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Supplementary Materials 

Equations and Parameters of the Two-Dimensional Photosynthetic 
Model 

1. Description of photosynthetic CO2 assimilation and photorespiration

The simplified photosynthetic model of Farquhar, von Caemmerer and Berry (FvCB-model) [1-2] 

which included only the Rubisco-limited CO2 assimilation rate and electron transport-limited CO2 

assimilation rate was used in the work. The assimilation (Ahv) was described by Equation (S1): 

Aℎ𝑣 = min(Wc,Wj)
[CO2]𝑠𝑡𝑟 − Γ∗

[CO2]𝑠𝑡𝑟

(S1), 

where Wc (Equation (S2)) and Wj (Equation (S3)) were carboxylation rates at the Rubisco-limited CO2 

assimilation and electron transport-limited CO2 assimilation conditions, respectively, [CO2]str was 

concentration of CO2 in the stroma of chloroplasts, Г* was the photosynthetic CO2 compensation point in 

the absence of mitochondrial respiration.  

 Wc =
Vmax[CO2]𝑠𝑡𝑟

[CO2]𝑠𝑡𝑟+KC(1+
[O2]

KO
)

(S2), 

Wj =
J

4+8
Γ∗

[CO2]𝑠𝑡𝑟 (S3), 

where Vmax was the maximum rate of carboxylation of Rubisco, [O2] was concentration of O2 in the stroma 

of chloroplasts, KC and KO were the Michaelis constants for carboxylation and oxygenation, respectively, J 

was the potential of whole chain electron transport (Equation (S4)):  

J =
I + Jmax

2θ
−
√(I + Jmax)

2 − 4θIJmax

2θ

(S4), 

where I (Equation (S5)) was the useful light absorbed by the photosystem II, Jmax was the maximum electron 

transport rate, and θ was an empirical curvature factor [1].  

I =
abs(1 − f)

2
PAR 

(S5), 



 

where PAR was the photosynthetic active radiation, abs was the light absorptance (abs), and f was the 

factor of correction for spectral quality of the light. 

The photorespiration rate (Vphr) was described by Equation (S6): 

 

Vphr =
Aℎ𝑣Γ

∗

[CO2]str
 

 

(S6), 

 

In accordance with von Caemmerer et al. [1], it was assumed that rate of the dark respiration (Rd) 

was constant. 

2. Description of stomata and transmembrane CO2 fluxes 

Equations (S7), (S8), and (S9) based on the Fick's law [3] were used for description of CO2 transport 

through the stomata (jS), plasma membrane (jPM), and chloroplast envelopes (jChl), respectively: 

 
jS = gS

0([CO2]out − [CO2]ap) (S7), 

 
jPM = gPM([CO2]ap − [CO2]cyt) (S8), 

 
jChl = gChl([CO2]cyt − [CO2]str) (S9), 

 

where [CO2]out, [CO2]ap, and [CO2]cyt were concentrations of CO2 in the air, apoplast and cytoplasm, 

respectively, gS0, gPM, and gChl were CO2 conductance for the stomata, plasma membrane, and chloroplast 

envelopes, respectively. 

It was assumed that gS was constant in model elements with both mesophyll cell and stomata or 

zero in model elements without stomata. It was also assumed that the CO2 conductance per area unit was 

equal for the plasma membrane and chloroplast envelopes [4-5]; thus, gPM and gChl were derived from the 

CO2 conductance through mesophyll (gm): 

 

𝑔𝐶ℎ𝑙 =
𝑔𝑚 (1 +

𝑆𝑃𝑀
𝑆𝐶ℎ𝑙

)

𝑆𝑃𝑀
𝑆𝐶ℎ𝑙

 

 

(S10), 

 

𝑔𝑝𝑚 = 𝑔𝑚 (1 +
𝑆𝑃𝑀
𝑆𝐶ℎ𝑙

) 

 

(S11), 

 

where 
𝑆𝑃𝑀

𝑆𝐶ℎ𝑙
 was ratio of the total area of the plasma membranes to the total area of the envelopes of 

chloroplasts.  

3. Description of lateral fluxes of CO2 and HCO3- 

Equations (S12) and (S13) based on our previous work [6] were used for description of CO2 

(jCO2n,k/l.m) and HCO3- (jHCO3n,k/l.m) volume fluxes, respectively, between apoplasts of two neighboring cells 

(their parameters were marked by indices n, k and l, m): 

 

jCO2
n,k/l,m =

DCO2

a2(1 +
Vap
Vcell

)1/3
([CO2]ap

l,m
− [CO2]ap

n,k
) 

 

(S12), 

 

jHCO3
n,k/l,m =

DHCO3

a2(1 +
Vap
Vcell

)1/3
([HCO3

−]ap
l,m

− [[HCO3
−]]

ap

n,k
) 

 

(S13), 

 

where [HCO3-]ap was concentration of HCO3- in the apoplast, DCO2 and DHCO3 were coefficients of diffusion 

of CO2 and HCO3- in water, and a was linear size of cell in the model (it was assumed that these cells were 



cubes), 
𝑉𝑎𝑝

𝑉𝑐𝑒𝑙𝑙
 was ratio of the apoplastic volume to the total cell volume. In border elements, CO2 and HCO3- 

fluxes directed outside of the simulated leaf were assumed equaling to zero.  

4. Description of changes in CO2 and HCO3- concentrations 

Equations (S14), (S15), and (S16) were used for calculation of summary changes in CO2 and HCO3- 

concentrations in the apoplast (Cap), cytoplasm (Ccyt), and chloroplast stroma (Cstr), respectively: 

 

dCap
n,k

dt
= 18 ∙ 10−5

Sleaf
Vap

(jS
n,k − jPM

n,k) + jCO2
n,k n−1,k⁄ +jCO2

n,k n+1,k⁄ +jCO2
n,k n,k−1⁄ + 

+jCO2
n,k n,k+1⁄ +jHCO3

n,k n−1,k⁄ +jHCO3
n,k n+1,k⁄ +jHCO3

n,k n,k−1⁄ +jHCO3
n,k n,k+1⁄  

 

 

(S14), 

 

dCcyt
n,k

dt
= 18 ∙ 10−5

Sleaf
Vcyt

(jPM
n,k − jChl

n,k + Rd + Vphr 

 

(S15), 

 

dCstr
n,k

dt
= 18 ∙ 10−5

Sleaf
Vstr

(jChl
n,k −min(Wc,Wj)) 

 

(S16), 

where 
Sleaf

Vap
, 
Sleaf

Vcyt
, and 

Sleaf

Vstr
 were ratios of leaf areas to volumes of the apoplast, cytoplasm, and stroma, 

respectively, 18·10-5 dm3 mol-1 was volume of 1 mol of H2O.  

In accordance with our previous work [7], we used portion of CO2 in the summary concentration 

of CO2 and HCO3- (PCO2) for calculation of separate concentrations of CO2 and HCO3-. PCO2 was calculated 

on basis of Equation (S17):  

 

𝑃𝐶𝑂2 =
1

1 + 10𝑝𝐻−𝑝𝐾
 

 

(S17), 

 

where pK was the negative logarithm of the equilibrium constant in the reaction of transition between CO2 

and HCO3-. CO2 concentrations were calculated as multiplication of PCO2 and the summary concentration 

of CO2 and HCO3-; HCO3- concentrations were calculated as multiplication of (1-PCO2 ) and the summary 

concentration of CO2 and HCO3-. 

5. Description of transmembrane H+ and K+ fluxes and membrane potential 

Description of transmembrane H+ and K+ fluxes was based on our previous model [8-9]; however, 

this model was simplified. Only, H+-ATPase, inwardly and outwardly rectifying K+ channels, and K+/H+-

antiporter were described. 

Proton flux through H+-ATPase (jP) was described by Equation (S18) (in accordance with the “two-

state model” [8, 10]): 

 

jP = AATPABL

k+1k+2 − k−1k−2
k+1+k+2 + k−1 + k−2

 

 

(S18), 

 

where k+1 = k1[H
+]ap, k−1 = k1exp (

GATP

RT
), k+2 =

k2u

1−exp(−u)
, and k−2 =

k2u[H
+]cytexp(−u)

1−exp(−u)
 were velocity 

constants for transitions between states of the H+-ATPase, AATP (Equation (S19)) and ABL (Equation (S20)) 

were coefficients describing activation of H+-ATPase by the cytoplasmic ATP concentration ([ATP]) and 

intensity of blue light (BL), respectively, u =
EmF

RT
 was the normalized membrane potential, [H+]ap and [H+]cyt 

were proton concentrations in the apoplast and cytoplasm, respectively, GATP was the energy of ATP 

hydrolysis, k1 and k2 were are velocity constants of transitions between states of the H+-ATPase at u=0 and 

[H+]ap = [H+]out = 1 M, Em was membrane potential across the plasma membrane, F, R, and T were standard 

thermodynamic values. 

 



AATP =
Kcyt[ATP]

KATP + Kcyt[ATP]
 

 

(S19), 

 

ABL =
BL

BL + KBL

+ ABL0

KBL

KBL + BL
 

 

(S20), 

 

where КАТР was the constant of the 50% activation of H+-ATPase by [ATP], Kcyt was the proportional 

coefficient between concentrations of ATP in the leaf and cytoplasm, ABL0 was activity of H+-ATPase 

without the blue light, КBL was the constant of the 50% activation of H+-ATPase by BL. 

K+ fluxes through inwardly (JIRKC) and outwardly (JORKC) rectifying K+ channels were described on 

basis of the Goldman–Hodgkin–Katz equation [8-9, 11]: 

 

JIRKC =
PIRKCPmax

IRKCu ([K+]cyt − [K+]apexp(−u))

1 − exp(−u)
 

 

(S21), 

 

JORKC =
PORKCPmax

ORKCu ([K+]cyt − [K+]apexp(−u))

1 − exp(−u)
 

 

(S22), 

 

where PIRKC (Equation (S23)) and PORKC (Equation (S24)) were probabilities of open states of inwardly and 

outwardly rectifying K+ channels, respectively, where PmaxIRKC and PmaxORKC were maximum permeabilities 

of inwardly and outwardly rectifying K+ channels, respectively, [K+]cyt and [K+]ap were concentrations of K+ 

in the cytoplasm and apoplast.  

 

PIRKC =
1

1 + exp(cIRKC(u − uIRKC))
 

 

(S23), 

 

PIRKC =
1

1 + exp(cIRKC(uIRKC − u))
 

 

(S24), 

 

where cIRKC and cORKC were constants which represented a portion of the membrane potential acting on the 

gating mechanisms and their charge in inwardly and outwardly rectifying K+ channels, respectively, uIRKC 

and uORKC were the normalized potential barriers for the transition of the channel from the closed state to 

the open one in inwardly and outwardly rectifying K+ channels, respectively. 

H+ and K+ fluxes through K+/H+-antiporter (JAnt) were described in accordance with our previous 

works [8-9]: 

 

JAnt = kAnt([K
+]cyt[H

+]ap − [K+]ap[H
+]cyt) 

 

(S25), 

 

where kAnt was parameter which was proportional to rate of transports of ions through the antiporter.  

Em was described as stationary value in accordance with our previous works [6, 9]: 

 

Em =
gKEK + gPEP
gK + gP

 

 

(S26), 

 

where EK and EP were reverse potentials for K+ channels (Equation (S27)) and H+-ATPase (Equation (S28)), 

respectively, gK and gP were electrical conductance for K+ channels (Equation (S29)) and H+-ATPase 

(Equation (S30)), respectively: 

 

EK =
RT

F
ln (

[K+]ap

[K+]cyt
) 

 

(S27), 

 

EP =
RT

F
ln (

[H+]ap

[H+]cyt
) +

GATP
F

 

 

(S28), 



𝑔𝐾 =
𝐹(𝐽𝑘𝑔 + 𝐽𝑘𝑑)

𝐸𝑚 − 𝐸𝐾
 

 

(S29), 

𝑔𝑃 =
𝐹𝐽P

𝐸𝑚 − 𝐸𝑃
 

 

(S30), 

6. Description of lateral H+ and K+ fluxes 

Equations (S31) and (S32) based on our previous work [6] were used for description of K+ (jKn,k/l.m) 

and H+ (jHn,k/l.m) volume fluxes, respectively, between apoplasts of two neighboring cells (their parameters 

were marked by indices n, k and l, m): 

 

jK
n,k/l,m =

DK

a2(1 +
Vap
Vcell

)1/3
([𝐾+]ap

l,m
− [𝐾+]ap

n,k
) 

 

(S31), 

 

jH
n,k/l,m =

DH

a2(1 +
Vap
Vcell

)1/3
([𝐻+]ap

l,m
− [[𝐻+]]

ap

n,k
) 

 

(S32), 

 

where DK and DH were coefficients of diffusion of K+ and H+ in water. In border elements, ion fluxes directed 

outside of the simulated leaf were assumed equaling to zero. 

7. Description of changes in K+ and H+ concentrations 

Equations (S33), (S34), (S35), and (S36) were used for calculation of summary changes in total K 

concentrations in the apoplast ([K]ap) and concentration of K+ in the cytoplasm ([K+]cyt)  and changes in total 

H concentrations in the apoplast ([H]ap) and cytoplasm ([H]cyt), respectively.  

 
d[K]ap

n,k

dt
=

1

a
(
Vap

Vcell
)
−1

(jIRKC
n,k + jORKC

n,k + jAnt
n,k) + jK

n,k n−1,k⁄ +jK
n,k n+1,k⁄ + 

+jK
n,k n,k−1⁄ + jK

n,k n,k+1⁄  
 

(S33), 

 

d[K+]cyt
n,k

dt
= −

1

a
(
Vcyt

Vcell
)
−1

(jIRKC
n,k + jORKC

n,k + jAnt
n,k) 

 

(S34), 

 

d[H]ap
n,k

dt
=

1

a
(
Vap

Vcell
)
−1

(jP
n,k − jAnt

n,k) + jH
n,k n−1,k⁄ +jH

n,k n+1,k⁄ + 

+jH
n,k n,k−1⁄ + jH

n,k n,k+1⁄    
 

(S35), 

d[H]cyt
n,k

dt
= −

1

a
(
Vcyt

Vcell
)
−1

(jP
n,k − jAnt

n,k)    

 

(S36), 

where 
𝐕𝐜𝐲𝐭

𝐕𝐜𝐞𝐥𝐥
 was ratio of the cytoplasmic volume to the total cell volume. 

The model included description of buffer capacity of the apoplast for K+ and H+ and buffer capacity 

of the cytoplasm for H+ [8-9]. Equation (S37) described buffer capacity of the cytoplasm: 

   

[H+]cyt =
([H]cyt − Bcyt − KH

𝑐𝑦𝑡)

2
+
√([H]cyt − Bcyt − KH

𝑐𝑦𝑡)
2
+ 4KH

𝑐𝑦𝑡[H]cyt

2
 

 

(S37), 

 

where Bcyt was total concentration of proton buffer (free and bonded) in the cytoplasm, KHcyt was the 

dissociation constant between the cytoplasmic buffer and H+.  

Equations (S38) and (S39) described buffer capacity of the apoplast [9]:  

 



[H+]ap =
−KH

ap[H]ap(Bap−[H]ap−[K]ap−KK
ap)

2(KK
ap)(Bap−[H]ap)

+

+
√(KH

ap[H]ap(Bap−[H]ap−[K]ap−KK
ap))

2
+4KK

ap(KH
ap)

2
([H]ap)

2
(Bap−[H]ap)

2KK
ap(Bap−[H]ap)

    

 

(S38), 

 

[K+]ap =
KK

ap[H+]ap[K]ap

KH
ap[H]ap+KK

ap[H+]ap
    

 

(S39), 

 

where Bapt was total concentration of proton buffer (free and bonded) in the apoplast, KHap and KKap were 

the dissociation constants between the apoplastic buffer and H+ and between the apoplastic buffer and K+. 

Concentration of H+ in stroma ([H+]str) was assumed as constant.   

8. Description of changes in ATP concentration 

Stationary concentration of ATP ([ATP]), which was calculated per unit of the leaf volume, was 

described by Equation (40): 

 

[ATP] =
β(Rd + α · min(Wc,Wj))

β (Rd + α · min(Wc,Wj)) + kcons
ATP∑ 

 

(S40), 

 

where β =
Sleaf

Vleaf

5

ATP∑−[ATP]dark
  was additional parameter, 

Sleaf

Vleaf
 was ratio of the leaf area to the leaf volume, 

ATPΣ and [ATP]dark were total concentration of ATP and ADP and concentration of ATP under dark 

conditions (without photosynthetic processes), α was portion of the CO2 assimilation rate which was used 

for the ATP synthesis, and kcons was effective velocity constant of all processes of the ATP consumption 

(this parameter was calculated on basis of only Rd under dark conditions).  

9. Parameterization of the model 

Table S1 shows main parameters of the model which were used in the work. Initial values of 

concentrations of H+ and K+ (and their total concentrations) in the apoplast and cytoplasm and 

concentrations of CO2 in the apoplast, cytoplasm, and stroma of chloroplasts, which were variables of our 

model, are also shown in this table. It should be noted that initial concentrations of HCO3- and initial 

summary concentrations of CO2 and HCO3- were calculated on basis of initial concentrations of CO2 and 

equation (S17).  

 

Table S1. Parameters used in the two-dimensional photosynthetic model 

 
Parameters Values Units Sources for calculation of 

values 

 

Photosynthetic CO2 assimilation and photorespiration 

 

KC 260 ppm [1]  

KO 179000 ppm [1] 

Vmax 80 μmol m−2 s−1 [1] 

Γ* 38.6 ppm [1] 

[O2] 200000 ppm [1] 

Jmax 160 μmol m−2 s−1 [1] 

abs 0.85  [1] 

f 0.15  [1] 

θ 0.7  [1] 

Rd 1 μmol m−2 s−1 [1] 

 

 



Stomata and transmembrane CO2 fluxes 

 

[CO2]out 360 ppm Assumed 

gS0 (model elements 

with both mesophyll 

cell and stomata) 

0.576 (basic) 

or  

0.207 

(decreased)  

mol m−2 s−1 The basic gS0 was calculated as 

gS·9, where gS = 0.064 mol m−2 

s−1 (the current experiment). 

The decreased gS0 was 

calculated as 0.576·9/25  

gS0 (model elements 

without stomata) 

0 mol m−2 s−1 Assumed 

gm 0.1 mol m−2 s−1 [12] 
𝑺𝑷𝑴
𝑺𝑪𝒉𝒍

 
0.495  [4-5] 

 

Lateral CO2 and HCO3- fluxes 

 

a 10-3 dm [6] 

DCO2 1.83 . 10-7 dm2 s-1 [5] 

DHCO3 0.95 . 10-7 dm2 s-1 [5] 
𝑽𝒂𝒑

𝑽𝒄𝒆𝒍𝒍

 

 

0.1  [11] 

 

Changes in CO2 and HCO3- concentrations  

 
𝐒𝐥𝐞𝐚𝐟
𝐕𝐚𝐩

 
5500 dm-1 [11, 13] 

𝐒𝐥𝐞𝐚𝐟
𝐕𝐜𝐲𝐭

 
13750 dm-1 [3, 11, 13] 

𝐒𝐥𝐞𝐚𝐟
𝐕𝐬𝐭𝐫

 
6790 dm-1 [3, 11, 13] 

pK 6.35  [7] 

 

Description of transmembrane H+ and K+ fluxes and membrane potential 

 

H+-ATPase 

k1  0.045 s-1 [9] 

k2 2.58.10-5 s-1 [9] 

T 296 K [8] 

F 96500 C mol-1 [8] 

R 8.31 J mol-1 K-1 [8] 

GATP -50000 J [8] 

KАТР 186.10-6 M [14] 

Kcyt 5.676  [3]  

ABL0 0.566  [14] 

KBL 6.55 μmol m-2s-1 [14] 

Inwardly and outwardly rectifying K+ channels 

PmaxIRKC 2.9.10-7 dm s-1 [9] 

PmaxORKC 2.9.10-7 dm s-1 [9] 

uIRKC -7.4  [8] 

uORKC -2.53  [8] 

cIRKC 1.1  [8] 

cORKC 1.13  [8] 



K+/H+-antiporter 

kant 0.015  M-1 s-1 [8] 

 

Description of lateral H+ and K+ fluxes 

 

DH 7.8 . 10-7 dm2 s-1 [6] 

DK 1.96 . 10-7 dm2 s-1 [6] 

 

Description of changes in K+ and H+ concentrations 

 
𝐕𝐜𝐲𝐭

𝐕𝐜𝐞𝐥𝐥
 

0.04  [3]  

Bcyt 0.2 M [8] 

KHcyt 10-6  M [8] 

Bap 0.083 M [8] 

KHap 10-6  M [8] 

KKap 10-4  M [8] 

[H+]str 3.16.10-8 M [15] 

 

Description of changes in ATP concentration 

 

α 0.2  Assumed 

ATP∑ 0.132.10-3 M [16]  

[ATP]dark 0.065.10-3 M [16] 

kcons 0.3846 s-1 Assumed 
𝐒𝐥𝐞𝐚𝐟
𝐕𝐥𝐞𝐚𝐟

 
5000 m2 m-3 [13] 

 

Initial values of main variables 

 

[CO2]ap 360 ppm Assumed 

[CO2]cyt 360 ppm Assumed 

[CO2]str 360 ppm Assumed 

[𝐊]𝐚𝐩 / [𝐊+]𝐚𝐩 8.2.10-2 / 3.5.10-3 M [8] 

[𝐊+]𝐜𝐲𝐭 1.4.10-1 M [17] 

[𝐇]𝐚𝐩 / [𝐇+]𝐚𝐩 2.10-3 / 10-6 M [8] 

[𝐇]𝐜𝐲𝐭 / [𝐇
+]𝐜𝐲𝐭 1.5.10-2 /  

7.10-8 

M [8] 
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