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Abstract: By simultaneously analyzing chlorophyll a fluorescence transient and light absorbance at 820 nm, gas exchange
and activities of key scavenging enzymes of reactive oxygen species (ROS) in chloroplasts, we investigated the effects of Pb
treatments with different concentration on photochemical activities of photosystem I ( PSI) and photosystem II ( PSII) and on
photosynthesis in maize seedling leaves, and analyzed the interaction of PSI and PSII. The results showed that Pb treatments
restrained growth significantly, decreased pigment content. The Pb treatments decreased net photosynthetic rate via non-
stomatal limitations in the maize leaves, which increased the excess excitation energy. The Pb treatment also inhibited the
activities of SOD and APX and damaged the reaction centers, donor and acceptor sides of PSII and the photochemical

activity of PSI in maize leaves.
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B AE 0 4G T BUE KBRS TP OL RGEMTENE? P Rl SALE R ERIETALE R R

e E1ER?

TG E Bk (R4 32 B0 ] 2538 i R RSOk BE , R A BE K E Rl & S BUR A4 . 1L
e SR T AL EE SOD 1 APX BESSTERR TG HE AN AR OL SV R Z G A% . Pb HERE S
R M EDEE Bk FEA A A hr S AR TS T i TS AR R BTN E XD AV R E? B B
HIIRIRE , BEAE IR BEAF Pb XHAEY) i Hr F ALK X i e FA 5T Pb MY RA A EE MR L.

AP A C R G D ReR , E AR RS T 26T, T ELARXE [R] i F5T PSIT A PSI IS ERGEHITIBE
S Hansatech 4 A4 ) PEA-Senior £ il LRI A MM 4l 52 2 90 ¥ 530 1% i 24
1 820nm S Bl SRR R Ge . B R PR 4 R SO6 I E A HrBoR (JTP-test) , T LAJ5 {8 | PR FI T4
Bt AT BEa T PS I AT REAS AL, A4 2 BE s | H U A 32 A R 2 A6 5 F1 A A% 820nm Y
MR , BT AT PST ShERAIAS (LY o %t R BiAad A2 R Bk , 38 AT A SMA A 40 76 6 85 i3 T PST 11
PSIT T EXT 3% 55 AN [ o A< SCH A PEA-Senior 455 SRS 43 B A Jr HUE AL BEE P 204, 3 T Pb
JiipiE % K - PSIL F PST & LRI A VR B0
1 HREFH=E
1.1 brktabz

UEKR(EEIS) HEHAR, 5B RFM T AR, R FHERMF B EARD P, BREER
) Hoagland & FR ¥ , fif T K B M — AR 51 & Pb 0, 0.25.0. 5mmol « L™'(Pb:EDTA = 1:1)f%3
Hoagland & FR AL AR R (3 AMAEFE 53 IR : CK\T1.T2) , X BRZEE SR P I A RIVE BE ) EDTA, g T 4%
TEALFE I (8] , 35 5 B IR BEAEGMEE , R AR Y T AP A XD BERFKE 2 B ERBMEE P A
Belh I ZRIOEBANB KIS o Ab3E 15d J5 AR 7840 R IF I Kl b B AT & FP S8 5
1.2 SEZHSHHNE

HFOLEHAE(Pn) AL (Gs) AHAEE PR CO, ¥ (Ci) %S HUH CIRAS-2 BUFEHEFOLE1EANE RS
(PP-Systems , %% [¥ ) W& . FIFH CIRAS -2 Je&MIE RG M B sh#EH R4, 7€ 360 umol - mol ™' f#) CO, 25CF,
¥ 1800.,1500.,1200,1000 800,600,400 ,300.,200 150,100 ,50 .0 pmol * m “%.s '[9 ( PFD) IR JF4E Pn-PFD
Wi ; h £, 7E4 S OE5R T A& 3min JFIURE . #R4E Pn-PFD W R i & MP) IR R ITHE R E 7R (AQY) 5 1E
1200 pmol - m s T BRI %2 7 50,100,150 ,200 300,400,600 .,800 1100, 1400 mol - mol 1CO, &MY
Pn F1 Ci, §I1E Pn-Ci Wi i fh4% , 7EA> CO,¥KEE T @ 3min J5IE . MRAE Pr-Ci ma i i 2 MR AR TR R
R (CE) .
1.3 R EIRE S 32 A PS X 820 nm AHXPRIC(E AL To KT

£ Schansker 251751 , M F 26igE b 20 min, 2R )5 | PEA-Senior ( Hansatech , 9% [ ) [@] Bl 28 it /B
MR VO3 122 (0-J-1-P {1k ) FIXS 820nm (ZBLLIGIN &S A 14(E (820 £20) nm f¥) LED JtJ5)
MR I 2k . O-J-1-P #1£% H1 3000 wmol - m s =" f ik s B 1% T, 9B 50 TR M 10ps FFIR, 2 1s 453K,
TOERIWI AR TR S R B RPRR 10° 88 . A 820 nm SBIR IR e KM 5 B/ MBI 22H (AL To) VM5 B PST e K
EHAERRS o O-J-1-P 386 S B4R T JIP-test HEAT M, RS HH0 B X BB AR

B ARIGFRR TR, /ABS ;] ;S HARXT AT 2E 92K 1 V5 O-J-1-P FEG155 T H 2R 00 46 A4 3 - Mo 5 B A7 P IR
HIOLRE :ABS/ CS s IRI— G B T B R 0 9B H : RC/ABS ;78 O-J-1-P 3654 O 45 K sUFI T AR
HITOLIREE ST BN : Fo (F fI F

PSIT f KYEALF 3R . p, =TR,,/ABS

TIRBIB T i TR BB T2 QUM ER FRZEMME Y= (1-V,);

FATHFEENET T8 0n= 0p * ¥o;

BN AR A TSR PSIT | N H O AIEE . RC/CSo = ¢p, - (V,/M,) + (ABS/CS) ;
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DA SO BE g B Atk A G A P REFE 2 : PLips = (RC/ABS) + ((p,/ (1 =0p,) ) * (ho/ (1 =4pp) ) 5

Kﬁiﬂ@*ﬁﬁ‘ﬂﬁﬁ%%:wk = (Fk ‘Fo)/ (F] ‘Fo) o
1.4 FOESENE

FIFE FMS-2 Bk i ] X926 1X ( Hansatech , 3 8 ) M E W 4590 F, K5OG F, SE R KIS F,' .
BTN Fs BT RN F,"EVSH WERGER N8 F, fF, B, 75 250 R Je A RS iE B e
W38 B 20min, ARKIE Fs A1 F, B, i FMS-2 (7R FYEEIR , 78 800wmol - m s " fEFIE T KR 784
AT AR SR BIRRAS MRS TN Fs, A5 B ahi Mk tiig F,’ B8 B shimsouiifg F,', & 900
SHMIHE AR T

PSIL B KA SRR F,/F,, = (F, - F,)/F,";

PSII KRR #EAL3E F'o/F,' =(F,' - F,')/ F,';

PSIT S DS AIRREE | —gP =1 - (F,’ - Fs)/(F,’ - F,’) '),

PSIT 152tk 2 28% (oPSIT) = (F,' - Fs)/F,';

JEMALF R (NPQ) =F,/F, -1 ),
1.5 MEEEREEHNE

Z:7% Amon [WJ7H5, FREEFE 0. 2g BT 10ml 80% KN ER I A0 42 48h, ARG IR, FFit e 2k H,
BRETE T IR . F UV-1601 (B, HA) Z00 B4 510 %€ 78 663,646 .470nm 4L OD {H, 11
BH5ER ab MIEHE PRWEE,
1.6 MHEYERKEMNE

B CK\T1. T2 K-S E R & 5 BRAZRBAEE T4, BRB  T R E, 40 E T
S TE,
1.7 @AY EALEE(SOD) FHTIf M BRIt S ALY EE ( APX) 1i& M i Il 8

FREL 0.5 g i, 7E 5 ml T2 #9 pH 7. 8 FBERRZE iR H VKB WFEE , T 4°CF 12 000 x g B0 20 min, |
TR BN MBS B . SOD &M i 2 Y Giannopolitis 1 Ries i 732" ; APX 35 14 9 %2 Fi} Nakano 1 Asada
HIFTEE o B Asgg o B9 NBT 38 JRUH) 50% FT 35 B SOD i —MEHE B47 (unit) ; 76— 9% % 5 1 Bl
W, PABOEAETE Ageg o BT BESM0 B T REME R APX (1) — BB TE 547 (unit) , SOD HI APX 35 P 5 1 bb 653 F
UV-1601 R4 EE (S8, HA) #17
1.8 JH DPS HRAH RGN BB # AT 4017 o
2 ZR55H
2.1 Pb JEX FRLE M R gt E #R (Pr) SILRE(Gs) FESHHIE N

AN [FEVEEE R Ph JiE A3 K 15d J5 , FOKM B Pn-PAR W i B F0 Pn-Ci ma i h& X k4 T 3%
HIARAL, G 1 B, T 4% 0 1 i 2R A0 46 A 3 R0 A K AE 55 % BEAH LR B R AIR . EOK M ot & B
(Pn) SR (Gs) RMETFREFE(AQY) JRUBE(CE) AR, TN ARE PR CO, ¥ (Ci) FH, BBEE A3
WM KA SH A IEEAE K (£ 1),0. Smmol - L' Pb A3 5 H Pn. Gs AQY F1 CE 43 5| Jy Xt B
16. 1% 27.1% 29.6% F1 12. 4% ,Tii Ci W] Jg %t B& [ 305% .,
2.2 Pb ExXf ERGEAEYED LT AR SERZN

Pb raALIE G, ERGB R SR a.b LIRS MRERE TR, HFEE Pb BB K, &
RSB TFIREER A (FK2), 0.5mmol-L™" Pb AbH G HM F 4K a.b MK E M RKSELH 5t E
) 18.6% \16.2% 22.0% , 5%} BEAHEL, Pb 38 15d J§ B R4 b E 34 TE M TFHSTEBZE T
(E2),
2.3 Pb fhHEXF ERM FOLRS T ADERS [ KN

PRI M-SR PO S 3h J1 2% i 28 7T AAS BIAR 256 F PSIT HEA M 32 A0 A K R R H 0 B 15 BT
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Fig. 1 Effects of Pb treatments on response curves of photosynthesis-PFD (A) and photosynthesis-CO, (B) in maize seedling leaves

GABEE R 3 AN I E KM, ElH CK, T1. T2 4353014 0,0.25 mmol+L~'F10.5 mmol-L~'f{) Pb At B! Data are each the mean of 3

independent measurements with standard errors shown by vertical bars; CK, Tl and T2 represents the treatment with concentration of 0, 0.25

8mmol+L ! and 0.5 mmol-L~!Pb respectively; The same is used in all other figures

Pb e )5 , PREM SRR IO 3 S =M B R R 204, K f ETH(E 3) K RN AT 22 5Ot W, FEE
Pb e ¥R B (4 K B FHIRBEAE R . B3R 2 FIA, 0.25 mmol-L™'Pb bBE A S F,/F, MU BAE,0.5
mmol-L™"Pb 4L BEJE F,/F, g%t R 86.9% o KM A MG MEREIRBU(PLys) (B FIEEE F 78 (04, ) |
IR TR TR B TR B T QU B TR MR (y,) AL AA & P PSIT SR A
L HBCE (RC/CSo) #RBEE Pb ALTRYE BE 3 KT 22 T M

F1 PbAEBXWEXRLHEM R Pn.Ci.Gs AQY .CE KIS
Table 1 Effects of Pb treatments on Pr, Ci, Gs, AQY and CE in maize seedling leaves

i [R]BRE CO, ¥RJE

Pb 4L HOEEHA(P) (e co, U (65) RWRTFHCR(AOY)  gefR (CE)
Pb Treatment net Photosynthetic rate : eree u‘ a2 Stomatal conductance Apparent quanta yield  Carboxylation efficiency

(mmol-L~1) (wmol-m~2s71) concentration (mmol+m~2s"1) (CO, - photon ~1) (mol-m~%s"1)

( wmol/mol )

0 28.2+1.5a 60 +13a 188 +5a 0.0425 +0.0019a 0.596 +0.086a

0.25 11.5+1.0b 96 +11b 81 +11b 0.024 +0.0029b 0.211 +0.036b

0.5 4.5x1.1c 183 +17¢ 51 £10c¢ 0.0126 +0.0038¢ 0.074 +£0.025¢

BIE RARFR/NE FRRRAFLPZ AGER P=0.05 KEHEEER, UTHEEHMF  Values with a different letters are significantly
different at the level P =0.05. The same is used in all other figures and tables

%2 PhRAEMERYEHAMEREE(ng g™ DW) HFM
Table 2 Effects of Pb treatments on pigment content(mg-g~' DW) in maize leaves

4b B Lig=s 4R b M4kE a+b K PR
Treatment( mmol - L~ ) Chlorophyll a Chlorophyll b Chlorophyll a +b Carotenoid

0 11.60 +0.53a 3.36 +0.31a 14.96 +0.84a 2.27 £0.14a

0.25 4.07 +0.12b 0.981 +0.07b 5.05 +0.16b 0.99 +0.03b

0.5 2.15+0.10c 0.57 +0.03¢ 2.71 £0.13¢ 0.50 £0.02¢

Pb 8 e, ERM g PSLERAIEE (AL/Io) T [, BLBEAE T8 & BE 38 KT AR AR R (1 4B) o
2.4 Pb EXN FRM AOERS I efbr RN AR

ST, Pb PE 5 FORM - PSIT R A UG BB IRACR (F,'/F,") , PSIT SEERIEAL 2234 ( @PSIT)
TR, TR B LR (1 - gP) AR R (NPQ) EFH(ES) o W Pb A MAE T T KM A ¥k ik
H T o
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Fig. 3 Effects of Pb treatments on chlorophyll a fluorescence transient

B2 RFEYREE Pb AbBRT T K 4 A 4 (s i
Fig. 2 Effects of Pb treatments on biomass of maize seedlings

BNEAE N 5 MERRIN E M4 Data are each the mean of 5

i ize 1 Dat: h th f 5 independent t
in depen dent se edlings with standard errors shown hy vertical bars In maize leaves Dala are eac € mean o Indepenaent measurements
*3 PbAAEXEXSEMH Hﬁiﬁ%%ﬁ F‘,/Fm sPIABs “PEo Yo RC/CSo K%M
Table 3 Effects of Pb treatments on fluorescence parameters F,/F,,, Pl pc, ¢r,, ¥o, RC/CSo in maize seedling leaves
TR T K T

Lba PSII £t K% . \ FTF T oy \ B T FRAT T
. ) 1 By L N
Treatment fERCK TR wmrrm oo mitemy MRS ONEE
-1 F /F ABS RC/CS
(mmol L") W ®p, TR g, 0
0 0.809 0. 006a 2.42 +0.281a 0.452 +0.011a 0.578 +0.011a 296 +12a
0.25 0.800 £0.018a 1.28 +0.316b 0.379 £0.021b 0.501 £0.015b 193 +21b
0.5 0.703 0. 023b 0.276 +0. 156¢ 0.228 +0. 045¢ 0.368 +0.057¢ 141 +37¢
08 - c 0.25
§ 07 | 1 _
2 020
332 06 | b ﬁé‘:
¥ & °
g 0s- 2 015
2 o4l X5
B3 AT -
=5 03| g O
s =~ g
“g 02 & oo0s
g 01 =
S 0
CK Tl ™ CK Tl )

Kb Treatment Kb Treatment

B4 Pb ZbBRF FORLE I K AN AT AR5 (W), ) (A) F PSTIRRIG (AL Io) (B) RIS

Fig. 4 Effects of Pb treatments on the relative fluorescence at K point (W, ) (A) and the maximum activity of PSI (Al/Io ) (B) in maize leaves

2.4 Pb e X FOKM AP RACERE RN
Hi& 6 F]TLAE i, Pb ABRREAR T EOKM J SOD Al AXP (35 1 , HLFE A0 2 & BE 38 0 B 1 T o

e ARG K
3 itig

Pb iy JG FORM F B b G R A AL T BEAR B3 T R, (EL R 40 IR BR CO M E BT R (R 1) o
Farquhar I Sharky Ay RA S-S5 40 EIRIBR CO, % B LAIAIR] 9 77 i A2 AL, A4 BERf e Dt 9 T RS
FUBR I RE UG ™ o AR —HIHE AT LA , Pb bt adiad g B R R DB BRI . e WG ARk IR LY
Arpi R R A1, 5- BB ER R 2 1 fin 42 ( Rubisco ) {7 4 ) K /1N PR Dt 1R FF B S L Y K B R o
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Fig. 5 Effects of Pb treatments on ®PSII(A), 1 -¢P(B), F,’/F,’ (C) and NPQ (D) in maize leaves

_ 300 b A Tg n ?’ B
ﬁ?f ZZ : % R = ﬁ%ﬂ 15| Z |
%g B Eg / c
%) § 150 % % E o L %
§ 100 |- % % o /
SZ I % L | ] E | % s

K6 PbALIIX F KT SOD (A)F APX (B) 15 HEf5E IR
Fig. 6 Effects of Pb treatments on activity of SOD (A) and APX (B) in maize leaves

HETEH b A E IR IAE S Rubisco TEPEBLIAASE™, Pb 85 KM A MR AR (CE) B3 TR
(9355 (3 1) 2] Rubisco MTEPEZ B . Pb AE5HE (R ML (— SH) S5& MW EEE > , 30T 2
Pb 2 Rubisco FIHHE T FE) T ZR A , T Rubisco I 1 M@ L R W& 1R S S b S Bt £ 3 R B
ETRE(ED,

PRI T 3 1 AR RO RO A U R T RE Y S I P 9 K U LR R
B AR (OEC) ZAE M —Mrak, K AMHMEL(W,) REBAE A RPmR AR, Pb il 5 £k
MR W, LI, KB Pb 5% T OEC, 5 PSIL BL{AMI )i T 1532 . Rashid S5 B R SL IR B Pb* " S5 4+ 4D
HH AR & kb 23KD & (1 b Ca®" Il CL™ (945 & (s, % 23KD 2K [ 1 14 AT 30 ) iR A TR B 7
P FEREIR TR EROMIREGE R 2P UESE T X — 458 Ph haft J 857 v B P9 A T M 9 S HR G (RC/

http ://www. ecologica. cn



1168 B ¥ R 29 &

CSo) BET e, W] Pb MHafsE TOHAVERRI D, 1 - qP X—SH 12 #UF T PSIT KR 0 i
SKPIRREE , B RRER Q, f3EJFARBE . Pb BT 1 - P MIREAKZREA Pb e BRI T PSIT ik v A R0t
Tl , R RERE BN, 53X B Pb BB 15 T PSIT (92 (AL 45 PSI e 1538 , 53X — AUAT B Pb B
0B EFEAR @p, M 01X — BB o Sl FPEREFE R (Pl ) B — o5 R PSIT B KOBALF3R (PSIT
B IEERB H L B E LA PSIT AZ AR F FAEE BRI PE S 5L, T BB 4 T 158 R &b 2 Bt PSIT R 2
FEHE ") Pb 8T Plss B3 T MEH S SCUL AR/ PSIL MS5H AT RERRZ B T B4 E

I %F 820 nm SR (AL/To) R W T PSI 57 .0 P700 By #% KA LB JRBE /11 . Pb il JE AL/To
EREL (B 2B) , %W PSI Z 2455 . PSI{E MM REARBN Ty 2 15 PR A A T 8k 6 (FeS) Hruls \PsaA Fil PsaB
EAWRAEMR o EATEHSR1K D SOD Fl APX M-S {4 15 M 400 KR A S B , A 135 P G R/t
PSI 4 2 TE M A I E R E X EEMERM . T Pb P38 53 SOD F1 APX V&1 K HE BB FRE (18 6) , Nl ke fh
N T PSI Z &R E R BE. Pb Bl 5 PSIIEMEKIEEE TR, — 2 T Pb Ba s 7OEE1EH
fE R NE (P 1,26 1) B T ORA MR BE AR (T8 5) , S350 T Bk REHE 2 9 TR BUOE 2 TS T4
B—JHR Pb I T HSRIRIE A IE R R RTEE (B 6) . FENE MR A WO IR, 1 15 P E A5
Zhn, B &S5 PSI ZEIE

BLEER PSIL (LR 5 QMR AR S U A L), SR PST B BIREIR, & M PSIT #24k f #8 78k
> AR QR JEARE , TR PSIT B . MABIIT 45 AT A i, bEE Pb A M InE, £X
M F PST f RIEPE R R (B 4) , [T 1 - gP DA S T (B 5) , PSIT 52 PRt 2#20 R ( oPSID)
1 PSIL 2 i H DG RER PR (F, /F, ) WS TR (B 5) , X —Z3E 525 B Pb il S E K PSI ZhAE 3
J& , BELLE T FF M PSII [ A PST 9538, 340 T Q, AR JRARRE , BE—3 i T PSIT MoEilHl . BEF Pb ha i
N, PSIL A 1% 1 IS 03K H (RC/CSo) AW A> (3 3) LA K OEC 55 RITinE (& 4) K3 Seal sk — 24
Bl TFEZ Pb i AN, PSIT f 6 il 72 BE AR i 2

25 FRTIR, Pb e @ 1d 1] Rubisco 15 ¥EBRH TOLA1ER , S REN N ; Pb ki 8 1o #0 4 - S fAk
TE S PR CHEEG ATE M, DA B nyE PR 7= AR 3 PST IS T B, AT BN R T % PSIT fy At {4 ] 70 32 4
MG , Bt A B A WU B , P2 ) Bk A K
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