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BEMERENEREER FocdcarS EEREN A

12 —12 1 1 R 3 Al 1 1*
¥ OB, Nz, R, aHE, ThE, TAOE, BHER, K &
L. A [ AT A B2 B 0 58 5 R W AR AP B 52 BT /A A AT SR VI VE A B A W 27 iR B SR = i R A Bar b
FAEY W S E AR E, RIED 571101; 2. PEBGELRVEERE =W, =1 572000; 3. 3G
IvE 2B L B4 R, RN 571127

B . HAEMZERIE AR T W i DL RS ( Fusarium oxysporum f. sp. cubense, Foc ) 517 i) 7 F8 8 KPE &0 3,
Hrp 4 SEB/N (Focd ) REIBRPLTFrAMEEMAR, BHERTE. carS BRI WE T car 4513 HZ 50
WEITRZEHAE N R LY AR, AT TS E T FocdearS 2 H( FOIG_05085 ), Foc4carS 2 [ H.A4 1.5 ) RING-finger
T G5 3 ) 23 I AR 032 Split-marker PCR 3545 FocdcarS 328 (I RA A BE, R #5F FocdcarS 3K sgRNAS91
FF ) pUC-fFuCas9-HT By s-hph-Foc4carS 3 gk, @i PEG -5 10 JF AL T A4 A R A 122 5 DR A i B o A8 14k
[0 D & AL A L2 B e PR 2 5 R B AR, 0T BRI 0 1R e 9 28 (R 1) A ) 2 R P RO 1) A5 0007 o S5 R 7R« AFocdcarS 7%
B RTE BLAR . PR R BUR ) Y R S A BRE Focd LR FEZER, I AFocdcarS 5375 R TIVE B 66 2 IR 48 £
FocdcarS FEHER M T UAERET W20 8 NEVAEY A EEHRER dFoc4carS (HDR ) RASEARIRZ A
i e AR I 2 R AR 9 PDA AR, FLTR V& 1t IR SR ) PR €, 3R I FocdcarS nIAE N IERCS HE Y, 7E & FEAG ZE TR Focd
Hh AT 3 PR SR A CRISPR/Cas9 4 il 47 o

KEIE: HEMZER Focd; FocdcarS F:H; % M&E; NS ; CRISPR/Cas9 3 K 4wk

HESES: S436.68 NEARERG: A
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Abstract: Fusarium oxysporum f. sp. cubense (Foc), the causal agent of Fusarium wilt (Panama disease), is one of the
most devastating diseases of banana (Musa spp.). The Foc race 4 (Foc4) is currently known as a major concern in global
banana production. carS is involved in the biosynthesis of Fusarium carotenoid by regulating downstream car structural
genes. In this study, Foc4carS (FOIG_05085) was cloned and identified. Foc4carS had a typical RING-finger protein
domain. The fusion fragment of Foc4carS was obtained by using Split-marker PCR, and the pUC-fFuCas9-HTBys-
hph-Foc4carS gene editing vector containing the sequence of sSgRNAS591 of Foc4carS was constructed, the PEG- medi-
ated protoplast transformation was used to obtain the knockout mutants, the complement mutants and the gene-editing
mutants. The biological characteristics and pathogenicity of the knockout mutants and the complement mutants were
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analyzed. The results showed that the colony diameter, sporulation and pathogenicity of 4Foc4carS mutants were not
significantly different with wild strain Foc4, but the colony color of 4Foc4carS mutant was dark orange, deletion of the
Foc4carS gene affected the biosynthesis of the secondary metabolite carotenoid, and gene-edited AFoc4carS (HDR)
mutants showed typical dark orange coloration in both regenerative screening plates and subcultured PDA plates. The
results indicated that Foc4carS could be used as an endogenous reporter gene to perform gene plasmid CRISPR/Cas9
editing in F. oxysporum f. sp. cubense Foc4.

Keywords: Fusarium oxysporum f. sp. cubense race 4; Foc4carS; carotenoid; gene knockout; CRISPR/Cas9 gene edit-

ing system
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B R ( Fusarium ) B & 32 B A 0%
JRE, BedE A AR AR, AR
YT Loy S (BERIIEER . RDEER A
TR ). AERRRZ IR (BREUARSE )
w2 (RS IS S P R%) 3
RN FERERAL S Y, e N R AR
() R BL RFRSEN HE R AR R (carboxylic
xanthophyll neurosporaxanthin, NX ), Fi & ik 2
WilREhE Tt carRA. carB. carT. carD PUFhZE5H
BRI AF RS 50 E D RZNEYE L,
KIAE MR IYAYE B DR 52 BDE R 1E
PEIRP O AN, e BRI A R AR AR Y B R
NZ (B-carotene ), B-HHE N EA[REHE CarX SR
Bl A A LR, AR T o ) %t A1 TS

carS B WA TUF car Z5HEEH S5
RTINS M REY SR EKREE N
W ( Fusarium fujikuroi ) P F| FHAL A58 7 [H 3
EFE W AEFEAT ( N-methyl-N'-nitro-N- nitrosoguan-
idine, MNNG ) JH 3RS 7RIS MR mRA
(1) carS 575, carS 87 ARTHTE SRR ) cars
HERTELS M AT R LR, BOKRDRHEWE (F
Sujikuroi )& carS JEH B4 F] F oxysporum 1) carS
A, AT IR R N A
TERHGR T W F LT (F oxysporum f. sp.
Iycopersici strain 4287, Fol ) It % 5 3| 4 it
RING-finger [ carS 3EH , @i¥k carS J5 1548 K
PARE RS BLRVE B, carS RIS TR T
Wi car SEMIBERTEHIZSHE N ZIEY RS, 1
Hh, carS ZF| i IncRNA carP 1174536500,
W% carP 5 carS FAFRIE, SRR AR
AU e SRy DA EHT A carP B RER 5
ARRI R B3 W, carP R TE A carS Ll
RAEAREEIKE , HIL, carP BT,
W R carS FEH S5 WM T) H & Fusarium
Mg N Z A AR, AT,

carS ) mRNA /KPR &, BYVRICH B, ¢
PAR T8 ALV LR carS B mRNA KB 5 F
B, X RIELEARR PSS . CarS RAZKR
07 O B A= B B 967X Ho O, BOBTPETT 3R, SR,
R R A KK R R H0, HUR
PE, XATRERH T CarS 2 57 B A i S LA
g 3 R 2

CRISPR/Cas9 J&—Fi 7 7E T4 B Al ity o rh O
SER A B ALE] AR T T R R
— By R R L G R, T B SR
4 L#E T DNA JEHIRIRER . A . 2 R AE L
e A G U e AU O A P 2 T
Foc4 Wik % EH Foc4Bikl KN, i@ [FJH &
#15% (homology directed repair, HDR ) {7 =
AT Foc4Bikl 3 M 4%, k1% AFoc4Bikl ( HDR )
L g L% T, % AFoc4Bikl ( HDR ) K[ %
HER RO AREERY, AR UFEME
A Focd AN S, it 315G FocdcarS HEHM
S A LR AR A, I 58 AR (AR 1) A= ) 2 B A
B 11, BB FocdcarS FERDIRE, R4 EE L
FocdcarS JHEARFE R B R N ik Cas9 Fil sgRNA
[ 5k S CRISPR/Cas9 JE H g4 &, 71 DAL I
e BT HEANZE R Focd hIEH GBI THE, A
FEMBREN S T A HRRME MR
B

1 #MREFE

1.1 #

L1l KB EHk, Bk, FESRMRIH FE
WZERE 4 FHEBNM (F oxysporum f. sp.
cubense race 4, Focd ), H H EHH LV Bl2# B 3R
i 5 A DR O 53 i A SRR 3 35 I 0 4H S R
175 [EARNRAKR pYF11 Hh RE AR Y R 27 ok g i 250 4%
LB, #ik pROV21 AT R R 2=
Bl H AR 2 e R /IR 2 R B 2 B s e e
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MBS A B PG ( Musa AAA Cavendish cv.
Brazil ), 8 H H E#AE R B F B R i dl i ol

PCR 519 i AL 5 S BRI R A PR 7 & A%
(PAGE 4lifk, %£ 1),

x1 5l9F3

Tab. 1 Sequence of primers

5|9 4 FX Primer name

J¥%1 (5-3") Sequence (5'-3")

it Function

carS-U-F
carS-NEO-U-R

carS-NEO-D-F

carS-D-R

carS-N-F

NEO-R1

NEO-F1

carS-N-R
carS-outside-1F
carS-outside-2609R
carS-inside-1F
carS-inside-785R
NEO-F

NEO-R
HYG-pYF11-PgpdA-F

HYG-pYF11-PgpdA-R
carS-Com-native-1F
carS-Com-3414R

HYG-probe-1F
HYG-probe-598R
pCT74-sGFP-123F
pCT74-sGFP-468R
carS-qPCR-F
carS-qPCR-R
carRA-qPCR-F
carRA-qPCR-R
carB-qPCR-F
carB-qPCR-R
Actin-F

Actin-R
5SrRNA-U-F-EcoRI

carS-sgRNAS591-R
carS-sgRNAS591-F
SSrRNA-U-R-EcoRI
pYF11-carS-HDR-F1
carS-LB-R1
carS-RB-F2
pYF11-carS-HDR-R2

PgpdA-2648F
Cas9-424R
pRS-marker
gRNA-R

TGACTCGAGAGCTCCAGGGTAT
GAAATTGTAAGCGTTAATCTAGA
ACTCTTCGTTGTGTCGTAGCGG
CCTTCTTGACGAGTTCTTCTGA
TGCTTGCCCTACTATCTCTCGC
CTCCACAAGACCCAGCACCTAA
CCTCGTCTCTAGGTGCTTCTATTC
GAGCAAGGTGAGATGACAGGAG
CACCACTCGATCCGTCACCAAC
CACTGGCTACTATGGACACAGGA
CGGCCATATTCATGCACTCGAC
AGATGCCTCCCAACCGAATCAA
CACCACCTCCTGATGCTGATGA
TGGAGATGTCGGTGTTGGTTCA
TCTAGATTAACGCTTACAATTTC
TCAGAAGAACTCGTCAAGAAGG
CTACAAAATGAAGCACAGATGCTTCGTTGGGCTGCAG
CTTGGCTGGAGCTAGTGGAGGT
TAGTATTTATTTAAGTATTGTTTGTGCACTTGCAGGCCT
CCCGGTCGGCATCTACTCTAT
CACCGCGGTGGCGGCCGCTCTAGAACTAGT
TGTCAATCCATCCTAGCCCGTCCC
CCCGGTGAACAGCTCCTCGCCCTTGCTCAC
ATCAGAGGATTGTGCAGCCGTGGA
TTCAGCTTCGATGTAGGAGGGC
CCAGAAGAGGATGTTGGCGACC
CTGACCCTGAAGTTCATCTGC
GCTTGTCGGCCATGATATAGA
CGAATGCGTCAACAGAGTGT
GATGTGCCCAGGAGTCGATA
CATCCAGCGCGAAGTTGTC
CGCGCGATATTGACGTATTG
ACCCTTCACATGGCAAGAGA
GCACCAGCGAAGTACAAGTT
GAGAACGAGCGTGTCTTGATTGAGCC
TTTCCTCCGCAGAATGAAGAAGGACTC
GTTGTAAAACGACGGCCAGTGAATTC
GATGACAAATTCAACAACTC
CCAGGCGATAAGTGGCGATACATACAACAG
CGGGGATTCG CTGGT
TATCGCCACTTATCGCCTGG
GTTTTAGAGCTAGAAATAGCA
TCGCGAGGTACCGAGCTCGAATT
ATTAAGGTTGGCAAGTGCAGGA
ACTCACTATAGGGCGAATTGGGTACTCAAATTGGTT
TCCCAGTTGTCAATCCATCCT
GCGAGAGATAGTAGGGCAAGCA
ACTCTTCGTTGTGTCGTAGCGG
CCGCTACGACACAACGAAGAGT
TGCTTGCCCTACTATCTCTCGC
GTGCGCAGAGGAGCCTGAATGTTGAGTGGAATGATG
CACTGGCTACTATGGACACAGGA
TGTGAAGCCAGGGGTGTATAGC
GCTTCTTGCGAAGGTGGTAG
CGGCATCAGAGCAGATTGTA
CAAGTTGATAACGGACTAGC

For construct the upstream fragment

For construct the downstream fragment

For construct the upstream fragment
with NEO

For construct the downstream fragment
with NEO

Primers for validation knockout mutants

Primers for the full length of neomycin
gene

Primers for Hph cassette into pYF11
vector

For construct the complemental frag-
ment

Primers for validation complemental

mutants

Specific primers of carS for qRT-PCR

Specific primers of carRA for qRT-PCR

Specific primers of carB for qRT-PCR

Specific primers of Actin for qRT-PCR

Construction of 5SrRNA-Foc4carS-

sgRNA591 sequence

To construct the HDR donor plasmid of
Homology directed repair

Primers for validation of AFoc4carS
(HDR) gene editing mutants
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1.12 £ &&X# DNA HiEEAW (2xTag
Master Mix Dye Plus, P112-1), DNA & EER S
( Phata Max Super-fidelity DNA Polymerase,
P505-d2 ). DNase I ( EN401). S/ s &
( HiScript 1st Strand c¢DNA Synthesis Kit,
R111-02 ), qRT-PCR 7| & ( ChamQ SYBR qPCR
Master Mix, Q311-03 ), DNA = 4 5 b {5 &
( ClonExpress” 1I One Step Cloning Kit, C112-02 )
S50 A R R MERE (Vazyme ) AEWIRH B A BR
Ny ok hE R IGAR & (Plasmid Mini Kit 1,
D6943-02 ) FKE R & ( Gel Extraction Kit,
D2500-02 ) ) [ Omega Bio-Tek 72\ T]; VA BEfiff
( Lysing enzymes from Trichoderma harzianum,
L1412 )i Bt i( Driselase™ from Basidiomycetes
sp., D9515-25G ) 4 A Sigma A w5 BEREH AL AF]
& ( Alkali-Cation™ Yeast Transformation Kit,
#112200200 ). &2 RNA #2 U7 £&( Trizol Reagent,
B610409-0100 ) %M H A& T AW TR ( 1) &
AR H]
1.1.3 3#&Af% ik PDAR;FiIE. R EL
B 200 g, VI AT R )5, InAZE 187K 34 25~30 min
&, 32 mdiE, A 20.0 g #%H, 15.0g
LB IR, EAE 1L; LB E#E. BE
F# 10.0 g, TERHSEE 5.0 g, FALEN 10.0 g,
ddH,O %% 1 L, 187 pH 2 7.0 ( [E{K LB $%5%
FEINA15.0 g BifiE# ); YEPD K F 5 .  H Jik 10g,
WEREER I 3 g, #i%HE 20 g, ddH,O AR 1L
( [E{& YEPD Ki =3 MNMA 15.0 ¢ RN ); RM 5
ARG SR HENE 205.5 g, BERREREY) 3.0 g, #A
B 20.0 g, ddH,0 FEAZE 1 L ([E{A RM K55 5800
A 15.0 g BiE# )o
0.7 mol/L NaCl & i1 : 40.908 g NaCl, ddH,0
FERZE 1L;1 mol/L Tris( pH 7.5 )Z% WK : Tris Base
121.14 g, HC1 Ji7%5 pH £ 7.5, ddH,0 A E 1 L;
STC ZZ 1P : 1.2 mol/L 11154, 10 mmol/L Tris-Cl
(pH 7.5), 50 mmol/L CaCl,, ddH,O EA % 1L;
PTC 2% i : 40% PEG 3350, 10 mmol/L Tris-Cl
(pH 7.5), 50 mmol/L CaCl,, ddH,0 E&ZE 1L,
12 A&
1.2.1  FocdcarS A R 6945 B HEF) AR & G 4
M A N NCBI 0l F 2 F #hG E W
Foc4carS $:H (FOIG 05085 ) FF41), FlFH7EL 4k
£ SMART ( http://smart.embl.de ) 43#T FocdcarS

FEAMNASFIIRER . 18t Blastx #E47 [FUR HLXT,
3R1% FocdcarS LK FAMITMEATFY], FIH
MEGA-X #{## R Gtk w ( Geit 5 vk 3% A
Neighbor-Joining, #t/] Bootstrap method #7175
4t & B K%, No. of Bootstrap Replications >4 1000
K BACEIRIBE A Jones-Taylor-Thornton (JTT)
model ),
%% 2 KA ) Focd B A= i 3k I 41 ¥ %1

(JH658279.1) Z3HT carS JEATE Focd KL I
SR L N 2 (8] B AL B B S , 3 HT FocdearS
RS AEAE 1 3% IncRNA carP, VI K 5
Foc4carS 3EFTER KA AT HES ) (7 M,
K, M FocdcarS F iGN carRA. carB.
carT. carD VAN carX TEFHER4H FHED A B DA
R 3 RS,

1.2.2 FocdcarS A B sk th m B ea M LI
ZW Focd MILIHZ DNA mfHR, Zr51HS 19
carS-U-F/carS-NEO-U-R fl carS-NEO-D-F/carS-D-
R #¥4H FocdcarS 09 &, Tt B, A Split-
marker T4 77U, HI514 carS-N-F/NEO-R1 #il
NEO-Fl/carS-N-R ## 5H&E RS F B, Jf
T IG5 FocdcarS R @4

1.2.3 PEG 389 R £ K3 AA R AFoc4carS
R R TR IGE  FAEMER Focd JFAFIIL
e Ak Mo i R 2 AR AR B B0 IE 2 BE SR 16, 18-19] HF
FHT R Z PRI NEO AR L | Rl
bR B (3~5 ng) IMAZIFA 200 uL Focd JiiAE it
Ry 2.0 mL 208, BFRSE, K EE
30 min, [RGB MA 200 uL PTC, %3
1R2), VK FJilCE 7 ming FRRGZ R TA 200 pL PTC,
ZRIRA), VK EACE 7 ming $429 700~800 pL Ji
A FRIR SRR 2 50 mL BRSO, Bk
fmA 800 uL PTC, #ZFEIRS), IR E 10 min,
FHA Y STC I IRIMAZNE AW R 25 mL, BE
R21E, 4 °C, 5000 r/min &5.0> 10 min, /N0ZEER
W A RM AR SR S mL, FAMERAT,
#2528 °C, 100 r/min $£3%5 12~16 h, fil A 30 mL
A 200 pg/mL Fr %R A 50 pg/mL 557 K 1) RM
ARG IR, BFWAIEHEIA S DRI, =ik
& 10 min, [1] 5 AR FE5 51 A 15 mL RM
BB 373 (200 pg/mL FraE Z Al 50 pg/mL 55
%), EHFE 30 min, FHFFEA 28 CRIFRM T,
FIERESR 3~7d, KT, MR FHET



%551 %

A FHREMEE N IRIR A SELH FocdearS 1% xE I H N 877

PDA 15573 (200 ng/mL Hi%: % Ml 50 ng/mL #E %
R ) WS PIMENIE, 28 CTHEFE 3~5d, Kifi
WiERWER 2, TR 4H DNA, H
carS-outside-1F/carS-outside-2609R . carS-Inside-
1F/carS-inside-785R . NEO-F/NEO-R %% 3 X} 5|4
XA T 4T PCR Bl
1.2.4  FocdcarS 3 B v #h 8 AR 69 #) 3 VA B = AN 45
F 9343 DL pKOV21 ikl DNA gk, ffi
H15 14 HYG-pYF11-Pgpd A-F/HYG-pYF11-PgpdA-
R 984 Hph fivE3E N Fr Be, P pYF11 B, M
Pst 1 Y02 tifb, ¥ Hph HitkHEE R B A
pYF11, 345344k pYF11-Hph, UL Foc4 JLPHZH
DNA Mt M, 5% carS-Com-native-1F/carS-
Com-3414R #17 PCR ¥4, 414 F B FocdcarS-
Com K J&#°4 3414 bp, &4 FocdcarS HEH G
7 ¥4 (1380 nt) Al ORF /¥4 (1973 nt, K&
ZIEmET )

Y5k pYF11-Hph Fl Xho 1 PALNLMEAL, ¥
3.4 kb B9¥ 44 A Bt Foc4carS-Com Fll pYF11-Hph
FRHR 9« 1 L A B A2 285 7E R BE SD-Trp
B R K A TR S, FIH pYFLL B 48 b e A
1% MI3F(-47)5 FocdcarS H:H ¥R 1054
carS-inside-785R 414, #ATHV% PCR Hik, F
BH P SR 5 R B U B UKL DNA, B AL R T 1
DHSo, #FTE?% PCR J& kA3 ANk pYF11-
Hph-Foc4carS,

AFocdcarS 1) HE PR 1R I 72 04 Dt A o A il 45
M PEG M-S M0k 1.2.3, #F 15~20 pg (0]
#NEAR pYF11-Hph-Foc4carS 5 200 pL AFoc4carS
F R ot o o AR A S A AR TR & TE 3 100 pg/mL
M RD RM FRA R TR AT hu ik, it 1
H] carS-inside-1F/carS-Inside-785R . HYG-probe-
1F/HYG-probe-598R . pCT74-sGFP-123F/pCT74-
sGFP-468R 5 3 X 5| ¥)ifi1T PCR $aiik
1.2.5 AFocdcarS RERERFESH SHE
22U X AFocdcarS AR AT TSI
DL Wis HRMNE . 4IRS AR
G R EE S, R ER 3.
1.2.6 FocdcarS BB KA Y &4 RikiE
carRA #= carB #E Fk A 54 WIEE Focd M
AFoc4carS 77 SR T PDA ¥R & ERE9E 5 d 1Y
W22, WA ALHE 10 min J5 T80 CUKFEIRAT %
i F Trizol 25 $ BURE i 9.4 RNA, %18 HiScript”®

[II Reverse Transcriptase #/E L] 1 iE1T cDNA &
., 2% ChamQ SYBR qPCR Master Mix /= /i 1Jd
WI45, SR 20 pL K%, 20 5If# 1] carS-qPCR-F/
carS-qPCR-R . carRA-qPCR-F/carRA-qPCR-R .
carB-qPCR-F/carB-qPCR-R % 3 X} 5| ¥ i 17
qRT-PCR, Ll Foc4 [ Actin P ZIEH , K 2744
{H AT car FEKIAE Focd # AFoc4carS ARt/
AL EE T )RR

1.2.7  AFoc4carS REWRIAA 2 AFocdcarS
AR RS S E S 8 AU Ok, R
30~40 d 57, 2% MOHAMED 25200ty 175 14 A5 43
b, Gt AARTE LI,

1.2.8  FocdcarS #¥eivik A% CRISPR/Cas9 A F
Ga B HARIGT B AL S8 SHI S T p )
B, VIKFRDEEREE (F fujikuroi ) M5 45
K pUC-fFuCas9-HTByis-hph ( Addgene No.
121092 ), &I IFHIHELL FocdcarS kgL A i
CRISPR/Cas9 F [H 4 i 444

eI L gRNA JFHE M5 (http:/
grna.ctegd.uga.edu/F1 http://crispor.tefor.net/ ), fff
5E gRNA )75 ( Focd4carS-gRNA591: TATCGCC
ACTTATCGCCTGGCGG ). #4## 5STRNA-Foc4carsS-
sgRNAS591 51 : B 4 N T4 263 nt (1) FfSSrRNA-
fecl-sgRNA R FEFM ) LI DNA #iAEFT
2 % PCR #J## 5SIRNA-Foc4carS-sgRNA591, &
—% PCR 433514 5SrRNA-U-F-EcoRI/carS-
sgRNAS9I-R . carS-sgRNA591-F/5SrRNA-U-R-
EcoRI #"1#% 5SrRNA-Foc4CarS-sgRNAS91 [ I,
TS 4 % PCR FH514%) 5SrRNA-U-F-
EcoRI/5SrRNA-U-R-EcoRI #£47ffi & PCR #7415
#| 5STRNA-Foc4carS-sgRNAS591 ¥4 ,

HIK, ¥ 5SIRNA-FocdcarS-sgRNAS591 [f] 5
HHFA G AE  pUC-fFuCas9-HTBnLs-hph %
KBk DNA J1] EcoR 1¥))5 , 4% I8 ClonExpress”
I One Step Cloning Kit BiAH 45, ¥ SSrRNA-
Foc4carS-sgRNAS591 ¥4 5 A#AK pUC-fFuCas9-
HTBwyis-hph , 3-A5 ¥ 0] Foc4carS i) pUC-fFuCas9-
HTBns-hph-FocdcarS 3K 4 804K, 1238 ACR
TR FEIERY Cas9 I sgRNA BRI 5K S48

w5, FIH pYF11 #ikty @ FEEHABE

( homology directed repair, HDR ) fi) HDR {iL{A i
#L pYF11-Foc4carS-HDR ,, 5i—2, R 2 % PCR
TFEREY 1 Foc4dcarS-HDR 51, #—% PCR
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535K 514 pYF11-carS-HDR-F1/carS-LB-R1 ,
carS-RB-F2/pYF11-carS-HDR-R2 ¥ #4 Foc4carS
JEPR Y 1 1302 bp., Ui 1220 bp WIEITA; 4
—# PCR RHI51¥ pYF1l-carS-HDR-F1/pYF11-
carS-HDR-R2 47 overlap PCR §" 14 - .\ F Bt
Sk Foc4carS-HDR J¥%1 ., %, Foc4carS-
HDR #3513 A pYF11 #HAL pYF11-Foc4carS-
HDR #AR1E Ry 5L X %4 1) HDR Bt 44 pYF11
# & DNA 24 Xho 141k, Foc4carS-HDR 75|
1 pYF11-Xho | £ DNA IR& L34k XK1-25 B
BEAf, 2 MR L) & ( Alkali-Cation™
Yeast Transformation Ki, t#112200200 ) 1t BH 45 3t
i, Dkt s A LA Bkl pYF11-Foc4carsS-
HDR, MPHYERERE XK1-25 F A7 R4 BUT R,
Jel B BRI DHSo WAk Y2, PCR
R R AT 7 DHS o H % 35 40 BORE S 0 7 FK 90
WE, SRIGHEE pYF11-Foc4carS-HDR ke F .
12.9 #AZA3%H Focd 49 CRISPR/Cas9 A I % 3
T 5 ug pUC-fFuCas9-HT By s-hph-Foc4CarsS .
LK Bk pYF11-Foc4carS-HDR & A 200 uL
1x10"4~/mL 1) Focd JEAEFilk, REIRSFKA
30 min, & A 100 pg/mL #1745 % HYG Hilky
RM FA R B AT ok i, AP IR S 1.2.3
) J A AR A T vk — 3. AT carS-outside-1F/
carS-outside-2609R | carS-inside-1F/carS-inside-
785R .PgpdA-2648F/Cas9-424R ., pRS-marker/gRNA-
R 55 4 XF 51 Y5k g % AL 134T PCR S, BEA
i 5 1) B P 2 A 0 4 T vk 5 R R Rl I B P 2
AU 30 7 s — B0, 22 BIAE T Ak DR R 28 A AR
carS FERD SHEPTIERE A HYG B, 115 [ g
JE R carS B DA WP S R AL
A, T A R
1.3 HiEAIE

K WPS Office Fl SPSS 22.0 34X iR 5644
PHATG I AOIER, SRR R T 220
(%) Duncan’s £ 9% 7547 25 55 i & V53T

2 HBREHW
2.1 Foc4carS WE FHEH M LK #HL 5#r

TE Foc4 FEPRIA Ham ok [ EL XS & B, FocdcarS
FE[X (FOIG_05085) f) CDS 4= K& 1776 nt, f45
2NET, il 592 NEIERR . 1F FocdcarS FEH
U 1295 nt AFFEREESN 1296 nt 1Y IncRNA
Foc4carP, HIEEHRHAHI H5KFEEEHKRE (F

fujikuroi ) ) —E, ULBATE Focd W, FocdcarS
A 5832 3 LI Foc4carP Wy 7 P84 K 1A ). Foc4
W car 5D BRI 55 T S 760 4 7T 1R A i 1L Y
( Fol ) FIftutiR JI R AL L ALR (Fov) LRy

iE—3%, Foc4carX/Foc4carRA/Foc4carB/Foc4carO
—EHEFFE Focd MBERA I (K 1A ), FREMZE
& Foc4carS H5/KFEMWE (F fujikuroi ). RA4¥
Y1 (F. graminearum ) %5 & 4 #H R 04 25 F1 D BE
s, BRT A A RING-finger 25 145 H 841,
WEAH N Ik ATP A9 LON 25 [ i 45 14 3
[ATP-dependent protease Lon (La) protease] ( [&]
IB)., RGLFHMWEERER: FHEMER
FocdcarS  H -5 227605k 71 0 A [] L A 784 1 ) 14
e, RA—FE, M5 KW (Verticillium
dahliae ). & Wil £ ( Colletotrichum higgin-
sianum ), TSR ( Pyricularia grisea ) %595 )i
FLIA Y carS HERG X REBOL, BMEEMZER
() FocdcarS £ [1 5 HAh S A4 1 1 L AL B[ carS
HHAEAMIEN RS LR (E1C),
2.2 Foc4carS £ F Fy B 0 [0 % 32 35 4R B9 30 1E

L Focd N4l DNA MHE#R, 451514
carS-U-F/carS-NEO-U-R #/ carS-NEO-D-F/carS-D-
R Y784 B T B, 345 B3R B 1595 bp,
TR B 1582 bp. FIHIRLE PCR A RLR A
B, DLRi i BOROB R A KD AR, I
Yy carS-N-F/NEO-R1 §"#§ i} L3l 5 8 KAl &
B, K/ 2010 bp; DAT IR BORIRT 82 R A K0
R, 514 NEO-F1/carS-N-R §"4 H Fijf
SWERAG B, KK 2196 bp,

it PEG A0 S A BT SL AL Focd I 3R7HH.
H B R NEO $iltER) dFocdcarS &AL+, )
H carS-outside-1F/carS-outside-2609R , carS-inside-
1F/carS-inside-785R . NEO-F/NEO-R 4§ 3 X{5|%)
AL 4T PCR Sk, 153 6 N PHMERAR A,
H b Outside 5|4 ( carS-outside-1F/carS-outside-
2609R ) \ AFocdcarS @Rz H 1915 bp,
M AR Focd ¥ 44 BERK/NR 2609 bp; Inside
5|49 ( carS-inside-1F/carS-inside-785R ) M\ Foc4
Py 785 bp S 5F 25T, 1M AFocdcarS RBRAAR
RED 3 0 Re S 250 s BUPE SR DR 22 R NEO 1) PCR
PG R R B A K Foed TR AR BEY 1 1 1370 bp
25t , MFE AFocdcarS milga A8 R RE Y 4 2]
1370 bp 457, It PCR ka5 R KB FocdcarS %
PR oR i R B R (18] 2A0),
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A
Foc4carP Foc4carS
(NW_022158692 REGION: 1271904.. 1273199) (FOIG_05085)
5726 bp _—" N
Foc4carX Foc4carRA Foc4carB Foc4carO
(FOIG_10086) (FOIG_10085) (FOIG_10084) (FOIG_10083)
10265 bp
B
(593 aa)
(596 aa)
(540 aa)

C

Fusarium oxysporum f. sp. cubense Foc4carS (EXM04980)
Fusarium oxysporum f. sp. vasinfectum hypothetical protein (EXM31274.1)
Fusarium oxysporum . sp. conglutinans hypothetical protein (EGU75718.1)
78| Fusarium oxysporum f. sp. lycopersici hypothetical protein (XP_018246453.1)
100| Fusarium oxysporum . sp. raphani hypothetical protein (EXK95205.1)
100 Fusarium fujikuroi uncharacterized (XP_023433311.1)
Fusarium verticillioides hypothetical protein (XP_018752592.1)
Fusarium graminearum hypothetical protein (XP_011324135.1)
Verticillium dahliae ATP-dependent protease (XP_009657655.1)
100 Colletotrichum higginsianum ATP-dependent protease La domain-containing protein (XP_018162318.1)
-Pyricularia grisea uncharacterized protein (XP_030987187.1)
Ustilago maydis hypothetical protein (XP_011391259.1)
Neurospora crassa RING-1 (XP_964203.1)

100

58
99

| —

0.20

A: FocdcarS 1€ Foc4 FEAHMAAXI E s B: FHHEMZETE FocdearS 8 AL HT; C: FocdcarS REEHALMK 73T,
A: The Foc4carS gene position relative to car genes in Foc4 genome; B: Schematic representation of the conserved domain of Foc4carS;
C: Phylogenetic analysis of Foc4carS.

1 BEWZER FocdcarS WEREAHT. & B SHE TN R H LR 5347

. 1370 GFP 345

Fig. 1 Genome alignment, protein domain prediction and phylogenetic tree analysis of Foc4carS
A HO WT AFocdcarS B AFoc4carS-Com
. 2 3 4 5 6 7 8 9 10 bp . M 1 2 3 4 5 6 7 8 bp
Primer Primer
Outside 2609 pnside 785
1915
et

A: AFocdcarS WiBRZEER M PCR Bl ; B: AFocdcarS [FIAMNEZE (R 1) PCR $IF, 1: H,0; 2: Focd;
3: AFoc4carS; 4: pYF11-Hph-Foc4carS,
A: Validation of the 4Foc4carS gene-knockout mutants by PCR; B: Validation of the AFoc4carS complementary by PCR,
1: H,O; 2: Foc4; 3: AFoc4carS; 4: pYF11-Hph-Foc4carsS.
B 2 AFoc4carS EE R R B4 RETEHR PCR £E

Fig. 2 Identification of 4Foc4carS knockout and complementary mutants by PCR
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P () Bl 4N AR pYF11-Hph-Foc4carS it
PEG i A miBR R A2 K ( AFocdcarS-8 ) JiA: it
&, I HNEBR R TIY carS-inside-1F/carS-
inside-785R ., pYF11-Hph 542 L AP 5 N 5
% Hph 51 HY G-probe-1F/HY G-probe-598R . 4
OIOGHE I GFP B 5|Y) pCT74-sGFP-123F/
pCT74-sGFP-468R % 3 XI5 YKk, 155 [l #h2
K AFoc4carS-Com (18] 2B ),

2.3 AFocdcarS REEMNEYERESH

16 PDA 55323 3535 5 d )5, AFoc4carS i
R S AR A L A (TR 7%, P AR 7Y Focd IR #P AR
& AFocdcarS-Com ¥ R A AR T, WIsHA2ER
Bl . PDB WAHES: 7 d J5, AFocdcarS w5
A A A, R IR (8 B 5 B, T Focd T RlAR 58
K AFoc4carS-Com W AT (Bl 3A); Xf
PR AFocdcarS. FIFNEAEIR AFocdcarsS-
Com FIEFAHY Focd TR 22 v B 2485 DL K Ay
AR TFIESHT BAHORES , K FocdcarS FEH Bt
I A B 2205 T I TR 22 T 22 (&1 3B) Flay
ARFIEA (B 3C) BT R, [, &k
RARK AFocdcarS W TRV AR it 584 H
Pk Focd MR E 2SR (Kl 3D, Kl 3E).
AFocdcarS WA bRl Rk IIRE AR
A, UL carS FEPRUA 1R & R AH 22 T R4 2 1Y)
FRAE RV T .

24 HEWEEFocAH car EEERE LR L
ETHRIES

J T4~ Focd HZEEHE &G 5%
FPEIHES A IE PR carS W FIREENLE], AR5
X Focd Fll AFocd4carS WIERRE FE car HH

(carRA 1 carB ) ) mRNA Fiki##1T7 T qRT-PCR
KR HT o Focd Fll AFoc4carS 7RI HHER T
PDA }igidk b, eI RIS DL SOLHE 28 B 1 5%
3P, K5 5 d JE MBS & R AL, [A]EY
Xt carS. carRA Rl carB F&H B B 1E B AT AL

(K 4), 28R, B4ER Focd TELIAMNT
B BLIRAE €,  TTH 05% R FIOG I 58 8 1% 55 10 ~F- Al
2R ANK; AFocdcarS RZRKRIECIRSAME T H
MG R IEIE, SR T B, 1
WG IR 5 T IR S B IR 0, BRI AR
R (Bl 4A); T Focd ) carS BEPFDGIRE IS
RS (K 4B). SHXTR AR FocdcarRA .
Foc4carB FEH B HAZMKIOE | JLmy . 5%
AR R ek (E 4C ), 1dBH 7 B IR %

5 car FER M FRIBKF-—F, Hitk, Focd HZEiH
B NRNEY S NAZBDE R, SEIIEREE R
KN carS B TURERIE
2.5 AFoc4carS B 9% MNE

NEHHG FocdcarS BRI X F FE M 2590 B 80K 5
(R 5 T, SR FH 48R 1 AR B VA 3k X e B 2% AR A
AFoc4carS. [BIAMNEARR AFoc4carS-Com FIEFAE T
Pk Focd #EAT TGRSR e . 45 RER, &H
XRE KA BV A KR, el s T
Foc4 . miBRRALM AFocdcarS DA K vl #h 258 A% A
AFoc4carS-Com. TiriEFEAENK AFocdcarS. [FI%p
RAR AFocdcarS-Com A PRI L PG AE W &1 DL
5P A B kR Focd AbPRAYEL PGSR, MR T 20
Rili 2 3 BRA I AR IR AL, ™ A R L BAE R
VITFER RS, BREE R G IRBEBE, BRZEM 1k
B (F SA ). Gt ORI, 453 s iR
K AFocdcarsS | AN SEEAR AFocdcarS-Com 5 5F
bk Focd (R TETE 8 C R E 25 (& 5B ), 455
R, FocdcarS FEHERXT Focd MU 117178
SN, FocdCarS BN S 5 AR - W2l 28 |
EWAEYE I, JEAS SRR SR ] .
2.6 FocdcarS A $BHR1TfE CRISPR/Cas9 £ F
REERIATITIE

PR 8] Foc4carS 1) CRISPR/Cas9 3 [K 4
#, K pUC-fFuCas9-HTBys-hph-Foc4carS ( &
6A ), KRR HEABE (HDR) 77Xt fr)a
S 1) 3 R A 9 o o 4 31K pUC-fFuCas9-HTBys
-hph-Foc4carS ikl 5 pYF11-Foc4carS-HDR fit{A&
RS 5 A T FER ZE I Focd 1Y LA i
T (KL 6B ), Zeid a5 2 PP i b A AR s 5 K
% AFoc4carS (HDR)JEH 4R 54 LT, 7€ PDA ¥
B -t 0 B () GRS 8 T VR R A, S BT A AU Focd
B B VE AT ELEBT A, IR AT HES) (& 6C ).
ib 4 %GR L K g i SR A AL - iE 4T PCR
W, 4558 WK . Outside 547 LN EF A= R #E Focd
Ty 1 2] 2609 bp 554, 1 AFoc4carS (HDR)H ™
#4133 545 bp; Inside 514 HAEM Focd 43 £
785 bp, i AFoc4carS (HDR)JCY 1 471 . LA,
Cas9 FEF Fl sgRNA HBE43 5 M AFoc4carS (HDR)
HP I35 1310 bp A1 506 bp (K 6D ), ZER%E
B, AFoc4carS (HDR)IEH %% 4L+ i pUC-
fFuCas9-HTBys-hph-Foc4carS 3 TR LN
DIt AR 2H v, 3l gk 35 PR G 6 7 2 I B A
R A FocdcarS W% o
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A Foc4 AAFoc4carS AFoc4carS-Com

Foc4 AFoc4carS AFoc4carS-Com

, / ' \

e | & =
%{/\ / | / | IARRRYS
\}é’l‘ [1 )// n\/ﬂ// /‘l %_Mﬁi \ (\ n "‘ \\2 N :‘

AFoc4carS

N\

/

/ /
1

AFoc4carS-Com

D 8r = a
E7r 2 12 T
5 6F S 10f
mE S m.s 8
s 4t 22
2 g or
g 3t [
= S 4t
o 2r _qg
1t g 2
0 Z 0
Foc4 AFoc4carS AFoc4carS-Com Foc4 AFoc4carS AFoc4carS-Com
Witk Strain Btk Strain

A FIRHEEES (28°C, 5d), ARBEIE (28 C, 180 /min, 7d); B: WATUWER; C: MEBTEE; D: WKLHE;
E: j7filtd. HR/PNSFEFRRZERABE (P>0.05),
A: Colony morphology (28 ‘C, 5 d) and the fermentation color (28 ‘C, 180 r/min, 7 d); B: Mycelial tip morphology; C: Conidia morphology;
D: Colony diameter; E: Number of conidia. Same lowercase letters indicate no significant differences (P>0.05).

3 AFoc4carS BEER B RTEMNEYFERE
Fig. 3 Biological phenotypes of Foc4 and 4Foc4carS knockout mutants
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w

5r a Foc4carS

Foc4
X RIER
Relative expression

SR R il '

K3 Treatment
C
6 - Foc4carRA 6 rFoc4carB
25 3 Foc4 a st 3 Foc4
RS AFoc4carS S AFoc4carS
W34l 3 a4l
X 8 K &,
Y KE 3+ ®E 3t
¢ 22,1 22,|
< ZE ZE
S ) )
S o 1r @ w 1r
b O Y i e RS SRR
Ab7H Treatment 4b3 Treatment

A: HIEFM (28 °C, 5d); B: FocdcarS FENFEILMHT; C: FocdcarRA ¥l FocdcarB BIREHN Tkt . AR/INEFENFEREREFH
( P<0.05 ),
A: Colony morphology (28 “C, 5 d ) ); B: Expression analysis of the Foc4carS; C: Expression analysis of Foc4carRA and Foc4carB. Different
lowercase letters indicate significant difference (P<0.05).

B4 EARNBLET caor ERHRIEDT

Fig. 4 Expression analysis of car genes under different light treatments

AFoc4carS AFoc4carS-Com

70
60
50
40
30
20
10

o~}
H o

HH o

i3
Disease index

b
H,0 Focd  AFoc4carS AFoc4carS-Com
¥k Strain
A: BBk Focd il AFocdcarS 124 LV S5 1) ZRAEIR ; B: HFAERE Focd Fl AFoc4carS (2 B VAT R 1 F 5K,
AR/NGFRER R Z B E (P<0.05) .
A: Symptoms of Brazil banana plantlets infected by wild-type Foc4 and 4Foc4carS knockout muntans, respectively;

B: The disease indexes of the Brazil banana plantlets infected by Foc4 and 4Foc4carS knockout muntans,
Difference lowercase letters indicate significant difference (P<0.05).

B 5 EFLEHK Focd 1 AFocdcarS REGEETHEEMER ANE
Fig. 5 Pathogenicity test of wild-type Foc4 and 4Foc4carS knockout mutants on banana plantlets
(Musa AAA Cavendish cv. Brazil)
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pUC-fFuCas9-HTBy.s-hph
(Addgene No.121092)

58 rRN1>-( sgRNA | Ts
B _ Foc4carS (FOIG_05085)
Outside-F Outside-R
- Exon1l Exon2 -
| DOWN

-hph-Foc4carS (IR RRY

5" - GGCGGAAAGGT

gRNA591 PAM
+

pYFll-carS-HDR-F1  carS-LB-R1 carS-RB-F2 pYF11-carS-HDR-R1
= - - -

Inside-F-. A ide-R outside

pUC-fFuCas9-HTBns 3' - CCGCCTTTCCAATAG CGGTGAATAGCGGAC CGCCTCCTCC -5

CGGAGGAGG -3'

pYF11-Foc4carS-HDR

LB~1.2kb RB~1.2kb
Outside-F Outside-R
= -
—_ UP jul  DOWN e

Focd AFoc4carS (HDR)

MH,OFoc41 2 3 4 5 6 7 8

Primers

inside

Cas9

sgRNA

A: P i EAK pUC-fFuCas9-HTBys-hph 7 218 ; B: FocdcarS %1 gRNASI1 JFHI R &R ; C: HEFE %% AFoc4carS (HDR)%E
AN RVEIEA ; D: FEB 4% AFocdcarS (HDR)ZEAE{A Y PCR Bl
A: Schematic diagram of gene editing vector of pUC-fFuCas9-HTByis-hph; B: A schematic of the gRNAS591 sequence designed for Foc4carsS;
C: Colony morphology of AFoc4carS (HDR) gene editing mutants; D: PCR validation of 4Foc4carS (HDR) gene editing mutants.

6 FocdcarS i) CRISPR/Cas9 EEHERN T EEURERARERTHRE ST
Fig. 6 Schematic of CRISPR/Cas9 gene-editing plasmids for Foc4carS and and phenotype of 4Foc4carS (HDR)
gene editing mutants

3 it

BTHEAERE Focd HHRNE NEMAEDS
WAZBDEH FocdcarS WHL[FJEHE . Focd H2il
B NEWMAEYE 2R FocdcarS W RS RIE
Bf A Focd VKB JE A, 1 AFoc4carS 7%
WM TREEEE, 2 NFEEW car SRR
Foc4carRA F Foc4carB Toit == Mi 32 50 F,
FE FocdcarS AR RIK K-35 5 T Bf A= 1
Foc4, Htt, FocdcarS 7SR ZEIHE MRidE
R, SRR ] B8 Fusarium fRF5ER ")
LEH B P FocdcarS MY car Z5IL NS
55 Focd 213 MR MWW E L.

Foc4carS DL car S5 FEH Y238 615 7 T
WRIE, AW A, FHE FocdcarS UL I
FocdcarS TAAYEN car G5F)FEN FocdcarRA
FocdcarB ¥ FGE S ik, HEER
Foc4 W' Foc4carRA Fl FocdcarB B3k & B /)
T AFocdcarS Z7E K, #EM T g2 27 2E AU Focd 7
W) FocdcarS R 3206 BRE T b 23k 5 il 14
W car BMBERRYFRIE, XU TEFER Focd

W car R RIB BN ZMKT AFocdcarS 57%
W, W R T B AR Focd DL
Foc4carS 1 H3R 1M B MR SR AT LA 1 3Rk 25 A
BN ZmBIR R R, R AR R,
AcarS FAFRIEAMAMOLTE FIE IS MK,
KRB AR, HBERENFEHRERE NX M
S N EHAY RS AT AFocdcarS
GG B IR IR L LS B IR RDG /R B R
AFocdcarS 875 R 1A TR V& B (0 vk H 2 IR 18 (4,
SR FEE carRA . carB 1Y I8 265 M B2 o, Lb s
WA/ AR EE TR K, U AFocdcarS %
BRIECIRG car FEH BFRIN, BUEE Z1HEM
R MNIMMEEBOER, Hitk, dFoc4carS
RARIEEAE b RAEY S B ZBDEE SR
W

HEKFEHHRE (F fujikuroi ) WIHFFT 3 H
carS fERAE NRAEYIE N ARERF, HiH
FEAE A Byt 7 20 BY AR B TR AR 11 B R, RETS
MR IBEME TR NX P24 32 2D6A SRl
AwgEr, TR ARSI, Focd ¥ fEE
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— B HEA KRR E B DR S, R A A
Foc4 TERGR:FESRNF T, Focd4carRA 1 Foc4carB
SER LTI SR BB PR A7 — € R ik i, 75 Focd
Yefr—E PRSI S PR &5, PRE—E 1Y ik
B R NX MBS MRETEY R, Sain
IEREE S ¢

ARG IEE B FocdcarS 3L TGS 1 R & A
ZEHW NI IEH . (1) FocdcarS FEH Jy #—
PEOLSE 5 (2) RARRIE G P, AFocdcarS
AR RG2S 6, SEARNHARETE
Z5HE; (3) FocdcarS = 5 ZRIE = YIkE
W5 mE, FocdcarS 25258 M RWEDH
B, & B AT LLE AR AE 5 (4 )FocdcarS {0 Focd
ATUAEACE =, MHBOR ). WIEIES . 4k
I TFILES = i A R AV TCFE M . CRISPR/Cas9 Kk
AL 24 4 P LA K PR 4 AN () ) i 2 PR A 1) i B, 3
i BER DNA Fr BORMIRIEEE R T fE, Bt
[ia) & PR 2H Hp i ACHT I B | BB I RE , 25T
SN fE R F B H AR F B2 —?, Focd MygLAY IR
L Y A G 4 07 0 S M v L ARG L 4R AR
T3 i DA R TR R RIS Cas9 By
L2 T H 5 I A R TR Y R ARG, T BE Cas9 R H
Xt R A FEPEAE ), Focd (iR B0 4% 51 5 R
WL RA—F, Cas9 HIMFALIEEN Cas9 M2
AR pUC-fFuCas9-HTBns-hph F] Focd J5 H: A5
M % 71 B ( Aspergillus oryzae ) )
WFoE R, AR ( donor plasmid ) FtR Bk:
HDR HAR A T 1 4R T2tk DNA B2,
ARBFFEAEA FEIE A G4 1Y) carS-HDR BEARET, %
FocdcarS 3 I FiiFK2) 1.2 kb Y[R DNA
FrBLiEfTRlA PCR, A pUCLY #ilk 5, £k
AR O AR B AL, B, Hixal s R B s
A pYF11 BERFERAK, 45 pYF11-Foc4carS- HDR
JRURLAE Ry A SR F T CRISPR/Cas9 JEPH i

25 I, FocdcarS FERTER AR~ 2EHA 2
MRV E R A EREEAER, AR A
FEHE R NIRAR &L o LA FocdcarS Fy AR 3& R 2
LA FEMZE R Focd HYBURISY CRISPR/Cas9 %A
SRR, A T I ) B RE R R A 2 AR A
HRZHE,

S % 3Lk
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