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AR 18 7R R Ao U T T 1) SO E AT I RE e, 5 A B R N A AR D RE RN, I T R A 25 Bl A 1Y)
FOBRHE P S BERL 4R s

1 MR5EREE

1.1 RIEHRMEEER FEMZEE 4 S4B/ NI (F. oxysporum f. sp. cubense race 4, Foc4) B I Bk
37, KIGHTIA E.coli DH5a, pCT 74 Bk AN SCYR B ORIT . ARk L PH ARSI (BRr 20 ~ 30 em, 4 ~ 5 #0H F) .
1.2 5. WFIFIEEFRE  94.9% FUA TR 25 (P ILRAMBHE 2= XN PE AT ARG ) FH DMSO( = F 5
SEARO) s A, BCAY 10 g L' WA . Congo Red(WIZR4T, CR)IEF BIO BASIC INC /A l; Calcofluor White
Stain(ZEEHE 57, CFW) YT sigma-aldrich /A 7); Hygromycin BO#IE % B, 50 mg-L )R T Wako A F,

Chitinase(JL. T & /i ). Driselase (fi 5t /). Lysing enzyme (%5 BE i) #2714 H sigma-aldrich 2y 7] ; LA
Taq. Premix Taq™ ., FLf% % {K pMDTMI19-T Vector IlJ [ TaKaRa 2\ %] ; FL# DNA $2 U= 7] £ F1.k RNA
FHGAFI & H OMEGA A Al; BAEHHEEE DNA [FIGRF & B BGR7F &0 H TIANGEN 24 #] .

VIREL PDA }iFREL, PDB Bt LB Higikt, MM R5558E . LR B3R5, SR Jigikt. Top Agar ik,
1.3 EELEE PTC200 PCR 1Y (MJ RESEARCH); Quantstudio 6 %¢ %5 £ PCR 1%; HL3K{Y DY CP-31E;
TR KA AT UL 4G BE 1T Thermo Scientific NanoDrop 2000c; % iE ik i #F IKA MS3 basic; 4= H slFE G R
WY Tissueiyser-64; Eppendorf &5 205 8 50001 5417R / 58 10R; X H AEH) i85 XCP-2 C., JE LW
REZE W AUUBE Ni-E; 229 K50+ 43FT{X Fusion FX7,
1.4 BEMERFTEDERERELE DNA AUIREL U A BURARAE PDA KSR LR 7 d )5, IEER
72, 4% Fungal DNA Kit(OMEGA ) Ui ] F 2 BUEE R 4H DNA .
1.5 BHEMERENH EEEESS T H DNAMANT7.0 ZA4H75 i%it, IF At s &k st
BHERA AR ARG G H(E 1D,

1E NCBI(http://www.ncbi.nlm.nih.gov) (¥ & H il i F.graminearum PH-1 neutral trehalase NTH %
(GenBank % 551 XM_011320499.1) 75 75 £2 4l 25 5 TR #4452 80/ T bk 19 4 5 X 4 44 e
(GenBank 5% JH658279.1) 4T Blast 4347T, I %11 cDNA 2K 51 #%}: FOCANTHI1-F/FOC4ANTHI1-

1 AZEHSIHFT

Tab. 1 Sequences of the primers used in the study

S| ¥4 K Primer ¥ Sequence(5'—3")

HYG-F CTTGGCTGGAGCTAGTGGAGGT
HYG-R CCCGGTCGGCATCTACTCTATTC
HYG-R1 GGATGCCTCCGCTCGAAGTA
HYG-F1 CGTTGCAAGACCTGCCTGAA
HPT-LBCK GACAGACGTCGCGGTGAGTT
HPT-RBCK TCTGGACCGATGGCTGTGTAG
FOC4ANTHI-LBCK TAAACCCAGCCACGACAC

FOC4NTH1-HPH-LB-R
FOCANTH1-HPH-RB-F
FOC4ANTHI1-RBCK
FOC4ANTHI1-LB-F
FOC4NTHI1- RB-R
FOC4ANTHI1-CKFP
FOC4NTH1-CKRP
FOCANTHI1-F
FOC4ANTHI1-R

ACCTCCACTAGCTCCAGCCAAGCCGTTGACTTACACCAGCAG
GAATAGAGTAGATGCCGACCGGGCTGACCTACCAGCACTCTCG
GGCAAGCCACTCATCTTCA
ACATTGAGCAACATCCGAGT
TGATGTCCTCCAAACTCACG
ACCTCTTCGTGGTCTGTCCT
ATCTGTTTCCGCCCATACTC
CTCCTTCTCACCGCTCTATTA
CGTATGTGTTCGGCTCAAA
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R, ¥4 A A ZE 4 SR B/ NRRE) NTHT FE1

W 2 AT B BE M T B ik BRI AE RS BB A R A R o DU 45 SR #E NCBI
(http://www.ncbi.nlm.nih.gov ) Z & 22 0 347 [5] Y8 P 1 51 20 #r, {8 - MEGAT7.0 %14 L Neighbor-Joining
(NI FIRITEA R GE AR
1.6 FHEMERE NTH ZERFRF BRI R Split-Marker 5120 £ AN EERE R mik F BE . DAEFA:= Y
R EE R ZH DNA Sh#tl, 975 NTHI B:B R A B, 514902 FOCANTHI1-LBCK 1 FOCANTH1-HPH-
LB-R, FOC4NTHI1-HPH-RB-F 1 FOC4ANTHI-RBCK( % 1) . VA pCT74 it ki () DNA N A, 59
HYG-F Al HYG-R ¥ ¥ & 2 (HYG) it K 5 B, K A3 8000 NTHT LR iR e B Boor iS5
3w A R (HYG) Pr k3L B BIR & W Bl , 51 % FOC4 NTHI-LB-F Al HYG-R1, HYG-F1 Al
FOCANTHI-RB-R(F 1)$" 3 H] T [R16 F 20 0 b9 A0 il B
1.7 BEEREWHIEREN ST GRS Ik, TVEUGHE, §l4 & FR 220 0 A ik, $%
£ PDB #5323 PR 1 57 3 d BB AR AU TR AR, 3 2 KRR 4G UE IR, 37 °C, 150 r-min™' 45 3% B A
22 3 h, R PRI JEA TR . AR BUIARE AL 2 AR SR 4240 (07, FAERGHE . & 100 uL 19 1 R
AR B, INAE] 300 L A5 BefArb (1.0x10° A~-mL ), 8515, S22/ 2 mL 40% PTC W, #n
IS ARG SR (E A 100 mg- L™ Ampicillin A1 100 mg-L™' Hygromycin B) 7, Bl f5 5+ Hi A8 A5 7% Bk
HCEH 0 E B R PUIER PDA FA b, Fri b7 A& R ok Pk E3557 3 UG ATl TR 22505 .
1.8 NTHI EERRECFHNEERERSE KRN CTAB™ B8 B NTHI & bk % 4k + 19 BL R 4
DNA FIEFAE U REEERIZ4] DNA AR, L) HYG-F/HYG-R . FOCANTH1-LBCK/HPT -LBCK ., HPT-RBCK/
FOCANT H1-RBCK (% 1) HIEHi5 4, L FOCANTHI - CKFP/FOCANTHI1-CKRP(F 1) N34, 347
PCR §"#4, JFH445 211 PCR J= Wi TS N W EE S AL K, ARTET B 45 S5 28 tH Anth ] BBRIEAEIAR

Z R AEES IR, TVESGHE o K Anch] $:R0 3] PDB 35555, 28 °C, 180 rmin”' #R%H55% 3 d.
BT, AT BIP, IR PR R 2 106, 107, 108 4~-mL !, 34351144 21 TOP 15573k
(&4 100 mg-L™" Ampicillin #1 100 mg-L™' Hygromycin B) |-, 28 °C 55% 10 h, ZE 5055, FHPRERK: A~
AT HRERENH ) PDA £ 5575 (% 100 mg-L™' Ampicillin A1 100 mg-L™' Hygromycin B) |-
1.9  Anth! BIRARGNE 7 5I7E PDB Ki e ik 35 5% 3 d i BT AL BUTRAR A Anch] TRER, H1 3 J2K
PR B AR DRSS A 0, sk T HBOb T4, I AGE B JC K R AR T IR R R Tk =
2x10°mL . SRR R A R B0 I e . RN IRIAREEFR 15 ARAE T, I LUKAE DX IR, 100
2 3R, RN 45 d JFE IR MOHAMED 2604 {43 Gebnife, 21 Tt P8 88 ot
110  Anth! SERBSAOBURMNE /0 BIPKE AL RUBE RN Anth 1 BRRRIZERD 57 AN R v 3 500 141 IR
) PDA Kigih, 28 C 8538 7 d, 0 BE S 3 NMEFRIL, i E R 3 IR, ST EF AR B RAR AT Anth]
FIAN I TR B ECso
111 Anth! £FERBME (D) AEKHER: G ABIR R Anth] W] MM 853523674 1,
28 C }55% 6 d, IFREfE 1 RSEATHA REOULES AN 5 B 7% ELAR, BR3P, A 3 k. (2) =i 7
PDA ¥igidk F353% 7 d (9 EF A BYTRAR AN Aneh BIRE, 1T 10 mL (9 JC B 7K PP b IS8 B fif 1) 93 2B 47
SR R MR8, BRIk 3 A, R 3 IR (3) Tk : M8 Feng 465 1771k, RS VE
F 10 mL A TCE K 3 WSS B A= BU B RE RN Anth TRRRAE PDA AR LI A7 (K5 3R 7 d), FRB ATk
FEW A 10° > mL", BT 28 C WA TG 700 7T 8, 12, 24 h Fl BB TSI 5, e &
53R, EJEE s AT R %R
112 Anth! BHEEFHEURMNE 76 PDA 55555 LIG4k 7 d AR ABIBERR AN Anch] TkR, FIATAL
DB T D 2R b 6 mm YR B, 43 RN T A A Congo Red(Z¥k i 100 mg L"), D-Glucose( £ &
1 mol-L™"), SDS(+ bt FEAR R £, Z¢¥¢ &£ 0.1 mmol-L™"), Calcofluor White Stain( Z¢ ¥ i 100 mg-L™"),
Sorbitol (1AL, 24 E 1.2 mol-L™), NaCl(ZRE 0.7 mol-L ™), MgCl, (£ € 0.1 mol-L ™), KCI(Z ik &
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1 mol-L™") 1 HyO, (& ¥k J&F 4 mmol-L ™) B AR 35 3 (minimal medium, MM )4, DLAAST a7 4b 3 7Y
MM AR AEXT R, 28 °C B34 53R 6 d, BERR 1 R AN & V& B2 RN 40 IR, THEI6 %, B4
MES 3 MR, e E A 3 K

W 7E PDA B33k 54k 7 d AYEFAE BUBERR AN Anth] TEPR, BT MM 5325 B, IR0 8 T 20 C,
32 C IGFRAETIESR 6 d, LA 28 °C X IR, BN 3 MR, ISR & 3 IR, SRR AN =il 45
PR X R AE R AR

2 HBRS5H

21 NTHIEEWFEIIDH FEWZERE N NTHI KN4 K 4 383 bp, cDNA 4K 2 217 bp, it
738 NEILWR, A 35 XM_031206259, 1 NCBI(http://www.ncbi.nlm.nih.gov ) 54 % i# i Blast 18
%, FIH GenBank H EL 1 B IR 7 5 204 T [RIVEE AT, 6 B0 B R A 2505 T HP Ik YA o 3 I ) 2 T
FEH, SR (F. graminearum) FMER Ak J) & (F. pseudograminearum ) 55 22 Fh B 1A 1 PV S Af
NTH P BA S EEARUE (& 1) .

99 Fusarium oxysporum f. sp. Cubense race 4 (XM_031206259)

99| - Fusarium oxysporum f. sp. Lycopersici (XM_018383886. 1)
— Fusarium fujikuroi (XM_023577833. 1)
98 501
— Fusarium verticillioides (XM_018889981. 1)
7 ~ Fusarium graminearum (XM_011320499. 1)

99

~ Fusarium pseudograminearum (XM_009254543. 1)
l Nectria haematococca (XM_003050712. 1)

0.05 Colletotrichum graminicola (XM_008094912. 1)
—

Exophiala dermatitidis (XM_009160637. 1)
0.05

K1 NTHI SRS
Fig. 1 Phylogenetic analysis of NTH!

2.2 Split-Marker ELRFEARESERI 8 45 1 % PCR ¥ 410 NTHI K8 b T H Be Al 45 % (HYG)
PSR BB AP A RU B RRIER 24 DNA N, L5149 FOCANTH1-LBCK #1 FOC4ANTH1- HPH-LB-R,
FOC4NTHI-HPH-RB-F #ll FOCANTH1-RBCK, ¥ 1 NTH1 FEH ) R B, KA 1903 bp 12 055 bp,
[l L pCT 74 JEKzAY DNA SAREHR, FHE 14 HYG-F fil HYG-R ¥ 3 #1552 (HYG) Brik 3£ A BE, K/
41376 bp(E 2-B).

5% 2 %6 PCR H& By 1S: NTHI B B 38 7 BORm R (HY G) §itE R Y 1 BOR &
M, L5149 FOCANTHI1-LB-F #l HYG-R1, ¥ ¥4 H &0 _FiE A B, K/NR 2 379 bp; NTHI JEF R i) 4 H
BN R (HYG) btk 2 NP 18 5 BOR A Y i, #5149 HYG-R1 Fl FOCANTHI-RB-R, 4 4 & &
BN B, K/INR 2 138 bp(#] 2-B) .
2.3 NTHI BT EMITFIEEE  NTHI bR AL T A& R it ot L% 3 U5, SR H 4
DNA Ff-LUH AR T PCR 474, LAEFA:FUSERZH DNA Jxt i, FIERS 1% HY G-F /HYG-R, FOC4NTHI -
LBCK/HPT-LBCK, HPT-RBCK/FOC4ANTH1-RBCK #£4T PCR ¥4, FHYE NTHI i B 5% 1k 7 0 F 2%
i, R/NGTNR 1376,2 297, 2 160 bp, XJ HRZHEFA: I DNA i Jo 4k (K] 3-A, B) . Hfii5 |49 FOCANTHI-
CKFP/ FOCANTHI1-CKRP #47 PCR #"34, BT NTHI BG4 Ak I A 4578, T 6) B 2H B 4 78 DNA %
WAy 467, K/ANA 737 bp (] 3-C) o ML 3 T, 3 DAk C S e M M, 4r 5l 44 0 Anthi-1, Anthi-
2, Anth1-3, Ve Anthi-1 TERREA TR S50
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FOC4ANTHI-LBCK FOC4NHI-HPH-LB-R FOC4THI1-HPH-RB-F FOC4ANTH1-RBCK
- -

- - M 1 2 3 4 5 6 7 8 9 10
- . I 5000 bp
FOCANTHI- FOCANTHI- 3000 bp
CKFP CKRP 2000 bp
ST 1 500 bp
 ny 1 000 bp
FOCATHI-LB-F  HYG-RI 750 bp
1YG-

HYG-FI  FOC4TH1-HPH-RB-F

B A

€12 Split-Marker HZH A FBedy 18

A. NTHI FEH bR 53R B2 BUFIAS PCR (1 By 8. 1 ~ 258 1 48 PCR ™840 NTHI £ E Rl BL, 48 R/
3504 1903, 2 055 bp; 5 ~ 6. 45 2 4 PCR 4 M B A BE, 4474 K/ 2 379, 2 138 bp; 9.5 1 48 PCR ¥ W i1 25 %
(HYG)ButE SR B, 451 K/NR 1376 bp; 3 ~ 4,7 ~ 8, 10.7K 3 #; M.DNA Marker DL 5000,

Fig. 2 Fragment amplification in Split-Marker recombination

A. Schematic diagram of NTHI gene knockout; B. Fragment amplification of two rounds of PCR: 1-2. The first round of
PCR amplification of the upstream and downstream fragments of NTHI gene with their band sizes being 1 903 bp and 2 055 bp,
respectively; 5-6. The second round of PCR amplification of overlapping fragments with their band sizes being 2 379 bp and

2 138 bp, respectively; 9. The first round of PCR amplification of hygromycin (HYG) resistance gene fragments, with its band
size being 1 376 bp; 3-4, 7-8, 10. H,O was used as control; M. DNA Marker DL 5000.

Anthl-1Anthl-2Anth1-3 Foc4  H,0
M 121 2 1 2 12 1 2

Anthl Anthl

M 1 2 3 Foc, H,0 M 1 2 3 Foc,H,0

5000 bp 5000 bp
3000 bp 3000 bp
2000 bp 2000 bp
1500 bp 1500 bp

1000 b, 1000 bp
750 bB 750 bp

B C

3 NTHI IR R i L 50k
A. NTHI B 578K |- R 4 B IE 0 06 1 ~ 2. NTHI HE D3Ik 58 78 PR F 4 B i) PCR 38, %417 43 3y
2297, 2 160 bp(3 4~ NTHI BiBRHLT, Anthi-1, -2, -3), H,0 FIEFA KR % I8, M. DNA Marker DL 5000; B. NTHI Rl %
AR HYG F B IE 6 : NTHI MBRIEAS RN EE 2 F B PCR 4738, 2% K/INA 1376 bp(Anthi-1, -2, -3), H,O FIEf A= R
%}, M. DNA Marker DL 5000; C. NTH1 B8 575 1A o I 5L R () 6 07 66 NTHT B 225 PR PR IR 9 PCR 3484 (Anth -
1,-2,-3), H,O F¥FAE R XTI, 57 K/INR 737 bp, M. DNA Marker DL 5000,

Fig.3 Screening and validation of NTH! knockout mutant

A. Positive screening of upstream and downstream recombinant fragments of the NTHI knockout mutant: 1-2. PCR
amplification of the NTHI knockout mutant recombinant fragments, their band sizes 2 297 bp and 2 160 bp, (Three NTHI
knockout transformants, Anthl-1, -2, -3), respectively, H,O and WT used as controls, M. DNA Marker DL 5 000; B. Positive
screening of the NTHI knockout mutant HYG fragment: PCR amplification of hygromycin fragment of the NTHI knockout
mutant, its band size 1 376 bp (Anthli-1, -2, -3), H,O and WT used as controls, M. DNA Marker DL 5 000; C. Negative screening
of endogenous genes from the NTH1 knockout mutant: PCR amplification of endogenous genes from the NTHI knockout mutant
(Anthi-1,-2,-3), H,O and WT used as controls, its band size 737 bp, M. DNA Marker DL 5 000.
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2.4 Anth! BURARGNE 20 B8 EF A BRI RRAN Anth] BERRAERPEL P2, 45 d IS MBI . &
PR R 2 2V A IO e bk R B, T R A R TR R 1Y) B PR AR T I R B Ak, A SIS, AR
BT IUAR (B AR B SR BB, BREE DI TF J5 W 3 7 5 (B AL B 4L, B IR A 2R 50T, $Fh 5848
PRIAER A L VG A B B BN RS (B BE R, BREEA IR IS (] 4-A) o 255 (K 4-B) BoR, 7004
FEHRBOT I, Anthl HRE(56.6) KT A BRI RE(72.6)

25 Anth! SEGEEEMSURMEMNE ST KB A BIGEAR A Anth ] TR SN EEFT&F 2, 4, 8, 10,
20, 50, 100 mg- L' FUA ARG PDA SEAUH, 55357 7 d, 20500 52 BF A= U B RR AN Anth 1 B RR R SURS B TR 09 £
JENE, IFH B AE AN [A] UM TR TR R B2 A AR R AR 3R (181 5, 6) o B SRR, Anth ] X500 T TR 1Y) U
(EC5y=6.07 mg-L ") 57 A= U S0 R R 1 BUB M (EC50=6.22 mg L ) M LI A B B 22 R

2.6  Anth! BOFRBIMER CKEEFAERUBEARA Anth ] TEARAZFNE] MM 5532340, AERR— K0 e SR
HAERKER(E 7-A) o Z5REH, Anth] WS B AR RARA L, PR AR KGR R, 2253 B 3% (B 7-B).
PEHLRR A AE B Anthl T T40(0.9%107 A4 mm ) 5 B B 70750 1.073x107 > mm ™) 22 58 i
o TR FRNE SR Anth] BB &R B EFAL(E 7-C) .

FRTETR AL
Dlisease index/%

— N W AN DN

(e} O O O O O O

Anthl

Bl 4 Anthl HIB0% 100 E

A: BPABUFN Anth] (29 ELVEEE T IS IERZE IR, HyO X R (45 d); B: PG AR IEHE 50, Hy0 Xt AR (45 d); &
TR LR 3 WY R IbRER 22, AR/ NE FRHMURTE P<0.05 135 22 55 WT: T AERG S0 TR 4 52 BI/INVR T A=
REHE 37. FIF.

Fig. 4 Pathogenicity test of Anthl

A: Infection of banana corms inoculated by wild type strain WT and Anthl, with H,O as control (45 days);B: The disease
indexes of the banana with H,O as control (45 days); The error bars in the figure represent the standard errors of 3 biological
replicates. Different lowercase letters represent significant differences at P <0.05; WT: F. oxysporum f. sp. cubense race 4 wild
type strain 37. Similarly hereinafter.

20 100/(mg-L™)

Anthl

Bl 5 BFAERUR Anth] 75576 SRR BTG Bl B9 PDA AR B vE A K i

Fig. 5 Colony growth of WT and Anthl on PDA supplemented with phenamacril at different concentrations
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120 ¢

¥ s 00t

E2E g

= &z 80}

£ g 60

'HE 2 40+
X= S

®ETQ

0

2 4 8 10 20 50 100
R TR

Phenamacril concentration/(mg-L™")

Bl 6 HFPAERURT Anthl TEANTR]SUR TR EE T B RVE A= K3
*RFEAE P<0.05 K P F2EFBE, TR,
Fig. 6 Inhibition rates of WT and Anthl under different concentrations of phenamacril

* represents significant differences at P <0.05, similarly hereinafter.

6d

8r 100 [
7p = WT .90 =WT
g = Anthl & 8oL * Anthl
< 6t =
< 55 :M% 701 tI)
=97 RS 60}
m S| 2 b iR g
V.._14 50'
fr&ilﬁ - H—»qb.)o a
®| L3 2 5 40
£ S 30t a b
:d2' 3 b = -
5 = 5 20t b
L “© 10t b
0 - s , 0
2 4 6 8 12 24
B 18] #/d A1) #/d
B C

K7 Anthl B3R 54T

A: BFLERVFN Anth] 1E PDA _EITETE AL KAEBL(2, 4, 6 d); B: WA BTN Aneh] IS E K EAAXT (2, 4,6 d); C: B4 1Y
I Anth] 09530 F 5 & R 5T H(8, 12,24 h) .

Fig. 7 Biological phenotypic analysis of Anthl

A: The colony growth of WT and Anthl on PDA (2, 4, 6 d); B: Comparison of colony growth diameter between WT and
Anthi(2, 4, 6 d); C: Comparison of conidial germination rates between WT and Anthl (8, 12, 24 h).

2.7 Anth! BrBEFHISEME S £S5 100 mg- L' CR(Congo Red), 0.7 mol-L ™' NaCl, 0.1 mol-L
MgCl, F1 1 mol-L™' KCI { kil R FAEAERS, BFAE RIS Anehl (0 1K 3552 S AH [RIRE BE B4, 25 55 ANBH i
154 1 mol-L™' D-Glucose £l 1.2 mol-L™'/L Sorbitol Fy¥EFRELr, B AR S Anthl WA K352 2 HH B2 B
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B4 ZE 54 100 mg-L™' CFW(Calcofluor White), 4 mmol-L ™' H,0,, 0.1 mmol-L™' SDS AY#5 325 I, Hf
TG Anthi (AR Z RIS [RIFR BE A H0 I, 5 587 AR RUAH Eb, 28 AR (A2 910 i B2 2 T B I (1] 8) 5 #F 20 C
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Fig. 8 Determination of Anthl sensitivity to stress factors

A: Colony growth of WT and Anthl under different stress factors (6 d); B: Inhibition rates of WT and Anthl under different
stress factors.
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Fig. 9 Sensitivity analysis of Anthl to high or low temperature stress

A: Colony growth of WT and Anthl under high or low temperature (6 d); B: Inhibition rates of WT and Anthl under the
stress factor of high or low temperature.
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