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The role of HaFT-9, a 14-3-3 protein from Haloxylon ammodendron, in the cross
regulation of high temperature and drought stress

LIU Yuan-yuan, WANG Xu, WEI Qi, CHE Li-juan, YUAN Meng, WANG Bo’
College of Life Sciences, Xinjiang Agricultural University, Xinjiang Key Laboratory for Ecological Adaptation and Evolution of

Extreme Environment Biology, Urumgi 830052, China

Abstract: Previous research has demonstrated that Haloxylon ammodendron seedlings acquire resistance to stressors
like high temperatures and drought through adaptive stress conditioning during their growth. Additionally, the
expression of the 14-3-3 protein gene HaFT-9 is significantly upregulated in response to high temperature and
drought stress, suggesting a potential role in mediating crosstalk between these stress pathways. This study further
investigates the role of HaFT-9 in the cross-regulation of high temperature and drought stress signals. Pre-treatment
of H. ammodendron seedlings with heat stress, followed by a subsequent drought stress challenge, significantly
increased HaFT-9 expression during drought stress. Comparative experiments demonstrated that Arabidopsis

thaliana lines overexpressing HaFT-9 showed higher survival rates and reduced cellular mortality under sequential
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heat and drought stress compared to wild-type controls. Notably, the lines overexpressing HaFT-9 exhibited
enhanced expression of several key stress-responsive genes, including P5CS1, P5CS2, CAT2, CHLII, HSP21,
HsfA2 and BI-1, in response to subsequent drought stress. In addition, these lines showed significantly enhanced
catalase (CAT) activity, increased proline and chlorophyll levels, while the content of malondialdehyde (MDA)
was significantly reduced. Moreover, staining with diaminobenzidine (DAB) and nitroblue tetrazolium (NBT) in
overexpressing lines was lighter. In conclusion, HaF T-9 overexpression markedly improves drought tolerance in A.
thaliana, underscoring its critical regulatory role in modulating the interplay between high temperature and drought
stress responses. This study provides valuable insights into the molecular mechanisms underlying stress tolerance in
H. ammodendron seedlings and provides data relevant to the conservation of its germplasm resources.
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Table 1 Primers used in this study

JEH Gene 1E #5149 Forward primer (5'—>3") S 514 Reverse primer (5'—3")
Hal8SrRNA CTCTGCCCGTTGCTCTGATGAT CCTTGGATGTGGTAGCCGTTTC
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P5CS2 GTTAAGCGTATCGTCGTCAAGGTT CCTAAACGTCCAAGAGCCAATCT
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CDS1 CTGCATCTCTACTGGACCTC CCACATCCAACTCTCGAGC
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DREBZa CAACAGCAGGATTCGCTATCTG ACATCGTCGCCATTTAGGTCA
HSP21 TGGACGTCTCTCCTTTCGGATTGT TGCACGAATCTCTGACACTCCACT
HsfA2 GAGATTTTCCGGCGTGATTT ACATCGGACCTGAAAGAGAG
BI-1 ACATTCGTTGACCCTTTTCAC GGCCACACACGATAACAAC
At18SrRNA AAACGGCTACCACATCCAAG CCTCCAATGGATCCTCGTTA
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Fig. 1 The expression of the HaFT-9 gene under the heat stress priming—the secondary drought stress treatment

A ARAR L) H Y IR A R — R T R AR B, 43y CKVHLD VHD 21, 454~ 20HE 8 BURE 205 B HaF T-9 7 = i W 38 bk — R 9T 5 Bhaa 4 2R
M2k m s NEV/NG FRER IR FE P<<0.05/KF 227 W3 . A: The heat stress priming— the secondary drought stress treatment for H. ammodendron
seedlings, divided into CK, H, D and HD group, and each red box indicates a sampling point; B: Expression level of HaFT-9 under the heat stress

priming — the secondary drought stress treatment; Different lowercase letters indicate significant differences at P<<0.05 level. I [i] The same below.
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Fig. 2 The effects of the heat stress priming—the secondary drought stress treatment on the growth of Arabidopsis

A PR T 2l T ) IR A AR MR — R T R A A B, 4 CKUH D VHD 41, 54> 21 HE 32 7% BURE A5 5 B < 4005 I AR 19 750 T8 W 38 B — W/ T 5 e
Ab 3,53 CKOHL D VHD 21, B A £0HE 278 BURE 255 C - LR I 40 1 A9 22 R AL 5 D SBUR I Wbk 19 A2 R AL s WT O B /4= S4B g 5%, 9-4 1 9-37 K
HaFT-9id # ik & . A: The heat stress priming— the secondary drought stress treatment for Arabidopsis seedlings, divided into group CK, H, D and

HD, and each red box indicates a sampling point; B: The heat stress priming—the secondary drought stress treatment for mature Arabidopsis, divided
into CK, H, D and HD group, and each red box indicates a sampling point; C: Growth phenotype of Arabidopsis seedlings; D: Growth phenotype of

mature Arabidopsis; WT refers to the wild-type Arabidopsis, while 9-4 and 9-37 are the HaF T-9 overexpression lines. F [i] The same below.
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PRAE IR 30 — W T S0 R R TR AL S R (CAT2 .CDS1) J& R & i (P5CS1,P5CS2) 4 A A
(CHLII) .5 W60 B (DREB2a) . v 30 0 )3 (HsfA2  HSP21) FUAH M U8 T (BI-1) FH 3¢ 3£ ] Y 22 38 K F , 38
T T 910 A A OGRS 25 SR R E DAL T HaF T-9 38 ik 4k 2 9 CHLI1 .DREB2a \HSP2 1 BI-1
SN E AR B ERT WT,9-37 ¥k R P5CS1.P5CS2 M CDS1 3N ik % 5 T WT(P<C0.05) ;78 HD 41
WHER  HaF T-933 ik 8k R P5CS1.P5CS2 . CAT2 .CHLI1 .DREB2a \HSP21 HsfA2 BI-1 3N 55 1) g 3%
HTWT,HEERTDA, MHDH T 94 AN CDSI N EL L RBEMTWT I SDAMEL LR E LR
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Fig. 3 The effects of the heat stress priming—the secondary drought stress treatment on the survival rate and cell death rate in
Arabidopsis

AR IT A A B WG 6 O, b5 N =50 pm) s B BRI IT 4 63 B W 42 6 )5 R (9 4RI A8 T35 5 C - SR I 4D B I 77 0 % s D - U RE IR 4 B DAPT 2
0, (FRR ,T/TR—5O pm) s E: SR ST 40 8 DAPTY (0 )5 A AR SR A I SE T2 s F - U JF UBR AU 4735 % . A: Trypan blue staining in Arabidopsis seedlings
(leaf, bar=>50 pm) ; B: Cell death rate of leaves in Arabidopsis seedlings after Trypan blue staining; C: Survival rate of Arabidopsis seedlings; D
DAPI staining in Arabidopsis seedlings (root tip, bar=50 pm) ; E: Cell death rate in the root tips of Arabidopsis seedlings after DAPI staining; F:

Survival rate of mature Arabidopsis.

(P=>0.05, K 4A) o LR T BUBR B AH 5 B PR R GA K P45 R 7R 7E D AL BN, HaF T-9 3 R B bk R 19 CAT2 F
BI-1 RN EA R B EE T WT,9-37 ¥k R PSCS2 M CHLIT3E N £k 8 & T WT,9-4 ¥k & 1 DREB2a 3 X
RIXFERES T WTEHD AL BT , HaFT-93d Rk R 1Y P5CS2 .CAT2 .HSP21 1 HsfA2 5 P 3 ik 1 1) 1 2%
ST WT, 5 DAAIEM , HD 4 HaF T-9 3 b ¥k R B9 P5CS1.P5CS2 .CAT2 Fl BI-1 & F 31k 53 W2 5 F
D ,9-37 kB 1) CDSI M HsfA2 S ik W2 T D2, 9-4 ¥k & WY HSP21 S ik 2% T D 4L, 1 HD
2 9-4 ¥k R MY DREB2a I R iA 7  Z T D 41 (P<<0. 05, K1 4B) .

Xof R A AR A B B AU R O R DG R DR 2 3k i 25 SR AT LR A R B, D ORI HD ZLAR L, AR AR K B Be R T HaF T-
9t FiAbk R DREB2a .CHLI1 \HsfA2 F1 CDS1 2N ik 2 B B HA —Z (F 4A,B) o I 38 A 3¢ 2 P 22
LR — ﬁzmﬁlfﬂ%lﬁ]dzkﬂﬂ;ﬁU&NEJH%%XT?;HJJ R 7 KRR AP 5

g5 bR PR I & R R %Thﬁéﬂﬁﬂﬁ (N HaF T-9 3% 3354k 5 0l i 42 40 56 3L 4 ) 3%
KK R HaFT-9 1 %@ e A i 5 o 360 5B 1) 0L T E TR T SR 38 A R A 5 AR A DG R Y
ik Mfrﬁi*ﬁﬁ%ﬁﬂﬂr‘ﬁﬁﬁﬁ\é&%q:ﬂﬂ f14 3 o
2.4 HaFT-9id &K ¥5% T Bd £ KRR T F 8 F 69 40 R AL 4k

BT ENT HaF T-9 i3 32 35k 22 78 5 W W 30 8 — IR T 5k 3e b 3R (e AR 8 0, % 400 JF 4 il B i bk
53 900 HEAT e Tk R 38 BB — T BB aE Ak B I 5 AR OC AR B AR AR AR JF 4T DAB FINBT 444, DABHINBT
PR B AE CKMHALIET ,WT 5 HaFT-9 1 3358k & w51 M 7 0y 3064 JC W 1 22 5%, i 76 D A HD 40
AEPER ) WT Bif6 B IR T HaF T-9 33 Rk R R, H D 4L F B R T HD 4l AR BE (&1 5) . X # B HD 41 4b
LR A A HLO, F1 O & B, b i 32 200 15 F 8/ . 25 R B, HaF T-9 1 3235 vl e 3G 58 T 48 M I+ 7E IR 91
T 50 R TG PR U B AR ) o AR AR AR AR AR e A5 AR R $ e IF A B KOSk 7 D R HD 41 R, HaF T-9
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Fig.4 The expression of relevant genes under the heat stress priming—the secondary drought stress treatment in Arabidopsis

A UL ST 40 BT TR A SRR — TR R T SR A B A AH DG B IR SR 3K 5 B 0L ST RURR TE R IR VR 38 BB MR — R T B 3B AL R A AH OGRSk
A': The expression of related genes in Arabidopsis seedlings under the heat stress priming— the secondary drought stress treatment; B: The expression of

related genes in mature Arabidopsis under the heat stress priming —the secondary drought stress treatment.

T RIEHR AR MDA & 8 B EFIKT WT,CAT IR M B 25 T WT(P<<0.05) ; HAE HD 4 AL BER SOD i ¥4 DL K& Jiff
R RS EBEEET WT; 5 D4 A I, HD 44 F HaF T-9 11 #6358k Z i CAT 7% o F i & R &
it DAL, POD I M 76 % A2k (P>0. 05, B 6A,B) .

Xof WA b A K B BEADL G I 00 28 B bR 22 S R AT LU AR e B, FE 4N Y B HD AR B R |, HaF T-9 33 % 5 Bk & POD
WS WT i % 22 57 (P>0.05), H HaFT-9 it Ak 2 19 SOD iG PEAR T D 4 (& 6A) 5 107 72 iU Ak [ Bt , 72 HD
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HALFETR ,9-4 ¥k 2 19 POD G HE %2 T WT, H HD 4 HaFT-9 33 2358 & 1 SOD WG M5 T D 41 (& 6B) , #Eil v
B ABL R I 4 P B R bR AR 6 A B A Ak 8 AR AR A R — EA B R R A K R ) R A R DR R AR RS TR R O X R A Y
P XA AR .

ZE LR, HaF T-9 38 6 ih #2817 % 3L DR 40U RE IF 76 Ik 2 T 523 A9 0 S804k B 5 1k L 220 R A 4 38 3 i
B MDA (H,O, f1 OF &8, 4878 HaF T-9 1 32 358058 1 400 Fg 7 76 U 9% T SR T 300 0470 480 4 it 355 7 0335 7 4R
THBREE T, I AR T LR I 32 B S0 45 i R

i» 8 HD,

Es5 SEREMERE-XATEHDELETUETH _SEKERE(DAB) SHEREIM (NBT)EE
Fig. 5 Diaminobenzidine (DAB) and nitroblue tetrazolium (NBT) staining of Arabidopsis under the heat stress priming—the

secondary drought stress treatment

A LB S35 g 400 I A 1 A TR SRR — R A AR B A A BRI R (DAB ) R B S PO (NBT) Bt (0, (B =100 pm) ;€ D2 2531
0 R I AR AE =5 T A0 B — R T R an b R A A IR R e (DAB) RIS R A PUmE (NBT) Je 4 (5 =2.5 mm) . A, B: Diaminobenzidine
(DAB) and nitroblue tetrazolium (NBT) staining of Arabidopsis seedlings under the heat stress priming—the secondary drought stress treatment,
respectively (Bar=100 um) ; C, D: Diaminobenzidine (DAB) and nitroblue tetrazolium (NBT) staining of mature Arabidopsis under the heat stress

priming— the secondary drought stress treatment, respectively (Bar=2.5 mm).

3 Wig

) 3 A 3 22 R Ak ) BIL i R 7 Xk 4% o B8 53 i 300, 3 R T 980 A 1 A 0 O ) B 5 R 3 ) A RO I o 15 S R L st
18 A5 A AT By R DR S N e B R BE AR AL L 2R S0 SR R, 20 IR SRR Y R O 4L SAZ (Taxus
wallichiana var. mairei) oA 28 538 e T B9 09 S BB IS N T S22 58 X R W R 7 40 A AR AE R BE 55 1 52 19 28 S
MG . AWETE A I, 2 2ok i Tk B 1 B A AU L T I X R T S 3B AR T 32 A T AR R U 9D R T A e L R
PS5 VR 23 55 3 L8t A% 78 A, DT 8 56 X0 TR 4 T - J0ih 36 A T 2 1 o 14-3-3 35 T E AR AR W i vh R 4 E AR
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Fig. 6 Antioxidant enzyme activity, proline content, and chlorophyll content under the heat stress priming—the secondary

drought stress treatment in Arabidopsis

A e e 3 BB R — YR T I A B UL T 4 R A P T e I SRR I R e B e TR0 SRR — U T A A BT SR S R 4
oA b G P LI 2R A4 K % & . A Antioxidant enzyme activity, proline content, and chlorophyll content under the heat stress priming— the
secondary drought stress treatment in Arabidopsis seedlings; B: Antioxidant enzyme activity, proline content, and chlorophyll content under the heat

stress priming — the secondary drought stress treatment in mature Arabidopsis.

BB BE ST L B, BLEE IR B HaF T-9 [R] R 5L & GRFS, i H T % R A 5 T B H IF GRFS 2 5 il iy 4R i
SR, Fan 25 " HF 58 & B, 32 3 (Malus domestica) ) 14-3-3 % 1 MAGRF8 5 MdWRKY 18 E@@éﬁa’w%ﬁzaﬁ,
AR 35 P 360 17 ) 9T ML o AR RIS R B, 8 v R R AR 4 MR M T AR R 14-3-3 B I R R AL I HaF T-9 T IR 9
TR T W RIBAKCE (B 1B) , RABR I HaFT-92 5 @ik 5 T 50938 SGE W i ¥ . thsh, 58 E AL (WT) A
Fo, HaF T-9 3 5 W pg I 76 R T 53 N R B0 TE AR A A KR (181 2C, D) JF B 3 48 8 T 7E R T 5 i ia
N HaF T-9 32 3 35 Bk & UK 09 A7 15 6 LA B 9-4 Bk & 4 v 9 A7 15 % (181 3C L, F) o i Xt HaF T-9 32 % 35 0L F I7 4 i
£ W W FI DAPT YL (A 40 BT, & 285 8 IR AR T, HaF T-9 33 36 35 0k 2 B9 i F Mo M AR 40 O BT T R AE Rk 9% 1 5
bLTﬁ%VﬁME%IDO X R B HaF T-9 323 3¢ 35 $ 5 5 5% P90 JF X6 ok 9 1 5 1 360 Tif 32 1 i L 5 0k

S8R 20 AT T A R G . 14-3-3 3K F REWES LUF B RE S R MR IR AL AR R DT U AR LE H A S
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HaFT-97EL g 37 il 1 3R 5K BB 08 5 00 2 e sk I MDA G A EARE T B ERE 4 & S KT
S Mol 300 AH G BE R 2638 T il HaF T-9 328 3¢ 35 1 450 B T 76 Uk G T 5 1 26 Ak 150 v 2 390 1 O o ) i 2 44

14-3-3 8 FAEAE W AR & B i3 o 13 77 10 & #5 T BE AR D, 2 Al A 5 IR k% B0 2 1M BV SR B
Difie . HHmSCT Y 14-3-3 8 (1 W4 JE A2 ) 130 1 43 F HLHI O 0 3 R . Ren %™ R 98 & 8L, S 2R 14-3-3
# 1 MAGRF 115 MAAREB/ABF % 5 X - HITLAE H L BB 9% 1 3475 14 % (reactive oxygen species, ROS) i i il i
300 A S DAL R 8 7K P 18 00 3 X T R A T 52 A 5 Sirichandra %7 Y BFSE R W], OST1 X ABF3 T451 i
R AL 4R o T B S R P B (bZIP) 5% 5 N F ABF3 CA 255 14-3-3 AR EM N1, 3 5 T ABAN S EE
Yy a5 5 % T 1 8 s K% (Hordeum vulgare) W 14-3-3 8 1 RENE 15 1 52 1 7 14 5C 5 DR 40 B4R, 40 i 7K e iz
JC R 45 & # 1 HVDREBS AU F Hvhsp90-1/2/5 4. Wiese 4 X UL S b 19 W1 4> 5% 5% [ 7 bZIP18 Al
bZIPS52 [ RIF 5T K B, — 35 76 40 I 5 v 3 2o i R Ak 36 7 5 14-3-3e 254, AW 36 J5 bZIP18 F1 bZIP52 & Ak L i i 1k,
BB T 55 14-3-3e Y45 45, DA 8 45 35 DR 3 3k ke o o7 FA 380 . AR A58k B, ZE A B B  HD AL B R HaFT-9 53
FIEW R P5CS1.P5CS2 .CAT2 . CHLI1 .DREB2a .HSP21 HsfA2 BI-1 3:HFK KK FHBEHTWT, HEs T
D 2 (I 4A) s TE bR B B, HD ZH AL B R HaFT-9 3 %Ak &2 1Y P5CS2 .CAT2 .HSP21 1 HsfA 2 & H 31k 7K 7 1
BFE T WT, H P5CS1.P5CS2, CAT2 M BI-1 5 & 35 K 7 .3 & T D 41 (8 4B) o Liu 5™ B i 58 % 91
HSFA2 5 H3K27me3 25 H 3 AL REF 6 JE 1 F 2 157 [ %, LA 42 #8012 14 w2 T B 36 3212, T Kim 45 F 5% & 3R
T 5 0 1o B DR ) 2 K A7 AR B T 1 2l AS R R T SR IR 09 B XG5 48 H3K4me3 Fil H3K 9ac 55 3L 1%
PEFE S A I DL IR 2 7 5 TR 8 S H3K4me2 F H3K4me3 % 5 A8 M , 478 55 1 52 i 7 56 B DY 7 s A0 G 75
1L T 4 (9 HaF T-9 8 5 58 2 1 5h 0w 1 5C 5 R 1 Wl R A 25 5, DT 48 e 1 U 1 572 b A O 6 D) e 4 il A G
5 DR K 200 L 080 T A G R TR A 3R 3R KO, DA 4T A

UAE ) 32 A0 AR A A0 I AR 2 3 R R P A A A S N A 3 N L R 18 X 38 G b i UL
FR G5 2 HE ) IO 3 b I 3 0 EE AL 0 R0 T B R 9 ROS B SRORI I SR = i B, 5 S A
A P T S A I T R 4 R R 0 T ROS AR, DA T 2 = A A K00 T 2 3 i B 07 Liu %™ 058 & KA (Oryza
sativa) 14-3-3 8 A FK 5 OsGF 14c 13 32 15 0] DL 85 7K R 40 v 10 i 52478 5 Lukaszewicz 55 i 5% 6 W 14-3-3 8 (A A9 12
FIE PR (Solanum tuberosum) P25 B HTEALBE TGN s A WFRE K AER T W8 N, HaF T-9 1+ K3k BE
i ol 5 5 R 400 7 I ) B B A T TG P I AR A S R i DR R EOR ERRTE R R KO, H HaFT-9 1 33k bk
FM MDA & B IR T WT (K 6A,B), Ut HaF T-9 33 38 15 g 9 > % 35 40U I 14 RS 52 40 1 B3, % 44 I 65 0
FEL B4 LE 8 D RE , A 40 AR S s 8 i DAB FINBT G 8 25 Sk — 200k W], HaF T-9 3 3R IKFEAR T Hl s ST AE IR G T 7
38 R 0 HLO, R O* & & MR (L S) A A T3 B 16 Pk 40, BRI 20 T 52 0 Ak 25 ke i S fe 4 o D0
HaFT-9 it 3% 35 G 3l 1 4 15 5t S AL B R 90 FB & 9 0 4 T LA 4R s A b 52 o o 78 DR HD 41 40 3T Y
HaFT-9 1t 3k bk ZAUMG ST 4h Wit s R & B s T WT, Ui HaF T-9 1F [n] 98 2 i 2 2 19 45 B, T Wang 55 W98 &
P GRF 8 45 -2 K (04 i, BREL W BIF 9 & B HaF T-9 5 HAE 055 I o (0 [R] 26 1 GRE S Wi R Ak 7 25 B0 A fr
BA U 2E R HEE R HaF T-9 5 GRFSBE R b A7 SR AL 8 1 25 R S8 H 54 A0 E A BAENE Y
BLHIIE A TE A AR ] o Jolp 3 AH G 3k B 0 265k 00 M 0T BR RN 2R & U RIAAAE B VI E R o BN, Liu 5V 0F 58 &
W W5 b BE B0 AT 5 ( Craterostigma plantaginewm ) TE 28 528 T 5038 5, 4 AR 3R M 09 1Bk 38 A0 OG5 R ROS 3& 42 41 ¢
BE IR A 3R 3K 2 3G, [R) B BE B SOD IR M R &R R RE RE S B A0 390, DL HLO, B & RN L R BT 2
(electrolyte leakage , EL) Bk 2> o ASHIF 5% L & 30470 480 £ 1l I DR 3% 35 7K 7 15 L 0 14 104 A2 Ak A 3, R B HaF T-
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