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WE I R IR A B AL B (AOX) FF IR A2 X - 2R ok R G (PSINEIGHN I B SIS ARAE . ZRhitd g 5
— PR AR ——A0 M 5 R A AL B (COX) PP IR I8 42 2 15t B Ja R B NS 2 . 1208 I e DU 7 530 1 5 Mook
VERAHT, fEFT T M (Nicotiana tabacum)™ Fr h COXIR A2 X PSIDGAR T I Tk M H 5AOXIR IR I K R 45 REW, 86
A B S PSIVEVETERT A I F AR 35 R BE . AOXIR A SZ A E B T ik PSINEMER FBE . T M COXIBBEZ G, M PSINE
PE R B K AR 6 IR B I B 22 57 . HAOXIR1E 5 COXIR AR [RIIN 32 3H, - Fr PSINE P K T B& b Bt i AOXi 42
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FEAN R R 6 G TR SO A L BT 3 AR
RIS P 5 (W B 4%, 2003; 25 Kok%, 2016). Ak
TR IR TR, e AU ORI R AR
Zill (PSII) (3K 7145, 2009). PSS Tt & o 74438
BEM B, sEOGAE I 208 IR ) 45 P SIAZ A
LA S, B0 RO BER N, 2E RS T
S, 1 X PSIE R A% (Pospisil, 2009). PSIIEH
HI A EPSIZ L E A, JUHED1E A FE .
D15 AI7E S T B ZI4b T BE AR -5 B AR IR 2, B AR
AD1&E A% (Aro et al.,, 2005; Nishiyama et al.,
2011). WRFLRE, w6 A e AR i Y E
HiID1 8 A BT BD1 B 1 B, 28 5] R PSIDE
% (Takahashi and Murata, 2008; Nishiyama et
al., 2011). Jy 7 4ERFD 18 = 1) A B F 22 i PSIDG A
i, YA B2 R U], nFAFE L (Ruban,
2016). 7K/K1E¥F (Miyake, 2010) K% 32X oL 714328 (4
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WRAE, 2017), X LG R T IR AAAE T SRR
TEM SR ARSMBAEE IR 1B 1S, HATWHI IR 2 124
FLAR P )58 B E AL B (AOX) & 1%

FEE YL RLAR 38 5 JJNADH A1 FADH2 )l
I8 NADH it E i (52 & 44 ) A B8 FH R 8 5 il (2 & 14
133 NI H A% 356 5 04 HL 1A% 38 23 92 T (Seelinskki
etal., 2018). VZEfH 7 1] LUl It 25618 12 L i 45 4
S 7K (McDonald, 2008; Yoshida et al., 2011):
(1) BFREE GRS RIV R 240 0 (R
FALBE(COX) L4 <, S TRIMBIBE T 1 1 5 152 i
T RS 03 1B B T ATP I & B (2) H Tt
AOXi& At B AL 16 25 S0, W) AN B K5 I 5T 1 i
FEFATPHIFZE (Yoshida et al., 2011; Selinski et al.,
2018). B AWF 70 £ B, AOXi& 42 ] LAV AE G T I
SRR IS B ARAR I RGE R 77, T2 AEPSIDEH]
il (Yoshida et al., 2006, 2007; Zhang et al., 2011a).
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AOXIE AL M A 5, 39 SRR - B Ik £ IR 2 MR ML) Hh 1Y
NADP- 3% B I8 Ji B 1 v PR 2 2 1 B, A4 A
VR T S R, e B BN EE (Zhang et al.,
2011a). HARFTRY, SarFlod it fE LRk A 1
T HERR A 2 BRI A I A2 KIS IR 71, AOXi&
IR FEIX LEIE SR YERF IR IS e, AT EE
JEREI bR AR, TR 4 PSIE (Watanabe et
al., 2016; Zhang et al., 2017).

BEIRAOXIE KDL R E I S8 =Z Wt 78, 2
TEZRLAR H 5 AOXIE AL T 47 I COXiR 4% 42 15t H AT
JART ThREMANTE 2 . AOXRICOXiEAH /5 MUQ
) R B AR, O SRR BT, 4 AOXHI
COXH AT BE 5 M 2R A4 A B 3 1 S8 AN E Ji 70 1 2 &
(Siedow and Umbach, 2000; Juszczuk and Rychter,
2003). SR T-COXiE A% 5 5 IR 5T -1 B 1T 1 A
ATP& OB, FLd 3 2% 52 115 1 i -4 5 ATADP
AR BIRRE], Bk, H#EWCOXi& 12 A Bt R AOXiE 48
—FEPRIETE FEIE IR Sy, AT S B B 0 R AP R
(Selinski et al., 2018). {HA&, IRHEMN—E & H 152
BRUE . Ak, AOXFICOXIRAE & TA4T I HL & ik i 4%,
FECIRIHE b 3 2 [ R R MATERE

AHE 7T UL L (Nicotiana tabacum)M: Fr A#4 KL,
I AOXIE AR 1) & — YEAM I 717K % 2 52 5 1R (SHAM)
(Padmasree and Raghavendra, 1999; Bartoli et al.,
2005)F1ICOXiE A2 & — Ml Bt H ZA (Yoshida
et al., 2008) BRI E A, WE T HER R DO R
738l )5 i A IE AT SR R ARG K T, RGN
7 7 AOXFICOXI& A% Z 1 J 1 Fr PSINHEL T4 3ef 7% 1k
ADGRTIB AL, B ER T AOX iR 12 A1 COXiE
EXFPSIDGLRY ) DTHR M — 38 Z 1A 9K &R

1 MR5EEE

1.1 gt
JH . (Nicotiana tabacum L.)FiE T 1l &R Ak K 244
Rl EIR S, — &k, BRI A
50 umol-m™2-s™", Jg A #1414/ 6 (18-25°C)/10
/NI RBIE (15-20°C), KB IRV 782« JHR NI
VAR TANUN G Y A R R

A Sz 1 mmol-L™ /K i3 215 R (SHAM) % —
PEHIAOX R4S, FI2 umol-L ' Hi s AL — M40

COXi&1& . BRIRSLLNIE 8 A L Jy, AR Fy v e
A3 Fr, 3324, 4y R4, A8 (R
H AR ). SR 20 0iR AE 253 5 7K (CK)-.
2 pmol-L ™58 ZA W (AA). 1 mmol-L™" SHAME Wi
(SHAM)LL %21 mmol-L™" SHAMAI2 umol-L ™51 % A
PHREG I (SHAM+AA) 1, I Z%AF T IRIE3/N
B U, BRET, ERNETE T A MR TR
PR, KHEZROHEFETERT, 71200
pmol-m™2-s™' 3% T AL B3/, SR i & i 1 (5 LED
SeURFRAL . 2 T A E AT, WKANRIEIINEJE, JeabE
1. 2RI/ JE I E A RS 4

1.2 MAEM R AP700 " 5th 75 Hhk O E
filDual-PAM-100 (WALZ, 7 &)l 5 2 & 1 /K (CK)
M2 umol-L™Hi 8 AV T (AA) T b B 5 Fr 5 78
5 4k R 11 P700" 3t 7 ih £k (Wang et al., 2006;
Zhang et al., 2011b). Wl 5& /i S5 H- 5 A 15 38 B 304>
B, W S BE A e 41 6 308 BL i T P700 S AL Ak
P700", 7EP700" & &fa s Ja K i 4, P700" &
BB JE . D EPT00" 1R IE SR Bl )2 i 26

1.3 MERTAREESNHFEMZENE
2% 25 5 IR %5 (2005) ) 77 %, HHandy PEA (Han-
satech, & [ )il & i A () PO S R 6T T80
M 26(OJIP) o I 1 5K i [3] 7 i 2 3045, il
I IR SE3 000 pmol-m™2-s™ LA G, H 4G Il & 47
KNP0 IR, BOLRES1R . i4E A it H R E
N PSR KOG 5 28505

Fol Fo=(Fm—Fo)/Fum
A, FoAWIUG 5, Fo B IE N N i K2k, RN
Al AR 5

1.4 MERTHBERSH
TS TAR R S o' AL 3 AT [ AT I AL EE30
a8, S8 JE FH FMS-2 2 Jbk o 3 i) =X 2% % X (Han-
satech, %[5 )il & 05 & N R R KK Fn, A TG
ST

LR IR E G RN RS E e
T R R B R ST 291 200 pmol-m~2-sT I Al e (S
A EE S sRAH A ) 308D, W& M A I FR A O (Fs),
SR FT A I i 7 638 B R B B R K (F'),
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B J5 s G, TR 4 6 WOk PSHEPSI R b H
O SEATERL, WS JEIERL T BN RIE(F). 1)
A i 2% (Maxwell and Johnson, 2000):
PSS SERR A 5 3% ®pgy=(Fm'—Fs )IFm';
Fe K R EL: qP=(F'—Fs)(Fm'—Fo');
J6adE N R PSR d KOGk 2 R % RVIFR'=
(Fn'=Fo)Fe's
Y& N AR K NPQ=(F—Fr') Fn'-

1.5 HiEAbIE

K FiMicrosoft Excel 2003 #4347 B St i3 o
X HSigmaplot 123K fH1E K . FISPSS Statistics#1F
BEAT T Z 00T . BT A SO 1 v 8 Yk 2 I 5E 11
¥IME.

2 ZR5i1e

21 MERALEXREM KPS B FHEIER
Al

A 5255 DL SHAM & — 4 471 il AOX i 1% (Padmasree
and Raghavendra, 1999; Bartoli et al., 2005), LA
2 umol-L™" 4t % % A1 1| COX 3% 4% (Yoshida et al.,
2006; Watanabe et al., 2016). &=k E HHiE KA
A LA H K PGR5 I PSI3E 3 H T £ i (Joét et all,
2001), PSIFAUHE 14% 386 32 40 J5 2> S M PSHTHL 14 38
FGLRA (852 2018). 9T WiE2 pmol-L 48 &
AN P PSIFR 2 A5 3 1 52, FRATTIE 7 i
26X JEPT00" b Bt 2. 45 R EoR, 2 umol-L™
U R AL TR S F P700" it 2 5 /K AL FE M- G
B 22 5 (1), FHI2 pmol-L ™' Hi 8 E AL I A4
HIPSIFF x0T A% 34

2.2 AOXFCOXIERZHIFIPSIGRA N HNHIAY
A

P 4¢3 9% 6 1% 5 8 ) i 2k (OJIP) 2 & 4 K&
PSINEPEAS B (M R4, 2005). 20 [ 0 i) 77 75 A
G, MR OJIPEY 5 /K AL B i T B . 72 S (]
2A), IXFRBRFNHI A G0 PSIFE T F . #61
B BT I IO JIP# & AR B R AR 4k, (H AR LR
JEAEAE IR 2 5 BB RAL T I OJIPAS (L FR
B KRR FRH P 25480, T SHAMAL B (9 OJIPAS {k,
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Figure 1 The effect of water (CK) or 2 pmol-L™" antimycin A

(AA) treatment on the P700" relaxation curve after far-red

light in tobacco leaves
All data are the average of 8 replicates.

oK AR BRI B SR i, P18 RARISHAMSL &b 5
[FIOJIPAZ AL % W 2. (]2B).

PSIIE & BT 55 K b 27 300 (FulFr) T B
PSS FE B (ZE MG R %, 2005). B 6 b 2
IR RE K, BT (0 F o528 R B (B2C).
AH EL K AL T R0 50 By, COXIR AR 32 4B AT I ol -
FJUFo T, {EAOXIRARSZ MG H F Fl Foff (10 B
I . COXEAOXI& R [H i 52 31 S 3 H Ful F o fE
N B B EL A AAOXGR A2 32 3 K (2C).

2.3 AOXFICOXIERZFINXTPSIIE FIEBHEM
A

SR AL FR J, K AL FRFICOXi& 12 52 # i H PSSk
BRI (Dpgy) 2 A PR FFFR E, TMAOXIE RS2
(1) @pgyiZ 7 B, (8] B 1] AOX g 12 A1 COXi&
B B Opsy B DRI ZL(EI3A).

J3E BT PSR K65 3 (R ) R G A 5
HER ZE(QP) 73 ) B 7 PS8 HR o 1 375 1 A
PSIEZ AR i FF IR « /K AL - FICOX i 12 %2
BRI Fy' F1qP¥ TG B B AR 4L, T AOXi& 42
AN FSIF A gP I B R R B, B ] COX
FAOXIE &M F F,'IFy' 5 qPR#1iE 3 K (3B, C).

2.4 AOXFMICOXIERZHNIINPQBIS
B K (NPQ) 2 PSR B E DGR gt 2 —
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(P<0.05).

Figure 2 The effect of 0 (A) or 1 h (B) high light treatment
on the OJIP transients in different pretreated tobacco leaves
and the effect of high light treatment on the maximum quan-
tum yield of photosystem Il (F./Fr) (C) in different pretreated
tobacco leaves

All data are the average of 8 replicates. Different lowercase
letters indicate significant differences (P<0.05).

(Ruban, 2016). Fr M Fr iINPQIA K >t B IR [a] )
KRS E T, ALK AR EE, AOXig 1252 I FICOX

WAL Z AT ENPQ L, H il Lt Jm & W&
AOXH COX i 47 [A] I 52 11 HE 2 5% 3 43 73 31 B0 ik 52 410
I NPQIYS L i 15 58 K (KI3D).

25 iFig

AWFFCRIL, ST HRAM L, AOXIEREZIME5E
(1) Pl Foo T BT B BE K, 3R B PS5 52 ) (1)
2A-C), X 5 A4 = DL K& A A B0 90 45 SR — 5
(Zhang et al., 2011a, 2012a, 2012b; Watanabe et
al., 2016). SAOX@EEA[H, HCOXIE/EH A Z 4
W, 586 N HIFSFms @psin Fy'lFn FqPH T B 5%
IR 2, X 3R B PSIDE M) %A B 2 m R,
PSIH TG R W 2 240, MiEAOXIEAR 3240
AL L F A H COXRZE M FYFrn ®psy~ F'IFy Al
QP B B e s I ] AOXIE 12 B K, R IHPSII
FEHNHIHE 25 IR, PSHEF A3 5 4 BB 5 0
B2 (K2C, K3A-D). T HAEARSLIE T, AOXiE
152 NI Ful Fo R B A2 BE 5 46 S R il B P IR 4 ]
COXI& A2 FT 5| HE 1 Fl Fr T B 0 RIRE FE AR I (2C)

X F M FH COXig 12 5 AOXIS 12 # & 45 e AR 9 3
. X R 4 COXiRE 32 #iF AOXi& 42 Al
PLAMECOXiR 1R, 1M COXik 12 %t AOX i 4% i ¥ 47 1
B HAMEAE R, AOXTEGORY i A H A] RE LLCOX &
R EE,

FEGEI AN R, COXI AR Hh T 52 195 L 1 P A
BEAr P17 PR PR 1), FLvS PEAS AR JE Ik K b 1 SR PR i
FEIRJE 71, R COXB A K IE F E R~ Y Th ke
(Selinski et al., 2018). AT AW 7145 KA LRFIX —
K. FEL b, CYEDEATOCEE R, Skl
WERE A TCAIE RS, 77 A4 38 JiE 714R /b (Nunes-
Nesi et al., 2007; Tcherkez et al., 2008). IR i
FEAOXIE 17 1k /& COXI& A2 11 FE M8 7 F1 353k H 4%
i, BTLL, EARCOXI& AR 135 M AR AOX & 42 A0 A
KiE Fi, HCOX@AAIIRHFE T AT WAL 5 7,
I, EAH— @R RER .

T AT —EHILACOXE A SR 375 1,
XFCOXERZ 5 MR A I Az Hb . SR,
AOXIEEFICOXIRAE 2/ T Hl 7 MNUQFL 12 B 5 <
2% °F47i& 12 (McDonald, 2008; Yoshida et al.,
2011), FAHEMAOXFICOXi&E 2 5 HARY ML
AREZRAL. COXM BBl It 24 1812 2 5PSIe R4
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Figure 3 The effect of high light treatment on the actual PSII photochemical efficiencies (®ps;) (A), the efficiency of excitation
energy capture by open PSII reaction centres (F,//F»') (B), the photochemical quenching coefficients (gP) (C) and the
non-photochemical quenching (NPQ) (D) in different pretreated tobacco leaves

All data are the average of 8 replicates. Different lowercase letters indicate significant differences (P<0.05).

(1) SR T g Ad 7= A 1) 3 65 Ji 7738 o 39 SRR -
L 2 1% (Malate-OAA) % #2 (Yoshida et al., 2006,
2007) i B LRk N, COXi 4% AT LUIR I V4 #E 14
SR AR AR IR R, B AR ARPSIENE]; (2)
JERFIRGE R, FEZ KA N 23 K AR R In) 22 Z R (1)
AU IR REE R EIE R A2, COXIgAemT L i
THAEIE 5 ARG 1 I2 i, R GG BB IR R [A)
RPN R, IZZEPSIDEHIH](Zhang et al.,
2017).

NPQJZ i T~ I 244 4 1) PSI B 3 22 (1) S AR 37 i
#% 2 —(Ruban, 2016). AW F7LEE W, MAOXH
COXig 224, NPQ#S2: 1 i _F i (E13D). AOXA
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AR AR LG S HL RT3 AR A T DI A
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A1 A E R TSR IR . AR S 5 A&
%54 31, 559-566.
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Effects of the Respiratory Electron Transport Pathways in
Relieving Photoinhibition of Chloroplast PSIl in Tobacco Leaves

Jiao Luo, Yuting Li, Zishan Zhang*, Xingkai Che, Ying Liang, Yuenan Li, Ying Li
Shijie Zhao, Huiyuan Gao

State Key Laboratory of Crop Biology, College of Life Sciences, Shandong Agricultural University, Tai'an 271018, China

Abstract Previous studies have shown that the mitochondrial alternative oxidase (AOX) respiratory pathway contributes to
the photoprotection of photosystem Il (PSIl) under high light. However, the role of another respiratory pathway in mitochon-
dria, the cytochrome-respiratory (COX) pathway, to photoprotection under high light remains unknown. Here, we studied the
contributions of COX and AOX pathways to PSII photoprotection, as well as the relationship between COX and AOX path-
ways in PSIl photoprotection in tobacco leaves under high light using chlorophyll fluorescence transients and chlorophyll
fluorescence quenching approaches. After high light treatment, the PSII activity decreased in all leaves. The inhibition of
AOX pathway significantly accelerated the decrease of PSII activity in leaves. However, there was no significant difference
between the PSII activity in the leaves pretreated with COX pathway inhibitor and water-pretreated control leaves. When
both AOX and COX pathways are inhibited in leaves, the decrease in PSII activity was severe, than that of leaves pretreated
by only AOX pathway inhibitor. In addition, inhibition of respiratory electron transport resulted in an increase of
non-photochemical quenching (NPQ). The up-regulation of NPQ caused by AOX pathway inhibitor was more obviously than
that caused by COX pathway inhibitor, and the increase of NPQ was highest when both AOX and COX pathways were in-
hibited. These results indicate that both COX and AOX pathways contribute to the PSIl photoprotection in tobacco leaves
under high light. In addition, when COX pathway is inhibited, its photoprotective function can be compensated by AOX
pathway and NPQ, however, photoprotection of AOX pathway cannot be completely compensated by COX pathway and
NPQ.

Key words alternative oxidation respiratory pathway, cytochrome respiratory pathway, non-photochemical quenching,
photoprotection, PSII photoinhibition
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