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rESCER . AL AR R AL AR IR 1Y
HEAR bR, HOR/N B HSZ m  Rorh CO, 1 32 4 il 32
HK 53 1) 25 i A8 (BB 8 i 8L, 2015) o 3 K 73
T Al SR AL R S RS R Y
KNSR R B CO, e B RN 2% 18 33 6, Bl 81 ke
[] £k 1 7K 43 Y #E 22 [8] /) 5¢ £& (Ennahli and Earl,
2005) , [ S I Fr K50 2R (Water Use Effi-
ciency, WUE) , 5 2 B =5 830 0 Bt 5% SR s LA 3k g 1
BIEE (FRTTAF,2023) B85 T 26—
R NEWHE 7 AT RE G BLPAEE 29 o ) A A 25 2 5
G R AL AT BESC I, 3 B S AR 45 44 10 78
AT HE ) 55 2R e )40 5, PRI i) Y D' 45 T 30 T e
4 A= FEAL A S T a4 T 5 R A X
W 2 L HE (Song et al.,2020) .

T GG A £ 2 AL REE AL I R
(Jia et al.,2020) , Fil & 5 T 5 Wil T Bom) <AL T
REAIC, CO, I A 7 110 3 18 52 JEL 10 £ 0 5 3 58T e
(Song et al.,2020) , J5 #& 3 2 J2& M A 40 g HL T~ 1% 3
TG G R Ak 52 BHL, 195 52 17 AF DG il 16 R IR, 5
FHOG A 3K F B (Farquhar and Sharkey, 1982) . K
FHEFN AR (2018) WF9E 3R, Bl A T 538 1 3%
AR AR 2 I () AN B S G, AL AR AL R A
T2 [A) I XS AR W06 & AR P AR S ), TR X — i
L AR RALE R R A S ESFREBIHE T T
I, PR S HE A T (2018) 48t AL BR il 1] RS
FLBR A 4 i, AT e EoK B2 3 E
LB I8 ) B AR

TR ELREWA KM EZH 2 E Z— (Lo-
bell et al.,2014) , T KA Sy vy [ Bb ARV il 45 ) (9 45
AW TEARM B B R T b b 4l A B OR
B, 2019) 0 AIRAREAS AL TT 5 T AKHE R 1Y 2
A5 R T B AR A W 3 PR X A A A
YRR BIE I (A SE,2018) . AR, DGR K
3 JH 38 55 BT A 1 X VR WD O6E A B AR 19 52 1 75
BTz R (5 F4E 2011 ; Sharma and Zheng,
2019; 2 M55 ,2023) , A [A] 5 B2 1 5o B X £ oK A
KAH EAEMNEmBARZOR, FE 4D
FEFRT SRR AR (T SC45 , 20155 R B4, 2019;
W4, 2022) o WY B FNET I (RT3 2 F &
oK B R AR AR e i B Be (AR S 45, 2020) , 4F
Sl AR E TR A K By L B (5 H 4§ ,2023)
B T R E MR R AER R F (M
BPE4% 20105 Song et al.,2019) . #R1f7, H ATE %5
i 38 AR KA I A G e 7 AR I K HG 5 i L
il AT 1 AN 2, PRI AR SCd o 98 4 oK Lt

W6 A2 808 AR AE B S 52 4 g 10, K 1] B B
AR TR BT AR BOK L i A AR BT R AL
il , AR gl AR = 2o B v 2 R OK AR AT G K oy
BRI A
1 MRSk
1.1 HREER

A AE T EAR L m e TR 5ESK
BB APRLAE IR 36 B kb (104°37'E, 35°35'N) JFJ# | fir
TR ZERX, 8T mEETREX, K
1 896.7 m, 4 H BAIF %L 2 433.0 h, 4 K BH B AR5
5923.8 MJ-m™ AE P ERR 6.7 °CL A B B K B
386.0 mm, fF/K EEEPLE 6—8 H iz X KD
HARRK, Sy S R SR Al X 00l - 45 B
4t B A RS, B R AT R AR R E
1.2 RIEigt

P T K Rl I PR 189 57 T 2022 4F 4 H
30 H#E A . R AL E %, ZNE29 em, &
45 em, SRR M 0~30 cm F)2 +, KT 5 1 0% 75
(HE %+ 14 ke) , HHREK 50 25.5% , BEAT P 15
3~a kL, =PI E R — k. IR 4K
O3 AR L LI B AR R (AR CK” b L) Ay 3 fie | 44>
A= B I PN GE 2o T R T K R AR O FE AR E M
TE75.0% Zid o 78 T KB W2 R, 4 486 B K 43
B SRR — 5 ¥R AR R AR e . A&
T UG, A8 B T IR 22 ALK R T R A B
(TATAR“T17 AbBH ) | A= A X W B2 75 4% 1 78 50.09%~
55.0%; H T SRR (R PR “T27 Zb 3 | T IEAHRHE
FEPRFFTE 40.0%~45.0% 5 81 B2 1 S A0 B (PR “T3 7 Ak
), AR PR 30.0%~35.0%, HE-AbHE
10 A, B AR g0 Bt (T Sk . kA, irf Ab
P ()45 PR it , A0 AE 0 M B iR PR A,
P s RRE— 20 (G H 45, 2023) , WA B KRR B HE
I JH A PR 28 X B0 25 SR 1 TG £ i 06 3 1 v
i PE SRk
1.3 MEABESH*
1.3.1 @ g

F5 1 30 H & E R -L AT 4R B iE 4745 K (AP
FEAN S S5 30 K ), Bifi i R A TOWI TAF . R R
HF SR - HE K 4y A A PSR R K A R
HEMKREERT, RBEHR ., ARG B
I, H 06:00 F1 10: 00 R — F 58 e R IF it fifi
FH W P4 5 s /K AN 32 7K 3, RS A % 3 IR
A GRS, 2019) o FEIRE I BP0, R AR D0 i
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B o e e 5 AR Ve, 2 B R A 09: 00—
11:00, FJ ] Li-6400XT )t 7l £ 2 4t (LI-COR, Lin-
coln, USA) M5 4 oK M D06 A= BAE bR . B
TR TGRSR — F T Sy i) s X6 42, 0 i P 5 2 10
FANTALHESEIR, COL M LR AT/ VMR ], B it 2
HeE P R 400 mol »mol ™, %8 TR B B R 25 °C,
£ 1 800 wmol -m s R F AT, LA S
Boba e e, AT A Sl &R R 2T DA AL
i ) (Photosynthetically Active Radiation, PAR) 5 &£
WA 2400.2 100, 1 8001 500.,1 200.1 000,800,
600,400,200, 150,100,75.50.25.0 wmol+m~+s™",
TR PR3 A D E N AL O G R
(P,) FEWEH R (T,) JEH CO, W (C) AL TS
(G), I BESFLBRHIE (L,) (Farquhar and Sharkey,
1982) R K 73 FIECR (WUE) , BAR AT -

>_1—C (1)

WUE = T (2)

A COMMEE CO MR, C oM KA H CO MRS, Hpir
i’]j{] Mmol ‘mol™'; P, ﬁ{%%ﬁﬁz $1i pmol -
TR ZERE R AN cmmol em s

1.3.2 St
P, \WUE .G, .L X} G i o A5 7 4351y
N 1Y
Pn—a01+y11 R, (3)
P, 1-BI, R,
WUE = Ty I- T (4)
_ 1=
Gs—a21+y ;G (5)
L= 31 '33 71+Lg (6)
oy o o, o B XTI jlﬁ“ﬂ i £k 000 4 A

B \B1 By By AN L ER A B R, vy oy vva v N
Xof IOE TR B DG AR A R A 1R DG A RO A B
pwmol-m s~ s R, IEIR 35K | FALA + pumol - mf2 s

Go 6K O B S AL T B, B s mol e m ™ -s7'5 1
JEGHR R O B A AL BRI -

A 3 ' o 7 A A 3 AR B R0 i R (Ap-
parent Quantum Efficiency, AQE) | KiF )t A& %
(P ) B HOGHAN 52 (1) IR KR 7K 43 ) FH A50%
(WUE,,) B Hot 4 A i (WUE,,,) e KL 7
(G ) BRI FNR(G ), BIRTTEINES % Ye
5 (2020) 5 e K AAL BR B (L,,,,) S HOG 1 R A
(L W57 15 %5 0 A (2019) ST . ]
PAK )T 00T (one-way ANOVA) K36 4% S 500E A

[Fi) Acb 3 [ 11 22 53 7 (P<0.05) , &1 35 v 54 8 1 44
(HhRIEZE

2 RS0

F 2B T & F K% & 3 20 0 B 45 E
5 A TR S g i 13 (P, -PAR) il £k 7T
S — e G IR B N AR R A e . A
AL UL SRR B R e R i 2k A W . BEE
TEREREAE N, it P BE GRS N 5 R
POtmmsnR, 25K, MAOLIMEZ B E
DX I TR, S B Y TR 5 ' A A g 7 3 A e ) L
2550 AE T FEK A B s ) ot R T AR 3 )
T2 b 3578 Ak 1) ad A v 0 O 0 A P 0/ ) S B
Ko CKAEE T KM 7 PAR 4 2 200 wmol +m+s™

2.1

e A B R E A AR, TR T2 A0 B 43 5178 1 800 A
1500 wmol»m™«s™ Z= 47 B3R B GAR AN, 11 T3 4b B
THEYI R P AEIE R OGRS Y IR T
FETRA (R 1),
46
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wp O A 000
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fprt i
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HOGA AT G e 7 £k
(RZERE N IE S — ARt 22, T IR
Fig. 1 The light-response curves of net photosynthetic rate

2500

of spring maize leaves under CK treatment and
different drought stress conditions
(The error bars indicate plus or minus one standard deviation,

the same as below)
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HT2IA R, F Ik B iR REOLE RS
Kb HE Kb FEAR F A3 B8N 27.3% . 75.3% .99.5% , ik F)
P, s A GEE  52  th BN S AR A HEA [

F RN 18.0% . 33.1% 5 Yo AME S AR R A B2 R 43
)48 ok B Kb U /N 26.8% (44.8% , Ar B b i 2
f152.2%.

R1 HANHKEERISY

Tab. 1 Parameters of right angle hyperbolic correction model
NG 10 Bx10° Jyx10° R‘,/i ) Ism/i 7 1“/7 ) AQE/(XIOiZ pmol -
Qb (pmol*m™2+s")  (wmol-m™2-s™")  (umol-m2-s™") wmol ™)
CK 8.33+1. 06" 1. 00+0. 20° 0. 100. 04° 2.90£0.27*  2239.10+56.22" 36.43+2. 85" 5.56+1. 56"
T1 8.26+1.37" 1. 150. 04° 0. 15+0. 05° 2.20+0. 19" 1836.58+62.38"  26. 66+3. 26° 5. 82+0. 90"
T2 5.29+1. 43" 1. 00+0. 15 0. 34+0. 09" 1.01+0.32"  1497.99+82.96° 20. 12+2. 20" 3.05+1.05"
T3 3.31+0.22° 0. 06+0. 01" 4.27+0. 42° 0. 54+0. 02° 55. 46+0. 62° 0.24+0.01°

T BN ING SRR 7 0.05 (M 2 F MKV L2255 B3, T IR,

2.2 FEBETEENRME KSR BT

AN [) Ak L[] P 2 T SR 6T Ol Y e 1 (T
PAR)MIZ [ Kl 2(a) [FF1E 2 S . BT IZMLLE
PAR<800 pwmol-m™+s™ I} 7155 F XF FE AL B, B )5 %
SRR, T /N0 HRAL 3, B 5 3K A B ARG, R
SR PR TR TR I N2 N e R R o
5k R b R e W, LR IR EE R T P,
(1) 4FPKDBEE T T-PAR #h£k ¥ Kk 20
FHAS, BT BE A G0 A 3 5, 28 I 0 i 88 o, 3 i G
FI A K o A AT AR o B 7K 43 ) AR
RN AR B (WUE-PAR) [ 28 76 AN [F] K 43 b B R
FEEZS [ E2(b) ], i R0 BEAR R K 43 RIS
SRR, WUE 7542 520 BT 28 36 ok , 72 52 ekt

(a)

7.5
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—O—T1 m
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'w /
g 5 0 | —O_T3 (na} /e/®
9 m o) Le=)
§
2
g
< 25
B~
0

0 500 1000 1500 2000 2500

PAR/(umol * m™ - s71)

IR T, i KGR K5 ARG (WUE,, ) B2 1k
52 MIE . 2250 H CK AR [F] 1 5 a5
TR 7 BEE AK 2 R R X mi i 25, 1T
DI o B T 5 B A I A S Ul /N 3 5%
B RO R 2 R, R T RS B WUE-
PAR MR W a R A R 8B, RN EF
W R IR B 22 R (A R T R A B
FOCHEIE N, CK . T1 A T2 i WUE ¥4 52 8 5638 i Je
TN R 3 FALEE TN WUE-PAR #7712
ARG s SN Ry, RN K52 2 A e
B, WP SR RE T I W 25 5 R T RN, R
WUE 75 2 F e 5 5 s 2R, 2 2 OB 5
FR T R B A B

(b)
12
= 6f
g
&
§ ol —o-e-0-8—8—0—0—0
=
jam) —{1— CK
Z 6l —0—T1
——T2
—O—T3
1 1 1 1 1
0 500 1000 1500 2000 2500

PAR/(umol - m2 - s7!)

B2 CKARBFIA )+ 5 B 7 R i A 28 M R Ca) AR 7 20 1) 83 (b ) A6 DI 8 g 7 T 2

Fig. 2 The light-response curves of transpiration rate (a) and instantaneous water use efficiency (b)

of spring maize leaves under CK treatment and different drought stress conditions

2.3 FEBETEEKRMKBEZLRFE

Pl 3 S 7 K MK SN [R] I ] AN [ 7 73 Ak B
PASAERRE . WA H, 06:00 42 | 52 5 60 Bl b 2
T A, S MK B EERIE 3 () ]

10: 00 5 52 5 X7 BAL B ik S5 TE I g 22 57, v 5
K /), B R R E R E 3(b) ] [a]—oK
53 Kb A [) B[] B2 fg P 7K S8t AR IS A [, v 52 Ah 2
T K SR AR A
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Tab. 2 The light-response parameters of the instantaneous water use efficiency of spring maize

leaves under CK treatment and different drought stress conditions

UNGILGSE a, B/x107 y,/x107 WUE,,/(pmol-mmol™) WUE_,_/(pmol-m™-s™")
CK 0. 44+0. 05 * 0. 86+0. 15 * 2.52+0.24" 8.23+0.30° 648. 83+33. 62"
Tl 0.15+0.08" 1. 06+0. 50 * 1.25+0.72° 6.79+0.75" 997.15+45.19°
T2 0.26+0.08" 1.07+0. 14 * 1. 84+0. 38 ' 8.75+0.73 ¢ 667.45+11. 18"
T3 0.05+0.01°¢ 0. 00+0. 55" 4.03+0.51° 0.14%0.19°

(a) (b)
0 0
g -1.0 | g -1.0
S S
o a g a
S\ a a = a
= 0 T 0} +
- S
b
C
-3.0 1 1 1 1 -3.0 1 1 1 1
CK Tl i T3 CK Tl T2 T3
IRATBERE IRITBERE

K3 06:00(a).10:00(h)CKZEBRANA [+ A T 2 TR K SBAS AR
Fig. 3 The variation characteristics of leaf water potential of spring maize under CK treatment and

different drought stress conditions at 06:00 (a) and 10:00 (b)

2.4 FTEPETEEKRSILSERINDFFE

Pl 4 g T T 45 R T SR R Y
Wi NE (G-PAR) T £k . W] LA M, 8 52 R i 21
PAR<600 pmol -m™+s™ i G T XF B AL B, bifi 75 63
B, G2/ T X BRAS R BB SRR SRR, T
HRAL IR GBI, AR IE S TLE 2(a) ]

0.33

022 -

G/(mol *m™ - s7")

0.11

1000 1500 2000 2500

PAR/(umol * m= +s7!)
K4 CKAFRANA [T 50 T okt
AL R G e L 2

Fig. 4 The light-response curves of stomatal conductance

0 500

of spring maize leaves under CK treatment and

different drought stress conditions

B—3. G, Az REREE HE T EEE
T 2R B, SRR AN AR Y B R TP R AT R
ST 23 080N 21.4% . 82.1% F192.9% , L H 5
WPER G, 2R . 36351 CK AL BEFIA A +
SR 3 S N W R I 3 S O O IV
AL o, RICHFR R 5N 25, BE K
FrhREMER b HPREERFKT G-PAR LW
WG R I R 8B e A Rl AL R TG i 35 22 5+
5] BEAH LG A R Ay, 5% b REAL B 3 4
i, SRR R A B KA 5 R A B A G AR R A
3 T, v A B T R AT, R A P
FARFLILF- S AR AT e/
2.5 FTEMBTEHEEXMECO,KREFSILIRF
B B9 I Bz $51E

Y CK &b BEATAS [a] 1 5 i 38 & & B oK A CO,
e BE XSGR R (C-PAR) BRZR [ 18] 5(a) I AT LA H,
B T2 Waa e, CAE T R A A EE T, JE B
25, WENTRE ERAAM TR, mRAABE
Kk W2 o R AL BRI X S e 1 (L -
PAR) HhZ&7E v SAAL BT o T4 S A0 B, X i Ak 4k
FoFHZN, ERETRALEHE RN ESDb) ],
L, g h R Rz E TR E2ES  BEE T B
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B/ o 24 50 CK AL BAAS [R] 1 5 3a R & oK
SALFRAME XS C Ry M R 2K, n] LU, o R
Xof HE AR FHR 2 R T AN AL B B R rp AR B
BEES ER TR/, T 5 BERFIKL-PAR 4
UEIRGEEE S UM N Y-S NPt 1 U EY ¢
RV B R SRR E RS, HELH T W

F0E /N [ S Bl G G RR I, CK TR T2 1 L3 5
e 3800 5 U /N Ea 34, 4> B ZE PAR 1 000, 1 100,
1 350 pmol - m s~ 2 A7 HF 3k B AR AN A5, A7 B
I G MRy, E R R T RAR/ME,
HRSXTE EER, ERE TAAERKE, FE
KLAEER T HEEGBRPDURARE .

&3 CKABMAETFEME TEERMFSILSEX NN S

Tab. 3 The light-response parameters of stomatal conductance of spring maize leaves under CK treatment

and different drought stress conditions

UNEGILOS 042/><10’4 ,82/><1074 '}/2/><1072 G_,./(mol- m2-s™) G_,../C(pmol- m2es7)
CK 3.97+0.70* 1. 60£0. 26" 0. 04+0.02° 0.28+0.02* 2186. 67+87. 62"
T1 4.59+1.67° 0.7120.54° 0.22+0.12" 0.22+0.01" 2710. 00£145. 45 ©
T2 1.38+0. 54" 1.01£0. 50" 0.22+0. 09" 0.05+0.01 ¢ 1 859.99+98. 49
T3 0.07+0. 06° -0.76=+1.12* 2.79+2.51* 0.02+0. 01

(a) (b)
660 1.0
—— CK
—O—T1
——T2 0.5
Lo 440 013 @m S
E P-0-0-0-0—0—0—0—0 E #
£ B ol Zm-o-0-0-0-0—0—8—0—0
E = '
3 220 i —O—CK
DO—@— —O—T1
Ea e —R—8—a—@ -05 | —A-T2
T 013
1 1 1 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
PAR/(umol * m™ +s7!) PAR/(umol * m™ +s7!)
K5 CKAMFRAARR TS WA T F F RN CO, e (a) FAFL R (b) X it man 17 it £&
Fig. 5 The light-response curves of intercellular CO, concentration (a) and stomatal limit value (b) of
spring maize leaves under CK treatment and different drought stress conditions
x4 CKEEFMARETEME TFEKRSFLIRFIEXS S0 R S5
Tab. 4  The light-response parameters of stomatal limit value of spring maize leaves under CK treatment
and different drought stress conditions
ENEGIvLsE a,/X1 072 By/x1 o v4/X¥1 072 L. Ls—lsut/( pmol + m2es7")
CK 3.36+0.35" 0.41+0. 15 2.40+0. 23" 0.75+0. 04 * 1018.20+52.73"
T1 1.29+0. 34" 0.50+0. 20" 1.30+0. 22 0.69+0.09 * 1099. 13+64. 80"
T2 2.01+0.70" 0.39+0. 31" 1.78+0. 43" 0. 80+0.09 * 1351.33+25.57°
T3 0.51+0.16° -0.22+0.20" 4.07+0. 61" 0.09+0. 01"
3 W TR ERBINZE AL T R, i R 2 R R

3.1 FEMMETEERLESSHAING R

PEIRCAS R BR ) 5 M A e VR TR 2
2, TR MbE EE AT LS, — 2
MR AR OGN, R ERESEOLS
AR AR (R 7 M B JA°F, 1990) o Sl iz il £k
PEIS SR SN S S QU WA NI 5 e v R

5 0 2R 0 T A T A o
BRI 2 T O BRI A T 260 T2
(AQE) W F 10 Fokf 85 60 B AL Al J1  FLAE R K
TRIGREAL B AE S SR . AT 45 R IR 5 5 %
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Photosynthetic characteristics and response mechanism of spring
maize at seven-leaf stage under drought stress

TANG Yurui'”**, QI Yue">**, WANG Heling'”***, YANG Yang"***, ZHAO Hong">"*,
ZHANG Kai"***, WEI Xingxing"***, WANG Renkui’

(1. Institute of Arid Meteorology, China Meteorological Administration, Key Laboratory of Arid Climatic Change and Reducing Disaster
of Gansu Province, Key Laboratory of Arid Climatic Change and Disaster Reduction of CMA, Lanzhou 730020, China;
2. Dingxi Drought Meteorology and Ecological Environment Field Scientific Experimental Station of CMA ,
Dingxi 743000, Gansu, China;
3. Wuwei National Climate Observatory of China Meteorological Administration , Wuwei 733000, Gansu, China;
4. Zhangye National Climate Observatory of China Meteorological Administration , Zhangye 734000, Gansu, China;
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Abstract: Drought stress is a major limiting factor for crop growth. Investigating the photosynthetic characteristics and physiological
drought resistance mechanisms of spring maize (Zea mays L.) at the seedling stage is crucial for enhancing drought resilience and pro-
moting crop yield. In this study, taking spring maize as the research object and using pot experiments, four gradients of control treat-
ment (referred to as “CK” treatment), mild drought (T1), moderate drought (T2), and severe drought (T3) were set up to study the photo-
synthetic physiological characteristics and drought resistance mechanism at the seven-leaf stage of spring maize under different drought
degrees. The results show that drought stress significantly reduced both the net photosynthetic rate (P,) and the maximum net photosyn-
thetic rate (P,,,.) of spring maize leaves. Under moderate and severe drought conditions, the initial slope (c,), the dark respiration rate
(R,), and the apparent quantum efficiency (AQE) of the light response curve decreased significantly, while the light saturation coeffi-
cient (y,) increased markedly, indicating the light energy utilization rate of the leaves decreased significantly. The transpiration rate (T'.)
gradually decreased with increasing of drought intensity, the water use efficiency (WUE) significantly enhanced under moderate
drought but sharply reduced under severe drought. Stomatal conductance (G.) progressively declined with drought stress intensification.
Stomatal limitation was identified as the primary factor reducing photosynthetic rate under mild and moderate drought conditions, with
non-uniform stomatal closure phenomenon under mild drought. Under severe drought condition, intercellular CO, concentration (C)) sig-
nificantly increased, and the stomatal limitation value (L) decreased dramatically, demonstrating the dominance of non-stomatal limitation.

Key words. drought stress; gas exchange parameters; water use efficiency ; response
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