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- HFEIE X -

B HISMTTFS9R E 7E A 7K BB B Th &€
SREAAE 2 RN EAHT? BART R @

VBRIl R A R b, BB 226019; RE T B AL B R E S S0 S, BB 226019

FE KIS R AR AR ) G BT MR 2 — . T (Salix matsudana) S 2L S ARl 7K b e 10 i
REHLHIEAE BB ANE. TTF (Trihelix)Z M4 HREA 10— 2855 F 1, 1ERC SRR IE (K SRR ) F R
EEEMER . ZF R E R Trihelix 5 B3 N SMTTF59, 7 4 M Ho A8 K i b 102> 7 ohee . B PCRY 14 3k 15
SMTTF594: K 5 41, 3 T [ Y5 5 4 £ AR # i i %35 8 AR pWM101-SmTTF59 J% 9% 55 5 5 & R 1T 2R (VIGS) # 1A pY L 156-
SMTTF59, Jil il & i (L R SEHLSmTTF597E #1757+ (Arabidopsis thaliana) 7 3 281 LA 7E S0 rh B 5 S e DT Bk . &5
FRW, SmMTTFSO RIAME I E B A FHRK . SEER P A BT B Em TH AR, B i% 5 R A P N AR
P 3 3o 2 R RT RS S 1 5 B R AL B AR R GRS T A i A2 o i — Dl AR VIGS SR SR, JTERRE IR 0 HE K iR 52 4
ERK, RPN ERZE TS5 BUHEKIIERE . WS RN AR L] 5 e 19 3% & s & Feg

PSP i

XEim B, SmMTTF59, WE/KMMa, S, VIGS

XRHAHE, ERHEAE, =B, HRIMR, B, KE (2026). EHISMTTFSOR KRR KA i IThEE. Y24 61, 264-276.

FH(Salix matsudana) N7 #i%l(Salicaceae)i®
ARER, ARG RIS Bl PR R SRR S A KR
YA A XTI 0 A0 R, 2028). M R
H W ZE AT E S SRR 7, R~ gl Kim]
A AR B R EY R R B i AR R
BB M, H LA 2R R S X Bt X DR R
G I NTTR Bt o N7/ S E I i 7/ SER IR 2 S f e X (3=
JpE, K EIE T B R R AL T R B AR S
(Mozo et al., 2021). J#/K/MHE N 2 B IRAE
YRR . (1) RIEALRA S ERC, R R
A EIFIR a) PR SR B e, 1 RS FLIR SR
4 (reactive oxygen species, ROS)il = &, 5| K
Ji i A S A #4145 (2R AL, 2014); (2) M AALT
FETF G R G BZE, FEOGRIMIR L
R FEALIIH] (£ =2, 2024); (3) WM RS A
1, RN WG IG5 Bk RS 5 B0E, e
B (REMIKEM, 2020). [HEERKE, SUE

Wk H #: 2025-03-20; 25 H #: 2025-06-03

K HE A AR TR BT B PR O S SR, AR R 2
YRR T IR T T O SHm A A2, nTsCHLh B4R
YN 4R AR R A A AR (A SR
2022). SR, WK W8 fil R 165 TR IS IS TE AR A
YA A (520 B %5, 2015) T 0k, ARWFT R
FETrihelix sk K7 5 51 SMTTFS9, R G fir I
TE AN K Py 3 e 2 T E AL, DU MR B i
T B AR AL RS K .

Trihelix % 3% K 7 j& — 2K B A R AR = o IR e 45
1 (triple-helix) () DNALS & 25 11, H N R 55 45 749 35
A3 I R - - e 45 ) e S PR TR 4 S IR
JOA, T U AR T U R ) SO B A (X S
WhEE, 2024). VR NEMRA K3 R BT, Trihelix
FE R U@ I B A N AR AR Y ERE (S S, TEREPUIY
NGy 4 R FERX ALE I (TUKSE, 2019). R4t
B TR B, Trinelix 5B LE fil A A ) b s FE AR <1 B
hee bR, EHIEIIF (Arabidopsis thaliana) '

ST H TSR BREIA VB b R R G976 T4 & (1T R 2 B AOIE) (No.BE2022420). il i SE it 4 %1 (N0.JC2023104) FIVT J5 4

FAERIT 5 52 AUH TR (No.KYCX24-3616)
* BEWAEF . E-mail: chenyh@ntu.edu.cn; yjnkyy@ntu.edu.cn
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HEH30RA R, KRR s S ALK
B M2 EiamN; E47(Phyllostachys pubescens)
TrihelixJ& K ZORAEAR TR  #h B E i ia T £ IR
SR RIEA, RS 5 RAE Y S R
(4> T-#% (Cheng et al., 2019). AA&HYIF, EkE
(Betula pendula) Trihelix % 73 8 i 1 4595 F2A4H < 25
(pathogenesis related protein, PR)3E K iA 1541
W VE (TN SR, 2022; GRS S, 2024), 1K
(Populus sp.) TrihelixZ % N 2 51535 a8 2 M
JEAR G748 & % (Wang et al., 2016; & 445, 2024).
IR A BRI T Trinelix 2 K75 B A (1) 2 Fh D) fg,
R FCAE R ASHE W 7K 3 i 82 v 1 43 1 LA AT
o, I A2 SRS ) B 50 Trihelix A 3 B IR
SEUMMEE T 3 0 25 1 oK ) B

ST B0 TTE S0 B O3 1) %5 58 F1 S R R AR 4
JHA L W) 7 2 12k Tl ) i 0 43 BT 2 W, Trihelix®e s 81X
R A 784, 8 I X K B 8 T H SRR AT
ST, R A 254 Trihelix 5% % 5% K F 1) 9 15 3
RN # 7 £k H P (Yang et al., 2023; # {24,
2025). AHETEE AL RAZ L A SMTTFS9, Jiid
PATR 5258 5% G2 b FLAE S0 7K Wb aE B2 25 v i 4y 1
it (1) vebESMTTFSOHE K X Hig it & 11 AT If
SPEERIR S AR R (2) MENTTTRS9JE 31X
A F oA, B G e o 87 R 45 98 g (3) A
TTF59:d % ik % 4£ pCAMBIA1302-SmTTF59 & Ji% 7
% ST E (virus-induced gene silencing, VIGS)
B AAPTRV2-SMTTF59, Z& UM rrliid £is5 5
HIVIGSHL AR IR A Ik 21 400 7 T % 5 DR e A AT 5 A 4
RIUTER PR 515 (4) %k 270 i e DRRA 1 LE Sl S20RTHAE 7K i
T8 R R BN AE B R AR AT AT o

HFF 70 45 S 1) B T Trihelix % 5% K 1 2w 53 5 K] Sm-
TTF5OHG 5 SR M 16 23 AL, 5 AE B il i
AR B T S et A 25 RS S S O L DR B U

1 MR57EE

1.1 SEIEdHR

AT 9T e U R T R K 2 A R A S B A A [ £
FH19901 (Salix matsudana Koidz. cv. ‘9901’)—E
AR GRAE SRR ARE, BER B S A KR R A B o

XBAHARLE: M0 SMTTF59 & R/E#/KHE F ) ThEE 265

h#E, BT ERN0.5 cm. KJEA10 ecmif)/h
B AT KSR . KBS T N LAEE NI R, S5
IR N25°C, E W16/ IR /8 NI BE IS, BT
B 3% BOA R 2 T RNAFZEL L 2 VIGS 525

1.2 SmTTFS9ERAFHEMBR FINRE T U2
Rt sag

F FH Expasy P i (http://web.expasy.org/) % SmTTF-
5O [ (1) 54 J5 TR 4 st F 3 A B A Ao 18k a3 AT 7E 42 40 T
(R4, 2015). fBhHSWISS-MODEL T. K (https:/
swissmodel.expasy.org/)#4 & SmTTF59 % 1 — 2 45
FBERL (f), J1-F2%, 2024). F) F NCBI M 3 (https:/
www.ncbi.nlm.nih.gov/) 73 #r SmTTF59 5 F R ¥ 45 1)
1, . [A i f# ] ProtScale 7F 2k 1. H (https://web.ex-
pasy.org/protscale/) Fi il SmTTF59 #% fif £ k4 35 LA &
SRR RN B K P (SR AN 5 K55, 2024). JEAL, 4B
¢ MNCBIM 35 35 B E K47 (Populus trichocarpa). &
H#(P. tomentosa )F17 % (Vitis vinifera)&67 4
JE HISMTTFSQ[F R & 1 FP 4, X Le)# f Trihelix X
REE R I R EAE B R R E AR . A ME-
GA1.08 A H s R Gr it AL (R W BH AR, 2024). A,
fifi F TBtools # Bt SmTTF59 % [A ) 4 i3 [X (coding
sequence, CDS) L i#2 000 bp &g 3 1, it
PlantCARE T SmTTF59J [K 5 3 7 I =01 F Jo 4,
I8 F TBtools i 47 FI AL (APt R4, 2024).

1.3 RNAREUFIQRT-PCRAO#T

flifHTaKaRa MiniBESTHERNAHZ B & A T4
9901 R HURNA, R JH B Jig B Bt I HL VA DI RNAJT
BAMISE; f#flTaKaRa PrimeScript™ RT Reagent
Kit with gDNA Eraser (Perfect Real Time)#%RNAX
R MCDNA (ZEH TS, 2025), qRT-PCR MK %
20 pL: 1 uL cDNA#H, 10 uL SYBR Mix, 10 pmol-L™
. NUES140.5 L, FddHOfME AR E20 pL. 4
WY 95°C AL 14 %f; 95°C10F>, 60°C5#),
72°C12%0, A0 . BEAFER IS E .
FH278CTE (Yang et al., 2023)i+ 5 B (145 B i1 AR %
FKiLEE. qRT-PCREIYIFH WL =1,

1.4 SmMTTF59EE =&
MRS EMITTFSOEE K 7 41, 11 Oligo7 % 44 43 7l ¥ 1
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266 HHANAR 61(2) 2026

F A I % (Forward primer1) #1 T Ji% 5| %) (Reverse
primer1), 5147 i 75 N &M AR BE R A A A
Heo PAFHIRNAS % 5% [1) cDNA MR 4T PCR, %
fk 250 pL: 2 uL cDNABEHR, E. Fi##5149%2 uL,
25 uL 2x Pfu PCR Master-Mix, FddH,O%b & /&1
%50 uL. §IFEF: 94°CHIAR 24 8h; 94°C30#),
56°C30%5, 72°C3434l, 36 MEF; 72°CIEAHS /34l

K PCRE=M AN S, FKHpMD™ 18-T Vector Clon-
ing Kit (TaKaRa)if17i&EHz, W3 M &MER YR,
HIRAF AT . 519055 WL EA .

1.5 SMTTFSOERE T FRiXH F LSRR S A H3E
L H5E pPWM101 Fl pYL156 £ 14 /7 41| LA 2 SmTTF59 K&
B F 1), 4 5l BT 5" 5 5 pWM101 Fl pYL156 3 44
5] J5 % %1 1 51 #)101-Forward  primer#1101-Reverse
primer % 5| #) 156-Forward primer 1 156-Reverse
primer. LLpMD18-T-SmTTF59 /54 M # i 1 TPCR
P, RONiAA 250 pl: 2 uLFtkikis, . NS
%2 uL, 25 pL 2x Pfu PCR MasterMix, HddH,O%h
AR ZES0 L. §IGFE T 94°C AR M2 4 B ;
94°C30#}, 56°C30%), 72°C3%34t, 36/ MiEH; 72°C
EAHSS 4. A8 Kpnl Al Xbal X pWM101 % 44 i3k 47 X0
fitFD); 18 FEcoRIFISaclxt pYL 156443t 47 XU ] -
{# F§2x Ultra Cloning MasterMix|[=]J5 5 20/, ¥ %k 14
A& BRI AT %z, A DHS oK AT B J 2
Y, ARVEPCRIIES, MREIEAFMNT, EIT
HIE# I pWM101-SmTTF59A1pYL156-SmTTF5933
T8 . 51 HI LR .

1.6 PIEFEEMSMTTFSMEEEKEE

FpWM101-SmTTF59% N AH B, 8 it B4 % PCRI
PEBHPEACKT B . PRECA 75 250 mL#50 pg-mL™"F
4 & (kan) 25 pg-mL™ FIHE T (Rif) LB A 5 57
Frh, 28°C. 200 rmin i IR, 24 0Deo M T
1.2-1.6 2 [Al}, EOUTERAE. B, KEEEET
112MSW AR H: 723, ODgoo I 2£0.6-0.8 2 11, A
0.02% 2 1 i 157 SilwettL-77, K FH1E 712 Jeik it AT
RI MR, 2025). KUGRIN TR 5 KR T
P IS BRI RE T, R INIRE 925 mg-L "l 5 &
1/2MS [ A3 77 J5 B aEAT Rl 97 0%,  0idk 21 1 BH 14
AR FEEUDNALL K qRT-PCREGIE, Y3k BH M Ah 1A

TR, BLMSEHE, ERIRIERIZE TR A TR
B orHr.

1.7 SmTTF59%: & E IR 7+ B & g scis

IR RS 7R3k B A KA T R R 7 B A LR TR 4 &
FE R AR AT BB SE5G (Mathew et al., 2023).
EKZ130 cm. %4115 cm. =210 em 1 B T %
B &R E — A )R % & (Thermo  Scientific,
OXANOQ025A), 1435 A7 0L Fg I 1) 15 77 1L HE 5 7 IR 4R
B ET5 . ARG TR B DOER TR L AR, ORI S
. HEBGEH TS 0E, JHME BT
AEFE . KEERA2/NE S, KBS FRILECGHE, BT ORI
FARIER R IR 1A G, SRR 8, e A ¢
AR PR

1.8 EBEHISMmTTFSoEERVIGSSLIE

BRI 1E B 1 H AR pYL156-SMTTF59 % 4k & AT
GV3101, Al #E 4% & 45 pYL156 % # /4 . pYL156-
SmPDS-200H1pTRV1 (Ffi Bl Jsuks ) KR AT 1 o 53791 W
HpYL156-SMTTF59. pYL156% #if% . pYL156-Sm-
PDS#IpTRV1 ¥ £50 mL% 50 ug-mL™" Kan#l
25 ug-mL™" RIffILBW {5 7254 1, 28°C. 200 r-min”™
B 9812/F, ¥ ODgoo i ££1.5-2.02 1] B0 J e 46
Bk, FHZ2 (10 mmol-L™" MgCl,, 10 mmol-L™
MES, 200 pmol-L™" 2.t T % Hil) B &, 445 ODgooif &
1.5-2.02 [f], =EEHE. ¥pTRVIS 5 5pYL156-2
#H K. pYL156-SmPDSHIpYL156-SmTTF59 i# i 1%
EbB(1:1:1, vIVIV)IEZ), TESTEH A AR HF (Chen et
al., 2025). 7EJIERSMPDS Xt FEZH H 8B B 4k
FRE, SRBCSC I AR N I 4L (M RNA, SR
cDNAJG#1TqRT-PCR, L8IF 5 Dh i 4 5 i3E 47 SR i e
IKALFE . PDSHIPFHI WHE

2 HEREHH

21 SMTTFSOEFELEMEERFESTT

2.1.1 SmTTF59Z BB MR RLEHTN

T PCRY 14 K 23K 43 SMTTF59 L K| 4w i+ 41 (CDS),
KE4834 bp (FHE1), 5 FMIEK4H h TTF595: A
(CDS—H, A kL e FE B SMTTF59 A . Tl
SERK W], SMTTFSO4m B 277 M HE ik t, 7> 72
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N C1a15H2257N4350438S21, R T 5 H N4 566, SmT-
TF59%E 4> T8 433 044.40 Da, L5 A
7.72, JEWiEEN54.26, AaE REN49.14, SEK
FEHON-1.143, RWZE ARG B & e KA
ANEFAE - S BT SMTTFEOM R SR 4 il vl 401, b &5
R A MR AR AR(GIU) (13.7%), HITNEER
1% (Arg) (9.0%), & & /12 Ra R (Tyr) (1.1%).
SMTTF59% [ — R A5 M Fill 45 KK B, SmTTF59%
15 453.07% K o-12iE, 46.21% KM% i, 0.72%
10 ZE A B (I 1A), 15t B o- B2 e A1 G 30 00 2 i /2 Sm-
TTF59% H 1) FZE &5 o, 3/~ a-15 e vl g 2
DNAZ & G i, = 2025 R 70 45 SR 7R, SmTTF59
& E 72 14 LAID A AOASCTHRGS 45 Ky Jy b 22 57 (4 £
&5, XA E R SR 980.95% (E11B).
eI Y i B4 1118 (global model quality estimate,
GMQE)i£0.72, LA - HHEIUESE T 45 B mT5E .
PRSP SRR &5 R EoR, SmTTFS9E A&
PANGTURSE FH(F1C). WSS BT T, 25

XBAHARLE: M0 SMTTF59 L R/EH/KHE ) ThaE 267

F R SMTTFS95E [F i i (1) £ 11 AN 1 i85 5 285 440 35
(K1D). SMTTF59%E FIsR/HiK T R BN, £
JRBE b 1) 28 242 60 B FE IR (S s & R ) 1 o e =
(1.578); ZE19441 S I IR (4 & R ) 7> 1H # 11K (=3.278),
HRILSMTTFS9 4 H 155 /K X £ T #i K X (B 1E),
KU HEFRKEEA.

212 SmTTFSOEBRGHUN . RTFEFLUREB
MF SR

R R RN, RHISMTTFS9E A ER
MAE ARG K R L (E2A). MR ER, £
FWTrinelix 5 % R 7E B id [ 82 H R 384 B (Wang
et al., 2016), 11 [ Trihelix 3 3 R 9 78 i B 2
fipieh BAT B AR (ZE 4, 2021). LT A
YR TTFSORIJR R A 1) 2 B 7 A Hxt g5 5, AR
SMTTF59&E H 5 HE6 M) P TTFS9RN IR & 1 17
FIAHME 3% (K12C), HIERHGT-145 M EAF
YFh o AR ST . BEFE R, K (Glycine max)

AL U My B
g | 11
50 100 150 200 250 *j]
M AN J oA AL N
MRJREAR AKA
50 100 150 200 250
Alpha helix Random coil — Beta turn
CcC 1 25 50 75 100 125 150 175 200 225 250 278

_M ae

B CT
D 12 E 15 Hydropath./Kyte Doolittle
1.0 1 1.0 4
> 08 05
3 061 © -0.5 1
3 8 -1.0
L2 044 @ -15
-2.0 1
0.2 25 |
0 —3.0 8
' X X y ! = 5 T T T T T
5¢ e 150 200 250 0 50 100 150 200 250
== Transmembrane Int(gcellula Extracellular Position
Position

Bl SmTTFS9iE A ~HAM(A). =REH(B). RFLEEMIBR(C). BB HII(D) MR/ K (E) T

Figure 1 Prediction of secondary structure (A), tertiary structure (B), conserved domains (C), transmembrane domains (D), and

hydrophilicity/hydrophobicity (E) of SmTTF59 protein
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A 100 Populus trichocarpa

100 P. tomentosa

9N ————— Salix matsudana

Vitis vinifera

— Glycine max
% Glycine ma

—— Medicago sativa

Arabidopsis thaliana

B — M |
5 3'
0 200 400 600 800100012001400 1600 1800 2000

A

™ vesi ™ teacG-motif | 02-site
ABRE - GA-motif w— ARE
" tcT-motif " Box-4 ™ G-box

Populus trichocarpa .§...
P. tomentosa .

Salix matsudana
Vitis vinifera

Glycine max
Medicago sativa
Arabidopsis thaliana ‘:

: 158
160
136
185
161
132
-4 : 161

Populus trichocarpa :
P. tomentosa :

Salix matsudana :
Vitis vinifera
Glycine max :
Medicago sativa :
Arabidopsis thaliana :

B2 EFTTFSO% AT HIAH IR EE 1 RGBT (A) . TTF59E 3T XA AR I oo 4 vl #4231 (B) S TTF59 2R A1 1R U7 41 b

#H(C)

Figure 2 Phylogenetic tree construction based on TTF59 sequence similarity (A), TTF59 promoter cis-element visualization
analysis (B), and TTF59 protein homologous sequence comparison (C)

(Liu et al., 2020). %% (/7 S, 2019). H7E
(Medicago sativa) (Ji4k41%, 2020)F14 i 7+ (Wang
et al., 2014)1) Trihelix 3 % & K] 7 Wi 37 E A= ) i o
ITAEEZE T RE . R, FRATHEN SMTTF592E [K 4wt £
FEYRE B 5 e M I TTFS9 % A AR

X SMTTF59%E K 5 3l 1 1#E4T Fiill, I X AH o
i A E e BEAT 43 H, 45 R W] SMTTF594E K] 5
Bl HAFAE Me J AN S 76 4 Rt 7 B8 i S o i, 9 HL
RILZAS T L TCA A S A R A AR
Wi 87 04 25 (K 2B), HE I TTF593E K 45 Bl A8 47 i )34
K8, FEARIE A FH D> RE T FE, AT E R
IKEREEIAEL

22 HERAMEFTERIEMETHREMER
Ei-ton

AT PCRY H3K15834 bphs k41, 4R JEPCR
S SER A E 0 BOE RN, BN pWM-
101-SMTTF59id ik 2 4 (P I 2A) o A 28U Bl i Ak 3

JEREAERKTRIRNEE BoR, AT (WT)
I R ) AR K Z M, T SMTTFS9 1S R IA Bk &
(SMTTF59-OE )4k +7 IE R A (K3A). i — & &5
Pr&m, EHEEMET, WT50ER £ IR K K ff 5
ok 2 7 7 (KI3B, C); MEMRAM )G, OEM R
KEWTHEIN170%, #f EERWTHER87% (3D, E).
A BLARAR N E BoR, OERE RIEMLEMIE Tl &)
fitf (peroxidase, POD)&HEEIWT T 5110%, i ik
Al (catalase, CAT)IHVERWT R E 4272 300% (&
3F, G). _Lik&h FEW], SMTTFSiL ik i 1 3 i
FALEE RGOS RIS A (ROS) AL 71, W1 THU R
TR SR 521k, 1) SR 12k DR 7 SR A AR 7K A e
87 HH D T e A AR

2.3 BHISmTTF59% Bl 2R B& R H0 4% i it %8
gEh

HILPCRY™H3k15224 bpfest Mk, LHTEPCR
Bl Fe St ff il B BOEBR G, R EpYL-
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XBAHARLE: M0 SMTTF59 & [R/E#/KHE ) ThaE 269

A WT SmTTF59-OE

Normoxia

Hypoxia

B C D *kk
_ 6 a Fekk
8 0.08+ ‘
—~ 6 — —
3 :?0'06'&'1&59% § 41 % %'
£ =3 £
2 4 %’ S 0.04- 2
= 5 = 24
3 ® 3
2 27 L 0.02- 4 %‘
0 0 0
£ o“’\ ,O“j' o“:" N o";\ o“:L o‘<;b € ,0(‘;\ ,0(‘:L o“"%
EEE EELE EELE
5& 5((\ 96\ ro((\ 6\(\ %(o 6((\ 5‘0 6‘0
E dededk F dedkek G 8 1 L‘
7 -
0.08 - hdaid g 50 g 6
dkk :6. ﬁ_ E_ 5 4
B 0.06- o 407 b -
=) 2 301 2 023
2 0.04- Z | € 04
: B 204 [T £ 9% o
é ) < 0.3
0.02 - Q [
¢ o Bl
0 - 0 0
)
é‘qo««, 99(" K & & S
(«‘J («‘D ’6?(99 («‘3 <\qu
& & o ¢ o

B3 EWENMREELT, BAR(WT)SMTTESOM I K I IR A AR DL R R 5t
(A) FH(bars=1 cm); (B) IEHEFKM FHRK; (C) IEW AL THEE,; (D) IKAKMFTWRK, (B) MAENFTHELE; (F) i
FALYIEE(POD)IEME; (G) WA ME(CAT) G, 4§/ Student’s t-testiff 4722 J & & M40 #r (*** P<0.001).

Figure 3 Comparisons of phenotype, physiological and phenotypic indices between wild type (WT) and SmTTF59 transgenic
Arabidopsis thaliana under normoxic and hypoxic conditions

(A) Phenotype (bars=1 cm); (B) Root length under normoxic conditions; (C) Fresh weight under normoxic conditions; (D) Root
length under hypoxic conditions; (E) Fresh weight under hypoxic conditions; (F) Peroxidase (POD) activity; (G) Catalase (CAT)
activity. Significant differences analysis using Student’s t-test (*** P<0.001).
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156-SMmTTF59 VIGS#H 4 (It E2B). i K AT/
IVIGSEL A, LASmPDS3E K171 Bk A VIGS 5256 i f2
Xt R, gyl 3R A pTRV2 (2 kX ) 5
PTRV2-SMTTF59 (FEKUTER) MR R . M2/ )5,
A WL.SmPDS & K T 2R PR 2 H I B A 3 2 (Bt 1 3)
gRT-PCR 43 #f & /& , pTRV2-SmTTF59 4
SMTTF593E [K 1A 5 56t FR 41 B 3% %% 30%, =B
FERTTBR R ILT0% (EI4A). B0t 2 kAT

A B g
LHL ‘ *kk E 14 - kK
~ I Hkk t Fkk
5) 06 A Fkk UE) 12 - Kk
5 5 1.0 4
5 S
3 941 3 08l
s s )
@ 0.2- 2 0.06-
5 2 0.04 -
3 X 0.02
0 0 o 0 o
2 NN 9 o 2 N oV o
A B o & S
3 & <\Q‘° <\Q‘° <<<‘° 3 <\<°<\?°°<\?°°
14 ) 04
S L O %‘° £
VPRV NV NV ¥
,\Q‘ «Q‘ «Q‘ ‘\Q‘ '\Q. '\Q.
T R
D E **:**
1.5- hududad 0.08 - Tk
G S 0.06
5 ] 5
[ 2 0.041
£ 054 >
8 2 0.02- H H
- O
g 4
g 0 0
N ooV o v D
@‘3 & & AP
6\.(\ 6\.(\ 6\.(\ Q~ <\? <\? <\?
5 S o %6\ %‘(\ ro&
IV VAN
&Q‘ &Q‘ .\Q‘ éQ' é@é@

7K Ah B (R AR T ), QRT-PCRASIN A B, JUER
HSMTTF593 A AV A% B 4H 1)3.3%, 1IE L% AL A
PR IR AE W8 S5 A T ATS HR 2 52 4] (&1 4B) .

R AR (TR) G, RELT SR TTER A
PRI R B0 V& o ™ B, FLRR ek 38 3K T AR e A
Je2, T HE 2R AR R RE IE AR KRS (B4C). UTERA
R A B 0 IR A A MK 47.5%, MR T B 5 0 I8 4 R B
42.0% (4D, E); JUERZH M B AHXT L 5 e 0] R4

pTRV2 pTRV2-SmTTF59
Before flooding

pTRV2 pTRV2-SmTTF59
After flooding

F G dkk
%’ 2.0+ Hekk ,g 15 - " ki
° *** =¥ E_

8 1.51 o é

o €10 -

g =)

3 1.0 =

3 2 5]

3 051 5

: s

E 0 o

[5]

o

‘V cb' Qf Q’ Qf Q’ Qf
4 Q‘J Q6 Q‘J &Q‘ Q‘D Qb Q‘D

6“‘ S e“\(\e“\(‘e‘é\
&V VY &V
& & & e

B4 SmTTFSUTER A kol LA K S 56 28 0ot HEZEL S 7K T PO 2 4/ A R AR B B AL
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Hr{# i Student’s t-test (*** P<0.001).

Figure 4 Silencing efficiency analysis of SmMTTF59 and phenotypic/physiological comparisons between experimental and con-

trol groups pre- and post-flooding treatments

(A) Relative expression level of SmMTTF59 knockdown at 0 h post-flooding; (B) Relative expression level of SmTTF59 knockdown
at 24 h post-flooding; (C) Phenotypic differences between pre- and post-flooding (bars=1 cm); (D) Root fresh weight after flooding
treatment; (E) Root dry weight after flooding treatment; (F) Relative electrical conductivity after flooding treatment; (G) Perox-
idase (POD) activity after flooding treatment. Significant difference analysis using Student’s t-test (*** P<0.001).
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Functional Study of the SmTTF59 Gene in Salix matsudana in
Response to Flooding Stress

Mingchao Deng" 2, Chaonan Qian" 2, Mengru Li" 2, Sunran Xu" 2, Yanhong Chen"?, Jian Zhang"*

'School of Life Sciences, Nantong University, Nantong 226019, China
*Nantong Key Laboratory of Ornamental Plant Genetics and Breeding, Nantong 226019, China

INTRODUCTION: Submergence tolerance is one of the most crucial stress resistances among garden plants. Willow is a
model plant that has strong tolerance to submergence. The objective of this study is to clone the TTF family gene Sm-
TTF59 of willow and construct overexpression and silencing vectors in order to explore its role in responding to submer-
gence stress in willow.

RATIONALE: Studies demonstrated that TTF family transcription factors play critical regulatory roles in plant responses to
abiotic stresses. Salix matsudana, a species with strong submergence tolerance, serves as an ideal model for investi-
gating submergence stress adaptation mechanisms. By silencing SmTTF59 in S. matsudana and conducting hypoxia
stress experiments on SmTTF59-transgenic Arabidopsis, this study provides theoretical foundations for understanding the
complex regulatory mechanisms of Trihelix transcription factors and lays a groundwork for genetic breeding of submer-
gence-tolerant S. matsudana.

RESULTS: The results showed that the coding sequence (CDS) of the SmTTF59 gene in S. matsudana is 834 bp in
length, encoding 277 amino acid residues with a predicted protein molecular weight of 33 kDa. Through PCR experiments,
the 834 bp CDS of SmTTF59 was successfully amplified and used to construct recombinant vectors pWWM101 and
pYL156. Hypoxic stress experiments on transgenic Arabidopsis plants demonstrated that SmTTF59-overexpressing lines
exhibited enhanced hypoxia tolerance compared to wild-type plants, characterized by longer root lengths and higher fresh
weights. Physiological analyses revealed higher levels of antioxidant enzymes, such as peroxidase (POD) and catalase
(CAT), in transgenic lines. Virus-induced gene silencing (VIGS) experiments in willow plants further showed that
SmTTF59 knockdown lines displayed poorer growth under submergence stress compared to controls, including severe
leaf decay and abscission. Quantitative measurements showed that silenced plants had lower root fresh weight, root dry
weight, and POD activity, along with higher relative electrical conductivity, compared to control plants. These results col-
lectively demonstrated that SmTTF59 knockdown significantly reduces willow tolerance to submergence stress.

CONCLUSION: The better anoxic tolerance of SmTTF59 transgenic Arabidopsis plants proved that this gene might be
related to the response of willow to submergence stress. Through the VIGS experiment on willow, we verified that this
gene plays a positive regulatory role in submergence. This study is of great significance for the subsequent breeding work
of submergence-tolerant willow varieties.

SmTTF59-OE

Normoxia

Hypoxia

pTRV2 pTRV2-SmTTF59 pTRV2  pTRV2-SmTTF59
Before flooding After flooding
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Phenotypic differences between pre- and post-flooding (A) and phenotypic comparison between wild type (WT)
and SmTTF59 transgenic Arabidopsis thaliana (B) under normoxic and hypoxic conditions. Elucidated the function
of the SmTTF59 gene in response to submergence stress. Bars=1 cm

Key words Salix matsudana, SmTTF59, flooding stress, hypoxia stress, VIGS
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BBl SmTTF59% M PCRY 145
M: DL2000 DNA marker; 1, 2: PCRY 144

Appendix figure 1 PCR amplification results of SmMTTF59 gene
M: DL2000 DNA marker; 1, 2: PCR amplification products

FIE2 SmTTF595d b H AR IR A A

(A) pWM101-SmTTF5975PCR (1-4: H%PCR/=#); (B) pYL156-SmTTF591 7%PCR (1-4: H7%PCR/=#7). M: DL2000 DNA
marker

Appendix figure 2 SmTTF59 overexpression vector and silencing vector construction

(A) pWM101-SmTTF59 colony PCR (1—4: Colony PCR products); (B) pYL156-SmTTF59 colony PCR (1—-4: Colony PCR pro-
ducts). M: DL2000 DNA marker

PFHEEI3  SmPDSHERA (1) 4k £ A
Appendix figure 3 Albino phenotype of the SmPDS gene

fiR1l SKEGFTH S
Appendix table 1 Primers used in the study
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