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Abstract: Understanding the effective light energy absorption cross-section of chlorophyll molecules is crucial for a deeper
insight into the complexities of the plant photosynthetic process. This study investigates how the effective energy absorption
cross-section of chlorophyll responds to varying light intensities, aiming to shed light on the underlying reasons for
discrepancies in photosynthetic electron transfer rates among plants exposed to different light conditions. We used a portable
photosynthesis fluorescence measurement system to capture the response curve of the electron transfer rate to light intensity

(J/I curve) for soybean ( Glycine max) leaves under both shaded and full sunlight conditions, with each condition tested
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across CO, concentrations of 300, 400, 500 pwmol/mol and 600 pmol/mol. Concurrently, we measured the chlorophyll
content of the soybean leaves to provide a comprehensive dataset. Using a photosynthetic mechanistic model, we calculated
key parameters: the intrinsic light absorption cross-section (o, ), the effective light absorption cross-section (o', ), and
the minimum average lifetime (7, ) of the excited state of the pigment molecules. The mechanistic model showed an
excellent fit to the J/I curves of soybean leaves under the tested CO, concentrations and light conditions, with a
determination coefficient exceeding 0.99. The fitted results revealed significant differences in the maximum electron transport

rate values (J, ) between shaded and full sunlight conditions across all CO, concentrations. Specifically, J _ values ranged

max max

from 126.03 to 164.34 wmol m™ s™" under shade and 273.33 to 326.92 wmol m™ s™' under full sunlight. Similarly, 7,
exhibited distinct ranges: 16.15 to 22.93 ms under shaded conditions and a notably lower range of 3.65 to 4.64 ms under
full sunlight. In comparing the two light conditions, the photosynthetic pigment molecules in soybean leaves demonstrated a
significantly lower light energy absorption capacity under shade, yet they possessed a higher number of chlorophyll

molecules in the lowest excited state. Notably, the values of o, and 7, were not significantly affected by varying CO,

concentrations under the same light conditions. In contrast, the o', value decreased as CO, concentrations increased. By
integrating the calculation formula of the electron transfer rate with relevant photosynthetic parameters at 400 pwmol/mol CO,

concentration, our study quantitatively explains why soybean leaves exhibit a higher J _ under full sunlight. This

explanation is based on the light energy absorption characteristics of chlorophyll molecules, providing a novel perspective on
the role of pigment molecules in photosynthesis. This research not only advances our understanding of photosynthetic
efficiency under varying environmental conditions but also introduces a new methodological approach for quantitatively

analyzing the effective energy absorption cross—section of chlorophyll molecules. These advancements are vital for optimizing

agricultural practices and managing plant growth in response to changing light conditions and atmospheric CO, levels.

Key Words: light energy absorption; intrinsic light absorption cross-section; effective light absorption cross-section;

photosynthetic mechanistic model
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Fig.1 Light-response curves of photosynthetic electron flow for soybean at different CO, concentrations under shading and full sunlight

1IN TR BT A H B R G B BGE S A G S R W IAE e B a4 H I
KM, KEM R o, M 7, [ETEARIE COME R T0 R E 25 (P>0.05) ;100 J,, TR A 1, 765 CO, Wk
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T, 5G4 H B XN S ECZ AR B E 25 (P<0.05) . BEWIE&MET AR COHE R J_ (H/ T126.03—
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326.92 wmol m™ s Z[H], MBI N, AN COME T 7, [HA T 16.15—22.93 ms, M4 H A TR
MR AR AR (P<0.05) , HLAB A T 3.65—4.64 ms, A, 3 1 ATAL B T RS A it s
W T H T RS 4 E & (P<0.05)

x1 EHMLARXEMFERRE CO,REXHTAEGSHMBEGESNER

Table 1 Fitted results and measured values of photosynthetic parameters for soybean at four CO, concentrations under shading and full sunlight

WA SH R Shading

Photosynthetic 300 pmol/mol 400 pmol/mol 500 pmol/mol 600 pmol/mol
paramelers WA RUNIIIED WEHE WE WA PRI WETHE pURIIES

a 0.3720.01a — 0.37+0.01a — 0.35£0.01ab  — 0.36£0.0lah  —

I,/ (pmol m™2s7h) 1357.97+97.98¢  1666.24+67.11h 2111.83+204.85a 1932.74+66.36b 1572.35+63.22ab 1665.94+66.438b 2352.74+395.64a 1801.58.2115.09b
Joa/ (pmol m™2s71) 126.03x2.94d  127.04+3.13d  139.8946.38cd  143.6127.05cd  154.91+6.83c  157.41+4.98c  164.3424.58c  163.33+6.20c
o/ (x1072 m?) 1.95+0.03a — 1.93+0.04a — 1.85+0.07a — 1.87+0.02a —

T/ (18) 21.24+1.10a — 2.93:279a  — 16.15¢1.52b  — 18.35£2.10ab  —

Chl/ (mg/m?) 756.20+12.53a

R? 0.996 — 0.998 — 0.999 — 0.999 —

HESH 42 H % Full sunlight

Photosynthetic 300 wmol/mol 400 pwmol/mol 500 wmol/mol 600 pwmol/mol
paramelers WAME PUMUIED WA WL WA U WAHE pURIIES

a 0.33£0.00b — 035+0.01ab  — 0.33£0.00h — 0.33+0.00b —

I,/ (pmol m™2s7h) 1729.32+38.43b  1733.87+67.34h 2023.96+76.60a 2001.04x0.64a 2148.19+0.69a  2000.14+0.69ah 2149.88+.73.54a 1999.82+0.69ab
Joa/ (pomol m™2s7") 273.336.20b  271.37+6.38b  299.53+9.67ab  302.53%8.91ab 319.59+2.39a  318.80+3.218a 329.40£5.92a  326.92+6.38a
o/ (X107 m?) 1.99+0.04a — 2.05+0.07a — 1.960.06a 1.9620.05a —

T i/ (M) 4.26+0.48¢ — 4.64+0.27c — 3.95+0.31c¢ 3.65£0.037c  —
Chl/(mg/m?) 666.45+21.72h

R? 0.999 — 0.999 — 0.999 — 0.999 —

a: PIHHAR Initial slope; 1_,,: M HEHE Saturation irradiance; J . B KOGA HF R BE K H F 15383 % Maximum photosynthetic electron flow or maximum
electron transport rate; o ;,; GRS T HAMECHER U Intrinsic absorption cross—section of photosynthetic pigment molecules; 7, @ E A FIb T RAGM A
At/ NEY % Ay Minimum average life —time of harvesting pigments molecules in the lowest excited state; Chl. e &EaE Chlorophyll content; R*. B RH

Determination coefficient RIENG TR Al — 8 bR 2 8] 22 57 .35 P<0.05),

2.2 HEROCREMARTE (o', ) XF G R il 2k

Tl 2 AT SR S5 T 4 Bl COLMREE R KGRI o B GIR 03 K R AR LM TR, BAE OGRS T
R TP M4 H BRACPE T 4 FF COME T RE M H 1) o, [ BEGR A3 R I B2 v R e, (H T B i) 3 i ae
INTIERH ST . 640,400 pwmol/mol CO,YEEE T, Y6k A 1000 wmol m™> s~ AFBER A4 H BESA4 T K= F
WOCERS T o (HS AN 0.661x 107" m* Fil 1.381x107%" m* | Ri#& A G # 1Y 47.86% (#£2) .,

x2 EHEMEABRKEMNRERRE CO,REZHTILNTARKBTHABES FEBLAERKE EELR
Table 2 The calculated values of effective light absorption cross-section of harvesting pigment molecules (o', ) at several classical irradiance for

soybean at four CO, concentrations under shading and full sunlight

Y58 Irradiance/ P Shading/ (x1072' m?) 4 H 8 Full sunlight/ (%1072 m?)

(pmol m™?s7") 300 wmol/mol 400 pmol/mol 500 pwmol/mol 600 wmol/mol 300 pmol/mol 400 wmol/mol 500 wmol/mol 600 wmol/mol
200 1.45+0.06b 1.42+0.09b 1.49+0.13b 1.47+0.04b 1.86+0.07a 1.99+0.09a 1.84+0.11a 1.85+0.09a
400 1.13+0.05b 1.12£0.10b 1.23+0.12b 1.19£0.07b 1.73+0.08a 1.77£0.08a 1.72£0.11a 1.74£0.09a
1000 0.64+0.04b 0.66+0.07b 0.76+0.08b 0.75+0.06b 1.36+0.09a 1.38+0.06a 1.41£0.09a 1.44+0.10a
1600 0.41£0.03¢ 0.45£0.05b¢  0.51£0.05b¢  0.52+0.04b 1.02+0.07a 1.07+0.06a 1.12£0.07a 1.15£0.09a
2000 0.31+0.03d 0.37£0.04cd  0.39£0.03cd  0.42+0.03c 0.80+0.04b 0.88+0.07ab  0.95+0.06ab 0.98+0.08a

AFNGFRFRARDCE AR B [ 2% 5 2.3 (P< 0.05)

2 T A B IR R e TR CO, W BEE LD T o BTHEAE ., Hi 2 B9 RE vl
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Fig.2 Light-response curves of the effective absorption cross-section of light harvesting pigment molecules for soybean at different CO,

concentrations under shading and full sunlight

KOG (200,400 wmol m™ s Al 1000 wmol m ™ s71) A, JEISEME T8 &4 H IR A, AN TH] CO, MR E TR
1 o' JAZAFIEREZS (P>0.05) . EHEF&MT ,JE58 K 1600 wmol m™ s™' F1 2000 wmol m™ s, CO,
WEESH 300 pumol/mol F1 600 wmol/mol B} 1 o', Z [AIFFTE ik 25 22 5 (P<0.05) ; M4 H MM T, HA DGR N
2000 wmol m™ s™", CO, ¥ & A 300 F1 600 pmol/mol B 1Y o', Z [AIAFFF it % 25 5% (P<0.05) . 7 4h, H3& 2 7]
DIE 4 H IS FREM R o (R 535w T 0T 454 T 1 (P<0.05) . FRAT UL, 54 H EAH L,
BERTAAE T 4 Bl COMBE N R 6 (3 40 F BOGRE I RE T B W A1

2.3 TR THN, ) X5 e R i 2k

JIED 3 050 BRI Z5A T 4 Fl CO,MBE N R E I R N (B REGHE 1938 Rami R Ze v B, BRI T L
TR 4 H BT 4 Fh COLMRE R KT 1y N (B REG8 i 386 T JL-F- et 38 I, (RH: B T iy s )3
TC/NFIERE AT, i, CO MR BE A 400 wmol/mol i, BB A4 H BRACE T K S0 #2658 4 1000 wmol
m”? s OGRS TN, 9N 6.67x10"°F1 2.92x10' | B &5 1) 228.42% (£ 3) .

34 TIPS B R G M R AR CO, MR BE 4500 N LA Ao N b TR S Dt R 40+
BN, BITTHEE, B2 3 BOBAE T, 7E M B s 4 H IR AR R, NV (BB CO, e B 338 i it 2 R 2 el /N 34
TEMER 541 A CO, M FE (300 umol/mol 1 400 pmol/mol ) IS (4 N, [ % 44 &5 T8 CO, & EE (500 pwmol/mol Fl
600 wmol/mol ) B I ; T4 H BT, AN[A] CO,MREE T 19 N (EREAR EARRT SRR . 04N, 3R 3 i mT A, 5
4 H IR A LG 25 T 4 Bl CO MR T R itz 19 N8 E B K (P<0.05) .
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Fig.3 Light-response curves of light harvesting pigment molecules in the excited states for soybean at different CO, concentrations under

shading and full sunlight

x3 EHEMEBRRXEMAFERE CO,KEFZGHT/LANHRENLETATHASHHELRRS FHBLLE
Table 3 The calculated values of harvesting pigment molecules in the excited state (N, ) at several classical irradiance for soybean at four CO,

concentrations under shading and full sunlight

Y658 Trradiance/

DT Shading/( x1074)

4 H I8 Full sunlight/ (x10'74~)

(pmol m™s™") 300 pwmol/mol 400 wmol/mol 500 pwmol/mol 600 wmol/mol 300 wmol/mol 400 wmol/mol 500 wmol/mol 600 wmol/mol
200 0.26+0.02a 0.27+0.05a 0.21+0.02a 0.20+0.05a 0.06+0.01b 0.07+0.01b 0.06+0.01b 0.05+0.01b
400 0.42+0.03a 0.43+0.06a 0.34+0.03b 0.34+0.06b 0.12+0.02¢ 0.13+0.01¢ 0.11£0.01c 0.10+0.02¢
1000 0.68+0.04a 0.67+0.05a 0.60+0.03a 0.59+0.06a 0.28+0.04b 0.29+0.03b 0.25+0.02b 0.24+0.03b
1600 0.80+0.04a 0.78+0.06a 0.74+0.03a 0.72+0.05a 0.43+0.04b 0.43+0.03b 0.38+0.03b 0.37+0.04b
2000 0.85+0.04a 0.82+0.04a 0.80+0.02a 0.78+0.04a 0.53+0.03b 0.51+0.04b 0.46+0.03b 0.45+0.04b

AFNEFREF ARG AR B2 B 2% 5 .3 (P< 0.05)

3 it 54R

3.1 HLEEBIAYILG Bk

TG A 388 R KNSR AR 7 A GG i AL g B il S, AT — e R =R B AR XUt Zedsd 7
(NRH #54Y) B Ye 2544 S A HLERASE AU A 53 il A2 4B ) B9 066 H 2 338 038 () R D i 1 oo iy M A, DA TG 45 3]
Jow s L 0SFHESCESE, SR, O BIBFR S R M, NRH BRI A iy J/1 IS B
w Al LT EL TR N AR pR R, BT DL R RELA A Y 1, o RS, — M B B
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RUA B J/T ik 7 HEA SRR, FBEE B A A 380 F1 600 wmol/mol CO, F 2 11 254
( Koelreuteria bipinnata var. integrifoliola) 1 J/1 TZHT , & BLZA AU 15 2 09 5 KOG A B F i fG i sl 38 5 52
A2 ™ e Ah , Yang A AR A Isochrysis galbana 15 31| /1) 5 K4 5 A2 I & FL A9 200 %
2%, MUICTTA, SRR & B AR ARG /1 M2 B8 2E A6 5 A R R LR B M W 2k (A, /1) 75 2
AR S B E BEY ,

H Ye 251 H £ (O MLEAR R A o] AR 38828, o n] LU T s S5 A 09 1/ IR mae ) fEAR 5T
o, AL AN S B A 4 H BRAE R R EAE 4 Flv COLMRBE T 1Y J/1 Ik A5 30/ J, F0 1 5 HGE R ) 0
DA Z [BIANAFAE 3 25 59 (P>0.05) (R 1), HAUAE 5 WIME & ARG, A 2t e RE(R?) IR T
0.996, KL, ABFFTHE— L KAE T Ye 1 Mg AGHLBIARIDLA 308 15 A 4 H IR S5 K B R #E R TR €O, 3k
JETRY J/1 M2 al 17/, AT 2R X 25185 HAb 7 HRZ LA R 5 A (R AR P A 2 S LAY 4508
A3 R T L AR LA
3.2 AREDEIRFT CO, MR T R B AR R DG (O R 41 ARG BE RSB m s

o EMERMC RS TRBOLREN HEESE, BERR T SHWA 5 L R A Do 8 5 R E 35, T
HOREABR YIRS 2 B AR S R e R RS T o, SR AR 020720 2200 AR
g RHZALERE R EE 5 e R S i THE TR A4 H IR N KRG R 7E 4 Fh COME TR
T o Ml SEREW D4 HIBAMA AN COMKRER o, A2 AT/ REEER(P>0.05) (£1),
H G T 0, A SR P T COL MR BE IR A K G0 R o, WA, 1 s A AR 92 45 B3 A 42 H AR
FMF RGN SR T o, E S ETA FIH A Iy 275 205 Al R 9 3800 2 0 45 SR AR AL, B4 22 11
REM AR H4I7E 107 m* B b, Suggett % ISR E. huxleyi ) o, (EAEARIEHE (25 wmol m™ s ) F &
KT F G5 (600 wmol m™ s™") | A SCHFFR A AR W] T T K EM A Y o [EER T2 H B KREH A
i, HAWAE ) 2 A WA E AU S5 R A 1 Tk — 2 e

LRI, A7 2 Fp 7 2 s AR 00 A 4 0 (8 38 40 7 1 6 RE O, T PR 28 2 F i AR Pkt
G RV AN IR AR AR R 4 AR XX 4 Rl vk RV T B ARA A
SENBOENRT , Ye F51 Y ER A LBASIRY 1k fo 7 B S, T R G A (SO 45 A i R & im, E T
PASRASAS [ A ) SSOAH R A TEAS [ PR BE R DG R 7 TR ORI S5O0 & S8, IAh, i T EDGESE Z
PR Pl RO IE T AR AR N R IX 3 Bl Tk A R A R AR, DR I DA 3
WA B AN TA] COL MR BE R B A R 5 1T NRH B 78 IS B0 7 B8 4R mT AR ST a0 7 AN ] €O, e
FETFRDEAFE HEN RGBSR o T, FO0ESE0, HIXWAEBR S 2 iimy | R 24 01 s i R A
WFFE RN 4 H R N RS R/, Z AR 1 25 22 S i B
3.3 AR[EDEIERAT CO, MR T R B SR R DG (02 41 1A ROGRE BB w1

TECEMEME T o, RFRTRIZAE Y 7 i 4 R 73 7R 5 I B DOGREMILRE 1), DL ER 7T
WOLREZ SR H BRI BRI YRR S b o BEAE CRR S O, 2R b 0 288 A A 8 e 1) 2 0 A U2, X e 9K
FHEAEYIM RO OR D TOURRIRE I WA B MU, T E AT X G REMIS RE ) BE OGRS AL L
A MU DG AR 5 F A BOCRERIGRT (o', Fn . P o' 2 RIEDOGE R S FEARRDGR
TRERERILEE T . AR SR R TEANRIREE T, 3 o, o Sni i i g th S AN [ g L o1 2020 oA
FFRAE R BN 2 FOGHE T AR KRG R o, R AR (K 2 1k 2) . X 5T ANERE
ARt 202220 P PR S R, R0 A KA A AR H 3506 S A SRR L TR &
SRR RS RN I T, 23 () S A 25 R A A T R T DA s 96 fm v 22 R 2R R R IR 2 it 14y 2
WO ZHERE O 1T 2 20 ORI R I A A N R R SRR S R, AR, ARG R B
A IR T A A AR ) 1% 33K T e ) 235 A T 2 () 235 40 1) 52 5L R S M b ik R B AT DR BT S i S e A I A, A T8 1%
E AT A ATAR TR CO, MR BE R 4 H BOR it iy R TR ™ KRR /.o
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L CO, 2R 400 pmol/mol B A A ], 4 H BEA T Rt R J,, R4 R g 2.11 f%, X T
ZEER LA B o PG R AR R SR 2E R UK o, EA AR, mo, hE 2 nT, 4
H IR S T AR KR T 1 g JE) I ARG R 242 2001.04 wmol m ™2 s~ (MHH{E) |, LIS 4 o, 9 0.882
X107 m? s A A R AR B R G B8y J,, 06 B AR ATDE IR 29 8 1932.74 wmol m™ s™' (I EAA) |, LLET Y
o', M 0.369x107 m*, 4> H AR 240 N o/, Z 2k 2,39, Bl 4 H BR A1 T R E T B 6 RE R I RE
JIRMEGIAAE T 19 2.39 £ Ok, 2 H A N KRG it R & 2l i 45 T 88.13% (3R 1) ;194 , M

! ’N
LR = BS 0P

o'y I 3 H OB o BB SO RETE DL R SE T ML R GE 1 Z 8] 1973 5

ORI R IR R B @ M ML GRS TR AR IS T/ 3 & B8 WAL AR 3 S S Binil (i i 5 T AR s N, Ay Ji
W A B R TR A A o R B 4 H BRI B 45 (2 A 55 4 (7E LI-6400-40 Rl S22 ANk is
SE), EATRES 318 0.5 F10.84) |, [RIEF i 2 MG EE T REM R AHEN o, 5,4 N, o', fl 1S
BBHRARA LR AR 58] 4 H IS 2 Mot J,, Z o8 2.19, ZME 4 B B~ KRG A
1) T, SRR T J,, 2 2,11 BER, FRIL T w20 m R AH R] CO, M B N 4 H IR Rt i
T FAXT R B SRR, RN, AT X B AOEIRIE R T 2 HE AT S A e (A AR A 22 52 (2,190 2.11) , k]
AEAE 4 H BRI 25 N AE R KGR @ ANFE B, WA @ Z ok 1.039, 3844 H BT K
SR SR AN AR AR T 2011,
3.4 REDGHEM CO,ME T KRG T AS NI E RS THRE

NS YW Y RERR I TR AR, HASRE M Ao 3 3 9 5 & 5 BRRE BRI ' S 45 3R Ik 9]
FRA, WL O GRE R P A E  ARIFSE A SRR AR A T R G e AE 4 R ORTE]
COMEES N /I &M fbaR S H A T ARANZESR, HAERSEER FRiE ) NHIEKTEH .
AP A AR A RS R UL, LS A 2 O g AR 202 B gkAh, B3 1 R, #E 400 wmol/mol T
4 H BB FGE T 4 B R G 8 7 53508 4.64 ms F122.93 ms, 143 TP o B RE SRR T #3670, Ak
TR SRR > TR PR L 048 BO O, th e ml 8, 7 s () 4 H BECR Rk B N, AR
WO B R G FRMME L . — T HE A T REM AR N2 R T2 H BAGTRME (& 3
M 3) s B — i, WA T REM R/ 7, K T4 H ST, WLAR S 30m 3 K G i 7E 45 i G st
WL 3] PS T ABCRZ/INT G, 7 AL F g 43 B 0% ) JF Jl L A% 3 R B /N T4 H IR A%, (R
N 2% HANRE iR Bk 1 B FEAS IS4 40 F A ' 8 28 4 7 B L SR 080 SO A F FAE Y B il
JEREM ISR 2 OR R 3 PS IT RSt/ N ITTS2 i D' 6 Fe U 9 7™ A2 F0 22 S i e [ A6 A 5 AT, ' Chl ™ a2
SREAENChl ™ P E WS 04587280 0, B E—FPaEH B 0 16 PR 4, SR P A AR K

4 #ip

FIH Ye SEFIEERI A HE 1% 38 R XS e 7 i AL B Y BIF 5T T 388 B A4 B B B e 7E 4 FpoAR T
CO, R SRR T 0 T o T SFICESE, LS N A o R CH I AR, 45 B, M1 IE
LB AR CO, M BEXT R M R 1) o, Al 7 (BTG 82552 0 5 AR OB IREE XS KR i i 2 0 1 1A RO RE
WCRF R AR 5 4 H BEA HE SR 25 T 4 Fh CO, MR E R B Frifit a2 01 n9 L e ge ) B B3I,
M7 B LA N BT 3 IR AW S R P SOA [RIAE ) 7EAS [R1 PR 06 G RR PR R AL T 330 LAl
Mgee TR
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