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[ ) 2R ST R HEAR, T8RS TEnE, ™ EH L85 kROl A 7= R
2o PR FEAE MR H0 5 VR AL DR £ 22 4 BAT EE 2053 3. SRFT R F I (Methyl jasmonate,
MeJA) SRR N BB F BRGS0 T, B BETEA RS, Riz<7LEsh &k S
M 7 5 R A S i 45 S S )T & R RS . il F AR MeJA RES 2 5N . FOKSEAEII)
PrREME. NBEFE (xTriticale Wittmack) , JEH/NE S REEZE RN TE R AEY, BRAHE
RPN M E ST 5. BT, 5T MeJA 7/ 32 5 i min 57 o (R 2 AL AT B = R 4
9T .

[ 5922 Y ASHE 78 LA A5 A/ B 32 SR /N SR 32 3 5 odRL, SR ZE 187K (0 pmol/L MeJA) 0.2
pmol/L. 0.4 pmol/L MeJA &Ff 16 h J&, 7r BIFEIEH %4+ (CK) Hl 5% PEG-6000 (DS) TR Z 5
4d. TR, SAEREFR. REHR. EKIER. RAMEKXSE. PUEeiEErE. W@, M
X B SRR FR . %) CK-0 pmoL/L MeJA. DS-0 pmoL/L MeJA. DS-0.2 pmoL/L MeJA 4bF (/)N B 3
Y HTHEAT R S AN AR ) AR 2 25 0BT, 456 e s L AN AR BE ) AR 4R F AN MeJ A 4% T 2 A
TR o F RN

[45HR] (1) MeJA BF R /N B &L A K5 AR T R

DS AbFE 2N TN R R L A, (HEE 0.2 pmoL/L MeJA 2R /N B Fh 71
DS TR RFFEAEMARIN AT ERE T 14.08%. 13.75%, #ftke. TH. HEES
IKEDHEZEIRE T 31.57% 16.77%. 4.22%. {E DS 4H R, 0.2 pmoL/L MeJA & Fh 5 /N A3 4
AL YELEE (SOD) . A IEE (POD) . iFEAERE (CAT) 5P/ BB KR Fh4h
B B S T 10.16%. 20.47% 30.12%, N (MDA) &, X535 2 2 K
T 24.06%- 25.47%.
(2) MeJA BT I R /NS 25 20 2 1) oy b
7t DS VS CK H3Lau il th 9775 N2 R Rk 5 (Hh BiR 2 R RARER 5389 4>, TRZERRK
ILHER 4386 ), 7E DS-MeJA VS DS Hr3tAG Il i 8080 72 RIAFE Al (Hirp i 22 R R IA FE K]
3671 4, FRZERFIEILR 4400 ) 5 7F DS-MeJA VS CK LRI H 2112 N ZERFRIEFRF (H
H BIRZE R RISIER 1375 4, NRZERREER 7374 ; KEGG 453 /R 7E DS VS CK Xt 2H
TR 2 DEGs I 243 i /£ MAPK 553l %, DS-MeJA VS DS %t b 41 {38 2 DEGs 3= B 43 A 78
PRI S b 57 A2 3848, DS-MeJA VS CK Xf b4 iR 211 DEGs X B AEMMEEE S5 S. GO
SIHT R MeJA T REIE I /N BT A AR A . AR BEEMEREE AR, DAR /D
TR A
(3) MelJA EF0F 5l T /N BA S AR 2 (1 43 4
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Abstract

[ Objective] Global climate warming has led to frequent drought events and aggravated soil water
deficits, severely constraining global agricultural production and food security. Therefore, investigating the
drought resistance regulatory mechanisms in crops is of critical importance for ensuring food security.
Methyl jasmonate (MeJA), a key jasmonate signaling molecule in plants, participates in drought adaptation
by activating antioxidant defense systems, regulating stomatal movement, and inducing stress-responsive
gene expression. Exogenous application of MeJA has been shown to significantly enhance drought
tolerance in crops such as wheat and maize. Triticale (xTriticale Wittmack), a novel crop artificially
synthesized through interspecific hybridization between wheat and rye, holds significant value and
potential as a dual-purpose grain and forage crop. However, the regulatory mechanisms of MeJA in triticale
under drought stress remain poorly characterized.

[ Methods 1  This study utilized hexaploid triticale cultivar "Xinxiaoheimai 3" as experimental
material. Seeds were soaked in distilled water (0 pmol/L MeJA), 0.2 pmol/L MelJA, or 0.4 pmol/L MeJA
for 16 h, followed by germination under normal conditions (CK) or drought stress (5% PEG-6000, DS).
Germination rate, germination vigor, growth parameters, root traits, antioxidant enzyme activities,
malondialdehyde (MDA) content, and relative electrolyte leakage were measured at 4 and 7 days
post-treatment. Transcriptomic and untargeted metabolomic analyses were performed on seedlings
subjected to CK-0 pmol/L MeJA, DS-0 umol/L MeJA, and DS-0.2 pmol/L MeJA treatments to elucidate
the physiological and molecular mechanisms underlying MeJA-mediated drought tolerance.

[ Results] (1) Effects of seed soaking with MeJA on growth and physiology of triticale seedlings
under drought stress

DS significantly inhibited seed germination and seedling growth in triticale. However, pretreatment
with 0.2 pmol/L MeJA under DS significantly increased germination vigor (14.08%), germination rate
(13.75%), plant height (31.57%), dry weight (16.77%), and water content (4.22%) compared to the
water-soaked control. Under DS, seedlings treated with 0.2 pumol/L MeJA exhibited significantly enhanced
activities of superoxide dismutase (SOD, 10.16%), peroxidase (POD, 20.47%), and catalase (CAT, 30.12%),
along with reduced MDA content (24.06%) and relative electrolyte leakage (25.47%), indicating alleviated
oxidative damage.

(2) Transcriptomic analysis of triticale by seed soaking with MeJA under drought stress

A total of 9,775 differentially expressed genes (DEGs) were identified in the DS vs CK comparison
(5,389 upregulated, 4,386 downregulated). The DS-MeJA VS DS comparison revealed 8,080 DEGs (3,671



upregulated, 4,409 downregulated), while DS-MeJA VS CK showed 2,112 DEGs (1,375 upregulated, 737
downregulated). KEGG pathway analysis indicated that DEGs in DS vs CK were predominantly enriched
in MAPK signaling pathways. In DS-MeJA VS DS, DEGs were mainly associated with
glycolysis/gluconeogenesis pathways, while those in DS-MeJA VS CK were enriched in plant hormone
signal transduction. GO analysis suggested that MeJA enhances drought tolerance by regulating
biosynthesis, metabolism, enzyme activity, and transport functions in triticale leaves.

(3) Metabonomics analysis of triticale by seed soaking with MeJA under drought stress

Untargeted metabolomics detected 47, 15, and 55 differentially accumulated metabolites (DAMs) in
the DS vs CK, DS-MeJA VS DS, and DS-MeJA VS CK comparisons, respectively. A total of 20, 5, and 20
significantly enriched metabolic pathways were identified in these three comparisons. Notably, lipoic acid
metabolism was prominently enriched in DS vs CK and DS-MeJA VS CK, while sulfur metabolism was
significantly enriched in DS-MeJA VS DS. These pathways are likely critical for triticale’s response to
drought stress.

(4) Combined transcriptome and untargeted metabolomics analysis of triticale by seed soaking with
MelJA under drought stress

In the DS-MeJA vs DS group, four KEGG pathways were co-enriched by both differentially expressed
genes and metabolites: flavonoid biosynthesis, fatty acid biosynthesis, biosynthesis of unsaturated fatty
acids, and sulfur metabolism. Comparative analysis showed 33 co-enriched pathways in DS vs CK,
including galactose metabolism, as well as ascorbate and aldarate metabolism, while DS-MeJA vs CK
exhibited 40 co-enriched pathways, primarily involving the pentose phosphate pathway and
fructose/mannose metabolism. Targeted investigation of the flavonoid biosynthesis pathway demonstrated
that the significant accumulation of kaempferol was likely mediated by the upregulated expression of
TRITD 4B1G193680 (FLS), a key flavonol synthase gene.

[ Conclusion] This study elucidates the regulatory mechanisms of exogenous MeJA seed soaking on
the growth and drought resistance of triticale under drought stress through integrated multi-omics analysis.
Physiological experiments demonstrated that pretreatment with 0.2 pmol/L MeJA significantly enhanced
seed germination and seedling growth by boosting antioxidant enzyme activities and reducing
malondialdehyde (MDA) accumulation, thereby effectively alleviating oxidative damage caused by drought.
Transcriptomic analysis revealed that MeJA activated the expression of transcription factor families such as
MYB and NAC, modulated plant hormone signaling pathways (jasmonate, abscisic acid, and auxin), and
regulated glycolysis/gluconeogenesis pathways. These processes promoted the expression of
drought-responsive genes and improved water retention and osmotic adjustment capacities. Metabolomic
profiling further uncovered that MeJA induced significant accumulation of organic acids, flavonoids, sugars,

and amino acids under drought stress, while coordinating sulfur metabolism and fatty acid metabolism
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pathways to synergistically mitigate cellular damage. By dual regulation of gene expression and metabolite
synthesis, MeJA optimized fatty acid biosynthesis, flavonoid-derived antioxidant production, and energy
supply networks, establishing a multi-layered drought defense system. These findings provide novel
insights into the molecular mechanisms of drought tolerance in triticale and offer a theoretical foundation
and practical strategies for enhancing crop drought resistance through MeJA seed priming technology.

Key words: Triticale; Drought stress; Methyl jasmonate; Transcriptome; Metabolome
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Abbreviation Full name in english Meaning in chinese
ABA Abscisic Acid JIit 7 12
CAT Catalase i A S
DEGs Differentially Expressed Genes 7 R IE

GO Gene Ontology FERIAAE D

JA Jasmonate Acid TRFTIR
KEGG Kyoto Encyclopedia of Genes and Genomes TUERIE R 5 3L R 2 R A
LC-MS Liquid Chromatograph Mass Spectrometer TAH - o B FH AX

MDA Malondialdehyde [

MelA Methyl Jasmonate SR FI R H e
PCA Principal Component Analysis FH o b
PEG Polyethylene Glycol RO
POD Peroxidase A

gqRT-PCR Quantitative Real-time PCR SEIF Ot € & PCR
RNA-seq RNA-sequencing RNA /7
ROS Reactive Oxygen Species TG A
SOD Superoxide Dismutase B A A AL
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%18 XLk BAFRFMLTFMIR

1.1 515

b 4 BR AR AR AL AR 2 AR HRBUR AN TG I, i RAF AR, JTHEZTRE
RAAZA R BN (EF, 2013) . TRORNEERE A ik FEZRHEEY
ez —, FEEEmE TEYIEEAKKE, BIKTEw™E. TRE SR/ E
PR REIEE] T 9-12%, JLHEET FEHETRHIX, T 25220t R H
(Leng et al., 2019) .

K #] IR g (Methyl Jasmonate, MeJA) & —FhEEWHEMME, B TRFAR
(Jasmonic Acid, JA) KWEY), TTZAETHEDAN, HEEDELK. KE
S e N v A AR AR . MeJA AMUBERE T I A B AR, e EM T K
(Sybilska et al., 2023) , EREWIR SHEYIX ALY A RS2, 2. . KR
258 (Muzaffar et al., 2024)

NRZ (XTriticale Wittmack) 28 /N2 )& (Triticum) 5HEZE G (Secale) )]
M HRALHE B R IR 2 AR (85, 20200 , BB RE FROE N E R
BiiG Ntk NEREAE A EERRASRAEY, AR REN, e+
Sl X S B AR A (B BEE, 2023) o AR, REETRMMEFREERINEL, /N
WEMAEK KB M= 20 E A . Kk, B/ B2 e T2 0hE T A2 A
AU R, RESEE/DBETIRERNTTE, T IREAR S e T Fra kR A=
B o

AR BRI B AR S ZH 0, RGENT MeJA 15/ Fa 22 i B+ 5
Jolp AL P A B S ATL ) B L O B U s T A o 2, il e s AT AL R, AT 4y
BT MeJA 2 AL B (1) /I JR 22 A5 BB E T 1 2 R R AR 0 AR A B, 4878 MeJA i
/N B DU B3 TR SRS . BFFEES B /N TR 22 SN2 LR B A 2
WAKHE, 9 MeJA FEAY A ™ H ) B B2 413 (0 JELBR A0 7 7

1.2 FEPBIEME KFEIERIF/ M
TEPEZ TS ans, il — REEEMAEBAR RN K> 58, PLAERE A

KKH . MR REDSINFAGAE M EERE, DK 7K, YR 26/
R T AR B 4 s i, TR Z& IS/ A (Kuromori etal., 2021) o [RIRT I fr R (22748

1



B15E Hkek BAFAEREHMRY
IR S RS U2 (Luo et al., 2022) , X B AED 28 25K, (H Rt 5155 T
M RGEERRE 71, FEOGRERIH A T .

MWAFZRTERE, TR aad 2RAMBIR N EE . T2 g S8t S5
SEEEL, COW U2 (Yangetal, 2023) , YoRMNEFEF ARG I (PSID KIHT
13555 5 2 B B4%, ATP Al NADPH & BCE I8 /D B 422 PR ) JR SCHR PR B [R) AL 3%
% (Zhang etal., 2022) . KT R Wbt SRS ik, RIAHREGSET
B, RIAE N ERLEITIE (ERFZ, 2024) , XA ORI LA SR T
AR IR .

TR WpE 5 RS E A TR S A . UM HEUK AR B RRT, 48
M r v PERE . RIE RS VA IR 5 FHm (Takashi et al., 2021) , X FhiBiE KMl e
THBEHEE I AR IR R R L . BEAh, K TS FER BN, 1515
(ROS) UHEHAMNEF (0*) FidFEHE (H202) TEMZRAR Zeki kit mEA 2 (Mittler
etal, 2022) , &R AN B EFEBILL KL DNA $ifh. XSS i MU E
P G2 B ThRE, il 5 5 RSO RSN A KR -

1.3 1843 S iid ane R AL H)

1.3.1 #EYIREIRIENH

DIRLXS TR 5 S IR AE B 2L, AR YEEA 2 R 3 AL,
BRI BT BIE R RGAPUADI R4S, DGR A0 ARSI ORBE S AR A Ay
G

13,11 KRS REHHEBE

TR 73 WAL B A I SRR . £ FMba v, M2 E IR 28 EH
I PR B e S AL, SR I AW AR AR 0 2 B A R AR R g, R R ) B R R
WK 53, AR ZR IR L )R A A A A e 008 ) SE IR S0k a0, ks 3 7K 70 AN J& iy SR 1) 47 T
M (Ranjan et al., 2022) . SUGFIES, MR RG2S 00 E RSB EY), &
AR R XTI e T2 IR (Zhang et al., 2022) o S ALEAEY SR A e 1) & BETE,
ASALTT P A A e 7K 53 1R 5T ) ) — B L] (Agurla et al., 2018) o fEJGEEHIAN
ABERTEEREIEN . £ 5%, Y oLk Ko 288 2R
(Bharath et al., 2021) , #BUEYI R K501



818 YHksk BAFRFMLFALT
1.3.1.2 BERIPYIRINE RS IEERE

FEYDEN & R E T FOR RTINS E S, B DR 35 40 i N 17K 23
(Katal., 2024) o ZIE R TPDJ5 5 BEAE ) R T 5 18 1 F 2 AR TR TR LR . Oy
TORFFAR MK S, WY E AR RIENTIRIS . T2 IR AN Al MR S8 1E R 1 Y i
XL RS AT RO AN B Sy, BRI K B XS (Jiang et al., 2024) o fifi
R — M WHREE AT, AR T 2600 MKy, i A
PUEACIER, WL MR T TR s RS AR (B, 2024) o Bbhh, HAd
BT, el R A R e R IR A, AR T RN TR AR
RV TR E 6 38 0 B A R AV 38 TR R A B4 R Ar 7K o, ol g ik /> 4 L P9 ) 7K
PR SRIG SR R A T 2 (FRRREE, 2024) .

REEPRAAEY)PUT PRI R A 0, FROE TR s
P LK SCE DK o IR BUR SR = i B A HE 7 (Lietal., 2024) o B, @EMRIEN
AR A AR, ZH5EARNEGRMER, £TFEEE R TAhT4E
FRA AR B 2 . R, RS R IR NS 2R . I IRSs, REW T IEIR RiZiE
VAT, T REARAN B A K S 7K i k. EAh, R IR REVS (R HEAE YD & it
AACYIB, T RS R AN, R EED PR, SRS (ROS)
XTI

1.3.1.3 SN HBERBFERFR

YEYE 2T R hant, EHE (ROS) #iFESFREMERE, N1 NXF ROS AR,
YR | BHE-AEBEE P R PT 8 L RS0 (Binodh et al., 2022) . 7EER(E)ETH, HENY
Bl (SOD)  E AR (CAT) MFTIA MBI FA B (APX) BRIk [ N B
¥ Ot HaOn H 83— PR 5N HoO (Mittler et al., 2022) o AREFAE B 48 ) 44 461 25 b
HEE (GSH) . KB4 2 &N TP, el 178 EEE R
ROS, RN E A0 IR R B . Hh TR 535155 1 i sl 2R A1)
GBI RIS, FRE T BAPUANTE R R R A B R (Ahmed
et al., 2021) -

1.3.2 5551
FETET S Tl 4 1S 55 SR A R R A B0 B, B £ FL & A R BR

i, Bi7alE (ABA) . F#IHE (JA) . O (ET) MR REMRE(E 50 TE a4
FIVE G o8 (RS, 2024) . B X E(E S RARNEE, MY ET 2540



