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Supplementary Information

Mathematical outline of the model

We will use uppercase subscripts - O, C, and B - to denote the chemical species: Oy, CO,, and HCO; respectively.
The lower case subscripts - p, ¢, v - will denote the three spatial regions considered: the plastid, the cytosol, and the
vacuole. The same subscripts will also be used for the outer boundaries of these regions: the plastid envelope, the cell
wall and membrane, and the vacuole membrane.

To find the gas currents under steady-state photosynthesis we need to solve the system of stationary diffusion-
reaction equations for position-dependent concentrations of oxygen, carbon-dioxide, and bicarbonate - ngp, nc, and ng

- satisfying appropriate boundary constraints and flux-balance conditions. The equations are of the form
DiVZni — T (n) + 5 = 0 (1)

where the index i stand for C, O, and B respectively. D; is the compartment-dependent diffusion coefficient. r; and s;
are the reaction and source terms. Both will depend on the location (the compartments, i.e. stroma, cytoplasm, and
vacuole, or the intramembrane and intraenvelope spaces). The reaction term may in principle depend on the local
value of any of the three concentrations, which we subsume into a ‘vector’ form n = (ng, nc¢,ng). The source terms
are determined by flux-balance conditions to be addressed later. As all of the terms depend on the compartmental
location, we introduce characteristic functions y,(r), x.(r), and y,(r), which are equal to one if the position vector, r,

is respectively within the plastid, cytoplasm, or vacuole, and zero otherwise. This way, we can specify the reaction

terms as
B no(r)
Folm(r).1) = (o kO @
re(n(n), F) = xp(Pveck ne(r) Ve s (Pn(r) = vaoc(rng(r) 3)

ne(r) + no(r)Ke/Ko + Ke
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ng(r)

BV
nB(r) + KB

where we used stationary Michaelis-Menten forms for the competitive reaction of RuBP-primed RubisCO (concen-

re(n(r),r) = x(r)vgcp —veop(Pne(r) + vpc(rng(r) 4)

tration cg) with O, and CO, (see e.g. (1)), and for the reaction of the bicarbonate with PEPC (concentration cp). vc_p
and vp_,c are the forward and backward reaction rates for the CO; to HCO; interconversion. They will depend on the

local pH value and on the presence or absence of the anhydrase. They are given by (2) as
VveB(F) = Nca(r)Ve— g wase) () = nea(r) (kco, + kon-x,, /an(r)) Q)]

VB—c(r) = 1ca(r)VB—c (base) () = 11ca(r) (kdaH(") + kHCO;) (6)

ag(r) is the proton activity, given by the local pH, ay = 107P" M, and 5¢, is the CA-dependent reaction boost
factor. It is equal one where CA is absent (e.g. vacuole), and to a large number (10° by default) where CA is present
(i.e. in the stroma and cytoplasm). The k-rates are taken from (2) as kco, = 0.037s™!, koy_x, = 7.1 - 107! Ms7!,
kg = 7.6-10*M~'s7!, and kuco; = 1.8 - 10~*s~!. The four rates correspond to two possible conversion pathways:
CO,+H,0-HCO; +H* and CO,+OH™<HCO;. We do not allow for the CO,-bicarbonate interconversion in the
intramembrane and intraenvelope space (since it is an hydrophobic environment), so vc_,p and vg_,¢ are set to zero
there.

Modelling the effect of carbonic anhydrase with a simple scaling factor is possible because the CA-mediated
reaction is reversible and thus preserves the detailed balance of back and forth conversion rates (as long as H" and
OH™ are in equilibrium). The scaling factor 77c4 can be connected to CA concentration and its kinetic parameters as

follows. The CA-mediated reaction can be expressed in a Michaelis-Menten form (e.g. (3))

CcA <V/C_>BKBnC - v;%CKan) (7)
Vc—BNc — Vp-chp =
- - KBKC + KBI’IC + KCnB

where v’ are enzyme-substrate reaction rates, and Kp and K¢ are characteristic HCO; and CO; concentrations. In
principle n¢4 would thus depend on local n¢ and ng concentrations, as these terms appear in the divisor. However,
with K3 and K¢ in 10°M and 10' M range respectively (3), the divisor can be approximated as KzKc and ncy is

approximately (for ncq > 1)
cca V,C—>B _ Cca V23—>C

®)

Nca = =
Kcveoppasey  Kpvp—c (base)

The source terms s; reflect the release of O, and CO, as products of the relevant chemical pathways connected
to photosynthesis. They are determined by the input of O,, CO,, and HCOJ as reactants in those pathways. We first

define the cumulative fluxes Jcapin, Jphresp, and Jes.

o ne(r) 3
Jcan = f R e ey et S0 I ©

no(r) 3
resp — y d 10
Toresy IVOCR no(r) + nc(r)Ko/Kc + Koxp(r) ’ (19)
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JC4=fVBCPnB—(r)Xc(r)d3r (n

nB(r) + Kp

The source terms are
-]Calvin + Jphresp

so(r) = xp(r) (12)
So(r Xp r Vp
Jc4 , %Jphresp
() =xp(N— +x.(r=—— (13)
Sc(r Xplr Vp X Ar VC
sp=0 (14)

where V; stand for the volumes of particular compartments, V; = f yid’r. V(. (and corresponding y;.) stands for
the part of the peripheral cytoplasmic space accessible to the mitochondria (excluding the narrow cytoplasmic gaps
between the chloroplast and the cell and vacuole membranes).

The oxygen source term corresponds to the Hill reaction at the thylakoid, which is tied to RuBP carboxylation
and oxygenation rates through NADPH flux balance: the production of NADPH via the linear electron transfer chain
must match its consumption by the Calvin-Benson cycle and photorespiration. The CO, source term corresponds to
the photorespiratory CO, release in the mitochondria and the release of CO, from the C,4 acid decarboxylation in the
stroma.

The diffusion constant of a species in a particular compartment, D;, is equal to the diffusion constant of that species

in water D; 4, divided by the relative viscosity of the liquid filling the compartment with respect to water (as in (3)).

s)

Di(r) = D4 (Xp(l‘) + Xc(1) N Xv(r))

Np Ne v

However, within the tonoplast membrane and the chloroplast envelope, the diffusion coefficient is set to reflect the

permeability of the particular barrier. For a barrier with thickness L and permeability o, we have
Dyinin = Lo (16)

Diffusion through the cell wall and plasmalemma is modelled by a boundary condition connecting the current
density of CO, and O, perpendicular to the boundary surface with the difference between the local and equilibrium

gas concentrations:
DiVni(r € 0Q) = 0 (ieq — ni(r € 0Q)) o0 = oc (Hipi — ni(r € 9Q)) s (17)

Here i stands for O, or CO; (we assume HCO; cannot cross the plasmalemma), € is the cell boundary surface
and é,q is the unit vector perpendicular to that surface. o is the combined permeability of the cell wall and the
plasmalemma, while n;, is the stationary dissolved concentration of CO,/O, in the thin wetting layer outside the
cell wall, which is presumed to be in thermal equilibrium with the pressure, p;, of the respective gas in the internal
airspace: n;., = H;p; (H; is the Henry constant). At other boundary surfaces we assume von Neumann boundary

conditions, i.e. there is no current in or out of the simulated region

Vni(r e Q) =0 (18)
3
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Light usage Jpnoron is evaluated from the overall fluxes in the energy consuming biochemical pathways.

-,photon = SDCalvinJCalvin + ‘pphresp-]phresp + 90C4JC4 (19)

where ¢; stand for the photon cost of RuBP and PEP regeneration after each carboxylation or oxygenation event. The

net photon cost of carbon assimilation is given by
Jph
photon cost = pTomn (20)

where A is the net carbon assimilation rate (per plastid), which is determined by the competition of the Calvin and
photorespiratory pathways:

1

A = Jeaivin — EJphresp 2D

The assimilation rate per cell surface is obtained by dividing A with the base of the simulated cylinder

A

— (22)
ﬂrg/‘pplas/cell

Asurf =

where ¢ ,/4s/cenr 18 the chloroplast surface coverage (50% by default).
The required light use Jpuom0n 1s also used to quantify the plastid-light harvesting capacity (LHC) which is ex-
pressed per stromal volume.

J photon

LHC = (23)

P
It is compared to the maximal photosynthetically-active solar photon flux, jpspr, by considering the fraction of this

flux that would be absorbed by an array of plastids in the peripheral cytoplasmic layer of a cell (see Fig. 1d in the

main text), at the default surface coverage ratio, ¢ ,jas/ceu
absorbed fraction = ;pl& . jraPF 24)

7ry [ G piasycell

We have posed the model in a very general way as a system of nonlinear partial integro-differential equations in
three dimensions. In reality we seize the advantage of the postulated cylindrical symmetry of the system. The resulting
problem, which is effectively two-dimensional', is solved iteratively by a finite element method on a prespecified
simplex mesh. The mesh is algorithmically constructed to follow the natural boundaries of the simulated system (i.e.
the internal and external surface of the envelope and the tonoplast membrane). We use DUNE/PDELab libraries with
BCGS solver on P, elements (4; 5). As nonlinear PDE’s require iterative solving, there is a natural way to include
our integrative flux-balance conditions by updating the source terms with each iteration. The ability of the mesh to

accurately capture the PDE solution was tested by comparing the typical results for meshes with different levels of

'Some care must be taken in converting the three-dimensional Laplacian from cylindrical coordinates into a two-dimensional Laplacian. The

cmensi janisV2 =12 (p2) 1 &2 &
three-dimensional Laplacianis V= = - (r a )+ 2 92 +t32
10

52 2 . . . . . . .. S s
where V%D = ;TZ + (937 is the two-dimensional Laplacian used on the finite-element-method mesh. The . 7 term is an additional ’pseudo-source

term that appears in the 2D formulation.

which (for a cylindrically symmetric case with % = 0) simplifies into V2 = % % +V§ D
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precision (Fig J in S1 Figures). Upon achieving convergence, the integrated currents (Jcapin, Jphresp, and Jea) at
different mesh precisions differed by less than 2 parts in 10*. Fig K in S1 Figures shows exemplary solutions with and
without an active Cy4 cycle.

The light-limited operation can be simulated by also evaluating the energy usage Jpho0n, during each iteration and

scaling the concentration of RubisCO and PEPC, if the usage exceeds some capping threshold J.qp,.

Je
ntl n cap
Cg/p = MUN | CR/P(base)> CR/p 77— (25)
photon

where we denoted the iteration number in the superscript.

Model implementation

For iterative solving of the system of coupled integral and partial-differential equations, a custom C++ code
was assembled, utilising the publicly avaliable Dune/PDElab framework for finite-element-method integration. Pre-
integration mesh construction and subsequent data analysis and visualisation were done by custom Python scripts

relying on the publicly avaliable NumPy/SciPy and Matplotlib libraries.
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