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BN EEREXEEGhDIRINEYIFIhEE S

EWK, WEL TEES, HEW? Bam?, DHET R ET, g
YRR Y R A A R bR, Gt 321004; 2 [ A Rk 5 A AR BIF AT T AR b A U R 4 S R 4 O S S
JE3 100081; i db Ak k2 2%, f#E 071000

WE HKWEHE(Verticillium dahliae) 5| 2 {15 295 2 i 12 (Gossypium hirsutum) 477 i EE R 2 —, TS5
WAL KMok 7= RO AF 2 5 5 7™ R B /i % b K I Ae 1 4 (K 90L 9 7T (Arabidopsis  thaliana)ii A7 4 3¢ H 5 #r, REIDIR12K
HEEHKHATIG53980.252 i JE R FU 5 SR . WL K, FAENE R #% A gt 2L Kl GhDIR1 (Gh_A09G180700.1)
5 AT3G53980. 23R Lt i [E M R o LEME B2 Hr R WA, GhDIRTIT IR AE(ORF) 4351 bp, 4id1164 2 iR Tk
STV £0 5 7 25 SR 5 7R GhDIRA 28 457 T4 LR . 4341 GhDIRTAE K W46 % BIVOO 12 o 5 I ZRIE A S, R ILFL ik s i B K 6
RS FIRRESSOEFNVER(VIGS)BA TR ZE R RIL G, M0 520 B bk % K. B4 GhDIRT
VUM RS SR F 5 R R, 2 R RIAIE N 1 BRI WAE Y& Bl A5 w6 A = w49 & i UL K a- TP RRIR IR 3N 842 &
£, FRF, %t EEPCRE KK, 3@ N6/ KA (GhCHS. GhDFR. GhCAD. GhSEQ. GhLOX#HIGhAOC)
7E GhDIRTUTER R H 8 TR L, SHFABIE 3. HENGhDIRT fEE T N S # AR AL AW & gz, I
ISR FTR(JAVE YR IR AR R B AR OG5 Sl s, Btk bumith. 45 L, GhDIRTIEAMAEHIE Z /N IE 1A
WHERT, @dS5 2 MR ANPURE S WL TR0 52 .

XA FEHLAG, MRAEEEZE, GhDIRT, W5 &5 SN YR, H @
BMK, W, E4E5, HEW, Bag, SEE, BirE, Freg (2025). ML 20 i K GhDIR T £ 1) D) fie

Jrifr. YR 60, 816-830.

HA1E(Gossypium hirsutum) 2 i [E Rl AE 77 Fp
REENEFEMZ —, ANEREFMARERE
JERE O 1) R P B (7 A5 A4S, 2018) . KN 8 FE 1
(Verticillium dahliae)/& — il A% [ 44, 18I AR 1R
NERAEAR N, IFTEM MRS R 20 KB, 351
MR AE T 20, 0k 1M 3L S 3 7 B A5 K 1A 35%
(Song et al., 2020). KHH4E Y 1 1 B 22 75 4 TR R 4
EAAYIR, MELAE K, H Al AT R A R R
TR 711 Sk DR 37 ¥ A8 % 52 K TN %6 £ 1 4= 44 (Fradin and
Thomma, 2006). K1tk ¥4 #5705 209 AH O SE A,
W B WAL Z 0 S P — R m R IR
[y 5 (Mo et al., 2015).

FELVITE KA R R T AT 22 J2 T 1 I AL
i R SR S A 2 2 o B T B R 4 9% (pattern-

Woke H 39: 2024-09-04; 252 H #1: 2024-10-30

triggered immunity, PTI)F1R8 i & 5% (effector
triggered immunity, ETI), EHYIEE & RGHREMEN
£ (systemic acquired resistance, SAR), & 1§75
YIMER] G 200 JFAR Bt 5, Reie N A4 b i —
FRIGSE . TR HRF A PN (F (2%, 2018). fE
SARMBEE IR, JlEF# 2 EDIR1 (defective in
induced resistance 1)5H Jl B8 sl I8 i AT 44 2 6] 41
HAERERME G EIERRLEZEMIEM . DIR1GEE
JEBATA S A EAEH, RIEKIEEESH S, I
¥ (55 7 A2 . A% 3 B0 A b R OC AR A
(Maldonado et al., 2002). 4, DIR1Z 545097 -
filtn, fER\ 7T (Arabidopsis thaliana)®, H ih-3-f
fi% (glycerol-3-phosphate, G3P). DIR1 K 5 —ANTHiill
HI JIE 5 56 7% 5 A AZI1 (azelaic acid induced 1) H.AF
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FATE RS A P 4 0 2, 3 R 15 R A N 1S 5 0
T A R S % OB (Yu et al., 2013).

LiuZs(2011) 8 70 K B, 2400 & (Nicotiana tabacum)
TR NEDIR 1L R4 UBR J5 , SARML G122 1E H 0 «

Maldonado %% (2002) 8 6 & B, 4055 5% dlir1-18 32 4k
TGV WA Tl AR A R T R 57 1) R B ol S A6 A% 3
SARE T, A3 MR BARTURPEREAS, Ui WIESL R I
W DIRT W] LLid i 5 M SARAE 5 & 42 2k 1 15 FE Ak 1 Bt
Wit . David5(2021)K H 2 4127 75 i U 5+ <AL
R D40 SARE S ALHIBEAT B 7S, KILDIRTW] fig
2 5 0k 20 SARIE A% v Z HE R 1K AE W & il Ak A
W, FFE MR EE ARG I AR S 9% S S 2 [A] 1
Mrgt. 25 EPTIR, DIRTHERITE A=) Fe e R4 Ty
B REM O, MHEMMPORTER S CEERER.

AL, TV LA S R AR 71, SRR
B wR AR R R S LS EDIREE, @il i
A I FE R 1 R A IR BTN £E 1) A 1R F (Sanchez
and Demain, 2008). fEAMZEALEG M) I EERFEAI
Y S R AERET Y2 —, KEERRED
XA A A S T o 3 B A 3 s, G s AR
KRR 25 | hEERERIE RS, #EY)
N X 25 AR J AR A W i 18 (Gautam et al., 2023;
WHE S5, 2024) . 1EATEM) AR ) 25 2220 il 0
gy, Wi EMZ 5 AP ER R, P
s JE AR AR 2 1 B U Bt (Tholl, 2015). B E
Al R A0 S WIAE R A2 KR E DA A 977 7080 M i B A 258
WO FE AR B (EE MEMESE, 2020; Huang et al.,
2021). PR KIAG T RV W B L]
Pris#E 1% O t(Waadt et al., 2022). K #iR (jas-
monic acid, JA)EL T HEAKTRESE S, 5
SARTE T A2 3¢ XA, I R  42 48 4) 1 A 3 R] 1)
Ik, HEERME Y K PUR M (Anderson et al.,, 2004;
Yang et al., 2015). FFifig F lis(methyl jasmonate,
MeJAYWENJARIRTAED), 8 R R SLG il =%
REBS TEAE YR N AH L% 4k.(Seo et al., 2001), EAIE
NEVENKE S T2 52 MAERERE, A
T SRR A AR HUIEAE 5 LGS S AL S ) &
H(Harms et al., 1995; Gfeller et al., 2010; Liu et al.,
2019) . R R AFE & A JAFI MedA 1 5% B2 11 4
(Huang et al., 2017), HACUT IR X HEY) 1 G [ 8L
BREE,

A3, FRAT0 B TR 46 A5 B S ot HE 4 400 i 7
TR AT, B — R ERRILFEK(Su et
al.,, 2018), HH'DIR1EEHIKATIG53980.25 K
ARACH W 5 S RIS R . A, FAEE 7
FILLRE, IR AENE 5 #% R 5 22l GhDIR1 (Gh_
A09G180700.1) 5 AT3G53980.2 % B [F] Y& ; i i %
GhDIRTH: N F 2k . Gt i fr LA K 9 i 2 1 O 2
PR S AT 20 A, WA 1 LR ACRRAE; R . 48 g
SENL RN 1 %L DR G B 2 1 AR 4 Y 23 A e sk
i 5%t & B PCRHiE T GhDIRTIE T 295 W17 44 J5 ¥
Fakti . BAh, 245G BRI T I B R TR (virus-
induced gene silencing, VIGS)H R FIRNA-seq 7 #T,
BE— W] T GhDIRTERSAEXT 3 2 Btk h i) 43 1
FEFIMLE . B LS T RHRAEDUR 1 7 T ALHI A
W, [FEB AR HUR B Rt 7 5 IR BT .

1 MH5ERZE

1.1 ##

AW 5T HT F R DA R A B AR S AR5 (Gossypium
hirsutum L. ‘R15); T Z= MM SN 14/0N 0
RO/ RIS, AR 4EFE7E60%—70%, i JE
PEHITE22°C, GHRERAE 29150 pmoL-m™2s™", Hi4E
R B B AR TRV, TRV2FMTRV2-CLATHH
ARG EARAE; KA # DHS5a A Trans1-T1/& %2 &
A SR AT B GV310 1B sz A 4l 1 b s A Xk
VI AR A B A R K 5 B 5 E0% M B R V991 H
o RO R 2 B A A AR A B 7 B TR AR R S S R

12 HEE

% RNAprep PureZ il £ By i) 5 RNASE AT &
(AL RAR A AR A BR 28 7] ) U B A5 4 BURS A AR 40
ZIRNA, 28 | 5% 55 & PrimeScript™ RT rea-
gent Kit (Perfect Real Time, 1t5 s HEAYHEARSE
PR\ 7)1 B 45 & BlicDNA. B i blastP7ENCBIH 3515
GhDIR13£[KICDSJ741(351 bp), Witk F. RiFh
# 5| ¥ GhDIR1-F Al GhDIR1-R (# 1), #l i 2x
Phanta Flash Master Mix (Dye Plus, 5t iM%
VIR ARAR)T ¥ EH B, PCREYAA%E
JIEHEE AR F UK B IE f5, 8 A 3 H 2 DNAZE A [31YSgi
F & (DP214, dbtit RARAEMFRHA R AR EL . 2
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J& 1% A4 T A Wk 4T Sangerill FE DA HR 4% B 8 3 B
ERE .

1.3 E£MERFEST

F| H 7E 28 3 1+ SMART  (http:/smart.embl-heidel-
berg.de/)%f GhDIR1 & [ O 57 25 # 3dk A7 Fi ;I H
546 £ 4% )2 CottonFGD  (https://cottonfgd.net//) 3k 15
ity B ) e AR A B RS S R AL T A
SWISS-MODEL (https://swissmodel.expasy.org/)7>
Hr GhDIR1 25 1 1 = 2R 45 #4); F1 F Expasy 7f £k 1. &
(http://web.expasy.org/protparam/) X} GhDIR1 & [
Hor &8, S RER. FrHm. Mg R
SR K VE S BEAT 4 #r; @ AE 4 L ATMHMM 2.0
(https://services.healthtech.dtu.dk/services/TMHM
M-2.0/)4> #rGhDIR1 & H ()25 B 45 145 ) AE Bk A
PlantCARE (https://bioinformatics.psb.ugent.be/we-
btools/plantcare/html/) %t GhDIR 13 K 1) J& 5 1 7o
AT 73

1.4 KWBHERSE

¥2 mLKEA A VI B IMA40 mLE RIB&ER
(kanamycin, Kan)f13 %% £ % (carbenicillin, Car)#t
HECMEE 7R 566 g L IRHZEY, 6 g-L B /K i
B, 10gL7 M) b, B T 28°CfH I 5 K
220 r-min 39756 . A0 i i v
IR 224k, SRR T, R R TR R
T RE, WA T IREE10 ofumL™, K
2P O AR AR AR B B K P i e 2 AR Al
TRIF T, BAESHEEE, A TRDMF. 18
0. 0.5\ 2. 4. 8FI12/]NiF i [A] 2 43 il HURE AR 2 SR

AN

1.5 GhDIR1EEMNFIERN 7

P& 20 K T 6 B A 422 % 1) AS [ F (1] 50 A AE 25 20 21
RNA, 21 %35 i i 458 5 Fi ey 0 3G 5 2 M J I o 5
A BcDNA, {E AR T 5 819 6 v . AR AE
5 F K Polyubiquitin (LOC107918137)E N &5
A, BTl 514 UBQ-FIR X qGhDIR1-F/R (1),
J£F|H Tag Pro Universal SYBR gPCR Master Mix
qRT-PCRIiA 71 & (R 5t 5 Pk 5% AR ) B A BR A =) ) A
DUKEAEAR T ZE h GhDIR 13 R 75 B2 P B Vi 1 AH X

AT MR BEINES, A2 T ki 5
IR AR ik & (Livak and Schmittgen, 2001).

1.6 GhDIR1A9IE 4 A RE L

¥ it 51 ¥1p1132-GhDIR1-FIR (#1)4F L9 1% Gh-
DIRTJE K] [f1 T 7% 13 132 HE (ORF) & 471, 5 Hoddi N 45 4
7% 65 [ (green fluorescent protein, GFP)[#ik
B AR pYBAT132v, g 5 4 i RL 3 A0 A AT 1 RS2 45
GV3101, ¥372-3 K5, BREPHMER i Ty %,
1 Vi 7 28°CAE IR PE R #1180 r-min™' % 3% 2 ODgoo M
0.4-0.6, FH 2k 5 215 14 22 H ODggp=0.8, Z i
B 3N JE X R 7R 32.5-6 v EL IR B BEAT VA, T
U 50 S I AL B A8 /NI 5 BY UM B | N R R, L
PM-mCherry € fir b ic 22 H 0 i, 7ELSM9804L
FAEBOLHH BB (Zeiss, Jena, Germany) R i %
PP A i IV ER DA RIS

1.7 VIGSI

¥ it 51 4 GhDIR1-VIGS-F/R (#1)%;: 5% ¥ 1 Gh-
DIRTH:KVIGS Jv B, ) H PR il 14 4% 82 W V) i EcoRl
FBamHI (NEBJL 55 PR A 7] ) B V) R 1A HARTRV2,
F4 38 B il AN TRV2 g 17) f7 55 EcoRI/BamHI 2],
{# FlUniclone One Step Seamless Cloning Kit (1t 5t
SR IR w ) NGk M A ik
TRV2::GhDIR1, ifiidMolPure® Plasmid Mini Kit/5i
b/ EFERGA S (R F AR i A PR A )
Xof BE P B B AT ORL I B, I 7 A0 UK 28 AR 1R 2
BYRGV3101 . FEM e AE K BI2 /T 58 2 R
FEI0E I R #E B, SRS HAATRVL TRV2::00.
TRV2::CLAT (M1 LT ) &k TRV2::GhDIR 1A FF
PR BRT VR o T mL s A4 T I N £ Kan AR 4 T
(rifampin, Rif)#t ¥ {1 LB 5% 3% % 1 55 3% %5 ODgoo N
0.4-0.6, Fi i 5 4 1 14 22 3 ODgp=0.8 . Hi i
WTRV17: ) 5 & & W TRV2::00. TRV2:CLATHI
TRV2::GhDIR1EHREUR A, EilFE3/NTLL L. ¥
i B AL TR PRTVR A BRI SN AE 1, RS S 1
HRAERE AL 324 /N (Fan et al., 2021). £ 552 A ELH
DL R LB SR, KR ZH TRV2::00 2 it 2R 41
TRV2::GhDIRTH i BUAE KR L AR L AE I, $EHLE
RNA, X ¥ 5% 5 cDNAJ5 F H 51 ¥ qGhDIR1-FIR
(F1)4qRT-PCRIGM GhDIR1H: K I TTER R o
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1.8  GhDIRLLEAMRIEE MR IR R EE S

B A KRB — B TRV2::00 1 TRV2::GhDIR 11
TEAT R B50%k, [RIBAf R I A7 7 VI91 . 4L A
L R, YRR R L, RIS FERE 8107
cfu-mL™" B 7 B IR IR S B, 2 5 T A
[T S 78 b B4R 5 M2 & A AR R B I 4
FRACSR, AR 175 T8 2000 7 V2 R A3 155 AT VR4
Giit (241, 2021). [, ShTBR R AR AT B 44 ) B A
PRIEAT FIFF AU (B 7 MESE, 2022). BYHUA A b 2120
A6 R AR 0 4 21, $2 HUDNA, DA 72 ¢ 5K 23 1A
Polyubiquitin (LOC107918137){E NN Z3EH, it
K 51 #Va-ITS-F/IR (381), it qRT-PCRAS Mz
JE REACAEAR T 2 LR I ARG AR

1.9 RNA-seq TR X EFEERIXK TN
X} TRV2::00R1 TRV2::GhDIR 1K A¢ bk 3k 4T BUFE,
MER B EINEY - E S, FRIRNAFF 31T RNA-
seq. JRIAHUES I IETRIE S, HEIH T AL I
Farf%dE, 184 |Logo(Fold Change)|=1#ipadj<0.05f{]
br #E 15 3] 2 R K 15 5 K (differentially expressed
genes, DEGs) (Thayale Purayil et al., 2020). #|H
GO. KEGGHIGSEAXDEGs#EAT /> M ML g1 #% .
N T ik GhDIR 1/ 7 2 5 JALEY) & ORI A ¢
GO IR, XTIAG ANME SO A S 6 S B R R
GhCHS (Gh_D02G036800). GhDFR (Gh_A05G-
175900) . GhCAD (Gh_A01G225700) . GhSEQ
(Gh_A02G180100). GhLOX (Gh_D05G070200)%!
GhAOC (Gh_D08G042500)i1TqRT-PCR& . 5
VI HI R

2 HR55H

2.1 GhDIRIEEMEMERES

211 GhDIRIZERREAMREERELERERT
IR AE R FT oA

X GhDIR1 2 H AT ERAL M 53 43 By, T A5 2% 85 A
)73 7 3 Cs12He67N 1450154812, 77 T 411.90312
kDa, HiL%5HL 5 v8.84, WAL (Ala)fE & I IRk~
o IR B = (1B 17.2%), T BS 2 BR (Tyr) & &= & Ik
(IH1.7%). AEasE :2%0433.35, /hT40, Uiii%E

®L AWTPTEY

Table 1 Primer sequences used in this study

Primer names Primer sequences (5-3')

GhDIR1-F ATGGCAGCTGCAATGAAACTC
GhDIR1-R TCAAGGAAGTGTATATGCTCCAC
qGhDIR1-F CCTGGGAAAGGTGGTTGATG
qGhDIR1-R TCTCAGGCTTGATTCCAGATGC
qGhCHS-F GCTGCTGTTATAGTAGGTGCGGATC
qGhCHS-R CTCAGCTAGGCTCTTTTCAATGTTC
qGhDFR-F GCTCTGGGTTCATTGGTTCATGG
qGhDFR-R CCTCTTCAGCTAAATCTGCTTTCC
qGhCAD-F CCTGGCATTTGGGGAGATATCTTC
qGhCAD-R GACACCCAACCTTTGGACTGC
qGhSEQ-F GCAAAGGAGAATGCTCGCCTG
qGhSEQ-R CCTGGCTGCAACAGTTCTCCAAC
qGhLOX-F GATCGTGCTTGATGGTCTCACTG
qGhLOX-R CGTTCCCTCTCAATGCCTGC
qGhAOC-F CGGATAGGAATAACAGCAGGGATG
qGhAOC-R GCCAGATCCACCAGTAATAGCG
Vd-ITS-F TCCGTAGGTGAACCTGCGG
Vd-ITS-R TCCTCCGCTTATTGATATGC
GhDIR1-VIGS-F  TCTGTGAGTAAGGTTACCGAATTCG-
TTCTGGGATTGATTGTGCTTATT
GhDIR1-VIGS-R ACGCGTGAGCTCGGTACCGGATCC-

ATGCTCCACATCTGTAACCGACT

p1132-GhDIR1-F  TCTGTGAGTAAGGTTACCGAATTCC-
CTGGGAAAGGTGGTTGATG

p1132-GhDIR1-R ACGCGTGAGCTCGGTACCGGATCC-
TCTCAGGCTTGATTCCAGATGC

UBQ-F AGCTCGGATACGATTGATAACG
UBQ-R GAAGACGAAGAACAAGGGGAAG

T RIZRIR IR H) 14 4% B P DT EcoRI (GAATTC)F1BamHI (GGA-
TCC)HEYIN .

Underlines indicate the restriction sites of restriction endo-
nuclease EcoRI (GAATTC) and BamHI (GGATCC).

AR AR E o RIT R 2 B RRARHUN9.76, ~F3sR Kt
50.308, ##EExpasy-ProScale & (i 3 i /K P
HEAT JE— 2B T (E11A), K ILGhDIR1E& JE 2 £ k5
(1) 25 K M B KB v 4.50, e /MEN-3.90, K iXE
HoNBKEE A . X GhDIR1 2 [ 45 #4347 4 #r
S5 IR RORTE S A1-101 0 &L R 2 18] 5 A 1A AALR
SF 45 R (B 1B) . X GhDIR1 = 25 45 ¥y 33k 47 15 (1
1C), KILFZFLTE 5 41 b Jo H 4 i (Ce) & & f
(1544.83%), FUCHA-I21E(Hh) (& &938.79%), it
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5k (Ee) & B N12.07%, B-# M (Tt & B R IK(UILN
4.31%). GhDIR1ZE [ 5 [ 25 6 S 0 45 2R 8o, %
F AN LS (E1D) . FFINCBIZ i 2 75
AT I GhDIRTH: A J5 8+ Bl K292 Kby 4,
P H1 3 AC 2 PlantCARE 32 171 20 18 FH oo 44 #i il 43
Mr, 35 M 45 5 5 i i Tbtools [ Simple BioSe-
quence ViewerDjfe ¥, 4R BIR, 2K E 3+
[X B B 5 CAAT-box Fl TATA-box 25 1t 4 H I, it it =X,

TER TG LA, I B 2 002 5 Y K 8 Mt
R TCHIMYC . MYBAIO2-site). It4t, JEzhT
iR & A 5K R (salicylic acid, SA)N &A% 7C
fF as-1 LL J2 CGTCA-motif, MeJA % & # 5% jt 1+
TGACG-motif, Y&l N G4 AE-box. LAMP-element
Hll-box & (EIM1E). HEM 72 K FH4e A% % 8 T, GhDIR1
(1722 1A 1 B8 52 21X LL 3 5 5 o0 A4 1 R 2 I i %o 3
S aa et I

A 35 ProtScale output for user_sequence B
30 - —— Hydropath./Kyte & Doolittle
2.5 -
2.0 -
o 1.5
§ 1.0
] 0-(5) ] [ |
-0.5 1
-1.0 1
-1.5 4
_20 T T T T T
20 40 60 80 100 T T
Position 0 100
C D
12 TMHMM posterior probabilities for WEBSEQUENCE
1.0 1
0.8 1
0.6
0.4 1
021 |
0 A1 IH \ i
20 40 60 80 100
—— Transmembrane Inside Outside
E
5'| T T T T T T T T T |3'
0 200 400 600 800 1000 1200 1400 1600 1800 2000
[ AAGAA-motif AE-box  [I] TCCC-motif . TGACG-motif . Circadian . TGA-element
B cATA-motif B I-box LAMP-element Myb Bvve | ARE
B o2-site I cAAT-box AT-rich element [Jj AT-TATA-box ] WRES [ as-1

Box 4

TATA-box . CGTCA-motif . P-box

. ERE . MYC

Bl1 GhDIR1ER (A5 B4 i B SE IR _E37 8 3h 7 XA F o4 4 it
(A) GhDIR1E HEB/KPESMHT; (B) GhDIR1ZS IS /3 HT; (C) GhDIR1EE A 1 =2k 45 H 15il; (D) GhDIR1 2 (5 [ 45 My sk T51; (E)

GhDIR 13 X J 37 XA Fl TT 73 A

Figure 1 Physicochemical properties of GhDIR1 and analysis of cis-acting element of the GhDIR1 gene promoter
(A) Hydrophilicity analysis of GhDIR1 protein; (B) GhDIR1 structural domain analysis; (C) Tertiary structure prediction of
GhDIR1 protein; (D) Transmembrane structural domain prediction of GhDIR1 protein; (E) Analysis of cis-acting element of the

GhDIR1 gene promoter
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2.1.2 GhDIR1itZ& 24 ST QB ARA09 b, 5 5 24 A 2 [A] 43 il A7 A2 SL 28
M S5 K3 AL AR 2 CottonFGD H 3R 13 Bl A I 2. 14 5% & (Gh_A09G180700.1 FI Gh_A11G376500.1,
AL E KRS E . P TBtools 12 EILLER]  Gh_A09G180700.1F1Gh_D09G171800.1) (K2), it
AL T B (MCS-scanX) % #f GhDIRTE K (i St 2k 1 BRI BRI h R A e BLE A, 458 7R
(Yang et al., 2023). f{#i fi TBtools (v2.019) {1 & {ESERIMCE I 0 K& Sk b p () S AR, T
Advance Circos%:iil| L2k Bl 455K IR, GhDIR1 P IR KR (4 7k 5 Th B 204k B A E BRI

=t
@&%@m

VU TR
%0, @’ ”\&\%‘\\\‘ W i ﬁ/ )

LJy
Yo
/fz;%

v,

o b
m e
LT

~
!
W

e
X

@& \
& R
o
& AN

7y,
0 10{;//// ///l w
50

5
20 10755025 0

B2 GhDIRTH)HE R A IL L7

RO DO B R G (k. IR T Bl iR 26 2 Qe o fh i BB Rt . 222500 5 H BRI A Jr B A SR bk
BELXT, e PAY Pl i A Bl € X A g kR 5 2 R 2 A [R) R LT 5

Figure 2 Genome collinearity analysis of GhDIR1

Dark blue regions represent the chromosomes of Gossypium hirsutum. The gray lines depict all collinear pairs across the 26
chromosomes. The red lines highlight collinear gene pairs associated with segmental duplications of the target gene. The in-
nermost and outermost light blue rings illustrate two distinct representations of gene density.

© 0000 Chinese Bulletin of Botany



822 Hi¥%4R 60(5) 2025

2.2 GhDIR1EFERFTIERN S
FH qRT-PCRAS W 422 Fh K TN 46 4% B V991 & AN [+ i [1]
BB AE R R N ZE h GhDIR T AR X ik K P 45
BN, fERE)JE0.5/N, %3 R EFEACAR 1 R A 7K
FEE LR, FFEA/NTIERIEE, BEEZE %,
L2 F, GhDIRTEZEER LA Z S RIL(KI). L
3.5
3.0
Roots 2.5
2.0
15

Stems 1.0
0.5

Oh 05h 1h 2h 4h 8h 12h 0

B3  GhDIRTTEHFN K6 A% B AR L - 1 ik

BT GhDIRTE: R A I 25 5 (1 22 ) R0 Rl B2t 5] (0
0.5\ 1. 2. 4, 8FM2/NINTEH FRIBKT . NI AR
FoNERE B ERIE.

Figure 3 Expression of GhDIR1 in cotton inoculated with
Verticillium dahliae

Heat map analysis of GhDIR1 gene expressions in different
organs (roots, stems) and different inoculation times (0, 0.5,
1, 2, 4, 8, and 12 h) of Gossypium hirsutum with V. dahliae.
The color from blue to yellow indicates low to high level of
expression.

A GFP mCherry
S&
3 -
82 ;
=<
32 |
23 ;
B _ -
=s
xa
o
68 \
S
=S
83
5 a

El4  GhDIRTIZ.4H il i fiz

WA R, MACARTE GhDIRTSZ B KN 46 4 1 55 5
RIE, N ELTT BEAE PR RRAEXS 20 T B L v
HEEEM.

2.3 GhDIR1KIIF MR NILER 47

AYE B TIGhDIRT & M T A . T it —2
95 uF TR 25 S, A4 = 20 J5i ki pYBA1132-GhDIR1-
GFP, FfiEid R B PR I S N o
FHBOCIL R & BB T EE, 45RRW, 1EAx
18, £ GFPFIPM-mCherry L AL 4N A, 2614
51 By B o> A5 AE AR B TR ISR A A (B 4). T
GhDIR1-GFP % [ 1 PM-mCherry 7£ 48 ifg fif b 3t 52
B, X —45 R 5 EYE BTN R — 5.

2.4 SIRRGhDIR1EE R BB RERMMY

itk — b % 5 GhDIR1HIThRE, FIHIVIGSH RTEMIAE
HTERIZ L ] R AR AE R RV E S TRV2::CLATE R, 14
e WSS BRIk B L ) F AR BL(EIBA),
B S T VIGSE AR 1A % . il it qRT-PCR Ml
GhDIRTH: N T ER % %, 45 R 78 GhDIR1HE R Kk
NA70% 7 45 (KI15B), i B3 R P BR AR B 3%, mT it
— X GhDIRTAH I D) ReIEAT A #r o ARA od 17 HE 0t

Bright-field

Merge-field

#GFP. GhDIR1-GFPfil & F ik 5 A 4 7] 5 PM-mCherry i i€ iz markerdt & i T4 #; GFPFIGhDIR1-GFPRl & FR L F AELE (0%
e E = AR Lk 9, PM-mCherry i € fii marker R 7E 41 (4. 7% i@ i mCherry H F= A 4L 15 5 . (A) GFPIE4H it 5E £z B (bars=

20 um); (B) GhDIR1-GFPI 411 5 iz €l (bars=10 um)

Figure 4 Subcellular localization of GhDIR1

The fusion proteins GFP and GhDIR1-GFP were co-localized with the PM-mCherry membrane localization marker in tobacco.
The GFP and GhDIR1-GFP fusion proteins exhibited green fluorescence in the green fluorescence channel, while the
PM-mCherry membrane localization marker displayed red fluorescence in the mCherry channel only. (A) GFP subcellular lo-
calization map (bars=20 ym); (B) GhDIR1-GFP subcellular localization map (bars=10 pym)
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(A) TRV2:CLATHI#k(bar=5 cm); (B) GhDIRTTEVTERZHRE LA bk b 1 3R IE K- (IR B B (n=3); Giil 3BT 77 2 HANOVA,;
=+ P<0.001); (C) KIIHEHL H12 %214 K S5 TRV2::00/MTRV2::GhDIRTHE#k & A (bar=5 cm); (D) KEN#H B R J14 K5 TRV2::00
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M B BURE, M BV, HEERRSE), (F) M 14K G TRV2::00FITRV2::GhDIRTHAE M M A X B A W B I 58 (3K M 2 &
K (n=3); Gt 7i5 NANOVA; *** P<0.001)

Figure 5 Detection of GhDIR1 gene silencing efficiency and the resistant analysis of GhDIR1 silenced seedlings against
cotton Verticillium wilt

(A) TRV2::CLAT plants (bar=5 cm); (B) Gene expression of GhDIR1 in silenced cotton plants (three biological replicates
(n=3); ANOVA was used for the statistical analysis; *** P<0.001); (C) Phenotype of TRV2::00 and TRV2::GhDIR1 plants at 14
days post inoculation (dpi) with Verticillium dahliae (bar=5 cm); (D) Stem phenotype of TRV2::00 and TRV2::GhDIR1 plants at
14 dpi with V. dahliae (bar=1 cm); (E) Statistical analysis of disease index in cotton plants of TRV2::00 and TRV2::GhDIR1 at
14 dpi (grades 1—4 represent disease severity classifications. 1: Cotyledons turn yellow, no symptoms on true leaves; 2: All
cotyledons show symptoms, 1-3 true leaves show necrosis or chlorosis; 3: More than 5 cotton leaves, including cotyledons,
show symptoms; 4: All leaves show symptoms, and leaves fall off/plant dies); (F) Fungal biomass of TRV2::00 and
TRV2::GhDIR1 plants at 14 dpi with V. dahliae (three biological replicates (n=3); ANOVA was used for the statistical analysis;
*** P<0.001)
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Figure 6 RNA-seq comparison between TRV2::00 and TRV2::GhDIR1 cottons
(A) Heat map of differentially expressed genes (DEGs) in each sample; (B) Volcano map of DEGs; (C) GO terms; (D) KEGG terms.
WT: Wild type; VIGS: Virus-induced gene silencing plant; BP: Biological process; CC: Cellular component; MF: Molecular function

B ORI B Fe B AT e, RIMERF R I
B JE, SXTRAM L, DUBRA AR AE R A R B
B [ B T, IR H BOK TR AR 2B L
(BI5C) o 57T BR 4D S HE ZE KR A 25 AT 30 47 5 AT b
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(KI5E, F). LA 45 53K 1, GhDIRTITER S Bk e #L Pt
B RN AR RS TE IR RE 1R 5S, 1% DA I n) YR

TEX B ZIR I PLLE -

25 HREBBEHT

M TRV2::00F1 TRV2::GhDIR 1HE R i s 4l 4, 3t
31915 938/"DEGs (9 755/ L ifiF16 1834 T if).
NT B R R IX e DEGs [ R IA 18 20 S HAE AT RE
AR AT E S, M T TR b A E (1
6A). K1l — B4R 1715 9381 "-DEGsZ [f] 1 % 5+
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PCREI, 258 271X 6/ 5 M4 o v 2 UIAH ¢ 1)
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AlEEME . RS RRW, GhDIRTE L X3 N E &
DEGs AR M 42, 1F 1] 115 Fifi AR X O N %6 4% BT 1)
Pk,

3 Tig
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BT R AR o m b H 1 55411011 = BE 1R 2 (7]
A 1A AANRSE G503k . 7E3 G T ARRR 7 M T o e B
EHALLTP2 (Jacq et al., 2017)FIKi £ GhAAIG6
(Qanmber et al., 2019) & H HIYFAEZLE IR, KW
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TEARF R b 52 B HR R A4 12 55 L 400 Bl P S ] 1)
I I3 i AIVE TRk A7 77 THI R 5 B 2E/E B (Qanmber et
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i, SKFENR AL FInsLTP144 (YE%£04, 2007)
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Figure 7 gRT-PCR verification of the expression levels of
six key differentially expressed genes (DEGs)

The blue bars represent the relative expression levels of
genes in TRV2::00, normalized to 1, serving as the control
group. The purple bars indicate the relative expression levels
of genes in TRV2::GhDIR1. Three biological replicates (n=
3). ANOVA was used for the statistical analysis. ** P<0.01;
*** P<0.001

JiE 2 7 B A SE ALRAE . X GhDIR 1A B 474y
BT, RIAE RN EC AL B VOO e M fE At Ak i, 1% 5%
RIFERR A I Rk /K P 2 W 158 BT NS . X
— RIBBAE O BT IR AL 3 20 52 X GhNAC
(3K Z 2%, 2023)F1GhRART (HHARME4%, 2023)K ik
AL, R SR HEN GhDIRT W] RETE 2 S5 M fL bLTE 7
HE B SCHAE .

VIGSHi A A 20t 2L 90FARTF 4R 4 (1) —Ff (i #E
YIXEERNA (double stranded RNA, dsRNA)/ 51
R AL S HOR, TR e R 2k R D g 43 # A m] Bt
77 7% (Zulfiqar et al., 2023). 1RKF 4125 (2022) 0 7T 3=
WY, HH VIGS 5 AR UT B A 16 51 58 25 9 HH ¢ 5 [
GhMYB6 i, TLBRZH A i 2 3Lt Ll oot e 2 5 Y 8 )
BAL L ZE VR AR i 2 SRR . Chen®(2021)
IS VIGSE AR UIERGhGPAJG, Fifbxt %
TR PV 2 B AK ABEFTH, RAIVIGSHEARTTE
1EGhDIRTJE £ Rl K INFE AL BV, WM %% 2 1T BR A Ik
R R S SR S A, ZERT AR AR A R
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XS R AAZAY R, GhDIRTYTER J5 FE Pk X 5 25995 A
FIPLIEBRAR, AT 3E I GhDIRAZE M A R A 4 1E 17) 1A
325 DA - 2 15 5060 B 005 1) 7 400 S .

I I e S 40 2 4y Bkt R ZH R0 GhDIR 1T BR AR 1R,
KPLT 15 9381DEGs. KEGG/#r i/, DEGsfE
T WA S YY) A B a- VR R A 5 A g
BHEE, N TIPSR, N3N &R
ik — i e IRAF 6 S8 B [K: GhCHS. GhDFR.
GhCAD. GhSEQ. GhLOXf1GhAOC. qRT-PCR#:
IR AL JTER GhDIR TR MR 321k 1) N (B17), A
TMUE S8 T e s A HOHR v SE 1tk . X se s R,
GhDIR1Z: 5 461 28 38 Wi Al S A0 & 0 A= 1) & 1 DA
ooV R B AR T S5 AR Wi AR 1 VA . SRR AR A R
Rt Ry b i BRI R —, Hih i
W) I IR 858 I v e SR AR ) 32 1% (Mansfeld et
al., 2017). fEKE(Glycine max)+, #x/KHEd# 1 (chal-
cone synthase, CHS){ 2 & i A 55 ) ¢ B 1 717 7,
Hogm b B R ) KA T PLE R AR R EE
(Yamaguchi et al., 2011). 7E{HE A1 3% (Brassica
napus), —E K EAEE4-18 7 B % A (dihydroflavonol
4-reductase, DFR)id % ik S8 H A i 128 85 1 & &=
B, 3B R T DRI ) & S b A 1 T B2 1
(Kumar et al., 2013; Kim et al., 2017). 4k, 351k
G REAEVIBT A AR I A A, B i
fF F (Wang et al., 2021). 40, k¥ & g 3
Tps6/Tps1 il it 4 £ oK (Zea mays)fis -k 564
PUBE 2R KR AV & OS5 22 Fhors P T i 38 IR
T 0 P (Huffaker et al.,, 2011). #3464 (1)
(+)-0-cadinene % fif§ ((+)-delta-cadinene synthase
isozyme, CAD)E —#if&Fili I L lE, B S
ELFEHRIE NI DU 2=, 3G SR A )R iR B (1)
PiPE(Xu et al., 2004). KT A & I 50 A i
(squalene monooxygenase, SQE)id % ik & & T+
KSR a T 52, JE8em Pk &, MKk, W
SQERIEALAF Z 4 HIF5(Yu et al., 2024). &AWt
FLR I, JALS S 11 B3 ] 5 M FE AR X 58 2808 T R Pk
(FTHHESE, 2023), FEAEYIR [ BE AR 44 1 58 R 1
P55 8B R Py i OB A €0 (Zhu et al., 2022), {E/KHE
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%} 4 & & (Nilaparvata lugens) i i 1 (Liao et al.,
2022). Ak, SIAEDE BCE VIR T A4k
YL (allene oxide cyclase, AOC)HE K A5 £ %
KT R B B (Wang et al., 2023).
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Functional Verification of GhDIR1 Gene Against
Verticillium Wilt in Cotton
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INTRODUCTION: Verticillium wilt (VW), caused by Verticillium dahliae, severely reduces cotton yield and fiber quality.
Previous transcriptomic analysis in V. dahliae-inoculated Arabidopsis thaliana identified the pathogen-induced DIR1-like
gene AT3G53980.2. In cotton, we discovered a homologous gene, GhDIR1 (Gh_A09G180700.1), encoding a lipid
transfer protein. This study investigates its role in cotton resistance to V. dahliae.

RATIONALE: We characterized GhDIR1’s molecular features, expression patterns under pathogen stress, and functional
impact using bioinformatics, subcellular localization, qRT-PCR, and virus-induced gene silencing (VIGS) analyses.
Transcriptomic analysis of wild-type and GhDIR1-silenced plants were conducted to unravel downstream regulatory
networks, focusing on metabolic pathways linked to plant immunity.

RESULTS: The results showed that GhDIR1 contains a 351 bp ORF encoding 116 amino acids. Subcellular localization
confirmed its presence on the cell membrane. qRT-PCR showed rapid induction of GhDIR1 by V. dahliae. Silencing
GhDIR1 increased cotton susceptibility to the pathogen. Transcriptomic data revealed that differentially expressed genes
in silenced plants were enriched in flavonoid biosynthesis, sesquiterpene/triterpene biosynthesis, and a-linolenic acid
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metabolism. Key genes (GhCHS, GhDFR, GhCAD, GhSEQ, GhLOX, and GhAOC) in these pathways were downregu-
lated, suggesting impaired synthesis of protective metabolites.

CONCLUSION: lt is speculated that GhDIR1 positively regulates cotton resistance to VW by modulating flavonoid and
terpenoid biosynthesis and jasmonic acid-related signaling. Its silencing disrupts critical defense pathways, highlighting its
role in coordinating immune responses. These findings propose GhDIR1 as a potential target for enhancing disease re-
sistance in cotton.
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Inoculation with Verticillium dahliae

The induced expression pattern of GhDIR1 and related genes after inoculation with Verticillium dahliae.
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