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Abstract

Aims Differences of photosynthesis and chlorophyll fluorescence characteristics between flat young leaves
(young leaves) and fully grown leaves (mature leaves) of cotton were compared to study the adaptation mecha-
nisms of photoinhibition and photoprotection on young leaves under strong sunlight.

Methods We measured gas-exchange and chlorophyll fluorescence of young and mature leaves of cotton under
field conditions and obtained rapid light curves with a Dual-PAM100 using an internal program.

Important findings There were significant differences between young and mature leaves in photosynthesis and
fluorescence characteristics. Young leaves had lower chlorophyll content (Chl) and stomatal conductance (Gy),
which accounted for lower net photosynthetic rate (P,), which in turn resulted in lower actual photochemical effi-
ciency (@Ppsy) and photochemical quenching (gp) in photosystem II (PSII). Below 1 800 pmol'm *s™', the higher
cyclic electron flow (CEF) that was useful for composing ATP is one of the reasons for higher photosynthetic ca-
pacity in mature leaves. Lower light saturation point (LSP) was more susceptible to photoinhibition in young
leaves under the same light; however, the magnitude of diurnal variation of its maximum photochemical effi-
ciency of PSII (F,/Fy,) was significantly less than that of mature leaves. We suggest that photoprotective mecha-
nisms, including direct quenching of reactive oxygen species by abundant carotenoids, photorespiration (P,),
non-photochemical quenching (NPQ) and the cyclic electron flow around PSI (PSI-CEF), can effectively dissipate
the excess energy in young leaves to avoid photoinhibition under high irradiance.
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(PSID)f v H10y(Cleland et al., 1986), Y014 S2 i
b FIPSITH I I 7] 336 R 3 (Critchley & Russell,
1994). FEERACTFE B R T ZF6 IR B
W5 BH, PSTI R A AR HUS MR = 65
6 i ti(Aro et al., 1993; Gilmore & Bjork-
man, 1994); [AJI S80S b =78 hd B0k e 4
(3 PR B F S5 B R 1) — 52 I 4F FH (Bartley &
Scolnik, 1995). JGRFIHE A I EFEHOL RDGRE, I/
Pl A HUAL G TR 4B 2 21 5 224 H (Cornic &
Briantis, 1991; K%, 1996). HIZEPSIFIE IR
T AR RO HLEI (Heber & Walker, 1992;
Kim et al., 2001; Huang et al., 2010). Wf57RMH, —
BEREART E 4 AR mobam FARA S 5 A G,
SR A AR S el 8 N #E L TR (i
FIH A2 —), R4 R TGRS~k
FHIAR PR R R (Krause et al., 1995; Da Matta et al.,
1997) . #R T, 2 [ 18 55 (2005) A 5N R, K&
(Glycine max)#/iWn] LI ik - 7 JE2S 16w 1) H 2
&5 DA S AR BRI BE F (1 D' WP W R B RE B S i 4 1)
PRI F SR e o

T B e ) R RO 2R S M, A A
(Gossypium  hirsutum)£AZETDGIIN T Dby
PR, AR R N DU SR, 7088 & JF
ok B bR AR gl BB A i ) PR IE B R
(Zhang et al., 2009), FFINAHEm T 0% [FAGFIK 53
e, (RIERIG It Fr et B4, HiEsh
PR G HLAS) A e AL S 1) 2 S ol R P 2 o 2
I ALK A W s LR AL i T 2> B 3k e ) 41 7
MR R AR T e e ARk 2o
TR BRI IRIE R > o AWFITE XL AR AL K
HH AR KA 1 A 1 20 T 2 s B I S, IR e
22 THUS A Jo Y- 1 )y v v AR T AR 21 K 1) 56 4
JEFFIT B oA BIEFUN S, LA R AL &) R 58 4 e JF i
A RN ZE S, S gl v 2O A L
PRI LA, HARITAS A R & B B b i )
AE fE 7E PSIUFIPSI AN 5 4 1] (1) 73 FC AR A3, 48 75 A
FEAI 38 N 56 16 AR R

1 #RFITTE

TRIE T-2010-201 14 A1 A1 I] - R 22 AR 27 3K 50 il
(45°19' N, 86°03" E)IEAT o A3 ft o 2k FH AL BEAR XK
TR RRURIAE AR AL i P BBt B 13745 0 4 H 17 H A e

RS HIFAE P RRAESIOE AR SO IR HLE] 663

WENE . BRIRUR, BB BN TSR, —RJEAMH K.
P T o i g X % 3 0 8 7 9 [ O P RBE T i B A
16, FFhm PR E18 x 1070k, HoAt A H it ) — A%
KHEBE,

TERBAETFAE I, TEHAK AR — SRR RE, X
LR L 0 P R~ P 0y ety 0 2 5 4 e T e (0
F AR VA B 5 R)HEAT EE AR I, 76 1 B JE AU
RABEAT % TUEBEFRRR A 52 o
1.1 SRS EF A IR 2R A E

K HI L1-6400 fiF #5 0O & W 5 & 4t F1 6400-
02LEDZL ) Ji % (LI-COR, Lincoln, USA)Il &
FrbRic i iy SR A S5, KRR COMKREE
-5 3 P45 2% Bulley25:(1969) J7 14, W& A 24030,
AR : 2% 0y 98% N, 390 pmol-mol ' CO,
GRS T W A< (i R N K (A= T NT N 3 o N
S I A TR, W R 2 22 BN eI R,
W€ N AP TRFE— S 42 0. 200, 400, 600+
800. 1200. 1600, 1 800F12 000 pmol-m s '£&5;
SEAE G 8 i 2 o AN [R) AR BRI R SR FHAG PRI 52 7 2
FI FH LI-6400 {5 45 X 6 65l 2 & Ze 1t i 733k )
52 A FEIREEA wR S (PAR) ) H ZB 1k o
1.2 MEREHRRASHHINE
1.2.1 MFEEREFPIOE LIE R ZSHIN E

T =R BT bR IR BT S i B A
K H] Dual-PAM100 %¢ Jt: { (WALZ, Effeltrich, Ger-
many) AT 2R 96 S H0 e, W wi i e dk
1T 70 R T N o S 8 WIUR 967 HE (Fo) Rl i K
PN B (Fr), HIBaldEAT ¥4, 2 P700H 55 Ko
AR T E PRI T IRKE P R(PY), WS
TR, Yo A1 030 umol'm s, F79%
155 FIAFAA )G (4-5 min)fT IFHLAITK G, 24T
R TR) B SE BR 9 6 7 R (F)RIDGIE B i ok 260k
FEE(F); ARG INE PO 2R, 3104 aam s i,
MARF 5 427, 58, 1004 171, 278, 435. 665.
1033, 1599F11 957 pmol-m s, HFAN G HRAR Y
SERERR20 s 5 4T R U R0 ik b e HEAT 58 6 18 K 4 #T,
RO N 4 o BARERAFE < Dual-PAM 1001
FHEE, 5 2 2% Klughamme FSchreiber (1994).
Kramer%(2004)f1Schreiber (2004):

Y(II) = (F/—F)/ Fo'

Y(II) + Y (NPQ) + Y (NO) = 1

Y(1) = (Py — P)/Pu
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Y(I)+ Y(ND) + Y(NA) =1

ETR(I) = Y(I) x PAR x 0.5 x 0.84; ETR(]) = Y
(I1) x PAR x 0.5 x 0.84
b, ETRGH PR3, YO A RAEDG Y &
Tream, YA) AL RAEIDE 5T &, Y(ND)N
PSI A T Al 6 Ak 2% B8 g 8 B At 44 ) PR 461,
Y(NA) J PSTH A6 T etk 2% B 3 FE LT 52 A4 R
i, Y(NO) KPS 5 6 FA UGG I BE Al AGRE il
TR, Y(INPQ) NPSITH ApHAIH- 35 2514 4 (1K) Huke
BT e, 0.5 2RI b A6 R G830
IR Z4L, 0.84 W't 24U (Schreiber et al., 1994).,
122 MEZRRASHBETHRINE

K HIPAM-21008 485 2 3 1 ¢ Y6 A A12030-B O
TE R IS R T ARG SR ER S ) H AR
o BTl sE i 5 I SAS e S i AR R, A
[ b B 43 R B S AN i B, FHARERAE S 2% 5Kk R A%
(2008). W #5206 S 4 (PAR) HIPAM-2100
H 5 63 B I 222030-BA 28 ' 18 1 A I 2% A I s
M SRR PGS HUN Bk . SIS HHR R4
AT

(1) PSRN EZRHR Fo/lFn=Fn—Fo)/ Fin

Q)H RO R Dpsyy = (Fi' — F)/Fy' (Genty
et al., 1989)

G AR R e = (Fn' — F)/(Fu' — Fo)
(Krause & Weis, 1991), H.HFy = Fy/(F/Fm + Fo/
F.) (Oxborough & Baker, 1997)

WAL FIE K RZEL NPQ = (F — F') | Fr'
(Bilger & Bjorkman, 1990)

1.3 RXEBZRNE

LA (EA20.5 ec)FTHL6A [ TN25 mLE
FEWREH, 10 mL 80%NFIEEI (A, £ R
SRS IE BIRSANR IR, ENIRG E &2 E B A 2
Nk, VR A5 FUV-2041 B %3 5% 5% J& 11 (Pharma
Spec., Tokyo, Japan)Jll i€, J-663H1645 nmi (il
SEODTH, FH80% A i i 2 .

28 = C (20.29 x Dygys + 8.04 x Dyg3) x VIS

FKIHE N E=4.7 X Dygo— 0.27 x4 55
Forf, CREMZRZRIREE, DA K I ' B
{H, VAR AR, SR A .

2 2

21 AREBRERERSHKTHRSENTL

2% 25 (Ch) 2 MY & B 3 e N — 2K
B, MY EAER xR Re . ik
R AL LG B E R AE K D % (Car) it
MY EERAREEAZSERATTHRDWA Y, ©
MIAT LM et R, T HAERP eS8 B &
B2 B ARSI 5 ke 2 H (Bartley & Scolnik,
1995). MEIRIE H, ghtAE s Al & Chl.
Car & & ¥ B F AR T & I, SR 4h 1
Car/Chl LU {H 2 % & T og A e IF s 4 < L3 %
(G E /N T SEAJEITHE, 1ML COMEE(C A T
SEARETFIT
22 MRZRRASHBTK

FJ/FnwPSUIN RO 2 & &, BIRY)
ek B R i, LA R E 2R
Fr(Genty et al., 1989). RIEK, MAELIM HF/Fn
BER T I (ER2), B iF/Fatire0.8
PL b o @psp/ BT PSIIFIA RO 22 %0 % (Schreiber,
2004), IREK B, 21 Dpsy 2 FAK T 5¢ & I
e gp G PSTIRI G 22 N AT K, "B IRt T 6 R4
T TSR] FL 1 B2 AR Qa IR 8 AL I JRUIR 45 (Krause &
Weis, 1991); fEPARH1 957 pumol'm s ' R4l ffigp
BERT BRI« NPOFRA AL HE K R HL,
ST PSILS Y vt e AR A 2 A 1 5 R 1 2%
= R Il (Gilmore & Yamamoto, 1993). %fji
MINPQ R EAR T 582 TP,
2.3 RE-mR &R T

M (L CPYRIEAN 5 (LSP) A FH G 4 B
TR . LCPRENS [ AN ] ft ot} 55 0 1) 386

R ML ASE R I A R SR USRS HUN A A i %)

Table 1 Changes of chlorophyll content and gas exchange parameter in young and mature leaves of cotton (mean =+ SD)

2 4E 2% Chla+b FiHE & Car Car/Chla+b SIS G JMCOIKIE C HLaHE P,
Leaf type (mg-dm?) (mg-dm?) (mol H,O-m™s™) (umol-mol ™) (umol CO,;m s
YL 2.53+0.07° 0.41 +0.02° 0.20 +0.01* 0.45+0.01° 283.13 +0.23° 21.09 +0.058 3°
ML 4340.13" 0.51 +0.05 0.15+0.01° 0.64 £ 0.08" 23582+ 1.17° 37.61+0.027 1*

ML, 58 RIFM R YL, $hit fro RS F F-RE R Z 57 W2 (p < 0.05),
Car, carotinoid; Chl, chlorophyll; C;, intercellular CO, concentration; G, stomatal conductance; ML, mature leaf; P,, net photosynthetic rate; YL,
young leaf. Different letters within a column indicate significant different (p < 0.05).
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Table 2 Comparison of chlorophyll fluorescence parameters in young and mature leaves of cotton (mean + SD) (PAR =1 957

pmol-m=s™")

it IO FERH TR AR CE JeAb 2K R A B2 K R AL
Leaftype FV/Fm Do qr NPQ

YL 0.812+0.01° 0.30 +0.02° 0.52 +0.04° 2.84 +0.03°

ML 0.840 + 0.05° 0.35 £ 0.003" 0.57 +0.01° 2.15+0.01°

ML, 584 I T PAR, Se A RG0S, YL, $hot fe Rl — SR FRER R 22 57 W3 (p < 0.05).
F./F,, maximum photochemical efficiency of PSII; ML, mature leaf; NPQ, non-photochemical quenching; PAR, photosynthetic active radiating; gp,
photochemical quenching; YL, young leaf, ®pgy, effective photochemical efficiency of PSII. Different letters within a column indicate significant

different (p < 0.05).

B8 1, LSPREMS S WLAS [R] Bl 5 5 138 V. g
(RILAESE, 1992). SFANER BB B Foe&-okm
Mol e (B D) AT LG 45, 4 LSP R 2 298
umol'm >s™', 54 JEIFIH 42 434 umol'm s, {H
4HRILCP (162.96 pmol'm *s ') i 3 i T 58 4 B IF
IH(87.35 umol'm *s ).
24 RERERZRAXUELEWHET

Ay R 5E A R T I 40 3% T AH R R JE (e e
B 5] H 32 5)(Zhang et al., 2009). B H FEFE
ok, Yyt 5E 4 e IF I B4 2 (A SO R PAR TG
7 7 (K2B);  H4F 58 4% BE TF I 1R P R A s 34
—3, Y EMYLERARERA), SN
B % PAR AR 45 14:00—18:00 R PRAK, 14:00% 5k
fH, HEhM P IRE RET 2RI, )Gk
FPARM 4450 pmol'm 2s™!, I PG & 2 5.

Fu/Fu LT PSR KOG F RO, et R AiY)
He A PERER) FEZ 5 FR(Genty et al., 1989). /R4
F5E 4 R FF I (M Fy/F 87608 LA I, 2 Ji5 B W FEAIK,
14:0015 S ARAE, 2 H % AT O AT S 21 =R AE (-
3); AL [ Fy/Fn— R AR IR RN, e
T AR FE UK

JEIPIR S CofE 1A ) T ZE AR I R, 26
ERAER X P B 3 2848 2 —(Comnic &
Fresneau, 2002). %) FGRFIR B 221K T 58 4 e I
I (1%36.7%), 1G-S RS T3 R 1 LU (P Prn)
505 922.4% (K 4).
2.5 MERERHPER N MR LRI 1k

WESAFTR, ARG F (<500 pmol-m >s™),
RRAE S 58 4 R IF I (I ETROD TG B e 22 5, B
HPARTY =, S ETRAD) &K T 58 & JF .
FEI P SIIEFA H, ¥l (PSI-CEF) ] LA JE 8.8 e 1) 5 fi
JTFERE, BB TATPIH A i(Heber & Walker,
1992; Bendall & Manasse, 1995)LL & PSHFIER

40 ¢

30 R%2=0.9982
920
g
3
= 10 R2=0.9937
g
<
S |

0 @ %M Young leaf

O B4 B IFH Mature leaf

0 500 1000 1500 2000
PAR (umol-m-2.s71)

Bl Mifeght 5 se A ETT I HG A - i Y 2 (1 2+
FRAEIRZE) . PAR, Yt A1 T: Py #0200,

Fig. 1 Light response curves in young and mature leaves of
cotton (mean + SD). PAR, photosynthetic active radiation; P,
net photosynthetic rate.

(Allakhverdiev et al., 2005). ETR(I)/ETR(IT){¥ LL A &8
1RO S ARG LR OB 7 i (Miyake e al,
2005). MEISBRIAN, BEPARIIIE SR, W& ICEFYY
RS, H5E4 I CEF R T4

¥ Kramer®5(2004) F1Schreiber (2004) 1] /7t
SEPSTFIPSIIF e 7 BiL LUl . YINPOYR R ApHFN
AT HFEELL];, Y(INOYIR R 56 FI A 5t
LR AFERLLE] . i 6FTR, 2 YA T
SEARETT I, T Y(NPQ) R 3 8 T 58 A e TT I, Wit
[IY(NO)TEWI B % 5. YRR RS etb 24 &
TRE, M YOICT 2RI . Y(ND)F
YN BB RETAfb= 7808, |
Y(ND)ZE 7 & PSTHE A& () BRI, Y(NA)Z 7= 2
AR PR M6t LLE H, S Y(ND) s
Toe T, WA TY(NA) CIH 2R
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Fig. 2 Diurnal variations of P, and PAR in young and mature leaves of cotton (mean + SD). PAR, photosynthetic active radiation;

P,, net photosynthetic rate.
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Fig. 3 Diurnal changes of maximum photochemical effi-
ciency of PSII (F,/F,) in young and mature leaves of cotton
(mean + SD).

3 iht

FRAEr  ROGA DhReE W gt ik, 4 t& e
Jf AR K B 5¢ 3 (Wullschleger & Oosterhuis, 1990). fiff
FLAT RN, HRAE4H 106G A W E LT 58 4 e
FFH (1), ChIfENHEYDGS Oz a2 —2K
B, G ER TGRS A R A
HWCELEWAER . ChIBEM: F 1R & 8 R 2 5T
A1 2 (Drumm-Herrel & Mohr, 1985). %4 Chl
TR REHPBAC EEIR N Z — o X G
KW, gt RGHRAK, TREFBIN A COP I BIR
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Fig. 4 Variation of photorespiration (P,) and ratio of photo-
respiration/mass photosynthesis (P/P,) in young and mature

leaves of cotton under 1 800 pmol'-m*s™' irradiance (mean +
SD).

AR (B 7 A, e B S5 (4D 1 55 8R g 4y e
CHIE (R, XKW, GIA ML [ 4L
Re IR ZE . o R EE RS, ALK/ N R
W AEZE WAL 4k (Nobel et al., 1975; Marchi et al.,
2008). AHFFLFRE: BEAE MBS HEK, Tt
SFPARLRH R I By i R0 58 4 B T I (R 6 A BB ) I G
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Fig. 5 Rapid light response curves of the ETRs around PSI and PSII in young and mature leaves of cotton (mean + SD). ETR(I),
ETR(II), apparent electron transport rate at PSI and PSII. PAR, photosynthetic active radiation.
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EREITFCHSZ R BRA; Y(VO),  PSITR S MK I FERIAFE UL 77 B Y(NPQ), PSITHH ApHANIM 3 22 1 1 1) FhFE
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Fig. 6 Conversion of quantum yields in PSII and PSI in young and mature leaves of cotton with increasing photosynthetic active
radiation (PAR) (mean + SD). ¥(I), photochemical quantum yields in PSI; Y(II), photochemical quantum yields in PSII; Y(ND), quan-
tum yield of non-photochemical energy dissipation in PSI due to donor side limitation; Y(NA), quantum yield of non-photochemical
energy dissipation in PSI due to acceptor side limitation; Y(NO), quantum yield of fluorescence and light-independent constitution
thermal dissipation; Y(NPQ), quantum yield of 4pH-and xanthophyll-regulated thermal dissipation.
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M iash, (H5P AL, 4G KT
[t 3 ok 58 i (Vos & Oyarzun, 1987; Kositsup et
al., 2010), XKLL RE ATRE TR AN T
A, Lin% (1994) W 503K B, i #4119 i B
(Gossypium barbadense) A5 =G, 1X 1] HeH )
T T AL AT 28 A R BRI R (e
(Warren, 2006). ME2H 0] LU, S (R F/Fullk
FoeaIrt, B 6k nT LUE i, 4hnf %
= B PSIAE A& M o 7 300 1 PR, i 52 4l 1
Calvin-Bensonfifi ¥ 3 A 2 PR ], X645 KB, %))
e ARG PR S B G AL 22 B MDY G A i T 2R
BALEISA) HI G A S KK G EHH K, &
LRI N 4l B R 2R IR AR (R 2, KIS). (RIS &y
I GA B BB H 0 Jy i TR A (2), AFI Tk
GRS (E A, 1997; Lepedus et al.,
2010), FEAH DG BEIBAL(EI2A).

MBI TR, KR4 A AR AR ILSP, K
I, AR 5E A JE I i B A AH (R DG BRI, HiT
B 5 K4t # (Bertamini & Nedunchezhian,
2003). [F]IN25 G 2B 65 e (E2A) L&
FAent s H s sl 4 (Zhang et al., 2009),
I &)y AT B8 A R A () B R
Hilo AR, TEHMZA T, HERE DY I A w5
R HMERE ), H5 584 T8 T AH A 1k
RE(EI2B), (HGH [ F/Fn H AR AR BE R /N (] 3), %
B A R A R B AR I o IS4 4yt 2 e
A ERIhAE IR R I A RS Y R B g 2
AP AE TR DG REAN e 8 R Al i f b 27
REMAFAEAR I, A 248043 B85 2XRE i LA
PRAUEGEAE R R BT, 30 MY A RGP
TEIA T PREHORIZR I N R By 0k
FERUS 16 fE(Demmig-Adams & Adams, 1992; FH
A FIRIGAT, 2000; Miyake et al., 2004).

i AT A (1996) TA 2 i K /1 sl Al il 1 ok
W B AT 4 CO, R AY 1 R0 3 Al Fe AR AR AR E 17K
S, AR AR T DG RE . AR TR
B B8R S I R 6 P IR A T 58 4 e IR i, (EL &1
PPy 2 5 T 58 A e TT (K1 4), S it ar LLE
Ik R I B 11 PSTA PSTLIY HL 7 8 Ao B ik Jgt, M
AR UE FLT IR I A

UG KB, BEAE PARSE N, % F0 56 4 Jg I nt
FBl 28 PSTI) I 34 HL 1 YL (CEF-PSDY ¥ 34 i, 1B )5 & 1
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o 5 TR (K6). CEFMntisir g
IR SCAE PR T T3 AL 2% BE ATP 1) & ff(Heber & Walker,
1992; Bendall & Manasse, 1995), IXE 584 T
-3 o 2 /5 CEF A JLBR m OG5 Be 0 4 1t 2 9% g
B A6 mEE 5T 1 800 pmol-m s ™),
4y - ) CEF PR T v, o B v o6k ik s 1
CEF A T HoOt & ML S 52 3 OGA, X 5 Huang
A5(2010) A A HE 85 (A CEF S HLad i 3 5 1) —
PR HLH &5 18— 5. CEF-PS# 13 85 15 i 11 S5
(ApH)HERFAEHR 7K, ApH AT BK B £ 238 9 FAKE
WU OF ili(Heber & Walker 1992; Miyake et al.,
2004). Y(NPQ)fR & ApH FIIH- 5 25 1 45 F AKE B %
. HSYWPOWHLL, M TNPOREH LIRIZS
K, NPQIE i 73 i Al G HUAE 6 R 7 R 4E T
(Hendrickson ef al., 2004). 5K, 554 gt
FIEL, g HATHE = YINPQ) (Kl6), — 5T W4
W2 52 R sk 8, 5 — i U 45 B A A 475 Rl DATE
LY (ke L DG e RO FOSK DR B &, Hid
T FARE T FE HI J) 110 D A K I 59 PSR 6 41 6l
(Demming-Adams & Adams, 1996; Niyogi et al., 1998;
Yamamoto et al., 1999). M35 Z i & AR I E &
B 3= 2 0d B (Jahns & Krause, 1994; & /=y I &5
1999), ME{ZEIIE bR (Can)lf sy, W&
TRTRAE Y, ghmt BATHE & ¥ Car & &, R W] 4 (1)
3% 2% PE R K . Krause &5 (1995) M Bertamini Al
Nedunchezhian (2003)#/f 5143 H 6T 4 it rh AR 2 8¢
LRI EAC A 7y, AT LLEAIA IR K 2 R RE A
i, [ A T PSTIR N 0 O KR R
ZELPTIR, HRAEEh A T 5RO ) AE ) AR T I
ORI HURI R TO6 SN IR . fESEEHL
RO A Dy e G A 56 35 IR IS, W3 A6 40 i 11 #FE
A G DL AR A IR A G ORI AL B S R
PhIRRES 7Ot E RS, AW OReP T o6&l
R IE #3847
it BRAAXAFLEELTE(31060176)F4 H LA+
F X 34+ % ;B (2007BAD44B07 #2 2006BAD21 -
B02-1)% 8.
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