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PEMEFIIR 2R (AR R, 3205 TAEAR &K i Met i £ i 18 UL A AL BF(SOD) | it A Ak Wy i (POD) Al ik 48 k. Ui (CAT)
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Exogenous melatonin enhances heat tolerance of maize at the seedling stage by
coordinating light and dark reactions

Li Xin-Hao', Xing Meng-Ke', Zhou Zi-Hui', Li Si-Ye?, Ren Hao’, Wang Hong—Zhangz, and Lai Hua—Jiangz’*

" College of Future Technology, Shandong Agricultural University, Tai’an 271018, Shandong, China; > College of Agronomy, Shandong Agricultural
University, Tai’an 271018, Shandong, China

Abstract: In recent years, frequent extreme high-temperature events have severely limited maize production in China. Exogenous
melatonin (Met) has been shown to enhance crop stress tolerance by improving antioxidant capacity; however, its role in regula-
ting carbon assimilation and primary photochemical efficiency in maize leaves under heat stress remains poorly understood. In
this study, the heat-sensitive maize cultivar Xianyu 335 (XY) and heat-tolerant cultivar Denghai 605 (DH) were used to investi-
gate the effects of exogenous Met on photosynthetic responses and chlorophyll fluorescence kinetic curves under heat stress con-
ditions (38°C/28°C) at the six-leaf stage. Compared with water treatment, exogenous Met significantly promoted the accumulation
of soluble sugars and proline in maize leaves under heat stress, enhanced plant water content, and increased the activities of su-
peroxide dismutase (SOD), peroxidase (POD), and catalase (CAT), thereby reducing oxidative damage and lowering malondial-
dehyde (MDA) levels. These improvements alleviated the rise in relative fluorescence at the K phase (300 ps) and L phase (200
us), mitigated heat-induced damage to the oxygen-evolving complex, relieved electron transport blockages, and increased the
number of PSII reaction centers per unit area. Under Met treatment, the maximum photochemical efficiency (¢p,) increased by
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29.1% in XY and 17.2% in DH. Furthermore, Met enhanced the activities of ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco) and phosphoenolpyruvate carboxylase (PEPC), especially in the heat-sensitive XY. Photosynthetic response analysis

showed that under Met treatment, the maximum net photosynthetic rate (Ppy,y) increased by 38.6% in XY and 30.8% in DH,
while photosynthetic capacity (P.) increased by 30.2% and 19.2%, respectively. In addition, Met reduced the photorespiration rate
(R,) and increased the light saturation point (), CO, saturation point (Cis), and maximum carboxylation efficiency (Vemax)-
Overall, these findings indicate that exogenous Met enhances osmotic adjustment and antioxidant defense in maize leaves, syner-

gistically improves both light and dark reactions of photosynthesis, and effectively mitigates heat stress-induced damage to net

photosynthesis (P,) and early-stage plant growth.

Keywords: maize; heat stress; melatonin; chlorophyll a fluorescence kinetics; light response curve; CO, response curve

FARAE R IR E S — KA, &m0k
AT R 21 S e 3 R 2 4 LA S 0 2
BIVER . BEMEV oK X2 IR B H 200 oK 7
Fof it i R oy R R AR R ALY 30% P gk,
AR R A BRI R R BOE W X 7—8 H i
P P S E R R R, R TE A B K ) S A B,
o T A R E R R L B Y, O, R
% fit P 30 T BCE ORI ) AR B e A R B TR ]
KA 7= i AR

R TR REY, (HREYSIRET 38°ChY,
Tk R g6 3% % (net photosynthetic rate, P,)BH
Az B, IEBEAS OGS 7 W ) MERE ) % 4 R B)
BT T A4 0130 308 R 31 2 W S A P AR
2% 2 7% & (soil and plant analyzer development,
SPAD), ‘FEU5 W4 B B ATRL E (14 R RS, AL
TR ROGA BT R B R 32 AL AL BR A
FEASFLIRG] 2 A7t K] i a2 5 5o
R R R T B, AL 3G K, MimEl CO, B
(intercellular CO, concentration, C;)Js/b> A Kz 4 Jid fis
T RBOLRFINEG, COME 32 A, #Em FBOE
e N S o = Y S TERA X S 2 SN |
PR, JoG B RREMR, SCRSE 1 (PSI)EREF %
AR, AL 32 B, FEAOBE1ER . s, &
KT 101 A 0 2 R b e, R A A
B3, B4V % (malondialdehyde, MDA)FL 2, [F]if
NIRRT, BN -1,5- B R 1k i/
48 i (Rubisco) AF B IR 4 il v 1), S8 E K 4h
MEBAR., IMERET . MRl

FB A (N- L -5-F L A, melatonin, Met)
HHIREN R = —Fp HAEAE T NS b (55 P ik,
JE RAE B Z AR TR R AMIE Met EEA:
Yy e XA A K B R A 5 i U T L
1175 W38 T B AR ARl PR A AR BT AR A o Y AR
2 BR 40 i Y 1 P 48 (reactive oxygen species,
ROS), ¥ 2% 40 Jfg ) B ot A fe e 21T B g WA,

Met 7] DL 3548 & i 50 4 i 0T Bk, 3 hn L 7E
AT R EEER | MR SRR SR AIEMEE AR
T fbUEA e 1, RIET EE FadAWPM ., FaCYTC-2 .,
FaHSFA3 . FaHSP18.2 Fl FaCML38 53136 52 1 AH
FIEH A F AN, Met AbFE AT DL 2 BB 0 R
TR R ARG, #5 P, Ry EFEA
e e I RER B AR, R X PNE R Met
X EKI ROEATERERZ W) T iR AN AT, WA
FEHWME T Met $2 = FOKRM BB A ik R RE 1AL
gy, DL Met &5 2s 520 FOK M RG24
TPk N T R LR, ARAIF 5T R AN 5] i 4 75
M EAK SR, G55 MRV T GG Ny
FEFNI AR BRI, BRI AN Met X B K #UbE T
R A 5 IR AR BE 7 AEA 6 Ak 27 36 M T B G 2% fi
BL, S B R OK BT = 7 e RIORR 355 R 9 B A 4 it
ISR

1 MRl5A%

1.1 Rt

AR T 2024—2025 FAE LA A K24 # ik
TR IX 38 T KB AR A8 0 (36°10'N, 117°09'E) 1T,
TR0 b e T2 W O VR R B R U L iR
FRARARRE 7=, FIAEEE T R B4 0~20 em +
JZ 0 SR YRR 2 0 1 A LA e AR A T, B
A 20 em, B AR 25 em RY¥ERHE A o i R
SAHE, AR HAEEZ 0~20 em R FE
SR NANLR 112 gkg ', 2% 1.1 g kg Hlf#
A 60.4 mg kg ', LM 41.0 mg kg ' FEHELA 75.6
mg kg'. B 5 g EHIN P05 K0 =
25:12:5),

2024 AF ik I PRCBLER AR E K S R S £ 335
(Xianyu 335, XY)RMiXEA KL, 78 2025 4F K54
TR Met X AN [a] TR B 5t 38 PP, B84 it #4780
KA 605 (Denghai 605, DH)HEATIRE . 5 F
T, PRI — B0 FoRFT, FIBAIKIRH 30 min,
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T 0.5% NaClO V7% 10 min, B 847K 20k
Ve 2024 4EF 8 H 10 H&Fh, 2025 4T 4 J 16 H
& Rh o BN SRR 70 %5, RIS SIAERD 3 KA
REHIG 10 d M ERE 1 M. fEAERAERKBIRE, %
I SR TS Y HEE, JEMOINAAGET— KT E R
AEBREZE R, BER 18:00 3 AEHEWE 300 mL DAZEHRE B
B R, KR ALK T, fdE 2 A
B, R P AR WE i K (HT-W) Al BT i Met
(HT-Met), A ER 30 7. U4 MK E 6 1t
19, W T TR A0 A B ) B AR RS & B R
JEMEAEGHEARIERE 0.1 mm, BEYEFR 90%LL ) FIsN4e
SRV A T R TR R IR PO AT A, 45 L A
TREE 10 BRASHEAT AL B T 0 2 R 98 6 ) 1 2%
SHLINAE o KHE BEE VS B K X 10 AR A2 B0k
T, K A Ak B IR R U R (08:00—18:00) /
K (18:00—K H 08:00)°F-FiE A 38°C/28°C. ik
AP LR AT 5 d, TEALPEEE T PRI R A AN 2,
i EoRAREAE ARG FAERK 2GR, miRAb
W], {4 ] GSP-6 & (Elitech, H[E)iR A 1145/ 30 min
H e AR | W, AL /N T (TM-65E)
MEm R . TR 1| KME 3 KL
08:00 Mt jifi Met AV 7K o A HE T ABFFE 455212, 4%
Met F i JH e BE 15 5 o 20 mg L' (86 pumol L),
O 10 mL KR, M5 Wit A A R 2 1 AT I
B VAL A 0.002% 4 1 R -80.,

1.2 mBENE

1.2.1 ERMAARKIL  7EEIRNA LRSI
AR FOKG T b b AR 2 e, 2SS AR R T HEAE
1 105°CA 30 min J5, 8O°CHE T HE, Mk Hb |-
T EAR R SRR, BT RN, A TR
25, BRI RRA N 1 Al A AT i, 2024 45
2 Rb TR AN 6 YR, 2025 4RI 5 UK,

122 #xreb2E &A% (SPAD 14) 2025 4EiRI:
HORhFE T X SPAD BN L 7 e il A0 S5 TR, i
Fl SPAD-502 T4 it F A a2 F ORI 5 —
FRFF B e SPAD {H. %2 if T F2 0k, 4%
b3 A E 20 Bk

1.23 AR #HAHK TEIMAALHE S 5 K B
10:00, ffif Li-6800 fH #5141 (Li-Cor, Lincoln,
I I B2 EHCE 2 RS 2 RIFM P G R
fL 5 J& (stomatal conductance, G) Fl Z& & # X
(transpiration rate, T}). M5E 2514 ~: W& LED JGH,
PAR; 4 1600 pumol m 2 s™', CO, #¢E 4 360 pmol mol ',

AN PEHITE 500 pmol s AL BRI 6 Bk,
PIHEAT RIS Gt pr .

1.2.4  kRa-krd i 4 7£ 400 umol mol ™' CO,
WRE T I E A -ma g it 2 o DG A R SRR R
A 1800, 1500, 1200, 900, 600, 300, 200, 150,
100, 50 A1 0 pmol m s, 45 AbFRIM & 3 .,

K HDE A THE A (https:/photosynthetic.sinaapp.
com/index.html) 7 Y B A XU 2848 1F 4 120 45
R A ES S

Py=a ((1-C) / (1+yCy)) [I-Rq (1)
A, 1R R Tl R B (umol m* s 7Y, o FonOlt
a2 e 1 = 0 BFAYREER, RISRRI4G 1) & 13508
(pmol pmol™); B F /R AN HI I R £ y R eI s
ZH, Ry (dark respiration rate) A i F I 33 >R (umol
m s ). B RMAITE(<200 pmol m s FHY
S, FRIOG R i 26 030 46 A, Bk 20 &
T34 (apparent quantum efficiency, AQY). E £k 5 #&
5 x #in93e SRR EH RS (light saturation point,
L), HHZ y = Pomax SRR B x HHEUE DG
£ 15 (light compensation point, 7.) #*,

125 A£&-COyamws  TEAER 1600 pmol
m” s~ A A U S AR R T 6 A -CO, M 2
M E . CO, BEEEBE A 20, 50, 100, 200, 300, 400,
600 800, 1000 1 1200 pmol mol ™', - &b I & 3 #k.

KOG E B A A 1y < DU G -CO, M iz
HLEEE A DI 4 -CO, i i 2K

P,=a((1-bCy) / (1+cCy)) /Ci—R, 2)
X, Py EOEEHER, COIEE COHIE, a & CO,
i 17 {2k B 0T R R AL AR, b Bl ¢ R REL, R, (photo-
respiration rate) A OGIFIL S . T J5 2253 B A AR A
SRR R, CO, M FI1 51 (CO, saturation point, Cig)
CO, #MZ:5.(CO, compensation point, 1), Y:&HE
GA B AT CiiF Y P, photosynthetic capacity, P.) il f;
K AL 2 (maximum carboxylation rate, Vemay)o
1.2.6 *t4%#F aXABS TE 2025 4, AWHRFT M
Jiti Met X B0 T K IR D6 Ak 2 P Y 5
HAM T X} 2 25 52 ) 8l 12 (chlorophyll a fluores-
cence kinetics curve, OJIP)HIZE AR .~ T8 F it
BARRSEL, WE T 10 2 8RBT A K IFmEiE T
KRR, DU TE 5 2540 /9 OJIP i 2. #uph
BE 5 KA 10:00, FIH 2 D REAL YR 3BT
(M-PEA, Hansatech Instruments Ltd., & E) 2 45 4b
MG — Rt R RIF MR o 2OLBES . B
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AEPE A ME 10 Bk, 7R Z AT, A SRR 3000 umol m? s ELELLGIK A S M A, IR
FRAE 5 M-PEA VCECAYM -2 F3E4T 30 min AURS 10 ps & 2 s LR RTOGES . TTP-test S HAh S %%
TN, 0 XA T e, EEE R SRR AR A LR 1 B

F 1 WHBEZ OJIP HiZkHY JIP-test #H XN IFHIRAFIITHE AR

Table 1 Formulae and explanation of terms used in the JIP-test for analyzing chlorophyll fluorescence OJIP transients

SHATH AKX SHUL
Parameter and formulae Parameter illustration
V, = (F~F)/(Fu—F,) O FHZE P A Z IR AHRS AT AR 920G o F, R kfoGis S ¢ i 200600 Fo iR/ NI

A PSIT M HUC (ROTFILET, = 0 BF Z); Fo NI KEESEFTA PSIL SR H 0 G I )
Vi Ml V43 IR AE T AH(2 ms) A T AH(30 ms) B AH X AT A8 %6
Relative variable fluorescence between phase O and phase P. F,, fluorescence at time ¢ after
onset of actinic illumination; F,, minimal fluorescence, when all PSII reaction centers (RC)
are open (at ¢ = 0); Fy,, maximal fluorescence, when all PSII RCs are closed. Vj and V; rep-
resent the relatively variable fluorescence in the J phase (2 ms) and I phase (30 ms), respec-
tively

= (FFo)/(Fi—Fy) O MHF] J A Z BB AHXS R A8 525 . Fj 2 2 ms B 9530 BE
Relative variable fluorescence between phase O and phase J. Fj, fluorescence at 2 ms after
onset of actinic illumination

Loana = (F~Fo)/(F\—F,) O FHA K AHZ [A] (AT AT A8 55 o Fi 2 300 ps I 192 G0 B2

Relative variable fluorescence between phase O and phase K. Fy, fluorescence at 300 ps

after onset of actinic illumination

Plips = (9ro/(1=9ro)) (ol (1-y0)) FET G RE A R Al ) 1 RE 5 4L
(1-4BS/RC) Performance index on absorption basis
Pro = TR/ABS = [1- (Fo/F)] RG24 B f R T (T ¢ = 0 1)
Maximum quantum yield of primary photochemistry (at # = 0)
¥, = ET/TR, = 1-V] W TR E Qo 2RI AL BE MR (TE 1= 0 1Y)
Probability that a trapped exciton moves an electron into the electron transport chain beyond
Qi (att=0)
@80 = ET/ABS = (1-Fy/Fy) vo FHF L AL 38 1 1T =8 (7E ¢ = 0 i)
Quantum yield for electron transport (at ¢ = 0)
@ro = RE,JABS = TR/ABS (1-V}) JEFRGE 1 (PST)A Ui FL 32 VR J Y 7 7=
The quantum yield of reduction of end electron acceptors of PSI
ABS/RC = M, (1/V;) (1/pp,) BTN O IR RE . M, OJIP 28 %15 St 4k W) th 3L
Absorption flux per RC. M,, the initial slope of the OJIP fluorescence induction curve
TR/RC = M, (1/V}) AL N O R A T8 5 Qa I REHE(FE ¢ = 0 1)
Energy trapped per RC for Qa reduction (at ¢ = 0)
ET/RC =M, (1/V}) y, BT LA AR 1 T L A 8 1K R e (T8 = 0 1)
Energy trapped per RC for electron transport (at ¢ = 0)
DI/RC = ABS/RC-TR,/RC BN N U FE R B RE B (T £ = 0 )
Energy dissipated per RC (at # = 0)
REJ/RC = gro (ETJ/RC) RC JyAEAh (¥ v 7% 3 B PSI Z (R MR 5 v 7 Z AR 1 ik (75 £ = 0 1)

RC-based energy for electron transport to the terminal electron acceptors at the PSI acceptor
side (at £ = 0)
RC/CS, = gpo (Vi/Mo) (ABS/CS,) LR AP SRR A RN IR 6

Density of active reaction centers

1.2.7 HAANEE R A7 — B (MDA) S & IS FRE 0.5 g R URAEML, A 5 mL Bl iy B ig £k
WALBREE SR, BYEL O KRG MR 1 MEYEERE) L Zh (PBS, pH 7.8) 4 E 5 10,000xg &5 .0
K Jm— A g e RIT b AL, B MK, W 20 min, IR T E DU EALERE P K MDA &
RBURFMT, HEKEBGE 0 M iE 5 -80 CIR A7, H i A A ) ;AL i (superoxide dismutase, SOD)
THAILEEIG T . MDA & . BB YR TR E S MR Giannopolitis Fll Ries 7 ik .

R S T P R 0 5 o HU 20 uL AW, SNA 3 mL SOD JZ % ik (pH 7.8,
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PBS : Met : NBT : EDTA-Na, : FD : H,0=15:3 :
3:3:3:25), RS E XA A (1AL (A NG,
PLZE P A0 R, 25 1 TR AL, X IR 55 B A BT
80 pmol m > s 514 FIEIR 30 min 5 HEGCIRAE, LA
23 LI, 7F 560 nm K R E %R

it S Ak Wl (peroxidase, POD){E 7% FH A1 8 A
ki, POD B A 50 mL pH 6.0 ) PBS
B 20 pL S AIARE A1 19 pL 30%1 H,O0, B il . 20
uL BRI 3 mL W R, 7E 470 nm KT EEE
B33 BE 1 728 AR DA R AR S 1R/

AL Al (catalase, CAT)TEVERINE S % Acbi P
R, B 50 pL BEREANA 2.5 mL CAT WK
(0.1mol L' H,0,:pH 7.0 BfRZE vhifi= 1:4), LI
240 nm P N RO AR I FR BT TR N,

MDA & e 2 2% X AR PO R 1y
o BU 1 mL B, 0 0.6%BA I HE Z2(0.6 g TBA
20 mL 1 mol L' NaOH ., 10% =% Z M), £ 1K
15 min, WA HJFTE 8000xg T &40 15 min, B 3G
W, 7E 600, 532 Fl 450 nm P KR 5E WL .
128 BZRATHREE JIfi %R (proline, Pro)r
R A = ke B 0.3 g SRR, A S mL
PRVERS R KAZIR, WhKIE 10 min J5 €, B2 mL $2HL
WA 2 mL yKESERFN 3 mL BRVEE =8d, #hkis
40 min, WHISMA 5 mL 2K, 7804RD, BESE,
B E 2RI 520 nm JK T I E RO

A% 5 M (soluble protein, SP)& & RH% T
Wrrs ety B 20 pL $RBOR R BUTE bt
AALEEI 2 %), A 3 mL % 5 58 W
(100 mg % 2 . 50 mL 90%Z 5 . 100 mL 85%
R 2 4% 1000 mL)F#E 2 min J5 T 595 nm J K
I

Al PERE (soluble sugar, SS) ¥ >R FH LA LE 2
P ECY FREL 0.5 ¢ BEfh, Tl 80% L1 4 mL, 80°C
FKGHEHL 20 min, BAIEE.G, EREER3K, &)
VW R 50 mL A s, ER. 100 pL FEBGE
A3 mL BEERH, WK 10 min, B HETE
620 nm T I E WG R .
1.2.9 BRI R SRS A FREL 0.5 g BEf,
fiA 6 mL FE$H2BUK (0.1 mol L' Tris-HCI 2% #h il
(pH 8.4). 10 mmol L' MgCl,, 1 mmol L' EDTA
7 mmol L' B-#iF LB . 5%HM. 1% PVP), 4CF
250 10 min, FIE BRI . AZTERBE-1,5- R R
Ak Tt /i 42 T (Rubisco) FITRE 2 4 152 =X T4 R 152 72 1 i

(phosphoenolpyruvate carboxylase, PEPC)3i 14 9 il
S S BB T AP 0 ik

Rubisco: #501& % (50 mmol L' Tris-HC1 2%
Wik (pH 8.0). 20 mmol L' MgCl, . 5 mmol L' DDT,
2 mmol L' NADH. 30 mmol L' ATP, 1 mmol L'
EDTA. 10 mmol L' KCI, 10 mmol L™' NaHCO;. 3-
BT H T Rt . 3 1R H IR Mt Ui ) 7 30°C IR
JK¥ 10 min, fiNA 0.1 mL 9 mmol L™ BZEi##-1,5-—
BATRHERORT 0.1 mL MBS B 52100, 7. Z07E 340 nm %
NI E OGRS AL, BERE 30 s DSk 1IK, L
2 min,

PEPC: # 0.5 mL BN A 2 50 A4 2 (100
mmol L' Tris-HCl Z&## (pH 9.2). 10 mmol L
MgCl,, 10 mmol L' NaHCO5, 1.5 mmol L' NADH
F150 U mL" 2R AURE) Y, 28 C/KIA 10 min, il
A 0.2 mL 40 mmol L' PEP J33hi, $£4), . ZI7E
340 nm AT IE WO RE YD, RS 30 s iR 1
K, JELLN 2 min,

1.3 BiESH

i Fi Excel 2021 (Microsoft Corp., Redmond, 3
W4 Fn 31w A g B s . >k H SPSS 26.0 (SPSS
Inc., 3% )il HE ALY (general linear model, GLM)
HEATJ7 2253 0T (ANOVA), 4 S FHUZ B Met 1F
HEER T, B XAENBEILE T, 7 3RE
TR, FER 5K H Tukey’s (honest signifi-
cant difference, HSD)i 4, & EMEKNF-H P <0.05,
fdfi 1 SPSS H I XAE 5 4H 5C 43 AT (bivariate correlate)
PG Person AHIC BB WARFLAFEhn x0T e
TR AR TTER, H R 84 (https://www.r-
project.org) 1 “randomForest”f ¥ 17 B AL £ 4k 73 A,
D3 B 3475 1R 22 (IneMSE) R AE R 9 B A 22 1Y
FEEME. # A Origin 2021 (Origin Lab Corp., F2[H)
X Bl o B 5 R AT RTALAL

2 HERESR

2.1 REESFMERERRRT

FE S A W, R E R 2 AR R B B
37.6°C, ML TAMAREE & T 6.2°C, REEATLIA
B TR ER (K 1-A). SiE/KAM L, B Met
BEEAI T BB T R &l i A 2 U EE (B 1-B),
Horp, JeE 335 ZEH A T B AR R R (XYM) P AR
SEHA AR 0.8°C, 1R 605 78 BN TR i il T 2R
(DHM)FE(R T 1.9°C. 1Ko, 5 XY Hit, DH 7E#Ub)



844 & ¥ % W 552 %

A —@— Environment —(O— Greenhouse

451 2024
S 404
e
Ei
5 351
Q.
£
Z}
< 30

25 1

154
04:00 0830 13:.00 17:30 22:00 04:00 08:30 13:00 17:30 22:00
Time Time

B

50 2024 50 2025

09:00 13:00 09:00 13:00

45 . 451 ]
S 404 1 b a | 401
N a a i a c
235 g ¥ Iré = 351 b J ¢
RN + ¥
g 30 1 301 &
5 25 1 25 1
j
‘::‘é 20 A 1 20 1
2 151 1 154
&
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O R S B R R SR
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1 SRBDEHEMTEREMMN FRERE

Fig. 1 Environmental temperature and leaf surface temperature during heat stress

XYM: Jek 335 FEAUMMA T BGEARR R, XYW: SEX 335 TEHWHE T WO K; DHM: HifF 605 7EHUHM A T Bt 4E R K, DHW: i
605 7EXJIE T ROETE K. B A SRR NE2Z(SD); Bl B R E BRI {ESD. A S BE =R b Bl R 22 7 2 (P <
0.05), n =15 (2024)5 n = 20 (2025),

XYM: Xianyu 335 under heat stress with melatonin spraying; XYW: Xianyu 335 under heat stress with water spraying; DHM: Denghai 605
under heat stress with melatonin spraying; DHW: Denghai 605 under heat stress with water spraying. The shaded area in panel A indicates

standard deviation (SD); bar charts in panel B represent means + SD. Different letters indicate significant differences among treatments (P <
0.05), n =15 (2024) or n = 20 (2025).

R A A R R MR 1.6°C, XATAEJE DHE  12.6%. 7E 2025 4Ei5h, XYM 1 DHM 4k 3 ) 3
MR — N EERERN, HT XY FESREAE et mA L T KB E T 57.5%A/
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Fig.2 Effects of melatonin spraying on the growth of maize seedlings under heat stress

XYM: Jek 335 FEPMM0 T UG AR R ER, XYW: JEXE 335 TR T BHENEK; DHM: Bl 605 7EHUMMA T BG4 R R, DHW: i
605 TEHPA T BTG /K ; SPAD: ARXF 4R &4 . BRI E KL EIEE N 2025 fﬁﬁt?"ﬂfﬂ’mﬂj}a_iiﬁ HALIT AL BR R 10 em.
R A R A2 B{ESD, AR 7 B 378 4 BB 25 53 .35 (P < 0.05)

XYM: Xianyu 335 under heat stress with melatonin spraying; XYW: Xianyu 335 under heat stress with water spraying; DHM: Denghai 605
under heat stress with melatonin spraying; DHW: Denghai 605 under heat stress with water spraying; SPAD: relative chlorophyll content.
Images show seedling morphology at the end of heat treatment (2025 trial); scale bar = 10 cm. Bar graphs represent means + SD. Different

letters indicate significant differences (P < 0.05).
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Fig. 3 Effects of melatonin spraying on gas exchange parameters of maize seedlings under heat stress

XYM: SE% 335 fERRPE Tt AR B 2R XYW: JeE 335 7ERIME T WO 7K DHM: 251 605 7EF DA T B A 2K, DHW: i
605 TEPPA T BT K Po: OLA A, G LB G MUH] CO, MRIE; T ZEMHAR, AERIE R IE T ESD, AR5 R
7R B ] 2% 5 3 (P < 0.05), n = 6,

XYM: Xianyu 335 under heat stress with melatonin spraying; XYW: Xianyu 335 under heat stress with water spraying; DHM: Denghai 605
under heat stress with melatonin spraying; DHW: Denghai 605 under heat stress with water spraying; P,: net photosynthetic rate; G,: stomatal

conductance; C;: intercellular CO, concentration; 7;: transpiration rate. Bar graphs show means + SD. Different letters indicate significant
differences among treatments (P < 0.05), n = 6.
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Fig. 4 Effects of melatonin spraying on photosynthetic response curves of maize seedlings under heat stress

XYM: Jek 335 EPHA T BUGEARRER, XYW: SEE 335 ZEHMHA T BHENEK; DHM: #ifE 605 7EHUHM0 T BG4 B K, DHW: i
605 TEHIA T BIHE K, Po HOLE A, PAR: Joa A RS Co M2l CO, MR E

XYM: Xianyu 335 under heat stress with melatonin spraying; XYW: Xianyu 335 under heat stress with water spraying; DHM: Denghai 605
under heat stress with melatonin spraying; DHW: Denghai 605 under heat stress with water spraying; P,: net photosynthetic rate; PAR;: pho-
tosynthetically active radiation; C;: intercellular CO, concentration.
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W, ¢ #Hit 200 pmol mol ' J5 fh £k B Wi i T ¥4 B S M A7 FE 22 57 (3R 3). 7E DH 1, 4N Met AbHE TR



5 3 4]

ZEE A HIMIRRE S 200 T DM DG S I - I S 18 TR K SO A TR A 847

Pl Cioa B EHEE T 19.2%F01 57.9%, HABSEAH 5
XY MR B AL Ra#, (BB R 3 WK 4550
FW], WO Met 1] LASE 20k B KGR R b
iR Rubisco i 1, % %Fila] CO, WRALAE 1, K&
OGP, M2 = A Ak
2.4 SME Met ZZfF T HEMBEXT EXK 4 PSI 1%
BERYIR 1A

S KA E, Met Ab BB T HUba T

F2 ABBTHBHEEBRMES-LMEHELESHNER

BE a KNEFHI2FHOIP)IMLIER, FBILT
Fo, &5 T F, SUSALGRN XY B F DH
AR FE SR (] 5-A) o S5REH, Met i 1 B
T XF PSIT sz g A T 1 AN O R 28 Dy fig i A4 43
OJIP HIZK Y O-P mibmifEAL)S, 2 A~ Al Fh T W5 2 A0
0T B E RN K A (relative fluorescence intensity at
K-phase, V)RIFIXTZG, DA Met AbBEXT v 520 A9
XM, M J FHPE G (relative fluorescence intensity

Table 2 Effects of melatonin on parameters of the P,-PAR; response curve under heat stress

A anF sl ALY Suges STPNED i e T 5 JerME R FIHETRHOE
Year  Cultivar Treatment Ry (umol m? ") Pomax (umol m?s™) I, (umolm?s") I, (umolm?s') AQY(mmolm?s")
2024 XY Met 2.77+0.60 a 14.96+0.60 a 1044.03+45.50 a 59.69+5.56 a 0.038+0.005 a
Water 2.58+0.41 a 11.56+0.64 b 910.61£27.79 b 68.40+12.45 a 0.03240.006 a
2025 XY Met 3.36+0.73 a 24.00+0.47 a 1460.49+8.75 b 65.67+12.15 a 0.040+0.003 a
Water 4.04+0.50 a 17.31+£1.52 ¢ 1219.31+107.46 ¢ 68.15+7.49 a 0.050+0.008 a
DH Met 3.53+0.42 a 19.85+0.48 b 1917.19+64.26 a 72.36+3.84 a 0.040+0.005 a
Water 3.66£0.15 a 15.18+0.43 d 1428.02+165.9 be 73.20+12.65 a 0.040+0.003 a
J5 253 i ns o o ns ns
ANOVA Cultivar (C)
AbBE ns % ok ns ns
Treatment (T)
CxT ns ns ns ns ns

XY: JoE 335; DH: % 605; Met: 7E P ia T Wit aE B 2, Water: 78 #APH38 F BEHETE K

0.05), ns: P>0.05; *: P <0.05; **: P<0.01,

AR5 BRI — A A B 22 52 5 (P <

XY: Xianyu 335; DH: Denghai 605; Met: spraying melatonin under heat stress; Water: spraying water under heat stress; R4: dark respiration

rate; Pymax: maximum net photosynthetic rate; /s, saturating light intensity;

I.: light compensation point; 4QY: apparent quantum yield. Dif-

ferent letters indicate significant differences within the same year (P < 0.05). ns: no significant difference (P > 0.05); *: P <0.05; **: P <0.01.

#3 APMBETHMERBERIEE-CO, ML &I ESHHF M

Table 3 Effects of melatonin on parameters of the P,-CO, response curve under heat stress

ARy bt b3 I I ) 3 HHET HAIE COME  COp MR SN LIRS
Year Cultivar Treatment R, (umol m?s') P, (umolm?s™) Cisat (nmol mol ™) I" (umol mol ™) Vemax (umol m 2 s™1)
2024 XY Met 14.73£2.15b 14.86+0.54 a 558.11£37.48 a 32.73+0.48 a 17.63£0.45 a
Water 35.48+2.31 a 10.71£0.05 b 470.25£12.26 b 35.73+£2.06 a 13.30+£0.37 b
2025 XY Met 4.57+1.28 b 27.10+0.54 a 355.88+50.92 b 4.81+0.49 b 47.55+£2.63 a
Water 9.80+0.56 a 22.27+0.45 b 404.69+£53.29 b 33.13+£5.14 a 35.21+0.83 b
DH Met 1.18+0.37 ¢ 19.61+£0.86 ¢ 760.57+£174.45 a 3.51+0.55b 26.29+4.17 ¢
Water 1.88+0.55 ¢ 16.45+0.45 d 481.59+62.78 b 4.11+£0.38 b 21.67+1.55¢
ﬁfﬁ»*ﬁ riljuﬁl *% *% *% * % *%
ANOVA Cultivar (C)
ﬁ}i sk sk ns EX3 *ok
Treatment (T)
CxT ok ns * ok ns

XY: JE 335; DH: BifF 605; Met: 7EHUMHA T BEME6E 2, Water: 16N FBOEE K. AFFRFRE—AELAFIR 25 B FHP <

0.05). ns: P>0.05; *: P<0.05; **: P<0.01,

XY: Xianyu 335; DH: Denghai 605; Met: spraying melatonin under heat stress; Water: spraying water under heat stress; R,: photorespiration

rate; P.: photosynthetic capacity; Ci,: saturating intercellular CO, concentration; /’: CO, compensation point; Veu.x: maximum carboxylation

rate. Different letters indicate significant differences within the same year (P < 0.05). ns: no significant difference (P > 0.05); *: P < 0.05; **:

P<0.01.
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Fig.5 Effects of melatonin spraying under heat stress on chlorophyll a fluorescence transients and relative variable fluorescence (V,
W, AViy Lyana) in maize seedlings

XYM: Jek 335 FEAUMMA T BHGEARR R, XYW: SEX 335 TEHUWHE T WO K; DHM: HifF 605 7EHUMMA T WG AR R 3K, DHW: i
605 TEMME T WG K ; XYCK: 7E1E % B F A K M58 335; DHCK: 7EIE# 5 F A K MBI 605; V,: O-P AH HIXT T 25 5 6
BE; AV, O-P AH B AR XS 0] AL 5600 B 5 %0 BRI 2208 Wi O AHE T AHAAR XS WT A2 35 AW O AHEN T AR Z 8] A AR % T A8 521 15 00 B Aty 22
{EL; Loana: O AHFN K AH EIAR XS AT AEDE 5 ALpana: O AHA K AH 22 [8] BRI AR X AT 4B 5 't 5 508 B9 24

XYM: Xianyu 335 under heat stress with melatonin spraying; XYW: Xianyu 335 under heat stress with water spraying; DHM: Denghai 605
under heat stress with melatonin spraying; DHW: Denghai 605 under heat stress with water spraying; XYCK: Xianyu 335 grown under nor-
mal conditions; DHCK: Denghai 605 grown under normal conditions; V;: relative variable fluorescence of O-P phase; AV;: the difference in
relative variable fluorescence from the O-phase to P-phase between the treatment group and the control group; W,: relative variable fluores-
cence between O-phase and J-phase; AWy: the difference in relative variable fluorescence from the O-phase to J-phase between the treatment
group and the control group; Lyang: relative variable fluorescence between O-phase and K-phase; ALy.ng: the difference in relative variable
fluorescence from the O-phase to the K-phase between the treatment group and the control group.
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try, peo) AP FRE(E 6)0 IXRBIIIET, HIEKR
I HL B9 %R (number of active reaction centers per
unit area, RC/CS,) B V8 /0, FEL AR i 42 = 27 36
Bt i P RE, AR 2 B BOR BE FMR IR 4 i 1Y
HL 15380 L3RR iR PSIT W IIBE. Wil Met f2ff
XY H1 DH #J RC/CS, 735l ## T 88.9%7F1 61.9%, 7k
AT LR R R . SR KA L, XYM
H1 DHM B gpo 20 HIHRE T 29.1%F1 17.2%, 541k



5 3 4]

ZEE A HIMIRRE S 200 T DM DG S I - I S 18 TR K SO A TR A 849

fiE¥8 b7 (performance index based on absorbed light
energy, Pluys) 7 &= T 71.0%F1 106.1%.
25 MEAENMSERATURNESE

AN Met $2& 55 T #UBHE T F oKk R 15T A A
TR 7). SBEEE KA, Met ZbFET, XY
SOD ,POD Fil CAT % 2 45443 4R 8 T 13.8%.
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Fig. 6 Effects of melatonin spraying under heat stress on JIP-test parameters of chlorophyll a fluorescence transients

XYM: SeE 335 FEAUMMA T BEAR R R, XYW: SEE 335 fERWHE T BTk, DHM: %ifE 605 76 #UbMa T it R 3K, DHW: }iff
605 TEPIME T I /K CK: FEIE R HE N A K ASEE 335 B8 605; Pl FETWOBOGHE 9 SE6 AP REFE XL V30 T 4H (2 ms)AYAHRT
AJAEGENTRIE; Vir TAH(30 ms)MIARXS W] ZAETE SR For A PSIL I AP O PN M58 G L Fo: BeKTEIGHRE; ABS/RC: AL SN
IR RE; DI/RC: BN D FE R RERE; TRo/RC: FARL R W HC R HT TR I Qa iYBE Y ET/RC: FRALINY H O
REH T LB RYRE I, RE/RC: RC N FERNAY L 71518 2 PSTZAMIA SR AL T2 AR BIRE IS ppo: JERIIGAL A HY IR KA T 72800 wo:
BTG 2 Qa2 i T BEMMER; puo: HI T HLFAZIE M T/ 4, pro: PSI A Ui AL T 32 PRI S Y 1 774, RC/CS,: PRALTHIFR
AT SN O R

XYM: Xianyu 335 under heat stress with melatonin spraying; XYW: Xianyu 335 under heat stress with water spraying; DHM: Denghai 605
under heat stress with melatonin spraying; DHW: Denghai 605 under heat stress with water spraying; CK: Xianyu 335 or Denghai 605 grown
under normal conditions; Pl,: performance index based on absorbed light energy; Vj: relative variable fluorescence intensity at J-phase (2
ms); V;: relative variable fluorescence intensity at I-phase (30 ms); F,: fluorescence intensity when all PSII reaction centers are open; Fi:
maximum fluorescence intensity; ABS/RC: light energy absorbed per reaction center; DI,/RC: energy dissipated per reaction center; TR,/RC:
energy trapped per reaction center for Qu reduction; E7,/RC: energy trapped per reaction center for electron transport; RE,/RC: energy trans-
ferred to terminal electron acceptors at the PSI acceptor side per reaction center; gp,: maximum quantum yield of primary photochemistry; y,:
probability of electron transport beyond Qa; ¢g,: quantum yield for electron transport; ¢r,: quantum yield for reduction of terminal electron
acceptors at PSI; RC/CS,: number of active reaction centers per unit area.
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Fig. 7 Effects of melatonin spraying on antioxidant enzyme activities and MDA content under heat stress

XYM: SE% 335 fERPE Tt AR B 2R XYW: JeE 335 7ERIME T WO /K DHM: 251 605 7EF DA T B A E 2K, DHW: i
605 TEHIA T BIE R K, SOD: ALY LEE; POD: TS /LW, CAT: i LS M MDA: TN . FAIHFR AseRR 560 nm
B T IR, Asao BT Agro 53 5 F /R BAAL A [H] Y 240 nm AT 470 nm B T WOGEE R A o AR IE BoR 1902 P EHbRE 2 . AR
BER R AP 22 57 B 35 (P < 0.05), n =3,

XYM: Xianyu 335 under heat stress with melatonin spraying; XYW: Xianyu 335 under heat stress with water spraying; DHM: Denghai 605
under heat stress with melatonin spraying; DHW: Denghai 605 under heat stress with water spraying; SOD: superoxide dismutase; POD:
peroxidase; CAT: catalase; MDA: malondialdehyde. In the unit, Asq represents the absorbance at 560 nm, while Ays and A4z denote the
changes in absorbance at 240 nm and 470 nm per unit time, respectively. Bar graphs represent means + SD. Different letters indicate signifi-
cant differences (P < 0.05), n = 3.
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Fig. 8 Effects of melatonin spraying on osmolyte contents in maize leaves under heat stress

XYM: SeE 335 FEAUMMA T BEAR R, XYW: JEE 335 fEHWHE T BOMNTK; DHM: %ifE 605 76 #UbMa T itk R 3K, DHW: Z}iff
605 1EHHE T BOETE K o AR R 7R BRI AR ERE o AR T REFR 7R A B ] 25 5 B 3 (P < 0.05), n =3,

XYM: Xianyu 335 under heat stress with melatonin spraying; XYW: Xianyu 335 under heat stress with water spraying; DHM: Denghai 605
under heat stress with melatonin spraying; DHW: Denghai 605 under heat stress with water spraying. Bar charts show means + SD. Different
letters indicate significant differences (P < 0.05), n = 3.
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Fig. 9 Effects of melatonin spraying on Rubisco and PEPC activities in maize leaves under heat stress

XYM: Jek 335 FEAMMA T BGEAR R R, XYW: SEX 335 TEHUMHE T WO K; DHM: EifF 605 7EHUHM A T Bt 4E R 3, DHW: i
605 TELPHE T BURTE K; Rubisco: AZEIHE-1,5- BERGR LI/ 4R, PEPC: BERMR B NN BRI o AR I R 19 2 V-3 (H 4R

W2z ANFFRER R A ) 22 57 B 35 (P < 0.05), n =3,

XYM: Xianyu 335 under heat stress with melatonin spraying; XYW: Xianyu 335 under heat stress with water spraying; DHM: Denghai 605
under heat stress with melatonin spraying; DHW: Denghai 605 under heat stress with water spraying; Rubisco: ribulose-1,5-bisphosphate
carboxylase/oxygenase; PEPC: phosphoenolpyruvate carboxylase. Bar graphs show means + SD. Different letters indicate significant differ-

ences among treatments (P < 0.05), n = 3.
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Fig. 10 Pearson correlation and relative importance analysis of physiological indicators with aboveground biomass under heat stress
ADW: i ' #8TH; WC: fHBR &K, SPAD: AHXIIHERR & it G M COME; G LT Py HORA A, T RBHE; R
IS P IS s P 0 KOG B TR Lo WADER; Lo JEAMES,; 407 R TR, Ry JEMFGER; P SEBTES; Ve KR
R, Cia: MUFIMLE] CO VEEE; Tt COL #MEE KL Lyana: O FAH K A Z J] BARNS AT A2 5E S, Wi O A J A Z ) iy ARG T A2 5255 v T AR
(2 ms)BIARX AT AR BEGHR I ; Wiz TAR(30 ms) RIS FI AR DGR BE; Phys: 56 T WSOGARE A SLRL A PERETE B For BTAT PSIT RN L TFIL
YD TEIRE; Fro: SRRIOCHRBE; ABS/RC: BRSO WA RE; DIV/RC: BN O FEBUR Y RE R TRo/RC: BAAL I O
AR O T8 5 Qa I BB ETY/RC: B I oLl 3R B 1 T i TAE 1B AU BB 2 RES/RC: RC g REAl 1y L T4 128 B PST 52 A AR o it T
ZARMBER; gpo: BHDEMFA B TG o BHRTILEE Qu ZE M TS B, pr: T HTILENE T H oro
PST K 3 i, F 32 (A8 SR 1K) & F 78, RC/CS,: S T RRAS 16 M S R v 1R B s SOD: B S AL W IBC AL 145 POD: o) S AL ) i 4 1
CAT: %L S B8 P, MDA: N & it; SS: W MEE & &t SP: WA MRS AT & &t; Pro: %8R & &; Rubisco: AZEANE-1,5- 8%
B2 R ARG/ N U PEPC: B R I = T i B AR 1L I -

ADW: aboveground dry weight; WC: plant water content; SPAD: relative chlorophyll content; Ci: intercellular CO, concentration; Gi:
stomatal conductance; P,: net photosynthetic rate; 7: transpiration rate; Rq: dark respiration rate; Pymax: maximum net photosynthetic rate; [
saturating light intensity; /.: light compensation point; 4QY: apparent quantum yield; R,: photorespiration rate; P.: photosynthetic capacity;
Vemax: maximum carboxylation rate; Cig,: saturating intercellular CO, concentration; /”: CO, compensation point; Lp,ng: relative variable fluo-
rescence between O-phase and K-phase; W,: relative variable fluorescence between O-phase and J-phase; Vj: relative variable fluorescence
intensity at J-phase (2 ms); Vi: relative variable fluorescence intensity at I-phase (30 ms); Pl,,s: performance index based on absorbed light
energy; F,: fluorescence intensity when all PSII reaction centers are open; F,,: maximum fluorescence intensity; ABS/RC: light energy ab-
sorbed per reaction center; DI,/RC: energy dissipated per reaction center; 7R,/RC: energy trapped per reaction center for Q4 reduction;
ET,/RC: energy trapped per reaction center for electron transport; RE,/RC: energy transferred to terminal electron acceptors at the PSI ac-
ceptor side per reaction center; ¢p,: maximum quantum yield of primary photochemistry; y,: probability of electron transport beyond Q4 ; ¢go:
quantum yield for electron transport; gg,: quantum yield for reduction of terminal electron acceptors at PSI; RC/CS,: number of active reac-
tion centers per unit area; SOD: superoxide dismutase activity; POD: peroxidase activity; CAT: catalase activity; MDA: malondialdehyde
content; SS: soluble sugar content; SP: soluble protein content; Pro: proline content; Rubisco: ribulose-1,5-bisphosphate carboxy-
lase/oxygenase; PEPC: phosphoenolpyruvate carboxylase.
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Fig. 11 Mechanism of exogenous melatonin improves photosynthetic performance and plant growth of maize seedlings under heat stress
Met: R Z; WC: MRS KR, Po G HE; Lo WFDER; L JEAMEL Ry JGIFIGEER; Pe B BETT; Vemae IRIRILTHE;
ALpana: O FAFI K AR Z ] A AR X AT A2 250 5 0 IRAY 22 (5, AW, O AR R T AR Z 1] BYAR XS P AE S¢S0 5 %0 B 22085 Vie K AH(300 ps) AR X 7T
ARPECIREE; Vi TAI(30 ms)AYAIRS Al B FEEIREE; Pl 5T WRMOGHE N FER A PERETE R oro: JEHDEMZ BRI T 778 ge: T
HL P AL 36 19 H P24 RC/CS,: B T ARAT W M I N o (450 ; SOD: B = (e B AL G % 14 ; POD: 3 S Ak W il 6 74 CAT: s % fL &
WGk MDA: TN /= SS: MIVATEME & &, SP: WIAMEE BT & Pro: MR & H; Rubisco: HFIHE-1,5- ERR AR 16 M/ in SR
PEPC: Wi I s =X A R AR R AL I

Met: melatonin; WC: plant water content; P,: net photosynthetic rate; /i, saturating light intensity; /.: light compensation point; R,: photo-
respiration rate; P.: photosynthetic capacity; Vemax: maximum carboxylation rate; ALp,ng: the difference in relative variable fluorescence from
the O-phase to the K-phase between the treatment group and the control group; AW: the difference in relative variable fluorescence from the
O-phase to J-phase between the treatment group and the control group; Vi: relative variable fluorescence intensity at K-phase (300 ps); Vi:
relative variable fluorescence intensity at I-phase (30 ms); Pl,,: performance index based on absorbed light energy; ¢p,: maximum quantum
yield of primary photochemistry; ¢g,: quantum yield for electron transport; RC/CS,: number of active reaction centers per unit area; SOD:
superoxide dismutase activity; POD: peroxidase activity; CAT: catalase activity; MDA: malondialdehyde content; SS: soluble sugar content;
SP: soluble protein content; Pro: proline content; Rubisco: ribulose-1,5-bisphosphate carboxylase/oxygenase; PEPC: phosphoenolpyruvate
carboxylase.
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