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Table 1 Leaf photosynthetic models information

LAY s Y LN I 3R 3k i 4 {E EE BN
Model type Input value Model equation Output value Reference
o4 poPAR) = PARP e py
) T - —
E_% Xﬂﬂ‘h /£*;-<3=J PAR, P, n oPARF P s d Pn‘m;lx ’ -~
Rectangular  hy- & LCP, Ry, L28
perbolic model HCis Py P.(C ):M*R % 7. CCP,
Y gCi P ’ »
) 24 5 0
AR H 5 S B @PAR+ P e — +/(@PART P )’ — 10aPARP 1 AQY, "
Nonrectangul-ar PAR, P, P,(PAR) = —Ry Pmax » ‘
hyperbolic model 20 LCP,R,
" AQY.,
UL 28 45 T A b oAy LBPARL e
fj — — nmax »
A PAR., P, '° *TFyPAR d LSP. LCP, .
Modified rectangu- g e % [:
lar hyperbolic K Ci Py P.(CH= 1—BCi Ci—R Ry 8 7,
W(CO=n 0GR, CSP.CCP.
model T R
P
RO R o AQY, J
Exponential equa- PAR,P, P (PAR)=P. . (1—eP,—)—R P ymax » L3z
tion model PPARY P i (1 e P ) =R LCP.R,
Michaelis-Menten P
o . oGP P -
Michaelis-Menten Cir Py P.(Co= C:+K Ra CCP,R, )

model

T o WU TR, BIAE PAR=0 AR,y 25 T 008 28 i 00 1 AR SR B KOG A R Z L Y= o/ Pumax s Pumax 0 B9 B
KICARCE B AB LRI, P, (PARFI P, (C) &G H R, LSP ML il i, CCP N CO, #ME L Ry AREIFI R R, A

IR 5 3R, 0 Sy il 26 25 il A2 i il /5 . K 4 Michaelis-Menten % %%,

Note:a is initial quantum efficiency as the PAR=0, 7 is the light response curves of the initial slope and the ratio of the maximum photo-

synthetic rates Y=a/P ymaxs P umax is the maximum photosynthetic efficiency of leaves, § is the correction coefficient,the P,(PAR) and

P, (C) are the net photosynthetic rate, LSP is the light saturation point, CCP is the CO; compensation point, R, is the dark respiration

rate, 0 is the curuature angle of the curve,R, is the light respiration rate, K is the Michaelis-Menten constant.

. X PAR @it 1 500 pmol » m™* « s ' K,
MO/ /& g 5 FT M26 [ P, Fifi ) 8 5 35 Jin i 9
A B S, Beis, M26/ /\RIEHRY P,
FEm T HABAL B, M9 1 P, £ 1%, PAR 4 500~
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KBNS, 3w T HA AL HE
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PAR Mif 37 45 B 52 30U 45 BE EL &
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S AF /NG i R i & AL BRI 7E P<<0. 05 K2R BE, TR
Values followed by different lowercase letters within the same columns indicate significant difference among rootstock-scion combina-
tions treatments at the P<C0. 05 level. The same below
1 FAREELHEALETERMR P.-PARMESENZRSH
Fig.1 Exchange parameters of response gas of apple leaves P,-PAR under different dwarfing rootstocks
x2 FAEENMALETERMNF & P.-PAR I i &2 f &4 E

Table 2 Accuracy of models in simulating P,-PAR response of apple leaves under different dwarfing rootstocks

[IUE i b B Y5 R iR 2% Ttk E R

Model type Treatment RMSE MAE R?
B A LR RH M26//\ 1 ¥ % M26/Baleng 0. 490 9. 400 0.996 0
Rectangular hyperbolic model MO/ A B i3 M9/ Baleng 0.578 12. 446 0.994 0
M26 0. 888 14. 959 0.985 7
M9 0. 340 8.883 0.997 3
Ak A W &R NRH M26//\ ¥ #§ 5 M26/Baleng 0. 089 0. 889 0.999 9
Non-rectangular hyperbolic model M9/ /\#z ¥ % M9/Baleng 0.175 2.430 0.999 5
M26 0. 327 6.027 0.998 1
M9 0.176 16. 215 0.999 3
HAM LB EEA MRH M26//\ 1% 5% M26/Baleng 0. 206 4.221 0.999 3
Modified rectangular hyperbolic model M9/ /\#5 % M9/Baleng 0.258 6.525 0.998 8
M26 0.263 6.042 0.998 8
M9 0.178 10. 315 0.999 3
BB BRI EE M26//\ ¥ ¥ 5 M26/Baleng 0.142 2.582 0.999 7
Exponential equation model M9/ )\t % M9/Baleng 0.219 5.564 0.999 1
M26 0. 464 9.003 0.996 1
M9 0.194 14. 208 0.999 1
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£33 AABUMARPETERMNAE P,-PARMEERTEXSSHNEMNES TNE
Table 3 Model prediction and actually measured values of photosynthetic parameters related to

P,-PAR response of apple leaves under different dwarfing rootstocks

Iﬁ E ALI\IE AQY/ (Pnlrmx/ LSP/ L(P/ R([/
-1 pmol ( pmol ¢ ( pmol ¢ ( pmol +
Item Treatment (mol * mol™1) 5" T L T
m ‘s ') m s ') m s ') m s )
AR £ A A A0 M26/ /\ B i 3 M26/Baleng 0.073 26.562 — 21.943 1.511
Rectangular hyperbolic model  \1q /1 grom 2 Mo/ Baleng 0.075 25. 534 — 33,691 2.287
estimates values
M26 0.074 25. 381 — 22.469 1.554
M9 0. 069 22.052 — 39. 243 2. 402
Al B A R 2 A R AR L (E M26//\ ¥ i 5 M26/Baleng 0. 049 22. 845 — 19. 440 0. 939
Non-rectangular ~ hyperbolic SV, -
odel cenron o aloer MO/ /\ s ¥ % M9/ Baleng 0.048 21.703 35. 666 1.661
M26 0. 039 20.163 — 15. 115 0.582
M9 0. 049 19. 831 — 42. 364 2. 004
LA O R A T A R RS 4L M26//\ ¥z ff 5 M26/Baleng 0.059 19. 892 1 650. 730 20. 452 1.167
Modified rectangular hyper- ok v Al £ 5
Bl e el anter P M9/ Bk % M9/ Baleng 0. 059 18. 457 1 533.883 34.516 1.906
M26 0.051 19. 244 1 316. 226 19. 621 0.978
M9 0.058 15. 832 1785.774 10. 614 2.158
FREOT R B R B AL (E M26/ /\ B E % M26/Baleng 0. 052 20.141 — 20. 735 1. 054
Exponential equation model 1o/ 1 ey 2 Mo /Baleng 0.051 18. 654 — 22. 340 1.100
estimates values
M26 0.053 19. 220 — 20.733 1.063
M9 0. 044 15.875 — 26. 269 1.123
S E M26/ J\ A& I % 0.042 a 19.924 a =1 800 17.933 ¢ 0.957 ¢
Measured values M26/Baleng
M9/ /\#% i % M9/Baleng 0.041 a 18. 641 a ~1 500 36.384 b 1.630 b
M26 0.038 b 19.256 a 21 500 16.325 ¢ 0.714 d
M9 0.038 b 15.913 b =1 800 44,558 a 2.221 a

T LA L W A 6] /NS 5 BE 3R 7R Gt B 20 4 A B ) 22 5 B3 (P <<0. 05) . R I,
Note: Values followed by different lower case letters within the same columns indicate significant difference among rootstock-scion combi-
nations treatments at the level(P<C0. 05) in the measured values. The same below.

F4 FAABUBALETERHAFE P, —PARMEREXESHELNESTUENHEAITIRELL

Table 4 Relative errors of model predicted and actually measured values of photosynthetic parameters

related to P,-PAR response of apple leaves under different dwarfing rootstocks

X R 25 RE

LRIV S b B P/ LCP/ R,/
Model type Treatment ) lA-QY/l’l) ( pmol ( pmol + ( pmol +
mot ® mo m 2es ) m Zes 1) m 2es )

L A B A 7 M26//\ ¥ ¥ % M26/Baleng 0.738 0. 333 0. 224 0.579
Rectangular hyperbolic model M9/ /\#% % M9/Baleng 0. 820 0. 370 0.074 2.403
M26 0.939 0.318 0.376 1.176

M9 0. 808 0. 386 0.119 0. 082

A B A XU 2R T M26/ /\ B4 M26/Baleng 0.162 0.147 0.085 0.019
Non-rectangular hyperbolic model ~ M9//\}%# % M9/Baleng 0.159 0.164 0.020 0.019
M26 0.016 0.047 0.074 0.185

M9 0. 300 0. 246 0.049 0.098

B U LA IE AR R M26//\ ¥ i 5 M26/Baleng 0. 407 0. 002 0. 140 0.219
rl\fggglied rectangular  hyperbolic y\ro /1 itz 3¢ Mo /Baleng 0.427 0.010 0.051 0.169
M26 0. 337 0.001 0. 202 0. 363

M9 0.524 0. 005 0.089 0.029

TR TR AR M26/ /\ ¥ ik 4 M26/Baleng 0.243 0.011 0.156 0.101
Exponential equation model M9/ /\ B3 % M9/Baleng 0. 239 0.001 0. 386 0. 325
M26 0. 389 0.002 0. 270 0. 489

M9 0.166 0.002 0. 410 0. 495
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WET C, 25 8%E,M26//\ i3 M26 43 3
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TR RGN T B a3, A1 IR CO, WRET . £ 4b
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MO/ )\BEHESRRY G, F1 T, ¥ 5 20 T HAd AL B
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i iz 45 BY 452 3045 BE Lh 4%

M5 AT LLE H, A8 PL-CO, i L i 28
MRS BE AN TE] . RH I M-M A % 4% 4b Fif 37 51
iR PL-CO, Wi i Ze A5 400K 2 A [A) . MRH #2
RIX £ Ab B P -CO, i i A S BB HE 5 50
ME A R F K RMSE.MAE fit/)N K5 i

Fb 55 25 il AR b B ) SE SR 6B S 80IcmiNE
AHICER 6), M26/ /\ B2 i 3 F M26 1 7 43531 . 3%
BT MO/ B SR MO, T P, FI CSP AHIRZ .

M9 5 CCP # k. M9/ /\ B i 5K 2 . M26/
I\B I Fed /N . AR BR) R, KR/NIFE A M9/ A
B A <<M26 / /\ B 5 <<M26<M9,

-o- M9//\ B g5 M9/Baleng
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Fig. 2

Gas exchange parameters related to P,-CO, response of apple leaves under different dwarfing rootstocks
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M 6 AIAL, RH A1 M-M A5 A o 4% 4b 3 i MR P,-CO, EFEH S H P, I CSP
P, CCP FI R, BP9 4 — 3, FLaX 2 it MBS SCBRE 2T 5 o 1 R, B4 ¥ K T 52
B TEM T CSP, RH &M A A 31 ¢, 11 M-M ., w2258 K,

AN TCvE A 1. MRH A A1 A] Al 31 4% 4b 2 3 R
#£5 FEBUMALETERMES P,-CO, IR 5§12 B

Table S Accuracy of models in simulating P,-CO, response of apple leaves under different dwarfing rootstocks

AR S5 b3 )7 iR 22 S 18y 4 %o 1% 22 YeE R
Model type Treatment RMSE MAE R?
B XU LA R M26//\ b it} % M26/Baleng 2.311 18.913 0.961 9
Rectangular hyperbolic model M9/ /\ ¥ i 3 M9/Baleng 2.243 19. 595 0.968 1
M26 2.465 17. 960 0.960 3
M9 2.215 18.717 0.972 1
Michaelis-Menten #5 % M26//\ ¥ i % M26/Baleng 2.311 18.913 0.9619
Michaelis-Menten model M9/ )\ % M9/Baleng 2.243 19.595 0.968 1
M26 2. 465 17. 960 0.960 3
M9 2.215 18.717 0.972 1
LSRR A TE A A M26/ /\ % i % M26/Baleng 1.361 12.765 0.987 1
ngéﬁed rectangular  hyperbolic  yro )\ e 2% Mo /Baleng 1.305 13. 544 0.989 4
M26 1.602 14. 057 0.983 6
M9 0.999 9. 682 0.994 4
R6 ARBUHALETHERHES® P,-CO, MEEAFELXSESHEMNES TNELE
Table 6 Model of predicted and actually measured values of major photosynthetic parameters related
to P,-CO, response of apple leaves under different dwarfing rootstocks
T H 4k 3 (P ”“‘“‘1/ ( C'SP’I/ . CCP/ R,/
Item Treatment (mol » mol 1) "_BHMOY HIIOF" (mol » mol 1) (luszI;I
m-%es D) mol 1) m-Zes )
LSRR £ A% AL A AU M26/ /\ & iff % M26/Baleng 0. 700 62. 500 — 59. 184 24. 909
iﬁ?ﬁ:iiliglig“b‘)““ model o /st 3 M9,/Baleng 0. 365 60. 604 — 66.774 17. 392
M26 0.389 58. 221 — 64.589 17.551
MP 0.301 61.704 — 79. 002 17.155
Michaelis—Menten BB o6/ g M26/Baleng — 62. 500 - 59. 184 24. 909
X;‘;Ejiﬁffjmen model esti= o/ 1 it 3% M9/ Baleng — 60. 604 - 66.774 17. 392
M26 — 58. 221 — 64.589 17.551
M9 — 61.704 — 79. 002 17.155
LA O 2R A T A A A DL (R M26//\ ¥z i % M26/Baleng 0.298 33.190 866. 002 58. 380 13.923
bMO(l’i‘f:sgderleg:fﬁfﬂ;f Vljlyui‘ir MO/ AR i M9/ Baleng 0.187 34,316 862. 385 65. 861 10. 773
M26 0.192 34,236 974,188 64.194 10. 614
M9 0.152 35. 307 1005. 538 78.738 10. 598
SEAE M26//\ % #F % M26/Baleng 0.063 a 32.167 b ~800 56.762 ¢ 3.604 ¢
Measured values MO/ )\ #% i % M9/Baleng 0.049 b 32.865 a ~1 000 62.253 b 3.050 d
M26 0.062 a 32.167 b 800 62.015 b 3.839 b
M9 0.049 b 33.680a 21 000 79.638 a 3.910 a

ORI 1R 3 RN A Ab SRR R 4 B A SRR 5 S 0 RE
P ,-CO, 2 EFOLASHAA BB AR PRI (F 7, T4 MRH BER X % 4b 3 Ay
FE A ST 7 RE AR 4 45 4 TR 0F B9 Po-CO,  PawnCCPLR, fIBEL RE (HF/D.
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KT TRZENBEARETERMHFE P,-CO, MERBTEXSSHYEMUESKUNENEIIRE

Table 7 Relative errors of model predicted and actually measured values of major photosynthetic parameters

related to P,-CO, response of apple leaves under different dwarfing rootstocks

[eiESi] Ab 1 P/ CCP/ R,/

Model type Treatment (pmol*m™2«s7 1) (pmol*mol™") (pmolem™2 s 1)
B XU LA R M26//\ ¥ % M26/Baleng 0.943 0.043 17.199
Rectangular hyperbolic model MO/ /\#% i % M9/Baleng 0. 844 0.073 22,594
M26 0. 810 0.042 17.723
M9 0. 943 0. 008 21.138
Michaelis-Menten #5 % M26//\ ¥ ¥ % M26/Baleng 0.943 0. 043 17.199
Michaelis-Menten model MO/ )\ i % M9/Baleng 0. 844 0.073 22.594
M26 0. 810 0.042 17.723
M9 0.943 0. 008 21.138
LSRR A TE A A M26//\ % iff % M26/Baleng 0.032 0.029 4,863
ngéflied rectangular hyperbolic  vrq ) pim e Mo /Baleng 0. 044 0.058 4.532
M26 0. 064 0.035 3.765
M9 0.048 0.011 3.710

3 Wb ARALFE P ,-CO, MBS B = T RH Al M-M

3.1 AEABUMEXMNEBEMERMRA P,.-
PAR # P,-CO, i& B # B! fF i

A L A B R OM X R (R >
0. 99) , 1. B FH T A HUUA ) il A A S SR 1 5 190l
GRAEA —E G H RT HRRWNES
S ADL{EL () AH G 1 5 5 1T B A7 A A5 4D 58 — M =i 5%
AR RSB Ik, @ 5] A RMSE 1 MAE
AJ i — 20 % A BUAE BE o i PP AL . RMSE . MAE
/N CRT BEEE T 1, 3 ARG B

AR 4 PRI (3R 3 g 4) ,NRH B 5
MRH #ERIS 4ik R AL H#E P -PAR il ZR 0K
W, ATAFH 3 A& K E T (RH,NRH
MRH 8D Xf (A Gl A W P,-PAR i i
HHZEE AT R, 25 R 2 B, NRH I MRH #1419
SRR BT RHPS (0SB BTSE R AR
fili A1 rb E) GG B9 PL-PAR R R AR R [, A
NRH R M26/ /\ 4 15 3 F1 MO/ J\ 0 1 5 1
P -PAR i 17 iy 42 B 400KG B 5 880OR B i, MRH
Xf M26 F1 M9 i) P,-PAR i )37 i 28 B 40045 2 5
ROREAF (R O, WA RV, NRH B8 X R
P 850 A U i R ASE 78 X A% M 40L& 252K i
GEH AR R B G DR IR T BE O R T R 22
St PR IE AN [R], S EOEH Y PL-PAR BLELA
. M 4 A 5 A, MRH A5 45 25 AL A

FREAY

5 GG IR A A PR B AL R LY 3 R A A
BREROL G 280, X T2 £ K B8 AR kB
BT H P,-PAR M4, RH 5 NRH ## 2> & fh
MR AQY I P, """ . A5, RH LR T
BEM R AQY M RE KT 0.73,P,... B RE
KF 0.31, i3 4 7%, RH.EE.NRH ## Jg
BEHIEAM R LSP, ¥ % i T RH.EE.NRH # #
YIREA AL £, P,-PAR i jj il 28 3= %2
A SR UG By Fo A 5 75 AT AL B B R X
13 LSP AR F S bRl it (. MRH BE#
o RH BRI )8 IR, T Al i1 P,-PAR 0 7 i
L4 FEORA S H R St . A
38 B TR ARG AR AL B B S B A AL TA]
M26//\ 1 i 3 F MO/ /N T 55 . M26 19 AQY .
LCP.R, fliitft ek # NRH ##, P, .. K
JEEEFE MRH., M9 8 AQY P, KL SG 1+
EE ## ,LCP R, R Le £ MRH #i8 (F&
3). ATAMFSE & RH FLALFN M-M 5 AL i |-
JEARE A, R P, BERME S 2 — 8T AR
5 rp O A 6 HE 2 AR S HDURE B R B, A
PIAE R 58— B (£ 5. M-M BRIA BT X
AZHG A EAG T p, MRH £ 58 RH A5 R A
A ¢ MR, M RE &K, {2 MRH #8 A] 58 iz
RH HER R 2% i ity 2™ B2 Bk f S JE ik 35 CO,



. 1820 - o4t & ok

S 30 4

ARG AN P, T R A B s, RE 8% ok & 1F
Y CO, MR 4, JF 153 11 CSP, H. 5 52 I {8 ¢
B, M A F . MRH 8% & ik &K P,-CO,
Mk £ 2O6 & S BN BB T HoAth 2 Fh 1R,
M26/ /\H ¥ 5 A1 M9/ AR I 5 L M26 8 P«
CCP. CSP =K fift {5 # # NRH £ 84, M9 fy
P o ~CCP SRR SEE B NRH BLHY, 1fif CSP ok
fif i Je e B M-MOBREHL (3R 6) .
3.2 ETF P.-PAR 1 P,-CO, NqR gh & 8 E &
L Bs B3t R B B 3E R Rt B 45 EE 4

TEALGIRVE R N (<< 600 pmol e m 2 = s 1),
M26//\ B4 F1 M26 f9 P, & T M9/ /\ & i 5
M MICE 1, R 556 5% T B & FOLE R0R
TR T a4, S OG M BE S8R . 2 PAR B 5R
B — RS T OCIHI B S MO/ b g 5 Rl
M26 ) P, {5 13K, BB 0 R L T M26/
SRR TR MO A H B0 A sl SR R 4 .

P ,-PAR 1 i #h 2% = 26 A S 50 38 I b )
W33 45 2% R A 0 1O B e O RE R R Ok
MR = AR SRR Y . R 4 0, M26/ kK
MR M26 B B8 AQY.LCP Al LSP, Xt
588 6 1 55 Ol Y 3 PR E e M9/ B T G T M9
58, A FI)FH 45 55 1) A PR Bt 0 AT 0% A 4R D FL L RE
I N BA G TR AR [FR P BT R, B
G S AT 9k 20 Bl 4B 32 H AN [R] G PR BT A8 1938
D7 2 R SR B A A B IO AL

AL PFENE R H P -CO, 4 SRS e 2 5L
SRR R AR — B (R 2) o {ER [ Ak B IR
TS AR —EWES, Hp, M26 X
0~600 pmol * mol ' Bf G, M C;, T, 2
AL RaH L UL M26 FEIL B BE C L T, Z 3 G,
B2 B FE AR R AR C, LT, A8 1k i 33k 1tk i
PERZ M

P ,-CO, i ij il £ & 25k & S 802 e pent
Rubisco 7 & K i T CO, F| FH &R 1Y & 248
BT ARG, M26/ /A B T 5 R M26 1 R, .
P 0ux ~CCP Hl CSP #4K T M9/ /\ 4 ¥ 3 Fl M9,
iy B (K 8) . KW M26//\ b i 5 Fl M26 I
FXHIE CO, e BE 5 5% 14 38 1 M 3 4, 35 K CCP
M CSP i, #2m CO, FHHE,

4

G L P I T 0 ARG U8 AR ) 5
it BRF S LTS SR 4 B 73 17 9 4

I, ARG 5 2 R A T AR B 0 2 AR A B
MR A6 IE R R, (] M26 £ S SRS A e a) fifi 15
AR KE 2 5 WS OLRE I MK CO, &
JERRCR & Bk, ARG A IR 22
SR A B A R RS
BRI RGE 2 454 B RS, 7 e 2 RO IR A
BIF 58 J% ATl A o S92 2R J2 45 40 R ) RE Y 520
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Model Simulation and Evaluation of Photosynthetic Responses
of Apple Leaves of Dwarf Rootstocks and Corresponding
Interstocks to Light and CO,

TANG Yuwei' , WU Tong”,LU Xiang', WANG Kai', TONG Lu*,WU Pei',
ZHANG Dong” ,FENG Jianrong' and YANG Weiwei'

(1. College of Agriculture,Shihezi University, The Key Laboratory of Special Fruits and Vegetables Cultivation
Physiology and Germplasm Resources Utilization in Xinjiang Production and Construction Corps,Shihezi
Xinjiang 832000,China;2. College of Horticulture, Northwest A&F University, Yangling Branch of
National Apple Improvement Center, Yangling Shaanxi 712100, China)

Abstract The aim of this study is to clarify the role of dwarf rootstock in regulating the photosyn-
thetic response of apple leaves to light intensity and CO, and to construct suitable photosynthetic
models. The cultivar ‘Naga Fu 2’ and four rootstock-scion combinations (M9, M26, M9/Baleng,
and M26/Baleng) of 8-year-old trees were used in the study. The results showed that all the models
constructed in this study had qualified accuracy in simulating the response of photosynthesis to light
(P,-PAR) and carbon dioxide (P ,-CQO,). The determination coefficients (R?) of all the models were
higher than 0. 99. The non-rectangular hyperbolic (NRH) model had a greater R* and smaller mean
square error (RMSE) and mean absolute error (MAE) than the other models in simulating P,-PAR
response of M9/Baleng and M26/Baleng apple leaves. The modified rectangular hyperbolic (MRH)
model had a greater R? and smaller RMSE and MAE than other models in simulating P ,-PAR re-
sponse of M9 and M26 leaves. The MRH model had highest accuracy in simulating P,-CO, under the
all treatment compared with other models. The relative error of the predicted values of photosynthetic
parameters was smaller than that of measured values based on MRH model, and the MRH model pro-
duced the most reasonable information of photosynthetic parameters, followed by the NRH model.
The initial quantum efficiency, maximum net photosynthetic rate, light saturation point, carboxyla-
tion efficiency. and light respiration rate in M26 and M26/Baleng apple leaves were higher and the
light compensation point, CO, compensation point, and dark respiration rate were lower than those in
M9 and M9/Baleng apple leaves, indicating that M26 had higher light and CO, utilization efficiency,
strong resistance to low light intensity and lower respiration consumption in M9 apple leaves. In con-
clusion, the results showed that NRH and MRH are appropriate candidate models for evaluating pho-
tosynthetic capacities of apple leaves of different rootstocks and interstocks. lLeaf photosynthetic ca-
pacities of M26 are better than those of M9.
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