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Nitrogen supply mitigates the effects of elevated [O3] on photosynthesis and yield in wheat
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Abstract

Aims  Our objective was to study the interactive influences of ozone (O3) and nitrogen (N) on photosynthesis and
yield in winter wheat (Triticum aestivum).

Methods The winter wheat was exposed to two levels of O3 (ambient and 1.5 ambient) and two levels of N sup-
ply (210 and 250 kg-hm™) under field conditions.

Important findings O3 exposure significantly reduced the net photosynthetic rate (P,), stomatal conductance
(Gs) and transpiration rate (T,) of wheat leaves in the filling stage by 28.95%, 31.79 % and 23.17%, respectively.
O3 exposure also significantly reduced the content of chlorophyll a (Chl a), chlorophyll b (Chl b), carotene (Car),
total chlorophyll (Chl t) and soluble protein in the filling stage by 58.89%, 68.64%, 22.89%, 60.31% and 32.00%,
respectively, while intercellular CO, concentration (C;) changed slightly. Biomass in the maturing stage and yield
of the wheat were also reduced by elevated Oz by 12.23% and 12.63%, respectively. High N availability signifi-
cantly increased P,, Chl a, Chl b, soluble protein, biomass and yield of the wheat leaves by 25.66%, 83.05%,
121.57%, 30.33%, 14.94% and 10.67%, respectively, while G, C;, T, and Car were influenced slightly by high N,
which indicated that the increase of P, was mainly caused by the increment of Chl a, Chl b and soluble protein.
The interactive effects of Oz and N on the concentrations of P,, Chl a, Chl b and soluble protein were significant.
These results suggest that sufficient N supply can modify the effects of elevated O3 on photosynthesis and yield in
wheat.

Key words biomass, mediation, nitrogen, ozone, photosynthesis, yield
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H ) Qg9 JE 47 14 1 20%-25%, 2100445 44 /i 40%—
60% (Morgan et al., 2006; Sitch et al., 2007). *1i )=
H O 1Y N 21— 5 B B AR 2 %k N i I 1t 7,
1M HO6EHE 4 A2 K R B AR 7 AR TR ) 5 Wi (Ashmore,
2005). ‘& RET M ALK, o R G5 iR
REFIIR, HDE S RGH 7468, SR MRS &
FHH R, 5 AR % P R -1,5- — Bl 1 72 A0 I/ n 4 I
(Rubisco) () EANEYE, FEOGARES) T, IRk
— b [RA R ) A ) B R 7 B (Kobayashi & Okada,
1995; Maurer et al., 1997; Long & Naidu, 2002; Chen
et al., 2008). Uk, 7 ICGARAEY) S A0 4 it
IR 2, 32K Hethylenediurea (EDU) (k75
7755, 2007) AMNEPUIN LR OF )5 £1555, 2006) Fijit A
(Utriainen & Holopainen, 2001a, 2001b)%%325 /5 2.

H P b T BB RN 2 % DR 25 (R BRI, R A S A
K, AHE IR T FR ) 2 2 (N) X R A KA A
M, AIE— e RS B M A PR &
764 4F i (Utriainen & Holopainen, 2001a, 2001b),
IFEAATYER . Rk, A nAeT 6 G R KR O FE T
SRR EAUK, WEFEHTIHNL & 5 e 92 M# /N 22 05
0 SN T B . HAT, T NAEFIO,
A H AR RS R AR K 52 e [ A A — 2 B9

11 Watanabe“%(2008) A Fif JT T 2\ < %5 (OTC) #E AT 1)
AR K O3 1B A 3N, 43 9 KO3 S 1)
1.0ff%. 1.5f5H12.06%, N0, 20F150 kg-hm™ 347K
o I R W, Oz Wk B BG I W 2E B ISR
(Castanopsis sieboldii) /) 1 ) ) A 18 % e 1 2
T3 ENAE (50 kg-hm™2) 5 A i 3R T 5 i 2 1
i, Singh%%:(2009) % #uats vl K4 Brassica campes-
tris BT ST AT UGS IR, PR R miNSR AR T,
HGE TR E SR, SN TP . X O
I 9T 2 & A OTCul ) P A& 4 N AT I 2
Hik5, HTOTC A E A= NI WA,

WM R K IS AR 5, ik
O S5 K S Ok BE T i X R A I BTSN, H
A T R 3 R VR /N 22 B AH DG Tt N2 i
O3t I FAR D o ARG A FH 3 [R5 22 (05 free
air controlled enrichment, Os-FACE) -5 % Oz FINAE
A HAEFI RN (Triticum aestivum) 6 2 A= &5 1
RS M BEATRIETT, 705 G Tt NI X /s 22 O 15 4 22 il
VERII IR IRL, DA ARSI D TR R £ 2R
PROEFRR AR I AL
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1 #RFAEE

1.1 RIeHFF AHn

TR 50 H A FVL 5 A4 VA0 T /N 20 T e A R
%(119°42'0" E, 32°35'5" N), + I3 b b
KRG K E980 mmAify, WEFEKK T
>1 100 mm, FFHiRE14.9 'C, 4 H I E]>2 100
h, TR 220K . T 3EEARIALPE TN A LK
18.4 gkg™®, 4N 1.45g-kg™, 4P 0.63 gkg™, 4K
140 gkg™, P 101 mgkg™, K 705
mg-kg; WL (2-0.02 mm) 578.4 gkg™, ¥k
(0.02-0.002 mm) 285.1 g-kg™, %iki(<0.002 mm)
136.5 g-kg™; 2 #1.16 g-cm™>; pHE7.2.

RISV 6 W AT 310340 P [ (O3-FACE) FI3AN X
I fEl (Ambient). Os-FACERE ¥ 110 E1114.5 mif1E
J\IJE, Os-FACE & 5 %) el 2 18] [a] B K 190 m,
DAY /D O3B T %o JE el f g i o 38 3k Lt/ \ 1 T
FISHR A I 5 E440.5 mm x 0.9 mmft) /AL [ ]
HL IR O U, JBUVE T IR FEAEAE e )22 7
50-60 cm, Hi 45 O5-FACERE P Oz J& {45 76 X
TR PBI (150, R 2 10% . X I A B i A 2 3
Ox-FACEHiH, M &M ARIRE T2 3.
05-FACER 4 4200943 H 6 H T U541 < o
1.2 Rt

PEAR/NZZ SRR 2 kb 3 B Rl 4522167, 20084F
11 H18 H #&Fh, 178E 25 cm, LA 4225 17
F-hm™2. K05 HHIFACE AN AL B, N %
HN (210 kg-hm™, NN)FIEN (250 kg-hm™, HN)P
AV, LA IR A, SRR, BN A R
B 1.2 mAEAT /DX R . 200946 H 8 H i3k .

L R KT N 210 kg-hm™, P,Os 84
kg-hm™, K,0 84 kg-hm™?, &I IR MEIE & Jy: N,
JIE60%, HEEEALL10%, H&715E30%; PHIK, JE/L60%,
T NEA0%. LA A R 32 52 4 A (15:15:15)
ARG RN A R 55 Jo — U I B, 7 it I
fifi 3B AINAEA0 kg-hm™, 38 I AINJIE & 2 N
19%, AN R ZE . TG HE R K R A B
1.3 MEMBSH*

FEANEEHIREI . JTAEW] . BRI TG R
A ARARIME, FERAFFREAT = N AR BLAE AL 2T,
HAEHA . TR BRI E R .
RIS
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K H LI-6400 1§ 45 2 )% & {¢ (LI-COR, Lincoln,
USA)719:00-11:0073 7 Il i - Ab HH /N2 Th e -1
FHARP)E, AL FE(Gs) ZAMHE AR (T). Ml
COLMKJE(Ci), HFAbFE 4L HU5-6 1 K HA—FK Th g
- o S RN 5 P 3 R 40 W Y6 U hD6 5 A 1 200
pmol-m™.s™, COLKJ¥ %380 pmol-mol™, Il 5E < 4
A 500 pmols WA 5 I R B, 1
JE g 2 S SR
132 MEZSEMNE

J195% L H I 4 2%, FH17530G 48 4M AT I 4
T (LR il G AR AR, |k
)M EN4E%Ka (Chl a). H4E%EDb (Chl b). M4t
SR (ChIt) 2% N & (Can) i . FREUEEH0.1
g, BIWE, F25 mL 95% ZJEEERE, A4 CUK
A, EBIM R JEE R, R K665, 649
F1470 nm FEWOERE . $5 LA T 2 STH A 5
AR (mg-gT):

-4t 2a s B C, = (13.95A665 — 6.88A640) X HHL

AT it o 1 @
M4 b5 Cp= (24.96Agu0— 7.32Ags5) XHLHN
WA+ B 5 5 (2
KiEHE b & A B Cepr = (1000As70 — 2.05C, —
114.8Cp) +245xHE R A FFF: i B S 1 3)
H4E 25 B Caup = Ca+ Cp 4)

133 HRAMERAREMNE

K2 D =2 W % (Makino et al., 1986)il & A
WIS A . PREUEER0.25-0.50 g, HI5 mLZ&
PRI B J A1 3% 5, 3 000 r-min~tB5.0:10 min, B L
THEMRO0.1 mL Tl b (AR S A 20K), A5
mL7% 5 Wi i G-250 W, Ao iRA), JCE2 minG
76595 nm R EGE, e ROGRE, i bR 2k A
FEATE .
134 SYEFM~2HNE

Iy IAE /N A TFAEI . BORIIREE, &
A Bl RS A BRI R 200K 2 A, AR VE R EA
R R), R 25, 1 B TFFEENEE, BN
#1105 C A 30 min, #K)580 CHLEIEE, Frff. P~
FRART FBRER T,
1.4 Sitoh

K SPSS Gt vt # A AT J5 22 53 #1, K FH Excel
BATERE .

WraH s BRSO N AE A B 525

2 SRS

21 T EOHKEFINRBLIEI NESFZIRSH
=RpA

LA, FEF N T, Osab B & i %
TN K RIS s B 2, mEK)E
19 B E 9% 01 O5-FACE 4% ' LU X B I 35 BR AR T
28.95% (p < 0.01); mN/AKFF, fE/hzEKATY
HNZKE RAHEL, Os-FACERIXS M % b 5 1k 2 57,
M7 E 3% W O5-FACE 5 3 1) 25 S IR A TA 31 4
FEKF o FERINSAT R, O3-FACEAR /N J 1)
A M NSAT T 1IN 1 25.66% (p < 0.05). H
IR B, M TENE o] 38 0 /N2 ER DA R .
JiZES BT Al 1, O FINXE/INZZ Iy ()3 G B i R A
BEMAE HAEH (p < 0.05).

FEARFEINKT 461, Oz-FACERXT HE Ab 2 if
P A B T ) G 33 % A7 IR S 22 ), A E R Y
O3-FACELL X JEBH E R, HBRIRIA 2 T 5% K-
(p < 0.05), & N FEIEA31.79%, &N RN
24.69%. i 7EOs-FACESME NI tiNAE X G5 —
JE B IAE R, (H RN H NI ) 22 5 A T8 2|
WEKF. TESAEH, AF O EFINAKT R, C
By A e 2 e o T ARAEAE HT S /N I 15 G AL,
EAEHESR Y, W NIEZEENSE R, Os-FACE
L0 O SRR, Hak 2] T 2K (p < 0.01).
1M 3G N AE XS O3-FACESS AT N IICiE i 2 520 . i
J7 2= Ml A, OsMINAS H A Gy Civ T HAT 2
oM I, N O i 45 T /N AL 1
BEEERAN R,
22 AEO;HKEFNLEN NEXEBENE
g

B 20050, TEIR A & N KPG8 22 BN & A
T, Os-FACEALFE/NZZit [y Chl afy AR A KT IS
X HRB AT B S 25 e, AR RE SR IO b B /N Z2 0
Chl a5 5560 M b I S B AR, ks 2R 2 35 K1
(p < 0.01), HNTNPEIE458.87%, N FElE
29.85%, [.7EiEd¢H10s-FACESET, #NE mNAL
2 [E) /N2 Chl afy &) 22 Sk BR8P
(p < 0.01), fEmmNSAETChl af & NS N
83.05%, R B HENAEXT N FrChl a3
I 52 AR HE1E T < Chl b, Chl t5Chl aZ8 AL AL
Car & EEAC BRI IE I AR a5 Chl af54H
L, A B E AT 2 5, ARAERER I, Toie 2w
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Fig. 1 Interactive effects of elevated O3 and nitrogen on net photosynthesis rate (P,), stomatic conductance (Gs), intercellular CO,
concentration (C;) and transpiration rate (T,) of the wheat leaves (mean + SD). ANN, ambient ozone and normal nitrogen. AHN, am-
bient ozone and high nitrogen; FNN, elevated ozone and normal nitrogen; FHN, elevated ozone and high nitrogen. Different letters

mean significance at p < 0.05 level.

NZKFIE 2 NS 3L, Carfy B AR T |, Hik
P2 % 5(p < 0.05), 1HO5-FACEANFH W] %% 22 5,
Vi W 19 NI SE /N 22 1 Car & F VAT 1 3% 550 . O3
FINFEXT N2 b4 2 it (p < 0.01) 7 3 A8
HAER, X Cary w A W MAZ HAE
23 A RIO;HKEFMNIELEN/NEAAUHELS
=1:0p Al

AN R R T R T AR AT AN I, E
AR T NIE & BN T, O3-FACEFIN JE AL HE Y
HUE 2, MAERERIN, W NS&AF R O3-FACE/)M
Wl SRR AR LL B R R, o Rk
BRI 27K F(p < 0.01), PR 432.0%, {HAERNS
£ T 03-FACE/NZE I i M 2R (17 i S5 o0 LU B
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M A by 8.64%, 72 F WA Ik BB K. 1Y
O3-FACES A T B9 Jili NI XS /N 22 i v Ry m] s 1k a1
RIS (e E R o AERESR Y], OsFINAEXT/NZE
MR IR B E A A HAER (p < 0.01).
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Fig. 2 Interactive effects of elevated Oz and nitrogen on the photosynthetic pigment content of wheat leaves (mean + SD). ANN,
ambient ozone and normal nitrogen; AHN, ambient ozone and high nitrogen; FNN, elevated ozone and normal nitrogen; FHN, ele-
vated ozone and high nitrogen. Different letters mean significance at p < 0.05 level.

R O MINJEAS FLAR 0 /N 22 77 B MIUAN [+) A 75 391 2240 8 (k- hin2) B4 5% 0 (- 24040 s v it 22)

Table 1 Interactive effects of elevated Oy and nitrogen on the yield and biomass of different growth period (kg-hm™) of wheat

(mean + SD)

S OSE SAEHE Total biomass e Yield
Treatment JhEEH Heading JFIEH Blooming R Maturing W3k Harvesting
NN A 9003 + 897 12195+ 1235 14 657 + 140 8029 + 396
F 10565+ 1023 11700 = 676 12 865 + 428 7014 + 259
HN A 9809 + 690 12252+ 1310 14491 +1031 8224 + 548
F 11324 + 814 11831 + 322 14 787 + 447 7762 + 265
N ns ns ns ns
O3 ns ns ns *
N % O ns ns ns ns

A, WHGF, OB NN, FRINZKSE; HN, miN. *, p<0.05; ns, ZRAEH.
A, ambient; F, Os-FACE; NN, normal nitrogen; HN, high nitrogen. *, p < 0.05; ns, not significant.

550 FEAH LU B S BRI, B 4 12.23%, 1 Ry NG BE
O3 Ak B NS A ) v RN 6 N 2 AR ) T LE
HER . (EOMHELAT, HahENE 228 17/

LR, BE A 14.94%, HIkS) TS KF
(p < 0.01). RILEOIKEEH FfE LT, BENAE AT
AR S350 /N 22 s () A= 4 o

doi: 10.3724/SP.J.1258.2011.00523
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Fig. 3 Interactive effects of elevated O3 and nitrogen on solu-
ble protein content in wheat leaves (mean = SD). ANN, ambi-
ent ozone and normal nitrogen; AHN, ambient ozone and high
nitrogen; FNN, elevated ozone and normal nitrogen; FHN,
elevated ozone and high nitrogen. Different letters mean sig-
nificance at p < 0.05 level.

HRINKCTZAE T, OgUR 2 T vl WY G B/
Frea, MRIE A 12.63%, 1 7E Ok T i 414 F,
HETENAE J5 /N 22 77 5 5 5 FNIKPAH T WY 8 5
HIEF T 22K F(p <0.05), HilE410.7%. Htn]
WL, FEOH FETH i 4518 T MY N W] LAZZ Al O ik 5%
Fh Rt N = B BRI . (HOZFINAT /N 2E )
AR AL TAER .

3 it

ARGV & AR, O =& T,
IR E DA R R TR, IR R A ME T
2R 2. Al A . Rubisco s | R LUK HY
T 3 T R R OG RE R R T B A OC (] bR R 4
2009; F5u%%, 2009; Feng et al., 2011). WFFTiE£ M,
Ohl/INEZ I BT B ARRLN, I /N AR E IAFI
OslI T AL AT ¢, O FE Ty JEFp el ab #—
BRI S, %S508 A 1k 3 835 KOF (8 bR 25 45,
2009). AREG 45 R b —5. M HENAE S, FACE
SN T /NZEIE B AR e R A LT
H A G S AR A BT R B, (H RIS
W9/, 55 INZKFFACE 4 £ A LL W ) 4
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e BRI O B TH i 45 T SN XS /N 220 &
WiAT B AR o X S At Ak F A R 4 ()
FE—E i, EAh—LhF IS R B Ok 5 T =
Z6 A B9 it N JE W] LUK i Bk & 4% (Populus
tremula) (Haikio et al., 2007). I A H (Quercus
kelloggii) (Handley & Grulke, 2008). [ 718
(Fagus crenata)%/j1ti(Yamaguchi et al., 2007) 4+
HHEE, GG EBERMELEE B TOA AR,
Rubisco % & 38 5 2 i .

A AR R A TS24 B A W
(PRI, &R RBARME E A 5y, L5 B4R
FECERE I EE bR . NN SRRy R,
LY BENES, RN SRS 5T R, s,
A EHIREEIRTS, Jad b, A /EY)
HEE. FNZAET, Chla, Chl bflICar s & (1 I
Wh SRS /N F W 0k O i IR WROORI AR 3 (52 AF
2009), 1MOz5AF T, HHlENAL 5 43 25 7 = W 1 1
I, b o B hn/N 2 ROGRE R, 3 TR R e DG
Er U 41 1: UtriainenF1Holopainen (2001a, 2001b)
KR 2 12 (Picea abies) 1M 9T A I 4 it NJE v LA
W ohnetag g o, NI IG SO AR I WOfcL a, JE
Bt EdR, a2 AL SRR A, A
I EE 5 — 8. AU 8 NI S,
Os-FACES AT T it & R & & 5 AR LA A o &
B, HE R HINKE R A W e, 1Gs. G
AT 5 NG T A — 3, B0 NI f5
SR 3% B IR I N R /N 22 01 G AR 1 I ) 32 DR A
Z—, MJGHE R G I FEAZ AL = 5] i
1o

N2 & A EEH ), EEmPFEEN
16%-18%, 1] & 1 5T A 1 St 2B R S mti v o, A1
E AR B kR, 40 0 G R 24 DL AT 4l
HITE R R E NS o AR, &
NZAF T, AT 1 & 8 7E O5-FACE N 550 HEUAH
LA B, 3% 5 [ 4 41 (Nakaji & lzuta, 2001; Na-
kaji et al., 2004; Yamaguchi et al., 2007; #PrI4E,
2009) 950, HENAL S, BRI & ]
W R A SRR MAK, (HOs-FACE T HIELH NS
{4 R A B hN . YamaguchiZs(2007) KIHF5T KB, 14
JENJESE 25 380 7 HA LB R R sk . nl ik
T KRubisco &, MMM TA# AR, A
TR Rl PR R B RS AR v] e 5 1 S Rubisco 7 5



PRGN, MG I/ EZ A . PR Rubiscosg:
FeAr i RIS g, LS P I B e o ik
KK/ (Makino et al., 1983), [a]if 2 Hid nl ¥
PEEE 5 A e R B 1 BT (Andrewss & Lorimer,
1987), Ft LABRENAL G nl v vE R (S = R N, ol
fE 5 2 Rubisco & & 3G N, 3 AR 48
BT LA, ATV 1IR3 0 mT BE ol A5 R 3 1) 3L
— AR

Ok FETHREAAT T, G R RS
FACId D, ANz A Kz 205w, AR
7= B BFAR . S H A6 55 (2007)F 5T R W, il FE 11
OXY: ot DI Nl %&b ree g b o 10] G2 (RS A
TR GRS R E A B T BE, T B
HRERACE =GR, BIK/ADNE 5.
O3-FACE 44 X6 7K R BRI 57 25 B O gk Ji T i At 7K
FEPERT 3, BRI T i A LA R b
et R R R EE RS, AT B AR /K A8 A 4 1 R
¥FRir- & (Pang et al., 2009) o A58 % /N (K53
ARULER, HHINAKTLEAEN, Ok BT =, N
(7= R I A ot 1 S BRI . /N2 A
1 BRSBTS R B & )
PSR, I W T VR 10 ) £ R I BRI
T AAEORTEAEEE S ERBFES]
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