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Abstract

With the large-scale northward expansion of rapeseed cultivation, drought stress at the seedling
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stage has become a major challenge in rapeseed production. This study investigates the role of the
fructan synthase gene Ht1-FFT in enhancing drought tolerance in plants. Through genetic transfor-
mation, the gene was introduced into the rapeseed cultivar Xiangyou 15 (XY15), and six positive
transgenic plants were selected and identified. Molecular identification and expression analysis
confirmed the stable integration and effective overexpression of the exogenous gene Ht1-FFT in the
transgenic plants. Under drought conditions, the transgenic plants exhibited significantly improved
drought resistance, accompanied by higher fructan accumulation. A positive correlation was ob-
served between fructan accumulation and drought tolerance. Additionally, physiological stress in-
dicators related to membrane stability, including proline content, leaf relative water content, rela-
tive electrical conductivity, and malondialdehyde content, were also improved. These results demon-
strate that the expression of Ht1-FFT effectively enhances drought tolerance in transgenic rapeseed,
providing a new approach and germplasm resources for drought-tolerant rapeseed breeding.
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1. 5|8

M=% (Brassica napus) & 2=¥KE Z I EHEY), HAh7 0l HT & A S B 5=, G SR
PERTAE R TR R HLAE[ 1] (2] 7E B, g b 3% T SR EK, 38717 S A0 5 B2 S B A 3T,
H 52 S5 A BRI R AR B e i e AN R SR s, APl T MR TR A KA, FUBLAGHE) T I
BEPK3]. LHET R E LS, FR R TREEARE G IR, OO
EVEAR G EETT A,

FWE (Fructan) & — S HEEHE & M IL L B AL & B D RE It 2 08, DL Z5 ) 20, %K
PG YIRE R IEZ P A B IhRE, Q0BG SRAEMI I S SR [4]. Sdh, SRR AR AR B B T3
R VR TR FE, AT FHEAI0 2 Fh I S5 e IR i 52 68 70 755 S SEBEHE M 1) 43 AT B A B S5 1) b ek
Z e ——ANL 15% M9 T S 28 B DL AR R = G AP oK &4, XY £ 00 T 1 5
MFEV HLIX, FEFAHT | 22 T K AT o U AH O i 251 [6] 0 RERRECERE A4 N LLRERE D), 28 i EhE -
FENE 1-SEPE R AR AL MG (1-SST) A TEHE: JIWE |- LR BE(1-FFT)RIEERE : SR 6- FpE L F2 1 (6-
SFT)SF BRI & 1, FFEAF T F, AR R ESNK G (FEH) T FEM7[7].

WHCUESE, H 1995 4 K37 6-SFT 2R LTl e LR [8], A 78 N SR8 K A [7 SR s 1 SR b & Ak
KEFLR F NI R B, B0 TEWNPUiae /1. fEhsEhm, REME M ARIURNE, %
IR VK A5, PP UK ER TR, AT ORI A M I e B 1 [9] 0 T, Al 0 2E AT 1 S SR M 5 S IR (sacB)
(KRR I R HIPTZEYEIR[10]; % Lr-6-SFT[11]. CMM-6-SFT[12]. HS-6-SFT[ 1318542 = % 9
A B IR RE V), R AT I B NPT B T TR . AEPUS T I, SR 1-SST/1-FFT 2 5
AR R AR IR & B TH[14]; B 1-SST S 15] R VKEE ACI-FFT (B 6] thil %
P S R R R RS PURAE S ANE Ta6-SFT ¥ N JHSEAE T 538 158 7 #E3E RE RR Bt 2 1
[17]. Be4h, REHEES St EHA[18][19]. M HE[20] ki E 4 E[2 11 Zpha v, i 5P S BES
PERVE S IE 8 RV SR S P [22]. 28 b, REREL S RS BRI T4, e X
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B EREZRAEY A T AR OAER, IR AL i R IR B 1A RS
MR Y, B EERRRRE S RS AT AR SRR T “F T 1 S

Hh T BT SR SR s SRR 1 SRR R R R DN He-FFT e NSRE VIR R H 8 LS8 XY 15 B8R/ M

KL 8T 358 JA 3N T MR (E Hel-FFT AER IR DM S g 98, X Hel-FET ¥ 5 Rl s AT L v o i,

NP PR AT R R AT A SR

2. MR 57

2.1. MR

HE RS I 157 Fhrok B T E AR R A E Y R WAL R 5K B E RS . 5
Bl FFE 157 RAFHREAMEBE T RE R 54 E NS0 = . RIE A # (dgrobacterium
tumefaciens) GV3101, KA B (Escherichia coli)i%32 7 DHSa Wik, MR ILE K pFGC5941, HIEYIE
ML 5 K E RS R AE

2.2. RESE

2.2.1. 514t

M NCBI (https://www.ncbi.nlm.nih.gov/) E W% ¥ 1-FFT 5[] CDS J£%1], HRHEZEL T ATG
IR B ZE 20T TAA 42K 1848bp, R4 CDS ¥4I Ml pFGC5941 Ak b5 H VI s 4087, IEEL Neol F
BamHI 1E N XU EFI AL 55, I FH 15 8 7E 26 X 33 (https://crm. vazyme.com/cetool/singlefragment.html ) 8.y B 72
FEAR 2R B TH E BRAAR [F R 7 S I 5 5149, £ FH Primer PremierS.0 {5115 Fh PCR K 51 #0(% 1).

Table 1. Primer sequences used in plasmids construction and RT-PCR

%= 1. HAEHEF RT-PCR FRES|HIFET!
GIEUER S

Primer names

1-FFT-F TTACATTTACAATTACCATGGATGCAAACCCCTGAACCCTT

5% 7 %1(5°-3”) Primer sequence (5°-3) H ¥ Aims

152
{_FFT.R gg(%EAGACTCACCTAGGATCCTTAAAAAGGGTATTGATGAATT- Taafgj ig:lt cloningt
BnaActin2-F  GTCTTCTCTGCTCTTCTCA RT-PCR W%
BnaActin2-R  CCATTCCAGTTCCATTGTC RT-PCR reference
RT1-fft-F  GTATCGGGTTACGGTGCGAT RT-PCR 5|4
RTI-ffttR  TTCCTCAACGGGCCAATGAA RT-PCR primer
35S-F CTATCCTTCGCAAGACCCTTC o PN e B HE
OEI-FFT-R TTCCTCAACGGGCCAATGAA Detection expression frame
PPT-F CTGTGCCTCCAGGGACT ¥ PPT Juf
PPT-R CGACCTCGTCCGTCTGC To detect PPT fragments

2.2.2. pFGC5941-1-FFT FRAIHI3E

PLEPEH BOoAA R, R RNA $#2BUR )& Eastep® Super Total RNA Extraction Kit $#2H RNA, 1§
S R B S e s i cDNA . B cDNA it {88 F v MERE (1) & R . DNA K&, 1-FFT-F Al 1-FFT-
R 5T =4y 14, P85 3] Hl-FFT 3K () CDS J7 41 . H Kk DI 3 ik fi [Tl & a1 H b A B
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W IR B #: 2 pEASY-Blunt, I #BIE L AR 25 KT B DHSa,  BRECR B ¥ 3E1T PCR A,
AR 1 v B L AT 0 B R (Kan) B P ) B TR V4 2 T 12 h, 3REUTURERE 23 790 o F: [ B F NeoLI Al BamHI
g xf pFGC5941 FARIATXEEY], RIS A3 B L6 A0 B A8, {4 FH v ik 2% [R5 3 4307004 H 0 Br 5 28
PEAEAR 50°C, 5 min FHAT 4R J5 SR B T-0K 174 H0, F 1 3 il id Baso 2 7% A B2 25 K% B DHS o,
FREL PCR A I BH I e B (1) 1 V8, 3 RBR 7R, FORRTR S BT RL — 0 (R AF — & A R AT, X
EL 2Bl 45 5, e iR 43 ) pFGC5941-1-FFT kL, FF Kb B AR A 7 58 B

2.2.3. IRBRITEAENL

KA A, Bl RIAE AR pFGC5941-1-FFT FUki#44k EMRIEAATHE GV3101 F, IIANLHibE
#) YEB 538 E 75 2~3h J5, KRR T5F 50 ugmL £IE R 50 pg/mL FIHRFAT 50 pg/mL KK
F M) YEB BFRdt B, BPHBUSNE T 28°CHiFRfE 5% 2~3 d Ja, PREURANR AT I e BE Y PCR

[ ==3

ZE o

2.2.4. T AR EREL

FHMSE(XY 15) AT PR AT R R T B G, S50 M T R F g, TR R R R 3R 6~7
do WUEKJGM TS, YIEZ 0.8 em K1) IRAHAMERAE BHE AR AME R . F#EH pFGC5941-1-
FFT UKL AT B GV3101 (ODeoo fEL AT 0.3~0.5) IR N A ZMEAR 15 min, ZJEHEHM, ¥HIME
BT IR FAFAHN TR E R BEE, B NS TILE R R R, 7€ 24°C T BIER IR
40~48 ho JLEFFREE WG, KAMEMEBE@GALIESRFRE, BT 24°C. 16h iE/8 h B FRE
WREE 21 d oA, WA — R e — O R A L SUAE SRR . RS RS, BN b
RefR R TR A, R R — R R, BRI A S BAEKE -2 KDIZED R,
R AR R 15~20 d DMRIEAR . 25 CAERY BRSO R TEL, BRE—AA
F, RAEETHERSEEK,

2.2.5 FTMEER DNA KL S5RIEEN

F CTAB ¥EM XY 15 FHitE i B Ao 2 sl 2 5 DNA. HIE [ 514 35S-F, 14514 OE1-FFT-R i
ITEEFE N 2> T % 5E (4 1), [EIN A BnaActin2-F, BnaActin2-R 5|46l #2HX () DNA i &, ] PPT-F, PPT-
R K470 PPT ) Bar #£[K . PCR ¥ B4/A &R 15 uL: DNA #fix 1.0 uL, L. F¥##514(10 pmol/L)#% 0.2 uL,
dd H,0 6.1 pL, Buffer 7.5 uL. PCR KMFEFF: 95°C, 5min; 95°C, 15s; 58°C, 15s; 72°C, 20s; 28
AMER; 72°CIEAIEM 10 mine PCR F /=) 1.5%E Ig ML ARSI o =2 b4 M FH A7) S B
RNA, 37T #5555 cDNA. #0259 RT1-fft-F, RTI1-fft-R &4 3E R R A Hel-FFT 3%
K FIE K, [RIB PLINSE Brnadctin2 £ NN S EEH .

2.2.6. HRTFREREKLE

AT DRI BE 1 1 A/ NAE AR R #3077 28 em x 15.5 em HIZEAE 7L, #E 25°C, 16 h/8 h (Ot/I%) )6 &
AR ER R FRAEK 12 do EEUE X IRAXY 15) KA X — S5 BN Hel-FFT i 33k 3% 3 ¥k OEF-1,
OEF-4, OEF-6 HHT+ S Wiaabs. #/KFFRRT RN LRI EIBaK 200 mL JG1F 15K, 7 d 55K,
REEMERFK 200 mL. AFRAH S HIFE 0d, T5F 7d MEK2dEFE, BETELEMNE.

2.2.7. FEEFE MR IR E IR IRARE N

TSR i EDURE 5 ST B SR P BT [ 23 100 58 I ARG K i, SR PRI (231058 v AR B R, A
FH Megazyme 555 S0l e v = SR R BE & &, IR0 2R3 5 (Solarbio) i &R & A A& N
G B AG AR N £ E TSR R A S E, BRRERE S S
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3. BRE R
3.1. HEYFREH A pFGC5941-Ht1-FFT B9 E

PAZ Y cDNA N, KA 514 1-FFT-F M54 1-FFT-R 3 #4453 )77 pFGC5941 g 1167 5 [F J5 B 1
Hi1-FFTCDS JrBt. @REH, ¥~ R/NE T —8 27 1848 bp (K1 1(A)). K 387530 H W F
BRI SV G 1 pFGC5941 £RMEAL B BL (K 1(B)HER:, FFEEAL KA - A B I i iR 4 7
Y514 35S-F A1 1-FFT-R X #4461 B HEAT B V% PCR BGAE(E 1(0)), 45 5o FHMEEVE 918 Fr Bok
NGTUA—E K0, SN B FE 51 K 5 a1 35 1, ik [R5 E2H v B S 4 1 T VE R
T Ht\-FFT i RIEHAR.

Note: (A) Amplification of the Ht1-FFT fragment, M: DS5000 DNA Marker, Lanes 1~2: Ht1-FFT fragment; (B) Double
digestion of pPFGC5941, M: 1 kb DNA Ladder Marker, Lanes 1~3: Linearized pFGC5941 fragment, CK+: Positive control
plasmid; (C) Verification of positive colonies, M: DS5000 DNA Marker, Lanes 2, 3, 5: Positive colonies, CK: Blank control
(ddH20). ¥E: (A)Ht1-FFT }¥ B4, M: DS5000 DNA Marker, 1~2: Htl-FFT }5Bt: (B)pFGC5941 SUEEY), M: 1
kb DNA Ladder Marker, 1~3: pFGC5941 £& V4L FrBE, CK+: FAMEX R RL; (C) FATEETELRIE, M: DS5000 DNA
Marker, 2, 3, 5: PHPEWT, CK: =5 X HR(ZEWK).

Figure 1. Electrophoresis results of the pFGC5941-Ht1-FFT vector construction
1. pPFGC5941-Ht1-FFT £ #A443E 6 5k &

3.2. T EEFEEKR PCR 85 HA-FFT FRisem

OEF-3 OEF-4 OEF-5 OEF-6

OEF-3 OEF-+4 OEF-5 OEF-6 CK- CK+ CK

CK- CK

200bp SRl Sl e O e e o e

Note: (A) Detection of Bar gene. CK-: negative control (XY15), CK+: as positive control (successfully constructed vector),
CK: blank control (ddH20), M: DL2000 DNA Marker; (B) Detection of the Hf1-FFT expression cassette. CK-: negative con-
trol (XY15), CK+: positive control (successfully constructed vector), CK: blank control (ddH20), M: DL2000 DNA Marker;
(C) DNA electrophoresis of BnaActin2 in resistant seedlings. CK-: negative control (XY15), CK+: positive control (success-
fully constructed vector), CK: blank control (ddH20), M: DL2000 DNA Marker. 73: (A) Bar ZERF, CK-: BHM:XT
(XY15), CK+: PHMEEXRRAGEERIIEMA), CK: = AXTH(FEMEK), M: DL2000 DNA Marker; (B) Ht1-FFT 3Rik
HERZIN, CK-: BITEXTHE, CK+: BHTEXTEE(XY15), CK: 28 EXHE(Z&MZK), M: DL2000 DNA Marker; (C) HUifhii
DNA BnaActin2 H¥KE, CK-: FMESTIR(XY15), CK: =¥ AN (#iE/K), M: DL2000 DNA Marker.

Figure 2. PCR detection of transgenic plant resistant seedlings

2. HEREKRUIEER PCR &7
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1B B AR KT B A T 00 R = R IR s AL 4k, 480 DMAMEAK, 153 34 BRpuihmizE. #3234 ¥k
PUMEHE4T PCR 0 FAEIN(E 2), #AIRTE T 6 ARELFEIDIERR, FHIMERN 17.6%. NE T )5 4L 7t P&
R, HiX 6 MMSTEALK R4 — 4y OEF-1, OEF-2, OEF-3, OEF-4, OEF-5, OEF-6.
3.3. HEEEKD Hl-FFT #%RKERNRIESTH

RN R IR SN, E TR RTT E E bk R3E/T T €& RT-PCR 4071, 48R ER(E 3),
Htl-FFT R [R7Ed 2158k & OEF-1. OEF-4 #1 OEF-6 Hi5 g #  #ik, (BAEARE R RN IR XY 15 R E#RIX.

M CK OEF-1 OEF4 OEF-6 CK-

HTI-FFT

100bp

BnaActin2

100bp

Note: M: LD Marker 2 DNA Marker; CK: XY 15 control; CK-: Blank control (ddH20). E: M: LD Marker 2 DNA Marker,
CK: XHRZ(XY15), CK-: 7 EAXHRGEEEK).

Figure 3. Semi-quantitative RT-PCR analysis of transgenic Brassica napus
B 3. #EF M4 EE RT-PCR 547

3.4. HEREKRORF2E ST
3.4.1. TRMER EKEERERFSZELIH

Note: DS-0 d: 0 days of drought stress; DS-7 d: 7 days of drought stress; RW-2 d: 2 days of re-watering; CK: Control group
(XY15); OEF-1, OEF-4, OEF-6: Transgenic rapeseed lines. ¥£: DS-0d: T 2§80 K; DS-7d: TEHHE 7 K; RW-
2d: HK2K; CK: XHAXY1S5); OEF-1, OEF-4, OEF-6: #HEPIHIZEMER .

Figure 4. Morphological changes in transgenic rapeseed under drought stress and rewatering

E 4. TEMEBREKEEE MR SEN
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KRR %

SiETRME 0d. 7d KEK2dJRFEEBERNESZULE HTE -, IR K2 %4 (DS-
0d), FHRAMFIEUEZER. TRAH 7 dJF, XTRAXY 1SR FENIRFAH R ZEMEHILER,
M S PR R (OEF-1. OEF-4. OEF-6)MZHBEREM AT XY15. &K 2d )5, FratamkmtrmEE
SOIRAS, HR LI R R AU BR, H R & AR E 4, MR E OV, R ARG HERN
K RE T L8 EAEN, H-FFT BRI IAA B T4 H i 2 b=+ R g (i 2 58 71, JHE
G 50 S At BRI R A RRARAE I

34.2. HEFEKRPREFESETL

T B AR, IR R S B R E S T AR R AR (E] 5), Hh i RIS O
B[R Hil-FFT (MR IER XM TOR B e RN RERE. TRME 7d 5, BERKRREESER
0d &3 LT (p<0.05), HEilE 5351 OEF-1: 108.01%+ OEF-4: 91.86%- OEF-6: 109.70%, & &1k 15.36~16.09
mg/g; REFEFRMELEWE T 21.29%, (H50d EREFESR. S/K2dJ5, HREFNEKRRERERSELE
N, EEEE S TR REEERIM R R S 2 A B

20p

a 5 Hl DS-0d
- N 1 Ds-7d
o 15F {- rE]
D E . 22 rw-2d
e A
B B / ¢
41 § 10F d d
B 2 fg ’ g
5(\\5 g /
Q
EJ&E 5 ’
/
/
%
0 /)
T e e
CK OEF-1 OEF-4 OEF-6

Data are presented as mean + SD (n = 3); Lowercase letters indicate significant differences (LSD, P <0.05). ##f DA-FYE
+ WfEZERN(n=3); NEFEERREFRELSD, P<0.05).

Figure S. The effect of drought stress and rewatering on fructan content in Brassica napus

5. TREBEREKIHTRERES BRI

3.4.3. JAFEM B4ETB4 (LigiRR SN
1) BEREHET ASRAE _BSE

1.0p
B DS-0d
= 08F 1 Ds-id
52 a ZA RwW-2d
¥ 2 0.6fF
i b
& 3 b
= 2 04} c c
5 d
v £
[~2 ook fi ; e fi [ 6
0.0

CK OEF-1 OEF-4 OEF-6

Data are presented as mean + SD (n = 3); Lowercase letters indicate significant differences (LSD, P < 0.05). ## A-FIE
= MEERIR0=3); NEFRRREREELSD, P <0.05).

Figure 6. Effects of drought stress and rewatering on relative electrolyte leakage in Brassica napus

6. FRHB KR E KX HFAEX RS REFE
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H

)
48

TRl 7 d I LR AR AR B ST R, H R B2 RE 6), B ERERE T
JOIE R A B R AS R MR AT, RS R S B R . K 2.d S5, SRR AL A AR 2 R KT B ) A T
HL R RORIR AR, A B DR R R R A X FL 5 2R AT T 0 R

T2l 7 d i, SRR T RS R B E TR 7), UK R 1) MDA LR
PR ACTXTER, dU B R K. RK 2d J5, 5T FWIE 7 d R bR R 45 AR e 25 DR R )
MDA & & [FL, (5T 5 0d ML, B/K 2d B Fra s EHE MDA & 847 %3 m& T 946 7K-F, XTHEZH MDA
TENVIRIEN 9.5 %, FEEEKMRRNA 4.2 2 5.7 1%, Son B IR REF I EKE 0 MDA &k &
MRS RE IR TR HRA, (HR B AR B HIAAIRAS, IXFTRES MDA Xl S5 e i B 18 A %

20¢
= DS-0d
a 31 DS-7d
5P &m0 RW-2d

N
T

A I 2 & (nmol/g)
MDA content (nmol/g)
=

ANANNNNNNNNNNNNY

NNNNNNNN NG
NNNNNNNN X

(=}

CK OEF-1 OEF-4 OEF-6

Data are presented as mean + SD (n = 3); Lowercase letters indicate significant differences (LSD, P <0.05). ##f DA-F¥1E
+ fEERN(n=3); NEFEERREFRELSD, P<0.05).

Figure 7. Effects of drought stress and rewatering on MDA Content in Brassica napus

E 7. TEWEREKITMEA_ESENFN

2) BRERERENSKENBEERTE

TERE 7 d AR R AR AR R SR AR & R T e, RAREERE 8 K9),
YR e e L PR AR A T S N B BROK RCR B, AR R/ % . HZ R A0 K E AR R T DL e
MRBEM TR, WA T AR B AR S K E, [, XS KER A, HARAES%Z
TR, A TSR RE R A U E R OR3P RLRR B AR 45 44 S 2 | AR . Bk 2d )5, 5 T5
T8 7 o B T AR R B 5 AR B RS R AR X 25 7K R R T e » %k R AL R RO A 0 25 7K AT e TR IR
AR TR & BT R, AR B X BEALHY) Pro & 2.13 pg/g B % 1.85 pglg, FRIEZ 13.29%,
FEIL AR R R BRIREA 22.79%~37.41%, Ut /K5 T 5193 22 A il 2 R 50 7 Fae e «

< 100} 2 a a a Bl DS-0d
S c Cd - > =psd
< B - ki g 2 g RW-2d
RS / 7
+ o 7 7
£% A W7
= Al
& . 7 7

CK OEF-1 OEF-4 OEF-6
Data are presented as mean + SD (n = 3); Lowercase letters indicate significant differences (LSD, P <0.05). ##f LA-PYE
+ WifEERN(n=3); NEFEEERREFRELSD, P<0.05).

Figure 8. Effects of drought stress and rewatering on relative water content in Brassica napus

8. FREIHBRE KX HFTAEI &K BRI
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5 -
L Il DS-0d
—~ a
—_ L DS-7d
® g 4 b b . -
DS E = RW-2d
W 5 3f = d d
QI = e
= s 1 . A
W & 2 7
ms /
T £ ;
1 g 4 g
I 7
0 LE T Z . T
CK OEF-1 OEF-4 OEF-6

Data are presented as mean £ SD (n = 3); Lowercase letters indicate significant differences (LSD, P < 0.05). ##& LA-F-35{H
+ WHEEFIR(n =3); NEFRERRER B (LSD, P <0.05).

Figure 9. Effects of Drought Stress and Rewatering on Proline Content in Brassica napus

E 9. FEMEREKIHEHMRERS M
4. i1ig

AR, SERIE Hil-FFT B0 B S RS &, Ao srt. B
ME, RERESE SR SREMA ZEMDA) S &2 7HK, R IEA BT 4ERr 40 5 78 544,
AT RS RIS . BT FWIE T, B R AR A s 0 SR SRR 2R 5 B O s P R SR A i 43 2%
DIMOG, ZERERE R IINEE—80 $Em R IRNE T e I8 I 77 b 175 1 A S B A e gt P Sk R it M Pk
Af[24][25]. HAEFEENS, REMSESMAR S &2 EE IEMHK(=0.844,p<0.01), FEPELENH
T SR R T AR AE T R, H S AR SR B R IE AR . X RIS RRE T RAE B E R
YR, 5 IR R DALE FRAm Bk P45 [26] [27]. b4, SR SBELE S v g SRt FT R e 0 e
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