This study
IFO0880 Haploid, MAT a, ku704 Our lab
NCYC1585 Haploid, MAT a, leu24 Our lab
Plasmids
pHO1 pZPK-P,. -HYG-T,,, Kan"® Our lab
pZPK-eGFP pZPK-URA3L-P,,-eGFP-T,,~-URA3R-P . .= -ura3.2-sgRNA, Kan® Our lab
pCar2.1 pZPK-P,  ~HYG-T, P, o -car2.1-sgRNA, Kan® Our lab
pCAR2Hsg pZPK-CAR2L (1000)-P,,-HYG-T, ,-CAR2R (1000)-P, . -car2.1-sgRNA, Kan® Our lab
pCAR2Hs2 pZPK-CAR2L (500)-P,. -HYG-T,,,-CAR2R (500)-P, . .-car2.1-sgRNA, Kan® Our lab
pCAR2Hs3 pZPK-CAR2L (200)-P,. -HYG-T,,,-CAR2R (200)-P,, . -car2.1-sgRNA, Kan® Our lab
pCAR2Hs4 pZPK-CAR2L (50)-P,,-HYG-T,,~-CAR2R (50)-Py¢ . -car2. 1-sgRNA, Kan® Our lab
pURA3H pZPK-URA3L-P,  -HYG-T,,-URA3R, Kan® This study
puC57 pUC57, Amp® Our lab
PAO pUC57-ARS, Amp"® This study
puOL pUCST7-P,,-HYG-T, . Amp" This study
pU02 pUCS7-P,-URA3-T,, ., Amp® This study
pAO1 pUC57-ARS-P,..-HYG-T,,, Amp" This study
pA02 pUCS57-ARS-P, . -URA3-T, ., Amp" This study
PAO3 pUCS57-ARS-P, . -RILEU2-T,,,, Amp" This study
pA04 pUCS57-ARS-P,, -eGFP-P2A-URA3-T, ., Amp" This study
pAOS pUC57-ARS-P,, -eGFP-P2A-HYG-T ., Amp" This study
pAUO1 pUC57-ARS-P,.-URA3-T, P pvi-car2. 1-sgRNA, Amp"® This study
pAU02 pUC57-ARS-P,..-URA3-T, P .. -crti.2-sgRNA, Amp" This study
pAUO3 pUCS57-ARS-P,,-URA3-T, P .v,-nat. 1-sgRNA, Amp"* This study
pCAR2LRsg pZPK-CAR2L (1000)-CAR2R (1000)-P, .. -car2.1-sgRNA, Kan" This study
pCAR2eGsl pZPK-CAR2L (1000)-P,-eGFP-T, ,~CAR2R (1000)-P,, . -car2.1-sgRNA, Kan® This study
pCAR2eGs2 pZPK-CAR2L (500)-P,, ., -eGFP-T, ,~CAR2R (500)-P, . -car2.1-sgRNA, Kan® This study
pCAR2eGs3 pZPK-CAR2L (200)-P,, ., -eGFP-T,,~CAR2R (200)-P, .. -car2.1-sgRNA, Kan® This study
pCAR2eGs4 pZPK-CAR2L (50)-P,,-eGFP-T, -CAR2R (50)-P, .\ ,-car2.1-sgRNA, Kan® This study
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5-FOA screening plate
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(a) ARS BRI BRI (f2) Jeiif B BRI 45 H (45D s (b) Bk URAS LA RR EARIE G (o) BAEBBRAHRERE: (D R
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Fig. 1 Construction and functional validation of the episomal plasmid

(a) ARS fragment gel electrophoresis (left) and schematic diagram of the episomal plasmid structure (right); (b) Homologous recombination cassette
for URA3 knockout; (¢) Schematic diagram of the integrative plasmid structure.; (d) Plasmid transformation efficiency (-ARS, without ARS; +ARS,

with ARS); (e) Curve of plasmid maintenance rate; (f) pA02 plasmid retention rate in 5-FOA liquid medium; (g) Schematic workflow for episomal

plasmid transformation. The data were analyzed using t-test, and the significant results were marked with "*" indicating that P < 0.05,"**" indicating

that P < 0.01.
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e NOS terminator
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B2 pAO02 & B i kL ¥ PCR 38 IE A IS4 &
(a) pA02 KL B J PCRIGE S M0 BRI (b) pAO2 FUKIFRRTE XA PCRAGIAE B LB, SI¥X FUR2Y LR, THE, 51495

F3/R3Y LR (o) ORI S B8 R e ) e 36 L 465 2R

Fig. 2 PCR verification and recovery identification of the episomal plasmid pA02

(a) Map of pA02 plasmid and schematic diagram of primers for PCR verification; (b) PCR detection results for the circular form of pA02 plasmid.

Upper panel, primer pair F2/R2; lower panel, primer pair F3/R3; (c) Workflow of plasmid recovery assay and sequencing verification of the

recovered plasmid.
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Fig.3 CRISPR-Cas9-mediated random mutagenesis assisted by the episomal plasmid pAUn

(a) Schematic of sgRNA-expression episomal plasmid pAUn; (b) Colony

triangles: positive transformants; (c) Phenotypic validation of NAT resistance

color phenotype validation of CRTI gene random mutagenesis. Red

and plasmid loss. Red triangles: positive transformants; (d) Sequencing

validation of random mutagenesis at the target site. The N20 sequence is shown in red, and the PAM sequence is highlighted in yellow; (e) Statistics

of random mutagenesis efficiency (left) and episomal plasmid loss frequency (
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6: ...AACGTACCTCGCGTTG=========== === mm——m e — CTCT...(del 33 bp) Donor DNA - +

B4 e 0 70 oo Al B 7] 90 2 20 A 3 10 2 IR i ok
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Fig. 4 HR-mediated gene knockout assisted by the episomal plasmid

(a) Schematic diagram of the donor DNA fragment; (b) Genotypic PCR validation of white transformants; (c) Sequencing validation of target sites.

HR-mediated gene knockout resulted in a targeted 666 bp deletion at the CAR2 locus (corresponding to lanes 1-2, 4-5, and 7-12 in panel, while

random mutagenesis caused variable random deletions at the target site (lanes 3 and 6 in panel). Upper panel: schematic diagram of sequencing

alignment, with red arrows indicating the sequencing direction; Lower panel: detailed base sequence variations at randomly mutated target sites; (d)
Comparison of CRISPR editing efficiencies mediated by NHEJ and HR under different treatment combinations of pA02/pAUOI and donor DNA.

Data are presented as mean + SD (n = 3).
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Fig. 5 Episomal plasmid-mediated HR integration of the eGFP gene into the CAR2 locus

(a) Schematic diagram of the integration strategy. Orange and blue arrows indicate the upstream and downstream boundary validation primer pairs,
respectively; (b) Photographs of transformant plates after integration and corresponding PCR validation. Upper panel: upstream boundary validation;
Lower panel: downstream boundary validation; (c¢) Fluorescence microscopy observation of eGFP-integrated strains, with left panel showing
fluorescence field, middle panel showing bright field, and right panel showing merged image. Scale bar: 25 um; (d) Plate photographs for plasmid
loss verification. Strains grew normally on 5-FOA and YPD plates, while no colonies were observed on SD-Ura plates; (¢) PCR verification results of
three 5-FOA-resistant transformants. Lanes 1-3, 5-FOA-resistant transformants. Left panel, amplification of plasmid backbone fragment; right panel,
amplification of inserted eGFP fragment.
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Fig. 6 Effects of homologous arm (HA) length on the efficiency of episomal plasmid-mediated HR
(a) Schematic diagram of donor DNA structures with homology arms of varying lengths. Donor fragments numbered I - IV are co-transformed with
plasmid pA02, with the left and right CAR2 homology arms designed at lengths of 1000 bp, 500 bp, 200 bp, and 50 bp respectively; the donor
fragment numbered V is co-transformed with plasmid pAUO]1, featuring a 1000 bp homology arm. CAR2L denotes the left homology arm of the
CAR?2 gene, and CAR2R denotes the right homology arm of the CAR2 gene; (b) Box plot analysis of HR efficiency. Group pA02 represents co-
transformation of plasmid pA02 with donor DNAs carrying sgRNA and HAs of different lengths (50, 200, 500, 1000 bp); group pAUO1 represents
co-transformation of plasmid pAUO1 with donor DNA containing 1000 bp HAs. Data are presented as mean + standard deviation (n = 6). One-way
analysis of variance (ANOVA) was used for statistical analysis; ***P < 0.001, **P <0.01, *P < 0.05.
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Fig. 7 Transformation efficiency and plasmid maintenance curves of episomal plasmids in different R. foruloides strains

(a) Transformation efficiency of each strain-plasmid combination; (b) Curves of plasmid maintenance rate during serial subculture under non-
selective conditions. Legend notes: SDU6-pA04, NCYC1585-pA03, NCYCI1585-pA05 and IFO0880-pA0S represent four strain-plasmid

combinations. Data are shown as mean + SD (n = 3).
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Supplementary Table S1 The ARS sequence used in this study

Gene Sequence (57-3")

ARS TAACCCTTGTATCGTCCTGCAGCTACTCCGAGTTTGTTTCGGGGCGAAGTGCGGGTGGCCTGCCTTCGGGCGAGGCGAGCGACG
AAGTCGGCGGGCGGGCAAGCTTGATGTAGAGTGTACGCTGAGAGGGTGGGCCACCCATTATGCACCCGAATTCGCACCTCCAGA
CCACCTCCTCGTCGTCCTCGCTGCCCGCGGGGATACGAGATTCGCGTTGCCCACAAGGCCGCCTCGCTTGCGCCTGGGATGCTCT
CCGATTGTGTAGGAAGCTAGTGAGTCTGTCTGCGACCTCCCAGCGAGCCGTCGTCGGGCACTTGCCACCATCCCGCTTCCCTCGA
CCCATTCTCGCGCTCTGAAGTCAACCACTCGCTGTGACTCTCGCTCGAGGGGCAGACAAGCCCGCACTGCTGCTCTCGGGCTTA
CTTTGAAGCTATCTACCCGGCTCGAACCCACGCCAGACGCCGTCCCTCCCTCCCCAGTCTTCATCTCGCCGCGATCAGCTCAACA
GCGCACGCTCACGCCTATCGACGCCTATCCGCCAGCTAGAGCCTCGCTGACCGCCTCGCCAGACCCCGTCGAGGGATGTCCAAG
TCGCCCAAGGCCCTCCTCCCCTCGAGCCTGACCTTCTCGACCATCTCGCGCGCTCTCCCAACCTCGGCCGCGACGGGCAAGTACT
CGGTGCGGACGGTCGCGCTCGCGGTTGGCAGCAAGGCCGCGGGAAAGGGACAGGCTCCTGGCGGCTTCATCGTCGTCAGGCAG
CGGCGGGCGTCGCCGTTCGCAGGGGCAGTCTCGTCGTCCGCGAGGAGCGGCGGTGCAGGTCAGGCAGGCGGGTCAGGACAGG
CGGGCCCGTCTCGCCAGGCTTCCGGCTCTCGAGGACAGGTCAATGCCGTGCGCACGTCGGGTGGACTGCTCAGGACAGGCGGG
GGCGTCAGCACCTCGGCCTCGTCTTCGAGCGGCAGCAGGGCCTTGGCGGGCTACTTTGGCGAGTCGGCGCGGCCGC

RS2 ABHIEHKIGI
Supplementary Table S2 Primers used in this study

Primers Sequences (5" —3")
ARS1000-F TAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGATAACCCTTGTATCGTCCTGC
ARS1000-R GTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGGCGGCCGCGCCGACTCGCCAAAGTA
PGKpart-F ~ GCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTTGCGCATCCGGATCCTC
TyosR AATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTCACACAGGAAACAGCTATGACCATATGAGGCCCGATCTAG
URA3P-F ACTCTGCAGGTTCACAGCAACTCACCCGTCCAACTCCCACCCTCCCCCGTGCAGCCCACCATGCCGTCCATCACGACC
URA3T-R CAATCTTAAGAAACTTTATTGCCAAATGTTTGAACGATCCTAGTGATGGTGATGGTGGTGTCACTGCCTCAGCCTGTC
Tyos3s-F TATAGCGCGCAAACTAGGATAAATTATCGCGCGCGGTGTCATCTATGTTACTAGATCATCTGCGGCCATACCGCGAT
sgRNA-R CACTCATTAGGCACCCCAGGCTTTCACACAGGAAACAGCTATGACCATATGAGGCCCCGACAATCTGATAGACAT
nat.1-sgRNA-R CCTTGTTTTAGTAGATTCTGTTTCCAGAGTACTAAAACCCAGTGCCTCATGGCCTCGGCGACGGTGAAGGGGATCGAAC
crti.2-sgRNA-R  CCTTGTTTTAGTAGATTCTGTTTCCAGAGTACTAAAACACTGGGCGAGGCGAGCGGCGCGACGGTGAAGGGGATCGAAC
CAR2-RF-R GGAGGAAGTCGCGCAAGGGTGGGAAGACGGACGAGGTGCGGGTGTCGCATATGAGGCCCCCATGGGGTATGACCAGA

URA3L-F GTACTGAATTAACGCCGAATTGAATTCGAGCTCGGTACCCGCATTCGAGTTCTCGCACTC
URA3L-R CGCGAGCGATTGAGGGTTCTCAAGGTCCGTCTGGCCATGGCTCGACGGATGGAGCGGGAG
UR3R-F GATAAATTATCGCGCGCGGTGTCATCTATGTTACTAGATCGGGCCTCATATGCGCAAGTTTGCCGACATCGGTGCGTC

UR3R-R GCTGCCAAGCTTGCATGCTGCAGGTCGACGATTGTGCAGGCGACTCTAGAGGAGGCGCCCACACGACCGCTCTCCGCC
CARLP-F  CTTCCTACCCTCGAAAGCGCCGACTAACGCTTGCACCGGACAGATCTGGTCATACCCCATGGTGCGCATCCGGATCCTC
LEU2P-F CTGCAGGTTCACAGCAACTCACCCGTCCAACTCCCACCCTCCCCCGTGCAGCCCACCATGCCCTACTCTATCACCTGC
LEU2T-R TAAGAAACTTTATTGCCAAATGTTTGAACGATCCTAGTGATGGTGATGGTGGTGTCACTTCTTGGTAAGCAATCCCGTA

GFP-P2A-R AGGGCCAGGGTTCTCTTCGACGTCGCCAGCCTGCTTGAGGAGCGAGAAGTTGGTAGCGCCCGAGCCCTTGTAGAGCT
CGTCCATGC

P2A-U-R CGACCGGGACGGGGTGCTTGGCAGCCCGTTCGGCGTAGGTGCGGGTCGTGATGGACGGCATAGGGCCAGGGTTCTCTTC
P2A-H-R AGACCGAGTCGAACTTTTCGATGAGGAACTTCTCGACCGACGTCGCCGTGAGCTCCGGCATAGGGCCAGGGTTCTCTTC

PZPK166-F CCGGACTGATGGGCTGCCTGTATC
RB-R CTTTACCCGCCAATATATCCTGTC

URA3L-VF CATCAGATCCTCGTCGTG
URA3R-VR GCAAAGGCGCGGAATGAC

HYG20-F CGGTCGAGAAGTTCCTCATC
HYG147-R GTTGACGCGGAGGACGTATC

CAR2-F TGCTAGTGACTGCTAGAC

CAR2R-R GAGGAACCAGCGAGACCG

CAR2L-F CGCAGAATGTAAGCTCGTTG
eGFP-RF-F GTTCACAGCAACTCACCCGTCCAACTCCCACCCTCCCCCGTGCAGCCCACCATGGTCTCGAAGGGCGAG

eGFP-RF-R AACTTTATTGCCAAATGTTTGAACGATCCTAGTGATGGTGATGGTGGTGCTTGTAGAGCTCGTCCATGC
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Primers Sequences (5" —3")
eGFP-F TTCCCTGGCGAGTCCAAG
eGFP-R GCAAGACCGGCAACAGGATTC
CAR2-top-F GCACGGGGAGGTAGTTGC
CAR2-1000-R TGCGGCAACTTCTCTATCGC
F2 CCTTGTATCGTCCTGCAGCT
R2 TCACTGCCTCAGCCTGTC
F3 ACCAATGCTTAATCAGTGAGG
R3 GCCTCACTGATTAAGCATTGG
F4 GCCATTCGCCATTCAGG
R4 GGTCCTCGGATTACTTCAGC

F5

TTGCGCATCCGGATCCTC




