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Abstract: The rising of atmospheric carbon dioxide ( CO,) concentration has been blamed for global warming, but it
promotes the leaf photosynthesis of crops because CO, is the main substrate for photosynthesis. In order to understand the

effect of elevated CO,concentration on diurnal courses of CO, uptake of hybrid rice, a paddy field experiment utilizing free
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air CO, enrichment (FACE) technology was undertaken to determine diurnal courses of leaf photosynthesis at heading and
middle grain filling stages, and its association with the final productivity of rice at maturity. Two hybrid rice variety Yongyou
2640 (YY 2640) and YLiangyou No.2 (YLY 2) were grown in the ambient CO, and the elevated CO, concentration (200
pmol/mol above ambient) from plant transplanting until grain maturity. Elevated CO,concentration significantly increased
net photosynthetic CO, assimilation of flag leaves of two hybrids by 52% on average at heading, but the enhancement was
reduced to half at the middle grain filling stage. This photosynthesis acclimation was more pronounced in YLY 2. Elevated
CO, concentration significantly decreased stomatal conductance of two hybrids at both heading and grain filling stages,
resulting in lower transpiration and higher water use efficiency. Greater CO, responses of leaf transpiration and stomatal
conductance were observed in the morning for YLY 2, but YY 2640 showed higher CO,effects in the afternoon. Growth at
elevated CO,concentration significantly increased intercellular CO, concentration, but had no clear effects on the ratio of
intercellular to air CO, concentration and stomata limitation value, and the same trend was observed for the two varieties.
The CO, effects on the above—ground biomass and its components were greater in YY 2640 than YLY 2, and it was reflected
in the significant CO,by variety interactions. The results indicated that compared with YY 2640, the lower CO, gain on final
productivity of YLY 2 might result from photosynthesis acclimation at the late growth stage, and this down-regulation in leaf

photosynthesis was not caused by stomatal limitation.

Key Words: hybrid rice; FACE ( Free Air CO, Enrichment); carbon dioxide ( CO,); photosynthetic; diurnal

variation ; adaptation
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PHREEZ) 14.9 °C 4 H BB R T 2100 h, P4 TCFE D] 220 d, BHE T 0N -4 RN B Fdl - S8 14 ok .
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Fig.1 The change of maximum and minimum temperature (a), and daily integral of photosynthetic photon flux density ( PPFD, b)

during the entire growth period of rice in 2014
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Fig.2 Effect of elevated CO, concentration on diurnal courses of net photosynthetic CO, assimilation (Pn) of the flag leaf of hybrids at
heading (a-b) and 24 days after heading (c—d)
B B R E A E R MER (n=3) , Date in the figures is “mean+SE” (n=3) ;ns, A3 non—significance; ns, P>0.1;+, P<0.1; * P<0.
05; = = P<0.01; YY2640, Aiffi2640; YLY2, Y Pifi2 %

F1 7 CO,REXNFELZBMBERMMIBG 24 d QIR ESHE MBI FTESIT
Table 1 Analysis of variance for photosynthetic parameters of the flag leave of hybrids in response to elevated CO, concentration at heading and

24 days after heading

JhFH Heading stage BT 24 d 24 d after heading

Index Item
9.00 11:30 13.30 15:30 9.00 11:30 13.30 15:30
Pn CO, <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Variety (V) 0.41 0.01 0.00 <0.01 0.01 0.08 <0.01 <0.01
CO,xV 0.35 0.63 0.69 0.14 0.11 0.46 0.40 0.53
Gs CO, <0.01 0.03 <0.01 0.16 <0.01 <0.01 0.03 <0.01
Variety (V) <0.01 <0.01 <0.01 0.01 <0.01 <0.01 0.13 <0.01
CO,xV 0.85 0.97 <0.01 0.33 <0.01 <0.01 0.15 0.01
Tr Co, 0.01 0.12 <0.01 0.22 0.01 0.02 0.07 0.02
Variety (V) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01
CO,xV 0.13 0.62 0.15 0.29 0.33 0.03 0.21 0.06
WUE Co, <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Variety (V) <0.01 0.03 <0.01 0.02 <0.01 <0.01 0.01 <0.01
CO,xV 0.01 0.07 0.01 0.13 0.11 0.84 0.16 0.85
Ci co, <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Variety (V) <0.01 <0.01 <0.01 0.33 <0.01 <0.01 0.02 <0.01
CO,xV 0.01 <0.01 0.02 0.83 0.25 0.62 0.10 0.91

Pn: (%ﬁ'ﬁﬁ’l%%, net photosynthetic rates; Gs: %?LEFF;, stomatal conductance; Tr: 7'3'%1%%:, transpiration rate; WUE ; 7J(5'}74F|“EH%I$, water
use efficiency; Ci: - M) Cco, e | internal cellular CO, concentration. P {H AR R 2Z 7% 0.05 DL E R %7J<¥, The P values in bold show

significant treatment effects at P<<0.05
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Fig.3 Effect of elevated CO, concentration on diurnal courses of stomatal conductance ( Gs) of the flag leaf of hybrids at heading (a-b)

and 24 days after heading (c—d)
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KR 1) o PEFD Te X CO, MR PRt 22 S K A 2640 M i B /N R 47 (B Y PIAE 2 S A,
TR AN ARG 24 d B3 —E (B 4) , FFEMTERB, CO, 5 FF Y EAEXHMELS 24 d 1130 F115.30 Tr fY
SR> 03% 0.05 F10.1 BEKFE(FE 1),

2.4 = CO,HREEXT 2238 ARG K 20 R ORI 5200

AL BEOK RE M oK R HRCR (WUE) Jo—200 HARERUEE (K 5) o Y PRI 2 S-SR A ] s 2]
A WUE Bl 8 R FHhiAE 24 d,HE L 2640 BEIAXT R 2] WUE 92555388/, 1R CO, # B K A 45 1) %1 WUE
47 4 25 R 0 R0 . R A R AR S 24 d 4R34 B N 86% 49% , A T HIHERS 14 MR BH sk b, 4
BRM—F(ES5), PHEHE,Y Ptk 2 SHiiEL WUE X5 O, Bma i B K T AL 2640, 2 BAE CO, 5 &
FhiE HAEZ3k 0.1 DL B E /K i 24 d i C B 25 (RS mE 1),

2.5 & CO,MREEXT 22 RE MUl CO, YR B A5

L] CO, MR (Ci) BT E S5 SR8 T 6 126 1, 11:30 F1 1330 M E B Ci sk b g /N T4
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Fig.4 Effect of elevated CO, concentration on diurnal courses of transpiration rate ( 7r) of the flag leaf of hybrids at heading (a—b) and
24 days after heading (c—d)
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Fig.5 Effect of elevated CO, concentration on diurnal courses of water use efficiency (WUE) of the flag leaf of hybrids at heading (a—b)
and 24 days after heading (c—d)
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Fig.6 Effect of elevated CO, concentration on diurnal courses of internal cellular CO, concentration ( Ci) of the flag leaf of hybrids at

heading (a-b) and 24 days after heading (c—d)

2.6 1 COMREEXS AL RENIE] CO, 5% < CO, M E Z LA FLBR i (A4 52 i)

MR HEIE] CO, 573X COREZ L (Ci/ Ca) R Fr ALBR A ( Ls ) AN [R) I 5 Bk 221 1) 2 S5 200N , il A 30
FhBEJS 24 d BH— (K 2) o @& COMIEX TR AT ARG 24 d 25002 I 2K AE MR i/ Ca KIS A
I FERIHE Ls FA T RE A2 RIKRFAKNF-, CO,5 WA EAEXS AR 2] CisCa FI Ls 970 W25 520, Pl
SEMHEHR—E (% 2),

2 B CO,REMFEZBMBHAMMBERS 24 d FRAIFZISIHAEE CO,5F% CO,REZLL(Ci/Ca) URSFLIRFIE(Ls) BT

Table 2 Effect of elevated CO, concentration on diurnal courses of the ratio of intercellular to air CO, concentration ( Ci/Ca) and stomata

limittion value (Ls) of the flag leaf of hybrids at heading and 24 days after heading

i Heading stage

TG 24 d 24 d after heading

Index  Variety  CO,
900 11:30 13:30 15.30 900 11:30 13:30 15:30
Ci/Ca YY2640  Ambient CO, 0.89+0.00  0.87:0.01  0.89:0.00  0.88+0.00  0.81x0.01  0.81:0.01  0.7720.02  0.85:0.00
Elevated €O, 0.89+0.01  0.87¢0.01  0.86+0.01  0.7820.04  0.79+0.02  0.7820.00  0.83:0.01  0.84+0.01
YLY2  Ambient CO, 0.8740.01  0.86:0.01  0.8:0.00  0.89:0.02  091%0.00  0.87:0.01  0.85:0.01  0.89+0.00
Flevated CO, 0.82+0.02  0.85£0.02  0.79+0.02  0.83:0.01  0.88+0.00  0.86+0.01  0.85:0.01 0.9 +0.00

ANVOA €O, ns ns ns ns ns ns ns

Variety (V) . .

C0xV ns ns ns ns ns ns ns %
Ls YY2640  Ambient €O, 0.11£0.00  0.1320.01  0.110.00  0.12¢0.00  0.19¢0.01  0.19:0.01  02320.02  0.15£0.00
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A Heading stage LS 24 d 24 d after heading

Index Variety €O,
9:00 1130 13:30 15:30 9:00 11:30 13:30 15:30

Elevated CO, 0.11+0.01 0.13+0.01 0.14+0.01 0.22+0.04 0.21+0.02 0.22+0.00 0.17+0.01 0.16+0.01
YLY2 Ambient CO, 0.13+0.01 0.14+0.01 0.2+0.00 0.11+0.02 0.09+0.00 0.13+0.01 0.15+0.01 0.11+0.00
Elevated CO, 0.18+0.02 0.15+0.02 0.21+0.02 0.17+0.01 0.12+0.00 0.14+0.01 0.15+0.01 0.1 £0.00

ANVOA  CO, ns ns ns * ns ns ns ns
Variety (V) o ns . ns * ok o o * %
C02><V ns ns ns ns ns ns ns * ok

ns, A3, non—significance; * P<0.05; * * P<0.01

2.7 5 CO,HRREXT BUA b |08 K 4% 38 B A= i 1) 52

A Hh L R A B AR I S RS TR 7, PR AR CO, MR R R b A A T
271 g/m? IR 12.6% , iKW KT RS BB P2 A e A 2 5 (RN CO, B IR R A7 7E
W5 9 22 57« i COLMRBEAH AL 2640 A1 Y P 2 5 b0 A= W8 43 5138 24.9% F1 1.3% , Hif & 3k .35 7K
P AT CO, MR R foff 25 B RRR A A 1 i P 3 14 0 9.0% (p=10.15) A1 17.3% (p<0.01) AR 1~ F Wk
K, WARIEEFPE & COMRBEPREE T ML 2640 il ZEEH R AR B A 1y i 24 52 WD S8 A 3 I 2%, 19 i 16—
29% ABXF Y WML 2 S & A E YR TR E LW, 5 2250k, CO, 5 M AR B3R R DL A A
AW S IR B ST 0.05 KT (L T7) .

[ Ambient CO, [ Elevated CO,

ANOVA result: ANOVA result:
€Oy P=0.035 €Oy P=0281
3500 Variety (V): P=0.035 3300 Variety (V): P=0.293
—~ L CO,XV:P=0.050 | CO,xV: P=0.045
< 3000 3000
~ g —_
B & 9500 | e ab ab = 2500
g t E
g% 2000 ﬁ‘}’ 2000
el on
25w} % 1500
55 i
=) : 1000 21000 +
i)
< 500 F 500 - a ab b ab
0 oL ] 0 .
YY2640 YLY2 YY2640 YLY2
3500 ANOVA It 3500 - ANOVA result:
result:
= | IVA | €Oy P=0.009
g 3000 S/oz_‘f?E \(/)).1;9 vons o 3000 Variety (V): P=0.914
E aniety (V): 7= 9. £ L COxV: P=0.059
2 2500 [ Co,XV:P= 0210 s 2500 2
5 =
Vﬂ% 2000 & 2000 -
B 'O a
ﬁg 1500 F W2 1500 F . = be ab
2 S
= =
7 1 - £ 1000
; 000 b b " . &
0 . . 0
YY2640 YLY2 YY2640 YLY2

fmFh Variety

El7 & CO,REMNEIMHEELIM EHAEWE (a) FHH(b) ZE8(c) MBEEME(d) N
Fig.7 Effect of elevated CO, concentration on dry weight of above-ground plant (a), leaf (b), stem-sheath(c) and panicle (d)
[ — P R [R) 7 BE R /R FE 0.05 7K 128 5 i 3
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3 Fit5itie

BB A 0 B 7 7 i I ) i RO A 2R S DR T T )2 R RS A i e e R
I HA B RN RE F7 . AHIF T 2 T A i 7= 2 AC R AL A B ARG 2640 A1 Y PR 2 S A fkiah Rt o vk A HIAE
Y FACE FiRFF A AAE A HARALRIOTSE . BN A o, 0 B BB AR R A /AR 2640 FLY PRARL 2 555 667
m’ FERE T E 43 158 770 1 855 kg( &l 7d) , s TARE ¥ R4 [ 1) /K ARg P ik

M FACE AR R, 280 00 F KRR IAL T8 cO, MR R & B AE M I E 7 | A
IR WAL A 2K, CO, MRS 200 pmol/mol (A ANES Hh &I Pn 230313 I 519% M1 27% ,J5 %
ZUHRIE I A2 — R BB AOEA T AARFAAE , MBS P X CO, Y248 X6 FIRR X 0 Jif 22
SN (A P I B I A SRR 22 5 FE A 2640 S Pn AR B AE S ER BB KT Y AL 2 5,
T A [ 220 17 2238 7K F JE 2 RBREKT (K 2) o w5 COMREEREET Y PG 2 S8/ I 2640
T AEE T RS X2 R T RE 5 DL R MmN 25 A K W5 55— EREE A
ZE LRI T CO, M (i S B34 43 BN 33% (p<0.01) F1 7.7% (p=0.06) . FACE sKFE %S () B4
) B IE R, XA TR T R AR AR, SR I B T 0GR X G A W B ) 3 mT AR A 2640 W
1 P ATHA S5 e N RE T EE R R A

KA CO, MR EERE N A R BE ESIFEAK Gs LATE R X FPERBE A AR 1k, Cure FT Acock X3 2 R 50 1Y 25
W LEK A E 78 2 . CO, M 550 wmol/mol B 254 F , KRG H Gs FH18 /0 18% 1 &A1Y
FACE WFFE 3B, 9 5 A 42 R R B Z0°F- 27, CO, R B 384 i 200 mol/mol i (46204 -G b 8 10 A0 2% v 01373
T RE 29% F1 31% , Ho B 2640 43 5S4 F B 26% A1 22% , Y Bt 2 543 510 34 R R 36% 37% (11 3) , &
i1 FACE B2 WAL BRI i Gs X CO, A M i 22K TR ARG (B A sk H A A1), Y P 2 5 R K B
B R R Y 25 53 B RO T 2R T BN RIE Y, I S A RS [ 7 MEEAIE T B 2 iR
BEHE , R e EARA JRARIE ™ AR, IR R, B 2R (L F , A58 & BT A 2640 Gs XF CO, )
M 7 44 Y WG 2 S W RS R AR BN E B BE Gs OIRRE Y B 2 5 I KT AR 2640, it R 4R )
MIF AR S, AN ZI CO, A5 R EAE SO AR UE ] TaxX — 5 (B 3 fk 1) . X—BR RS Pn R 9 H AR fk
FH—2 . AL 2640 Pn X CO, MmN B SR ERTF A1 Y itk 2 S A MR EHE(E 2), D8RR
FAT, FER SR AR AE G A M L B, AS (7] Ak 3R ) G ) BsF T 0 1) B2

ST ARSI —80" 5 CO M BERREE T, (AU A AS [w] At ) 0 22 (4 B i) COL ¥R BE ( Ci ) A9 7K SF K T 34
InCE6) o (ARFERE, R LR HIE (Ls) Fal 2 M) Co, 57253 CO, MR Z L (Ci/Ca) X CO, i i £
Ak R, A G a2, RIVAEARIBS ] CO, 5 FAh N ZIE BEAERN (R 2), M CO, WS N
MG AT A BT SSL R (AL B T EE SR ) AR L BRI (CAnBETS I FDG A H A ) o AN £
PaR], AP G FACE B R i Gs WA T X5 BREE M Fr (B F7 Ci/Ca T Ls X CO, 470 25 Wi 17, 31X 33
B AL IR ] BB AR A sc L ARl Y PIAE 2 SR Pt Rt & NI &R, [ — FACE 5%
SR AR E 45 R W & COLMREERE Y WAL 2 SR ARG 24 d M B S ECR 000 TR 7%
1 26% , 413k 2 7KF- HF AL 2640 X5 07 B R 3 BRI E R A TR ER IR BB A (R ) . itk
FATHED FACE J8 Y P 2 5 B B 00 A3 I G AR PT REJE AR AL i s, BRI Al i — e 2 56
VE FE A (40 Rubisco ) {if P A1 ot A9 4 8 B 8 K T B3 2640 , BRRAR UK -2 5 350 B0l 4 i A0 105 1 Ak
WA, 5 BB R COL MRS FAEYOL A R IR R £ 5 E AN

KA COMREETH =X R Gs IFE IR IR S AE K 43R L & CO,MRBE 301 Gs N BEMEALBH 738 m
Wk I R XK ZE A T BT LR 6 2 TR T v (CBE AR B ) | B I i AR I R P A5 L A R
ARG, 5 CO, VR BT AT 545 T o) 20 25 1 T3 ( Tr) Y S R REa s SRR IR 12% (181 4) . 5 Gs
M H AR —F (B 3) , AL 2640 R T XF CO, MmN F2F/NFR2F 1Y PIAE 2 548 B, A~ I B —
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H(E 4), & COMBEMM R Po FHET Tr TR, I, IS A AN [R]ER] K 20 R AL (WUE ) 34 K g 1
i, At 8 B R TS 24 (8 5) T kS T B WUE X CO, Bé R N R A 22 S/ RBIE €O, 5
A AN Z TCEAERN (£ 1) . DL SR UE & CO, MR EEIREE T Wi A i HT R ) B s . A LER%
W, C AEIR A 2R

T CO, M E i 5 Wi Y6 A VR, e &R i T 4 S A= 7=, KRG X CO, i Ji7 (0 35 R 700 2 S e < = 0
FACE P58 i B 438 (X SU A9 22 L RURR D IR 42 0 500 6 38 I 45 S — 0, AR 9% 10 0T 7 50
PR, CO, 5 FhFpou A= A B I BN, WA 2640 A= KX CO, MR IE MmN gE 1 B KT Y
IR 2 5, EFOR A1 43 (b e ZEFSANAS AR IR ARG (B 7) o S5 AR BIE T A, Rk R CO, 35X
e AERE A7 D7 R e R S T S, e RN AL (I Y PRAR 2 ) S5 SO T R BH S 5 T R i 4 (A
HIA 2640) , 3B i A iE] 22 55 AT REIF AR ALBR B2, 117 J2 5 5 6 A 1F F A0 AR S il 25 B <AL I P i iy, (3
A U1 B A= 2= DL SRR AR T i — P R R

0 B BB B R at RIS XN E SR AR BRI FACE RGER H # 4Edr
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