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Abstract 1 

Many photosynthetic organisms enhance the performance of their CO2-fixing enzyme Rubisco by 2 
operating a CO2-concentrating mechanism (CCM). Most CCMs in eukaryotic algae supply 3 
concentrated CO2 to Rubisco in an organelle called the pyrenoid. Ongoing efforts seek to engineer 4 
an algal CCM into crops that lack a CCM to increase yields. To advance our basic understanding 5 
of the algal CCM, we develop a chloroplast-scale reaction-diffusion model to analyze the efficacy 6 
and the energy efficiency of the CCM in the green alga Chlamydomonas reinhardtii. We show that 7 
achieving an effective and energetically efficient CCM requires a physical barrier such as thylakoid 8 
stacks or a starch sheath to reduce CO2 leakage out of the pyrenoid matrix. Our model provides 9 
insights into the relative performance of two distinct inorganic carbon uptake strategies: at air-level 10 
CO2, a CCM can operate effectively by taking up passively diffusing external CO2 and catalyzing 11 
its conversion to HCO3-, which is then trapped in the chloroplast; however, at lower external CO2 12 
levels, effective CO2 concentration requires active import of HCO3-. We also find that proper 13 
localization of carbonic anhydrases can reduce futile carbon cycling between CO2 and HCO3-, thus 14 
enhancing CCM performance. We propose a four-step engineering path that increases predicted 15 
CO2 saturation of Rubisco up to seven-fold at a theoretical cost of only 1.5 ATP per CO2 fixed. Our 16 
system-level analysis establishes biophysical principles underlying the CCM that are broadly 17 
applicable to other algae and provides a framework to guide efforts to engineer an algal CCM into 18 
land plants. 19 

Significance Statement 20 

Eukaryotic algae mediate approximately one-third of CO2 fixation in the global carbon cycle. Many 21 
algae enhance their CO2-fixing ability by operating a CO2-concentrating mechanism (CCM). Our 22 
model of the algal CCM lays a solid biophysical groundwork for understanding its operation. The 23 
model’s consistency with experimental observations supports existing hypotheses about the 24 
operating principles of the algal CCM and the functions of its component proteins. We provide a 25 
quantitative estimate of the CCM’s energy efficiency and compare the performance of two distinct 26 
CO2 assimilation strategies under varied conditions. The model offers a quantitative framework to 27 
guide the engineering of an algal CCM into land plants and supports the feasibility of this endeavor. 28 
 29 
Main Text 30 
 31 
Introduction 32 

The CO2-fixing enzyme Rubisco mediates the entry of roughly 1014 kilograms of carbon into the 33 
biosphere each year (1–3). However, Rubisco is rather inefficient at performing this essential task 34 
(4), fixing CO2 at just 10% of its maximum rate under atmospheric levels of CO2 (SI Appendix, Fig. 35 
S1). Moreover, O2 competes with CO2 for the active site of Rubisco (5), resulting in the loss of fixed 36 
carbon and nitrogen through a process known as photorespiration (6). To overcome Rubisco’s 37 
inefficiency, many photosynthetic organisms, including cyanobacteria, eukaryotic algae, and some 38 
land plants, have evolved CO2-concentrating mechanisms (CCMs) (7–10). Such mechanisms 39 
elevate CO2 levels in the vicinity of Rubisco, thus enhancing CO2 fixation and decreasing 40 
photorespiration. 41 

Eukaryotic algal CCMs mediate approximately one-third of global CO2 fixation (11), yet they remain 42 
poorly characterized at a molecular and functional level. In addition to their importance for global 43 
biogeochemistry, there is growing interest in engineering an algal CCM into C3 crops such as wheat 44 
and rice to improve yields and nitrogen- and water-use efficiency (12, 13). Here, we advance our 45 
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understanding of the eukaryotic algal CCM by developing a reaction-diffusion model of this 46 
mechanism based on the molecularly best-characterized alga, Chlamydomonas reinhardtii 47 
(Chlamydomonas hereafter). As is commonly the case among algae (14), the Chlamydomonas 48 
CCM is built around a structure called the pyrenoid, which consists of three elements: (i) a 49 
spheroidal matrix, comprised of phase-separated Rubisco (11, 15, 16), (ii) traversing thylakoid 50 
tubules (17), which are thought to deliver CO2 to the Rubisco (18), and (iii) a surrounding starch 51 
sheath, which has been proposed to serve as a diffusion barrier to slow CO2 escape from the 52 
pyrenoid (19, 20) (Fig. 1A). 53 

CO2 is supplied to the pyrenoid by the concerted action of carbonic anhydrases and HCO3- 54 
transporters (Fig. 1A) (13, 21, 22). External inorganic carbon (Ci: CO2 and HCO3-) is transported 55 
across the plasma membrane by LCI1 and HLA3 (23–25), and accumulates in the chloroplast 56 
stroma in the form of HCO3-, either via direct transport across the chloroplast membrane by the 57 
HCO3- transporter LCIA (24, 26) or via conversion of CO2 to HCO3- by the putative stromal carbonic 58 
anhydrase LCIB/LCIC complex (LCIB hereafter) (27–29). Once in the stroma, HCO3- is proposed 59 
to travel via the putative HCO3- channels BST1–3 (30) into the thylakoid lumen, where the carbonic 60 
anhydrase CAH3 (31–33) converts HCO3- into CO2. This CO2 can then diffuse from the thylakoid 61 
lumen into the pyrenoid, where Rubisco catalyzes fixation. 62 

Ci fluxes in this system are thought to be powered by two distinct mechanisms: one using pH 63 
differences between compartments, and the other using active pumping of HCO3- across 64 
membranes. Proton pumping during the light reactions of photosynthesis results in a more acidic 65 
pH in the thylakoid lumen (pH 6) compared to the stroma (pH 8) (34–36). Since the pH of a 66 
compartment dictates the equilibrium ratio of CO2 to HCO3-, the intercompartmental pH differences 67 
can drive intercompartmental Ci concentration gradients, and hence Ci fluxes (18, 21). Additionally, 68 
any of the transmembrane HCO3- transporters could be active pumps that would drive Ci fluxes in 69 
the system. 70 

Previous modeling works assuming active HCO3- import (37–39) have supported the above 71 
mechanisms, but many unanswered questions remain: Does the CCM require active import of Ci? 72 
What is the energetic cost of operating the CCM? Do effective CCM strategies change with 73 
environmental CO2 concentrations? What function does the starch sheath play in the CCM? And, 74 
how do the localization patterns of carbonic anhydrases benefit the CCM? 75 

Our reaction-diffusion model suggests that diffusion barriers preventing CO2 efflux from the 76 
pyrenoid matrix are essential to an effective and energetically efficient CCM. At air-level CO2, these 77 
diffusion barriers enable a “passive” CCM that lacks any form of active Ci transport and is driven 78 
solely by intercompartmental pH differences. Our model of the CCM further reveals two distinct Ci 79 
uptake strategies, namely a passive CO2 uptake strategy that employs a stromal carbonic 80 
anhydrase (LCIB) to convert a diffusive influx of CO2 into HCO3-, and an active HCO3- uptake 81 
strategy that employs an active pump (LCIA) to directly import external HCO3-. Moreover, the 82 
feasible Ci uptake strategies to support an effective CCM vary with external CO2 levels: both 83 
strategies function at air-level CO2, while active HCO3- uptake is necessary under lower CO2 84 
conditions. We also demonstrate that proper spatial localization of carbonic anhydrases reduces 85 
futile carbon cycling, thereby enhancing CCM performance. Thus, our model illustrates the key 86 
biophysical principles necessary to build an effective and energetically efficient algal CCM. Based 87 
on these principles, we propose a stepwise engineering path to install an algal CCM into land 88 
plants. 89 
 90 
 91 
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Results 92 

A multi-compartment reaction-diffusion model of the Chlamydomonas CCM.  93 

When adapted to air-level CO2 conditions, chloroplasts isolated from Chlamydomonas show an 94 
ability to concentrate Ci similar to that of whole cells (40, 41). Thus, we model the chloroplast (Fig. 95 
1A), with constant cytosolic CO2 and HCO3- concentrations representing external Ci conditions and 96 
presumably maintained by the diffusion or import of Ci into the cytosol (see SI Appendix). 97 

For simplicity, our reaction-diffusion model is spherically symmetric while taking into account the 98 
essential spatial organization of the Chlamydomonas CCM (17). Specifically, we model the 99 
chloroplast as a sphere comprised of three compartments: a spherical pyrenoid matrix in the center, 100 
a surrounding stroma bounded by a chloroplast envelope, and thylakoids that traverse both the 101 
matrix and stroma (Fig. 1B). In Chlamydomonas, the thylakoids enter the pyrenoid matrix in the 102 
form of roughly cylindrical membrane tubules, and near the center of the matrix they become 103 
interconnected to form a reticulated meshwork (17). In our spherically symmetric model, we 104 
account for this geometry implicitly by varying the local volume fraction and surface-to-volume ratio 105 
of the thylakoids (Fig. 1B, Materials and Methods, and SI Appendix, Section IC and Fig. S2). 106 

To understand how Ci is delivered from the cytosol outside the chloroplast to the pyrenoid matrix, 107 
we track Ci in each compartment in the form of CO2, HCO3-, and H2CO3 (with concentrations 108 
denoted by !, "!, and "", respectively), assuming that H2CO3 is always in equilibrium with HCO3- 109 
(42, 43). For simplicity, we assume that the ratio of CO2 to HCO3- is fixed by "! = 10! in the cytosol 110 
(the consequences of different cytosolic Ci levels are discussed in SI Appendix). The first step in 111 
Ci concentration is the entry of Ci into the chloroplast. We assume that CO2 and H2CO3 diffuse 112 
across the chloroplast envelope at velocities of &# = 300	µm/s and &$! = 30	µm/s, respectively 113 
(44, 45). By contrast, HCO3- is negatively charged and thus has a much lower baseline velocity 114 
&$" = 0.05	µm/s  (44). Below, we will refer to the velocity of membrane permeation &  as 115 
“permeability”. Previous experiments suggest that LCIA, a formate/nitrite transporter homolog, is 116 
involved in HCO3- transport across the chloroplast envelope (24, 46, 47). We model the action of 117 
LCIA with a tunable rate &%&'($" . It is presently unclear whether LCIA is an active pump or a passive 118 
channel; thus, we model LCIA with a tunable reversibility of inward HCO3- transport across the 119 
chloroplast envelope (Materials and Methods). 120 

Once Ci species enter the chloroplast stroma, the CO2 to HCO3- ratio is adjusted by the stromal 121 
carbonic anhydrase (CA) LCIB, which catalyzes the reaction CO2 + H2O ↔ HCO3- + H+ (27–29). 122 
Since the interconversion of CO2 and HCO3- involves a proton, the equilibrium ratio of CO2 to HCO3-, 123 
/)* = 10+.-!./, depends on the pH in each compartment (48) (Materials and Methods). Based on 124 
previous measurements and estimates, we set a pH of 8 in the pyrenoid matrix and stroma (34, 125 
35), strongly favoring Ci in the form of HCO3- with an equilibrium ratio of approximately 	"! = 80!. 126 
In our model, the CA-mediated interconversion between CO2 and HCO3- is described by reversible 127 
Michaelis-Menten kinetics (Materials and Methods and SI Appendix, Section IB). Below, we will 128 
refer to the first-order rate constant of CO2 to HCO3- conversion of a given CA as the “rate” of that 129 
enzyme. 130 

All Ci species in the chloroplast can diffuse radially inside compartments and exchange between 131 
compartments (Fig. 1B and Materials and Methods). In particular, we assume that all Ci species 132 
diffuse across the thylakoid membranes, with a permeability of &#  for CO2, &$!  for H2CO3, and 133 
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(&$" + &012$" ) for HCO3-. Here, the tunable parameter &012$"  represents the additional permeability to 134 
HCO3- allowed by bestrophin-like channels that traverse the thylakoid membranes (30).  135 

The lumen of the thylakoids has a pH of 6 (35, 36), favoring a roughly equal partition between CO2 136 
and HCO3-, which is mediated by the luminal carbonic anhydrase CAH3 (31–33). Due to the pH 137 
differences, HCO3- in the stroma can diffuse into the thylakoid lumen and be converted to CO2 by 138 
CAH3. This CO2 can then diffuse into the pyrenoid matrix and be fixed by Rubisco. We assume 139 
that CO2 fixation follows Michaelis-Menten kinetics with a maximum rate 4345,789# = 15	mM/s, and 140 
an effective /3 , /3):: = 76	µM, taking into account competitive inhibition by O2 (Materials and 141 
Methods, and SI Appendix, Table S1 and Section IB). CO2 within the pyrenoid matrix can also 142 
diffuse back out into the stroma. Two chloroplast structures have been suggested to act as barriers 143 
preventing this diffusion, namely the starch sheath that surrounds the pyrenoid matrix and the 144 
stacks of thylakoid membranes present in the chloroplast stroma (Fig. 1A). 145 

In summary, the flux balance of intra-compartment reaction and diffusion and intercompartment 146 
exchange sets the steady-state concentration profiles of Ci species in all compartments (Fig. 1B; 147 
see Materials and Methods for details). All of the model parameters were estimated from the 148 
literature (Table 1, and SI Appendix, Table S1) except for the enzymatic rates of CAH3 and LCIB 149 
and the kinetic parameters of BST and LCIA transporters, for which we performed a systematic 150 
scan within a range of reasonable values. 151 

We first present results for our baseline model, with LCIB diffuse throughout the stroma, BST 152 
channels uniformly distributed across the thylakoid membranes, CAH3 localized to the thylakoid 153 
lumen within the pyrenoid, and Rubisco condensed within the pyrenoid matrix (Fig. 1C and D). The 154 
baseline model lacks LCIA and the potential diffusion barriers to Ci mentioned above; we introduce 155 
these elements in later sections.  156 

The baseline CCM model suffers from CO2 leakage out of the pyrenoid matrix.  157 

A functioning CCM must be out of thermodynamic equilibrium: it elevates the CO2 concentration 158 
locally around Rubisco. This nonequilibrium system is powered in part by the influx of light energy 159 
collected by photosystems I and II, which is used to pump protons into the thylakoid lumen and 160 
thereby maintain a pH differential between compartments (49). Thus, we first ask: how effectively 161 
can this pH gradient drive CCM function? 162 

In our baseline model, CO2 diffusing into the chloroplast is converted to HCO3- in the high-pH 163 
stroma. Since passive diffusion of HCO3- back out across the chloroplast envelope is slow, HCO3- 164 
becomes trapped in the chloroplast, resulting in a high level of HCO3- in the stroma and the 165 
thylakoids that traverse it (Fig. 1C). The lower pH in the thylakoid lumen is then leveraged to convert 166 
HCO3- back to CO2 within the pyrenoid radius (Fig. 1D). This CO2 can enter the pyrenoid matrix, 167 
leading to an enhanced concentration of CO2 at the location of Rubisco.  168 

Despite enhancing CO2 concentration around Rubisco, our baseline CCM model suffers from 169 
significant CO2 leakage out of the matrix (Fig. 1D). The first-order rate constant of Rubisco-170 
catalyzed CO2 fixation is 4345,789# //3):: ≈ 200	s!-. Thus, the average time required for a free CO2 171 
molecule to be fixed by Rubisco in the pyrenoid matrix is : = ;4345,789# //3)::<

!- ≈ 5	ms. Over the 172 
same period of time, that molecule can diffuse over a typical distance (=#:)-/< ≈ 3	µm, larger than 173 
the radius of the pyrenoid >.=> ≈ 1	µm. As a result, ~95% of CO2 molecules that diffuse into the 174 
pyrenoid matrix from the thylakoids leave the matrix without being fixed by Rubisco (SI Appendix, 175 
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Section IH and Fig. S3). Once this CO2 reaches the stroma, it is recycled back into HCO3- by LCIB. 176 
While this HCO3- can re-enter the thylakoid lumen where it is again converted into CO2 by CAH3 177 
(Fig. 1D, black dashed loop), this recycling of Ci does not enhance the efficacy of the CCM, since 178 
the vast majority of CO2 released in the pyrenoid does not remain there long enough to be fixed by 179 
Rubisco. One might think that increasing the rate at which HCO3- diffuses into the chloroplast could 180 
overcome this deficit of the system. However, adding LCIA as a passive channel for HCO3- at the 181 
chloroplast envelope does not solve the intrinsic deficiency caused by CO2 leakage. In fact, there 182 
is no combination of LCIB catalytic rate and LCIA and BST channel rates that can achieve half-183 
saturation of Rubisco with CO2 (Fig. 2 A and B, and SI Appendix, Fig. S4 A and B). Thus, in the 184 
absence of a diffusion barrier, pH differences alone are not enough to concentrate sufficient CO2 185 
in the pyrenoid matrix to half-saturate Rubisco. 186 

Structural barriers to CO2 diffusion out of the pyrenoid matrix enable an effective CCM 187 
driven only by intercompartmental pH differences.  188 

In order to operate a more effective CCM, the cell must reduce CO2 leakage from the pyrenoid 189 
matrix. We examine whether adding a diffusion barrier to the baseline CCM model would be 190 
sufficient to concentrate substantially more CO2 around Rubisco. We consider two in vivo structures 191 
of the Chlamydomonas chloroplast as potential barriers for Ci molecules leaving the matrix. The 192 
first is the thylakoid stacks, which comprise layers of membranes surrounding the pyrenoid that 193 
could effectively slow the diffusion of Ci in the stroma (17, 38) (Fig. 1A). In our spherically symmetric 194 
model, we treat the stroma traversed by thylakoid stacks as a homogeneous compartment where 195 
diffusion of each Ci species is slowed, as molecules must diffuse between or through the 196 
interdigitated thylakoid stacks (Materials and Methods). Indeed, a realistic geometry of the thylakoid 197 
stacks increases the diffusion path length of Ci in the stroma, reducing effective diffusion 198 
coefficients to as low as 3% of their unrestricted values (SI Appendix, Section IG and Fig. S5).  199 

Another potential barrier is the starch sheath (Fig. 1A). This sheath forms around the pyrenoid 200 
matrix under the same environmental conditions that induce CCM activity in Chlamydomonas and 201 
has been suggested to reduce Ci efflux out of the matrix (19, 20). For simplicity, we model the 202 
starch sheath as a thin semi-permeable barrier around the matrix, with the same permeability 203 
&?@4>9A to all Ci species (Materials and Methods). Adding a starch sheath to the baseline model 204 
creates a discontinuity in carbon concentration across the matrix-stroma interface (SI Appendix, 205 
Fig. S6). We find that even a relatively high permeability &?@4>9A~100	µm/s, a value similar to the 206 
permeability of a single lipid membrane bilayer to CO2, renders the starch barrier effective enough 207 
that more than half of CO2 leakage from the matrix occurs instead via the thylakoid tubules, which 208 
provide passages through the starch barrier (SI Appendix, Fig. S7). A somewhat lower starch 209 
sheath permeability, equivalent to 10 lipid bilayers, yields a CO2 fixation flux almost identical to that 210 
of a totally impermeable starch sheath. Since starch consists of many lamellae of crystalline 211 
amylopectin (50–52), we hypothesize that its permeability to Ci is low enough that it can be 212 
neglected. Thus, we focus below on the case of impermeable starch, i.e., &?@4>9A = 0.  213 

We find that adding either thylakoid stacks or a starch sheath to the baseline CCM model drastically 214 
reduces CO2 leakage from the pyrenoid matrix to the stroma (SI Appendix, Figs. S6 and S7). As a 215 
result, the addition of either barrier under air-level CO2 (10 μM cytosolic) leads to a highly effective 216 
CCM that raises CO2 concentrations in the matrix above the Rubisco Km using only the 217 
nonequilibrium pH differential and passive Ci uptake (Fig. 2 E and H). The performance of a model 218 
including both barriers closely resembles the case with only an impermeable starch sheath (SI 219 
Appendix, Fig. S8); thus, we omit such a combined model from further discussion. 220 
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The optimal passive Ci uptake strategy utilizes cytosolic CO2, not HCO3-. 221 

In addition to the requirement for a diffusion barrier, the efficacy of the CCM depends on enzyme 222 
and HCO3- channel rates (Fig. 2). What is the best strategy to passively transport and uptake Ci 223 
when the CCM is powered only by the pH differences between compartments?  224 

Since the algal CCM relies on CAH3 to convert HCO3- to CO2 for fixation by Rubisco, it is important 225 
for stromal HCO3- to enter the thylakoid lumen and reach CAH3. Indeed, our model shows that 226 
Rubisco CO2 fixation flux increases with BST passive HCO3- channel rates across the thylakoid 227 
membranes under all conditions explored in Fig. 2 (SI Appendix, Fig. S4). 228 

To achieve an effective CCM, it is equally important to maintain a high level of HCO3- in the 229 
chloroplast stroma. Depending on LCIB activity, there are two possible passive Ci uptake strategies 230 
to achieve this goal. If LCIB activity is low, CO2 fixation flux increases with higher rates of the LCIA 231 
HCO3- channels (Fig. 2 B, E, and H), which facilitates the diffusion of cytosolic HCO3- into the 232 
chloroplast stroma (Fig. 2 C, F, and I). In contrast, if LCIB activity is high, CO2 fixation flux is 233 
maximized when LCIA channel rates are low (Fig. 2 B, E, and H); in this case, a diffusive influx of 234 
CO2 into the chloroplast is converted by LCIB into HCO3-, which becomes trapped and concentrated 235 
in the chloroplast (Fig. 2 C, F, and I). Under this scenario, fast HCO3- channel transport across the 236 
chloroplast envelope is detrimental, since it allows HCO3- converted by LCIB to diffuse immediately 237 
back out into the cytosol (Fig. 2 B, E, and H).  238 

Interestingly, for both modeled diffusion barriers we find that the highest CO2 fixation flux is 239 
achieved by employing LCIB for passive CO2 uptake, not by employing LCIA channels for passive 240 
HCO3- uptake (Fig. 2), even though HCO3- is more abundant than CO2 in the cytosol. Key to this 241 
result is our assumption that the stroma (at pH 8) is more basic than the cytosol (at pH 7.1), which 242 
allows LCIB to create a pool of HCO3- in the chloroplast stroma at a concentration higher than in 243 
the cytosol.  244 

We note that LCIB activity is not always beneficial to CCM function, even when LCIA HCO3-channel 245 
rates are low. Specifically, without a starch sheath, high LCIB activity in the stroma draws more 246 
CO2 efflux out of the pyrenoid matrix by rapidly converting to HCO3- some CO2 molecules which 247 
would otherwise diffuse back into the matrix (SI Appendix, Section IV and Fig. S9). In this case, the 248 
highest CO2 concentration in the pyrenoid occurs at an intermediate LCIB activity (Fig. 2B and E, 249 
and SI Appendix, Fig. S9D). As an alternative to blocking CO2 escape from the matrix with a starch 250 
sheath, this detrimental efflux of CO2 can be reduced by localizing LCIB away from the pyrenoid, 251 
which leads to a monotonic increase of CO2 fixation flux with LCIB activity (SI Appendix, Fig. S11). 252 

Feasible Ci uptake strategies depend on the environmental level of CO2. 253 

While the passive CO2 uptake strategy employing LCIB activity and pH differences can power the 254 
CCM under air-level CO2 (10 μM cytosolic), the Ci uptake rate is ultimately limited by the diffusion 255 
of CO2 across the chloroplast envelope. Thus, we questioned whether this strategy is feasible at 256 
even lower environmental CO2 concentrations. The largest possible flux of CO2 diffusing into the 257 
chloroplast is &#!9=@, which is proportional to the cytosolic CO2 concentration !9=@. Consequently, 258 
when !9=@ is lower than 2 μM, this diffusive influx becomes insufficient to achieve half-saturation of 259 
Rubisco with CO2 (SI Appendix, Section IIID). Indeed, our simulations show that under very low 260 
CO2 conditions (1 μM cytosolic) (53), a chloroplast using the passive CO2 uptake strategy can 261 
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achieve at most 25% of its maximum CO2 fixation flux, even in the presence of barriers to Ci 262 
diffusion (Fig. 3). 263 

What strategies could Chlamydomonas use to continue growing well under very low CO2 264 
conditions? Previous research has shown that at very low CO2 an LCIB single mutant is viable 265 
while an LCIB-LCIA double mutant fails to grow (46), suggesting that HCO3- uptake by LCIA is 266 
crucial to growth under this condition. Since passive HCO3- uptake cannot concentrate more Ci 267 
than passive CO2 uptake (Fig. 2), we hypothesize that LCIA could actively pump HCO3- into the 268 
chloroplast under very low CO2 conditions. To test whether active HCO3- uptake can function as an 269 
alternative import mechanism to create a high concentration of stromal HCO3-, we considered a 270 
model employing active LCIA HCO3- pumps without LCIB activity (Fig. 3 A, D, and G). We find that, 271 
indeed, HCO3- pumping enables saturating CO2 fixation by Rubisco under both air-level CO2 and 272 
very low CO2 conditions (Fig. 3 and SI Appendix, Fig. S12).  273 

While light energy drives the passive CO2 uptake strategy by pumping protons across the thylakoid 274 
membranes to establish pH differences between compartments, active pumping of HCO3- requires 275 
additional forms of energy expenditure. What is the energy cost of a CCM that employs active 276 
HCO3- uptake, and how does this cost compare to that of the passive CO2 uptake strategy? To 277 
answer these questions, we follow the theoretical framework of nonequilibrium thermodynamics to 278 
compute the energy cost of different Ci uptake strategies (SI Appendix, Section IIB) (54). Our 279 
calculation shows that futile-cycle fluxes, including Ci recycling flux through LCIB and Ci leakage 280 
flux out of the chloroplast, increase the energy cost of the CCM (SI Appendix, Figs. S13 and S14). 281 
Indeed, a chloroplast without diffusion barriers suffers from a very large futile-cycle flux (Fig. 1D) 282 
and hence runs a much more energetically expensive CCM than a chloroplast with diffusion barriers 283 
(Fig. 3). We note that free energy is also dissipated by nonequilibrium diffusion processes. Thus, a 284 
well-mixed compartment model assuming fast intra-compartment Ci diffusion and fast BST-285 
mediated HCO3- diffusion across the thylakoid membrane (Materials and Methods and SI Appendix, 286 
Section III and Fig. S15) yields a higher energetic efficiency than the full model with finite rates of 287 
diffusion (Fig. 3 H and I, black dashed curves).  288 

Interestingly, the most energy-efficient Ci uptake strategy depends on both the type of diffusion 289 
barrier employed and the environmental CO2 conditions. At air-level CO2 with a starch sheath 290 
diffusion barrier, the passive CO2 uptake strategy has a slightly higher energy efficiency than the 291 
active HCO3- uptake strategy (Fig. 3H). Without a starch sheath, however, the active HCO3- uptake 292 
strategy is energetically less expensive (Fig. 3 B and E). Additionally, we find under very low CO2 293 
conditions that no amount of energy input can power CO2 concentration to a level higher than the 294 
Rubisco /3 using passive CO2 uptake. Therefore, HCO3- pumping is required for an effective CCM 295 
at very low CO2 (Fig. 3 F and I, and SI Appendix, Fig. S16). Our results may thus provide 296 
mechanistic insights into the observation that Chlamydomonas employs different CO2-297 
concentrating strategies depending on the external concentration of CO2 (46). Specifically, for a 298 
modeled chloroplast with a starch sheath, at air-level external CO2 the least costly strategy that 299 
allows for half-saturation of Rubisco is activating LCIB for passive CO2 uptake. At lower levels of 300 
external CO2, the least costly strategy is active HCO3- pumping across the chloroplast envelope 301 
combined with LCIB activity to recapture CO2 that leaks from the pyrenoid matrix (SI Appendix, 302 
Figs. S17 and S18).  303 

Localization of carbonic anhydrases alters Ci fluxes in the chloroplast. 304 

In response to varying external CO2 conditions, changes occur not only in the Ci uptake strategy 305 
but also in the enzyme localization patterns in the Chlamydomonas CCM. In particular, LCIB 306 
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localization varies, changing from diffuse throughout the stroma under air-level CO2 to localized at 307 
the pyrenoid periphery under very low CO2 (46, 55). It has also been suggested that CAH3 localizes 308 
toward the intra-pyrenoid portion of the thylakoid tubules under air-level CO2 (33). These findings 309 
prompted us to wonder whether CA localization could impact the performance of the modeled CCM. 310 

To explore this question, we vary the start radius >?%&'0 of LCIB, i.e., how close to the chloroplast 311 
center LCIB localization starts, and the end radius >)&(/B of CAH3, i.e., how far CAH3 extends 312 
through the thylakoid tubules (Fig. 4A). We explore this in our spherically symmetric model while 313 
maintaining the total number of molecules of each CA. Our simulations reveal three CA localization 314 
patterns that would compromise CCM performance. First, when LCIB extends into the pyrenoid 315 
matrix, i.e., when >?%&'0 is smaller than the pyrenoid radius >.=>, LCIB converts Rubisco’s substrate, 316 
CO2, into HCO3-. Since HCO3- cannot be fixed by Rubisco, this localization of LCIB decreases CO2 317 
fixation (Fig. 4 B, D, and F, region i). Second, when CAH3 is distributed in the thylakoids outside 318 
the pyrenoid, CO2 molecules produced by this CAH3 may diffuse directly into the stroma, where 319 
they can be converted to HCO3- by LCIB. While this HCO3- can then diffuse back into the thylakoid 320 
lumen and undergo conversion to CO2 again, such futile cycling decreases both the efficacy and 321 
energy efficiency of the CCM (Fig. 4 B–F, region ii, and SI Appendix, Fig. S19). Finally, 322 
concentrating CAH3 to a small region of thylakoid lumen in the center of the pyrenoid increases 323 
the distance over which HCO3- needs to diffuse before it is converted to CO2, thus lowering the CO2 324 
production flux by CAH3 (Fig. 4 B, D, and F, region 3). All these results hold true both at air-level 325 
CO2 employing passive CO2 uptake (Fig. 4) and at very low CO2 employing active HCO3- uptake 326 
(SI Appendix, Fig. S20). Thus, our model shows that proper CA localization is crucial to overall 327 
CCM performance. 328 

Activity and localization of LCIB could reduce Ci leakage out of the chloroplast. 329 

To better understand the role of LCIB and its in vivo localization pattern at very low CO2, we next 330 
consider a model employing HCO3- pumping across the chloroplast envelope. Here, we fix >?%&'0 =331 
>.=> and vary both the end radius of LCIB, >)%&'0, which defines how far LCIB extends toward the 332 
chloroplast envelope, and the total number of LCIB molecules (Fig. 5A). In the absence of a starch 333 
sheath, localizing LCIB to the pyrenoid periphery harms the CCM; such localization results in a 334 
large CO2 efflux out of the matrix due to rapid conversion to HCO3- (SI Appendix, Fig. S21). Thus, 335 
we focus on a model employing a starch sheath barrier. Since actively accumulating Ci in the form 336 
of HCO3- costs energy, it is energetically wasteful if any Ci molecules diffuse out of the chloroplast 337 
without being fixed (Fig. 5 B–C, region iii). Consequently, localizing LCIB near the starch sheath 338 
increases energy efficiency by recapturing CO2 molecules that diffuse out of the matrix and trapping 339 
them as HCO3- in the chloroplast (Fig. 5 B–C, region i). In contrast, diffuse LCIB is suboptimal 340 
because LCIB near the chloroplast envelope could rapidly convert HCO3- pumped into the 341 
chloroplast into CO2, which can then immediately diffuse back out into the cytosol (Fig. 5 B–C, 342 
region ii). This futile cycle occurs when HCO3- pumping across the chloroplast envelope is fast and 343 
irreversible (SI Appendix, Fig. S22). Our model thus suggests that under very low CO2 and in the 344 
presence of a strong CO2 diffusion barrier around the pyrenoid, localizing LCIB at the pyrenoid 345 
periphery allows for efficient Ci recycling, therefore enhancing CCM performance.  346 

Possible stepwise engineering strategies for transferring algal CCM components to land 347 
plants.  348 

Many land plants, including most crop plants, are thought to lack any form of CCM. Engineering an 349 
algal CCM into land plants has emerged as a promising strategy to potentially increase crop yields 350 
through enhanced CO2 fixation (12, 13). Despite early engineering advances (47, 56), it remains to 351 
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be determined what minimal set of engineering steps is needed and in what order these steps 352 
should be implemented to establish an effective algal CCM in a plant chloroplast.  353 

To address this question within our model, we measured the efficacy and energetic efficiency of 354 
216 configurations of chloroplast-based CCM, varying the presence and localization of Rubisco, 355 
thylakoid and stromal CAs, HCO3- channels on the thylakoid membranes and the chloroplast 356 
envelope, and diffusion barriers (SI Appendix, Fig. S23). Note that we restrict our focus to modeled 357 
CCMs that employ passive Ci uptake strategies at 10 μM cytosolic CO2, which is close to the CO2 358 
levels experienced by plant chloroplasts (57). The use of the passive Ci uptake strategy simplifies 359 
the engineering problem by eliminating the needs to engineer active HCO3- transport at the 360 
chloroplast envelope and to decrease carbonic anhydrase activity in the stroma. 361 

To the best of our knowledge, the typical land plant chloroplast contains diffuse CA and diffuse 362 
Rubisco in the stroma, and lacks HCO3- channels and diffusion barriers (58) (Fig. 6A). Studies have 363 
also suggested the presence of native plant CAs diffuse in the thylakoid lumen (59), so we have 364 
included these CAs in our modeled plant chloroplast configuration. This configuration supports only 365 
10% of the maximum CO2 fixation flux through Rubisco, and its efficacy is identical to that of the 366 
same configuration without thylakoid CAs (SI Appendix, Table S4). By contrast, the configuration 367 
that achieves the highest CO2 fixation flux, >70% of the maximum, corresponds to a 368 
Chlamydomonas chloroplast employing passive CO2 uptake and a strong diffusion barrier around 369 
the pyrenoid (Figs. 2D and 6A).  370 

We next chart an engineering path from the configuration representing a plant chloroplast (Fig. 6, 371 
starting configuration) to the Chlamydomonas configuration that maximizes CO2 fixation flux (Fig. 372 
6, desired configuration). While forming the pyrenoid matrix through the condensation of Rubisco 373 
and excluding LCIB from this matrix could be considered two separate engineering steps, previous 374 
research suggests that the matrix might inherently exclude proteins larger than ~78 kDa (55). Since 375 
the plant stromal CA is thought to form complexes with a molecular weight larger than 78 kDa (60), 376 
we assume that localizing Rubisco into a matrix and localizing the plant stromal CA outside that 377 
matrix can be achieved in a single engineering step. Thus, the four necessary engineering steps 378 
are to localize Rubisco and the stromal CA, to localize the thylakoid CA, to add HCO3- channels 379 
spanning the thylakoid membranes, and to add a starch sheath around the newly created pyrenoid 380 
matrix (Fig. 6B). (Note that for simplicity we consider adding HCO3- channels uniformly to both the 381 
matrix/thylakoid interface and the stroma/thylakoid interface.) In addition, the spatial proximity 382 
between the pyrenoid matrix and the thylakoids is important for the engineered CCM, which we 383 
address in the Discussion.  384 

We find that the order in which these engineering steps are implemented matters for the efficacy 385 
and efficiency of the CCM in intermediate stages. Notably, adding HCO3- channels on the thylakoid 386 
membranes before the stromal and thylakoid CAs are localized leads to an energetically inefficient 387 
configuration (Fig. 6B, blue oval) due to the futile cycling generated by overlapping CAs (Fig. 4, 388 
region ii). Additionally, adding a starch sheath before HCO3- channels are added to the thylakoids 389 
does not increase CO2 fixation (Fig. 6B, gray oval), because without channels HCO3- cannot readily 390 
diffuse to the thylakoid CA to produce CO2, and the diffusion of CO2 to Rubisco from the stroma is 391 
impeded by a starch sheath.  392 

Finally, we suggest a four-step engineering path that avoids intermediate configurations with 393 
decreased efficacy or extreme energetic inefficiency (Fig. 6B, green arrows): The first two steps 394 
are the localization of Rubisco and the stromal CA and the localization of the thylakoid CA to the 395 
thylakoids inside the newly formed pyrenoid matrix. These steps do not yield notable changes to 396 
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either the efficacy or the efficiency of the CCM, and they could be implemented in either order. The 397 
next step is to introduce HCO3- channels to the thylakoid membranes, which increases the CO2 398 
fixation flux by ~100%. This step also increases the cost of the CCM to around 10 ATP per CO2 399 
fixed; such a high-cost step cannot be avoided, and all other possible paths with increasing efficacy 400 
at each step have more costly intermediate configurations (Fig. 6B and Table S4). The final step of 401 
the suggested path is to add a starch sheath, which drastically increases the efficacy and energy 402 
efficiency of the CCM by blocking CO2 leakage from the pyrenoid matrix. 403 

One additional benefit of this path is that it provides opportunities for assessing the success of 404 
introducing HCO3- channels spanning the thylakoid membranes. The increased CO2 fixation flux 405 
resulting from this step in the proposed path would provide evidence that the installed channels are 406 
functional, and could also be used to apply a selective pressure to aid engineering in the event that 407 
merely transforming BST channels into plants does not yield HCO3- transport across the thylakoid 408 
membranes. 409 

An effective CCM requires Ci uptake, transport, and trapping. 410 

What are the essential building blocks of an effective pyrenoid-based CCM? Investigating the 411 
performances of the various CCM configurations described in the previous section reveals three 412 
central modules of an effective CCM (Fig. 7A): (i) an effective Ci uptake strategy that employs either 413 
a carbonic anhydrase (LCIB) to convert a diffusive influx of CO2 into HCO3- or an active pump 414 
(LCIA) to import external HCO3- into the chloroplast (Fig. 3), (ii) a system consisting of an HCO3- 415 
channel (BST) in the thylakoid membranes and another carbonic anhydrase (CAH3) that together 416 
transport HCO3- to near Rubisco and then convert the HCO3- to CO2, and (iii) a pyrenoid matrix that 417 
houses Rubisco, surrounded by diffusion barriers that trap CO2 inside the matrix. We find that CCM 418 
configurations lacking any one of these modules show a compromised ability to concentrate CO2 419 
(Fig. 7B). Thus, our characterization illustrates the minimal functional modules for an algal CCM. 420 
 421 
 422 
Discussion  423 

The algal CCM elevates CO2 around Rubisco, thereby enhancing photosynthesis. This CCM has 424 
the potential to be transferred into crop plants to increase their photosynthetic efficiency. To better 425 
understand how the algal CCM works, we develop a multi-compartment reaction-diffusion model 426 
based on the Chlamydomonas chloroplast. We provide a quantitative framework to evaluate overall 427 
CCM performance, considering both the efficacy and the energetic efficiency of the CCM (SI 428 
Appendix, Sec. IIC and Fig. S24). While previous works have suggested the operational principles 429 
underlying an effective CCM, our analysis lays a quantitative and biophysical groundwork for these 430 
principles as discussed below. 431 

According to our model, a diffusion barrier that blocks CO2 leakage out of the pyrenoid matrix is 432 
essential to an effective CCM in Chlamydomonas. Indeed, previous modeling works have 433 
demonstrated the necessity of diffusion barriers for the cyanobacterial CCM (61, 62). Recent 434 
experiments in Chlamydomonas showed that mutants either lacking the starch sheath or having a 435 
thinner starch sheath have decreased CO2-concentrating activity, suggesting that the starch sheath 436 
is required for an effective CCM (20). Further experiments are needed to clarify the role of starch 437 
sheath in the CCM, and physical properties of the starch sheath such as its permeability to inorganic 438 
carbon need to be defined. Our modeling results provide additional testable predictions for 439 
experiments to examine a role for starch as a barrier to CO2 escape. For example, if indeed the 440 
starch sheath functions as an effective diffusion barrier, our model predicts that overexpressing 441 
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LCIB in wildtype cells will not affect their growth in air (Fig. 2H). By contrast, we predict that 442 
overexpressing LCIB in a starchless mutant of Chlamydomonas will lead to a growth defect under 443 
air-level CO2 — the LCIB will effectively “pull” CO2 from the pyrenoid matrix (Fig. 2E). Testing these 444 
mutant phenotypes will shed light on the nature of the diffusion barriers present in the algal CCM.  445 

Our results demonstrate two distinct Ci uptake strategies, i.e., employing LCIB for passive CO2 446 
uptake and employing LCIA for active HCO3- pumping. Our modeling shows that an effective CCM 447 
must use the active HCO3- uptake strategy to function under very low CO2. Thus, we suggest that 448 
the algal CCM may switch from passive CO2 uptake under air-level CO2 to active HCO3- uptake 449 
under very low CO2. This proposal is consistent with and provides a mechanistic explanation for 450 
previous experiments studying LCIA and LCIB mutants (27, 46, 63): compared to wildtype cells, 451 
the lcia mutant shows a significantly decreased photosynthetic activity across varying external Ci 452 
levels at pH 9.0 where almost all Ci is in the form of HCO3-, presumably due to the lack of a 453 
functional HCO3- uptake system (46). The photosynthetic activity of the lcia mutant is raised at pH 454 
7.3, where more Ci is in the form of CO2, consistent with our model that LCIB facilitates CO2 uptake 455 
in this mutant. The lcib mutant fails to grow in air, presumably due to the lack of a functional CO2 456 
uptake system, but recovers growth under very low CO2 — an effect we attribute to the activation 457 
of an HCO3- uptake system under this condition (24, 46). Indeed, further knockdowns of genes 458 
encoding putative HCO3- transporters LCIA or HLA3 in the lcib mutant result in dramatic decreases 459 
in Ci uptake and growth under very low CO2 (23, 46). Our model predicts that there must be an 460 
active HCO3- pump in Chlamydomonas, possibly LCIA, which has yet to be shown experimentally. 461 
At this time, only the diatom and bacterial homologs of LCIB have been explicitly shown to have 462 
carbonic anhydrase activity (29), but our model and the observed lcib mutant phenotypes together 463 
strongly suggest that LCIB has carbonic anhydrase activity. Future functional characterizations of 464 
Chlamydomonas LCIA and LCIB will be crucial to verify their proposed roles in Ci uptake. 465 
Interestingly, the additional mutation of cah3 in the lcib mutant rescues the air-dier phenotype of 466 
the latter (63), while our modeled configurations corresponding to these two mutants show similarly 467 
low CO2 concentrating activity (Table S4), which would predict that they both have growth defects. 468 
Further experimentation is thus required to shed light on how Ci is taken up by the chloroplast and 469 
how sufficient CO2 reaches the pyrenoid in the cah3-lcib double mutant. 470 

Compared to the active HCO3- uptake strategy, our model suggests that the passive CO2 uptake 471 
strategy has a similar performance under air-level CO2 and has a much lower efficacy under very 472 
low CO2 (Fig. 3). One may ask: what are the potential benefits of employing passive CO2 uptake? 473 
One possibility is that, by employing both Ci uptake strategies, the algal CCM can remain effective 474 
under environments with various Ci compositions (SI Appendix, Fig. S25). Another possibility 475 
regards the feasibility of maintaining cytosolic Ci levels. Since there is no known carbonic 476 
anhydrase in the Chlamydomonas cytosol, maintaining HCO3- levels requires expressing HCO3- 477 
transporters at the cell membrane, while cytosolic CO2 can be replenished by external CO2 diffusing 478 
across the cell membrane. 479 

In addition to the Ci uptake strategy employed, the localization of LCIB also changes in vivo in 480 
response to different external Ci levels. Specifically, under air-level CO2 LCIB is distributed 481 
throughout the stroma, while the enzyme is localized around the starch sheath under very low CO2 482 
(28, 46, 55). Our model suggests that such differences in localization could improve performance 483 
under the corresponding Ci uptake strategies: when the passive CO2 uptake strategy is used at air-484 
level CO2, varying LCIB localization only minimally affects CCM performance as long as the 485 
enzyme is confined to the stroma (SI Appendix, Fig. S21). In contrast, when HCO3- is actively 486 
pumped into the chloroplast, localizing LCIB near the pyrenoid periphery and away from the 487 
chloroplast envelope is advantageous to avoid the conversion of HCO3- near the chloroplast 488 
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envelope into CO2, which can immediately leak back out into the cytosol (Fig. 5). Thus, our model 489 
predicts that diffuse LCIB in the chloroplast in vivo at very low external CO2 could lead to a CCM-490 
deficient phenotype — similar to the phenotype observed when an exogenous CA was introduced 491 
diffusely into the cytosol of cyanobacteria that employ active HCO3- transport across the cell 492 
membrane (7). Understanding experimentally how LCIB localization impacts Ci fluxes in the 493 
chloroplast would advance our understanding of the Chlamydomonas CCM. 494 

The analysis of Ci fluxes in our model supports the long-held view that the thylakoid tubules 495 
traversing the pyrenoid and converging in the pyrenoid center are capable of delivering stromal 496 
HCO3- to the pyrenoid, where it can be converted to CO2 by CAH3 (18, 21). However, this unique 497 
architecture of thylakoid tubules is not essential for transporting HCO3- and producing CO2. Indeed, 498 
algae display a variety of thylakoid tubule morphologies, such as multiple non-connecting parallel 499 
thylakoid stacks passing through the pyrenoid, a single disc of thylakoids bisecting the pyrenoid 500 
matrix, or thylakoid sheets surrounding but not traversing the pyrenoid (64–67). Our calculations 501 
support the idea that different morphologies could in principle allow the functioning of an effective 502 
CCM, as long as HCO3- can diffuse into the low-pH thylakoid lumen and the thylakoid CA is 503 
localized near the pyrenoid to convert HCO3- to CO2 (SI Appendix, Fig. S26).  504 

In our model, thylakoid tubules traversing the starch sheath are the main route for CO2 escape from 505 
the pyrenoid, which is detrimental to CO2 concentration. Additionally, this particular geometry is not 506 
required for HCO3- delivery to the pyrenoid (SI Appendix, Fig. S26 D–F). Nevertheless, 507 
Chlamydomonas cells appear to maintain these tubule structures in vivo. It is possible that, by 508 
connecting to the thylakoid network outside of the pyrenoid, thylakoid tubules can also serve as a 509 
route for protons to diffuse in, which helps to maintain the acidic pH in the lumen of the intra-510 
pyrenoid tubules. Future experimental studies will be important to investigate the trade-off between 511 
proton supply and CO2 leakage in employing thylakoid tubules traversing the pyrenoid matrix. 512 

A key driver of the algal CCM is the pH difference maintained across different compartments. 513 
However, our model does not explicitly consider the reaction-diffusion kinetics of protons, but rather 514 
assumes a uniform pH in each compartment. Previous in vivo measurements of the pH biosensor 515 
pHluorin in Chlamydomonas suggest that the pyrenoid matrix has a relatively uniform basic pH 516 
(34), yet it remains unclear how the uniformity is achieved. Protons are produced and consumed 517 
in the reactions catalyzed by CA. In addition, Rubisco CO2 fixation yields two protons for every CO2 518 
fixed (5). Our calculations suggest that the concentrations of free protons at measured physiological 519 
pH values are too low to account for the corresponding fluxes without creating noticeable pH 520 
gradients (SI Appendix, Sec. VI). Thus, efficient transport of protons must involve proton carriers. 521 
A recent modeling work suggests that two metabolites, RuBP and 3-PGA, could play an important 522 
role in buffering the pH of CO2-fixing Rubisco condensates (68) — these metabolites have pKa 523 
values of 6.7 and 6.5, respectively, and are present at millimolar concentrations in the pyrenoid and 524 
stroma (69). Understanding the molecular mechanisms underlying proton transport will be an 525 
important topic for future studies. 526 

Based on the known molecular machinery of the Chlamydomonas CCM, we proposed a minimal 527 
set of engineering steps to install an effective CCM in plant chloroplasts (Fig. 6). In our favored 528 
engineering path, Rubisco first needs to be assembled into a CA-free pyrenoid-like condensate in 529 
vivo. A phase-separated pyrenoid matrix has been successfully reconstructed in Arabidopsis 530 
chloroplasts (56), but it remains to be verified whether the native stromal CA is excluded from the 531 
engineered pyrenoid. Then, the newly formed matrix needs to be positioned proximal to low-pH 532 
thylakoids, and the thylakoid CA needs to be localized to the pyrenoid-proximal thylakoid lumen. 533 
Recent work in Chlamydomonas has shown that a Rubisco-binding motif targets proteins to the 534 
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pyrenoid, and appears to link the matrix to the intra-pyrenoid tubules and starch sheath (70), thus 535 
providing a framework for manipulating the organization of an engineered pyrenoid. For example, 536 
constructing a fusion protein of the plant thylakoid CA and a membrane protein containing the 537 
Rubisco-binding motif may promote the desired colocalization of the pyrenoid matrix, thylakoids, 538 
and thylakoid CA. The next step in our favored engineering path is to insert HCO3- channels through 539 
the thylakoid membranes, which could double the CO2 fixation flux according to our calculation. 540 
Particularly important is targeting HCO3- channels specifically to the thylakoid membranes, but not 541 
to the chloroplast membrane, since adding HCO3- channels to the latter will lead to severe HCO3- 542 
leakage out of the chloroplast. Native thylakoids may naturally form a CO2 diffusion barrier, which 543 
is expected to increase the performance of the CCM. Further studies of the pyrenoid starch sheath 544 
in Chlamydomonas will enable its reconstitution around the engineered pyrenoid, which we expect 545 
will maximize the efficacy and energetic efficiency of the CCM. 546 

We hope that our model provides practical information for engineers aiming to transfer algal 547 
machinery into plants, and that it will serve as a useful quantitative tool to guide basic CCM studies 548 
in the future. 549 
 550 
 551 
Materials and Methods 552 
 553 
See attached pdf. 554 
 555 
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Figures and Tables 732 
 733 

 734 
Fig. 1. A multi-compartment reaction-diffusion model describes the Chlamydomonas CCM. (A) 735 
Cartoon of a Chlamydomonas chloroplast with known CCM components. HCO3- is transported 736 
across the chloroplast membrane by LCIA and across the thylakoid membranes by BST1–3 737 
(referred to as BST henceforth for simplicity). In the acidic thylakoid lumen, a carbonic anhydrase 738 
CAH3 converts HCO3- into CO2, which then diffuses into the pyrenoid matrix, where the CO2-fixing 739 
enzyme Rubisco (Rbc) is localized. CO2 leakage out of the matrix and out of the chloroplast can 740 
be impeded by potential diffusion barriers — a starch sheath and stacks of thylakoids — and by 741 
conversion to HCO3- by a CO2 recapturing complex LCIB/LCIC (referred to as LCIB henceforth for 742 
simplicity) in the basic chloroplast stroma. (B) A schematic of the modeled CCM, which considers 743 
intra-compartment diffusion and inter-compartment exchange of CO2 and HCO3-, as well as their 744 
interconversion, as indicated in the Inset. Color code as in A. The model is spherically symmetric 745 
and consists of a central pyrenoid matrix surrounded by a stroma. Thylakoids run through the matrix 746 
and stroma; their volume and surface area correspond to a reticulated network at the center of the 747 
matrix extended by cylinders running radially outward. (C) Concentration profiles of CO2 and HCO3- 748 
in the thylakoid (dashed curves) and in the matrix/stroma (solid curves) for the baseline CCM model 749 
that lacks LCIA activity and diffusion barriers. Dotted gray line indicates the effective Rubisco Km 750 
for CO2. Color code as in A. (D) Net fluxes of inorganic carbon between the indicated CCM 751 
compartments. The width of arrows is proportional to flux; area of circles is proportional to the 752 
average molecular concentration in the corresponding regions. The black dashed loop denotes the 753 
major futile cycle of inorganic carbon in the chloroplast. Color code as in A. For C and D, LCIA-754 
mediated chloroplast membrane HCO3- channel transport rate &9ACD>$"  = 10-8 m / s, BST-mediated 755 
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thylakoid membrane HCO3- channel transport rate &@A=$
"  = 10-2 m / s, LCIB rate VLCIB = 103 / s, and 756 

CAH3 rate = 104 / s (see Materials and Methods for details). Other parameters of the model are 757 
estimated from experiments (Table 1 and SI Appendix, Table S1). 758 
  759 
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 760 
Fig. 2. Structural barriers to CO2 diffusion out of the pyrenoid matrix enable an effective CCM driven 761 
only by intercompartmental pH differences. A model with no barrier to CO2 diffusion out of the 762 
pyrenoid matrix (A–C) is compared to a model with thylakoid stacks slowing inorganic carbon 763 
diffusion in the stroma (D–F, see SI Appendix, Sec. IG) and a model with an impermeable starch 764 
sheath (G–I) under air-level CO2 (10 µM cytosolic). (A, D, and G) Schematics of the modeled 765 
chloroplast. (B, E, and H) Heatmaps of normalized CO2 fixation flux, defined as the ratio of the total 766 
Rubisco carboxylation flux to its maximum if Rubisco were saturated, at varying HCO3- channel 767 
transport rates across the chloroplast envelope and varying LCIB rates. The HCO3- channel 768 
transport rate across the thylakoid membrane is the same as in Fig. 1C and D. For E and H, dashed 769 
black curves indicate a normalized CO2 fixation flux of 0.5. (C, F, and I) Overall fluxes of HCO3- 770 
(Left subpanels) and CO2 (Middle subpanels) into the chloroplast, normalized by the maximum CO2 771 
fixation flux if Rubisco were saturated, at varying HCO3- channel transport rates across the 772 
chloroplast envelope and varying LCIB rates. Negative values denote efflux out of the chloroplast. 773 
The inorganic carbon (Ci) species with a positive influx is defined as the Ci source, shown in Right 774 
subpanels. Axes are the same as B, E, and H. 775 
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 777 
Fig. 3. Feasible inorganic carbon uptake strategies for the chloroplast depend on the environmental 778 
level of CO2. Results are shown for (A–C) a model with no barrier to CO2 diffusion out of the 779 
pyrenoid matrix, (D–F) a model with thylakoid stacks serving as diffusion barriers, and (G–I) a 780 
model with an impermeable starch sheath. (A, D, and G) Schematics of the modeled chloroplast 781 
employing LCIB for passive CO2 uptake (red), or employing active HCO3- pumping across the 782 
chloroplast envelope and no LCIB activity (blue). (B–C, E–F, and H–I) CCM performance under (B, 783 
E, and H) air-level CO2 (10 µM cytosolic) and under (C, F, and I) very low CO2 (1 µM cytosolic), 784 
measured by normalized CO2 fixation flux versus ATP spent per CO2 fixed, for the two inorganic 785 
carbon uptake strategies in A, D, and G. Solid curves indicate the minimum energy cost necessary 786 
to achieve a certain normalized CO2 fixation flux. Shaded regions represent the range of possible 787 
performances found by varying HCO3- transport rates and LCIB rates. Color code as in A. For H 788 
and I, dashed black curves indicate the optimal CCM performance of a simplified model that 789 
assumes fast intra-compartmental diffusion, fast HCO3- diffusion across the thylakoid membranes, 790 
and fast equilibrium between CO2 and HCO3- catalyzed by CAH3 in the thylakoid tubules inside the 791 
pyrenoid (see Materials and Methods and SI Appendix, Sec. III). 792 
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 794 
Fig. 4. Localization of carbonic anhydrases alters Ci fluxes in the chloroplast and enhances CCM 795 
performance. (A) Schematics of varying localization of carbonic anhydrases. The CAH3 domain 796 
starts in the center of the intra-pyrenoid tubules (radius r = 0), and the LCIB domain ends at the 797 
chloroplast envelope. CAH3 end radius and LCIB start radius are varied in a modeled chloroplast 798 
employing the passive CO2 uptake strategy under air-level CO2, (B–C) with thylakoid stacks slowing 799 
inorganic carbon diffusion in the stroma or (D–E) with an impermeable starch sheath. Color code 800 
is the same as in Fig. 1D. Orange denotes region occupied by CAH3. (B, D) Normalized CO2 fixation 801 
flux and (C, E) ATP spent per CO2 fixed when the localizations of carbonic anhydrases are varied. 802 
(F) Schematics of inorganic carbon fluxes for the localization patterns indicated in B–E. Color code 803 
is the same as in A and Fig. 1D. Simulation parameters are the same as in Fig. 1C and D. 804 
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 806 
Fig. 5. Localization of LCIB around the pyrenoid periphery reduces Ci leakage out of the 807 
chloroplast. (A) Schematics of varying activity and end radius of LCIB in a modeled chloroplast 808 
employing an impermeable starch sheath and active HCO3- pumping across the chloroplast 809 
envelope under very low CO2. Color code as in Fig. 4A. The LCIB domain starts at the pyrenoid 810 
radius (0.3 on the x axis in B and C). (B) Normalized CO2 fixation flux and (C) ATP spent per CO2 811 
fixed when the designated characteristics of LCIB are varied. (D) Schematics of inorganic carbon 812 
fluxes for the LCIB states indicated in B and C. Color code as in Fig. 4F. Simulation parameters as 813 
in Fig. 4. Active HCO3- pumping is described by the rate κchlor = 10-4 m / s and the reversibility γ= 814 
10-4. In order to show a notable variation in normalized CO2 fixation flux, a model with shortened 815 
thylakoid tubules is simulated (see Materials and Methods). The qualitative results hold true 816 
independent of this specific choice. 817 
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 819 
Fig. 6. Proposed engineering path for installing an algal CCM into land plants. (A) Schematics of 820 
(Top) the starting configuration representing a typical plant chloroplast that contains diffuse 821 
thylakoid CA, diffuse stromal CA, and diffuse Rubisco, and lacks HCO3- transporters and diffusion 822 
barriers, and (Bottom) the desired configuration representing a Chlamydomonas chloroplast that 823 
employs the passive CO2 uptake strategy and a starch sheath (as in Fig. 2G). (B) Venn diagram 824 
showing the normalized CO2 fixation flux (circle, area in proportion to magnitude) and ATP spent 825 
per CO2 fixed (square, area in proportion to magnitude) of various configurations after implementing 826 
the designated changes. Green arrows denote the proposed sequential steps to transform the 827 
starting configuration into the desired configuration (see text). The starting configuration has a 828 
normalized CO2 fixation flux of 0.11 and negligible ATP cost. All costs below 0.8 ATP per CO2 fixed 829 
are represented by a square of the minimal size. 830 
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 832 
Fig. 7. An effective CCM is comprised of three essential modules. (A) Schematics of the three 833 
essential modules with designated functions. Same style as in Fig. 1A. In Chlamydomonas, LCIB 834 
can be used for passive uptake of CO2 which is then trapped in the stroma as HCO3- (module i); 835 
BST allows stromal HCO3- to diffuse into the thylakoid lumen where CAH3 converts HCO3- into CO2 836 
(module ii); and a starch sheath and thylakoid stacks could act as diffusion barriers to slow CO2 837 
escape out of the pyrenoid matrix (module iii). (B) Histograms of normalized CO2 fixation flux for 838 
CCM configurations without (left, gray) or with (right, colored) the respective module. We tested 839 
216 CCM configurations by varying the presence and/or localization of enzymes, HCO3- channels, 840 
and diffusion barriers in the model (see SI Appendix, Fig. S23). 841 
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Table 1. Summary of key parameter values used in the reaction-diffusion model of the algal CCM. 843 
 844 
See attached pdf. 845 



Materials and Methods

Reaction-diffusion model. To better understand the operation of
the Chlamydomonas CO2-concentrating mechanism (CCM), we
developed a multi-compartment reaction-di�usion model that takes
into account the key CCM enzymes and transporters and the relevant
architecture of the Chlamydomonas chloroplast (17). For simplicity,
our model assumes spherical symmetry and considers a spherical
chloroplast of radius Rchlor in an infinite cytosol. Thus, all model
quantities can be expressed as functions of the radial distance r from
the center of the chloroplast (Fig. 1B). The modeled chloroplast
consists of three compartments: a spherical pyrenoid matrix of
radius Rpyr (pH 8) in the center, surrounded by a stroma (pH 8),
with thylakoids (luminal pH 6) traversing both the matrix and
stroma (Fig. 1) (34–36). At steady state, flux-balance equations set
the spatially-dependent concentrations of CO2, HCO≠

3
, and H2CO3

in their respective compartments (indicated by subscripts; see SI
Appendix, Sec. I and Table S1):

DCÒ2

thy
Cthy ≠ jCAH3 ≠ jsp ≠ jC

memfs = 0 [1a]

DCÒ2

pyrCpyr ≠ jLCIB ≠ jsp ≠ jRbc + jC
mem

fsfv

1 ≠ fv

= 0 [1b]

DC
strÒ2

strCstr ≠ jLCIB ≠ jsp ≠ jRbc + jC
mem

fsfv

1 ≠ fv

= 0 [1c]

DHÒ2

thy
Hthy + jCAH3 + jsp ≠ jH

memfs = 0 [1d]

DHÒ2

pyrHpyr + jLCIB + jsp + jH
mem

fsfv

1 ≠ fv

= 0 [1e]

DH
strÒ2

strHstr + jLCIB + jsp + jH
mem

fsfv

1 ≠ fv

= 0. [1f]

Here, C denotes the concentration of CO2, and H denotes the
combined concentration of HCO≠

3
and H2CO3, which are assumed

to be in fast equilibrium (43). Thus, their respective concentrations
are given by H≠ = ÷

1+÷ H for HCO≠
3

and H0 = 1

1+÷ H for H2CO3,
where ÷ = 10pH≠pKa1 is a pH-dependent partition factor and
pKa1 = 3.4 is the first pKa of H2CO3 (71). The first terms in Eqs.
(1a-1f) describe the di�usive fluxes of inorganic carbon (Ci) within
compartments. DC and DH denote, respectively, the di�usion
coe�cients of CO2, and HCO≠

3
and H2CO3 combined, in aqueous

solution. In a model with thylakoid stacks slowing Ci di�usion in the
stroma, the e�ective di�usion coe�cients D

C/H
str

are obtained using
a standard homogenization approach (see SI Appendix, Sec. IG and
Fig. S5); D

C/H
str

= DC/H otherwise. The other flux terms (jX) in
Eqs. (1a-1f) describe enzymatic reactions and inter-compartment Ci
transport. Their expressions are provided in subsequent sections.

The boundary conditions at r = Rpyr are determined by the
di�usive flux of Ci across the starch sheath at the matrix-stroma
interface, i.e.,

≠DCˆrCpyr = ≠DC
strˆrCstr = Ÿstarch(Cpyr ≠ Cstr) [2a]

≠DHˆrHpyr = ≠DH
strˆrHstr = Ÿstarch(Hpyr ≠ Hstr), [2b]

where the starch sheath is assumed to have the same permeability
Ÿstarch for all Ci species. Ÿstarch æ Œ when there is no starch
sheath and Ci can di�use freely out of the matrix. Ÿstarch = 0
describes an impermeable starch sheath (see SI Appendix, Sec. IF).
Similarly, Ci transport flux across the chloroplast envelope yields
the boundary conditions at r = Rchlor, i.e.,

DC
strˆrCstr =ŸC(Ccyt ≠ Cstr) [3a]

DH
strˆrHstr =ŸH0

(H0

cyt ≠ H0

str) + ŸH≠
(H≠

cyt
≠ H≠

str
)

+ ŸH≠
chlor

(H≠
cyt

≠ “H≠
str

), [3b]

where ŸH≠
chlor

and “ denote the rate and reversibility of inward
HCO≠

3
transport from the cytosol, representing the action of the

uncharacterized chloroplast envelope HCO≠
3

transporter LCIA (24,
26); “ = 1 corresponds to a passive bidirectional channel and “ < 1
corresponds to an active pump. The external CO2 conditions are
specified by Ccyt and all cytosolic Ci species are assumed to be in

equilibrium at pH 7.1 (see SI Appendix, Sec. VIB) (72). We set
Ccyt = 10 µM for air-level CO2 conditions, and Ccyt = 1 µM for
very low CO2 conditions.

Thylakoid geometry. The thylakoid geometry has been characterized
by cryo-electron tomography in Chlamydomonas (17). In our model,
we account for this geometry by varying the local volume fraction
fv and surface-to-volume ratio fs of the thylakoids. These fractions
describe a tubule meshwork at the center of the pyrenoid (r 6
Rmesh), extended radially by Ntub cylindrical tubules each of radius
atub (see SI Appendix, Sec. IC), i.e.,

fv =
;

(Ntuba2

tub
)/(4R2

mesh
) for r 6 Rmesh

(Ntuba2

tub
)/(4r2) for r > Rmesh

, and [4a]

fs = 2/atub. [4b]

In the baseline model the thylakoid tubules are assumed to ex-
tend to the chloroplast envelope, i.e., the outer radius of tubules
Rtub = Rchlor. In a model with shorter tubules, we choose Rtub =
0.4 Rchlor, and set fv = 0 and fs = 0 for r > Rtub. Thus, the
Laplace–Beltrami operator is given by Ò2

thy
= r≠2f≠1

v ˆrfvr2ˆr for
the thylakoid tubules, and by Ò2

pyr = Ò2

str
= r≠2(1 ≠ fv)≠1ˆr(1 ≠

fv)r2ˆr for the matrix and stroma.

Enzyme kinetics. The model considers three key CCM enzymes, i.e.,
the carbonic anhydrases (CAs) CAH3 and LCIB and the CO2-fixing
enzyme Rubisco. The interconversion between CO2 and HCO≠

3

is catalyzed by both CAs and follows reversible Michaelis-Menten
kinetics (73). The rate of CA-mediated CO2-to-HCO≠

3
conversion

is given by

jCA(C, H≠) =

!
V C

max,CA
/KC

m

"!
C ≠ KeqH≠

"

1 + C/KC
m + H≠/KH≠

m

LCA, [5]

where V C
max,CA

denotes the maximum rate of CA, KC
m and KH≠

m

denote, respectively, the half-saturation concentrations for CO2

and HCO≠
3

, and V C
max,CA

/KC
m denotes the first-order rate constant

which we refer to as the "rate" of the CA (Fig. 2). Finally, Keq =
10pKe� ≠pH denotes the equilibrium ratio of CO2 to HCO≠

3
, with the

e�ective pKa pKe� = 6.1 (42, 48). The localization function LCA

is equal to one for r where CA is present and zero elsewhere. The
uncatalyzed spontaneous rate of CO2-to-HCO≠

3
conversion, with

a first-order rate constant kC
sp, is given by jsp = kC

sp(C ≠ KeqH≠)
(74). Note that negative values of jCA and jsp denote fluxes of
HCO≠

3
-to-CO2 conversion.

The rate of CO2 fixation catalyzed by Rubisco is calculated from

jRbc(C) = V C
max,Rbc

C

Ke�
m + C

LRbc. [6]

Here, V C
max,Rbc

denotes the maximum rate, and the e�ective Km

(Rubisco Km in Fig. 1) is given by Ke�
m = KC

m,Rbc
(1+O/KO

m,Rbc
) to

account for competitive inhibition by O2 (75, 76), where O denotes
the concentration of O2, and KC

m,Rbc
and KO

m,Rbc
denote the half-

saturation substrate concentrations for CO2 and O2, respectively.
LRbc is equal to one where Rubisco is localized, and zero elsewhere.

In our baseline model, we assume that CAH3 is localized in the
thylakoid tubules traversing the pyrenoid (33), LCIB is distributed
di�usely in the stroma (46), and Rubisco is localized in the pyrenoid
matrix (11). To explore the e�ect of enzyme localization, we vary
the start and end radii of the enzymes while maintaining a constant
number of molecules (see Figs. 4 and 5 and SI Appendix, Sec. V).

Transport of Ci across thylakoid membranes. The flux of CO2 di�us-
ing across the thylakoid membrane from the thylakoid lumen to the
matrix or stroma is given by

jC
mem =

;
ŸC(Cthy ≠ Cpyr) for r 6 Rpyr

ŸC(Cthy ≠ Cstr) for r > Rpyr

, [7]

where ŸC denotes the permeability of thylakoid membranes to CO2.
Similarly, the cross-membrane di�usive flux of HCO≠

3
and H2CO3,

1



jH
mem, is given by

jH
mem =

Y
___]

___[

(ŸH≠
+ ŸH≠

thy
)(H≠

thy
≠ H≠

pyr)
+ ŸH0

(H0

thy
≠ H0

pyr)
for r 6 Rpyr

(ŸH≠
+ ŸH≠

thy
)(H≠

thy
≠ H≠

str
)

+ ŸH0
(H0

thy
≠ H0

str)
for r > Rpyr

, [8]

where ŸH≠ and ŸH0 denote, respectively, the baseline membrane
permeability to HCO≠

3
and H2CO3, and ŸH≠

thy
denotes the additional

permeability of thylakoid membranes to HCO≠
3

due to bestrophin-
like channels (30). Note that the final terms of Eq. (1a) and
Eqs. (1b,1c) di�er by a factor of fv

1≠fv
because the cross-membrane

fluxes have a larger impact on the concentrations in the thylakoid
compartment, which has a smaller volume fraction.

Choice of parameters and numerical simulations. The model param-
eters are estimated from experiment (see SI Appendix, Table S1 and
references therein), except for the rates of LCIB and CAH3 and the
kinetic parameters of the HCO≠

3
transporters, which are not known.

We performed a systematic scan for these unknown parameters
within a range of reasonable values (Fig. 2 and SI Appendix, Fig.
S4). The numerical solutions of Eq. (1) were obtained by perform-
ing simulations using a finite element method. Partial di�erential
equations were converted to their equivalent weak forms, computa-
tionally discretized by first-order elements (77), and implemented
in the open-source computing platform FEniCS (78). A parameter
sensitivity analysis was performed to verify the robustness of the
model results (SI Appendix, Fig. S28). A convergence study was
performed to ensure su�cient spatial discretization (SI Appendix,
Fig. S29).

Energetic cost of the CCM. We compute the energetic cost using
the framework of nonequilibrium thermodynamics (54) (see SI
Appendix, Sec. IIB, for details). In brief, the free-energy cost of any
nonequilibrium process (reaction, di�usion, or transport) is given by
(j+ ≠ j≠) ln(j+/j≠) (in units of thermal energy RT ), where j+ and
j≠ denote the forward and backward flux, respectively. Summing
the energetic cost of nonequilibrium processes described in Eq. (1),
we show that the total energy required to operate the CCM can be
approximated (in units of RT ) by

ẆCCM ¥ JCæH≠
str

ln
Keq

thy
Keq

str
+ JC

chlor
ln

“≠1Keq
thy

Keq
str

+ JRbc ln
“≠1Keq

thy
Keq

str
,

[9]

Here, JCæH≠
str

= ≠
s Rchlor

0
4fir2(1 ≠ fv)(jLCIB + jsp)dr integrates

the flux of LCIB-mediated and spontaneous conversion from CO2

to HCO≠
3

in the stroma, with 4fir2(1 ≠ fv)dr being the geomet-
ric factor. JC

chlor
= 4fiR2

chlor
ŸC(Cstr|r=Rchlor ≠ Ccyt) denotes the

flux of CO2 di�using from the stroma back out into the cytosol.
JRbc =

s Rchlor
0

4fir2(1 ≠ fv)jRbcdr integrates the flux of CO2

fixation by Rubisco. The ln “≠1 and ln
Keq

thy
Keq

str
terms denote the

free-energy cost of pumping HCO≠
3

across the chloroplast envelope
and pumping protons across the thylakoid membranes, respectively.
Using ATP hydrolysis energy |�GATP| = 51.5 RT (79), we compute
the equivalent ATP spent per CO2 fixed as ẆCCM/JRbc/|�GATP|.

Well-mixed compartment model. To better understand the biophys-
ical limit of the CCM, we consider a well-mixed compartment
simplification of the full model. Specifically, we assume that (i) the
di�usion of Ci is fast in the matrix and stroma, and therefore the
concentrations of CO2 and HCO≠

3
are constant across radii in each

of the two compartments, taking values denoted by Cpyr, Cstr, H≠
pyr,

and H≠
str

; (ii) HCO≠
3

transport across the thylakoid membranes is
fast, and thus the thylakoid tubule concentration of HCO≠

3
inside

the pyrenoid is equal to H≠
pyr, while the thylakoid tubule concen-

tration outside the pyrenoid is equal to H≠
str

; (iii) HCO≠
3

and CO2

are in equilibrium (catalyzed by CAH3) in the thylakoid tubules in-
side the pyrenoid, and thus the CO2 concentration therein is given
by Cthy = Keq

thy
H≠

pyr; and (iv) the concentration of CO2 in the

thylakoid tubules approaches Cstr toward the chloroplast envelope.
Thus, the flux-balance conditions are described by a set of algebraic
equations of 4 variables, Cpyr, Cthy, Cstr and H≠

str
(see SI Appendix,

Sec. III). The algebraic equations are solved using the Python-based
computing library SciPy (80). The energetic cost of the well-mixed
compartment model is computed similarly as above.

Engineering paths. We are interested in how adding and removing
individual components a�ects the overall functioning of the CCM.
We thus measure the e�cacy and energy e�ciency of 216 CCM
configurations, modulating the presence and localization of enzymes,
HCO≠

3
channels, and di�usion barriers. Each configuration is simu-

lated using the reaction-di�usion model above with the appropriate
parameters for that strategy (SI Appendix, Fig. S23).

To find all possible engineering paths between these configura-
tions, we consider a graph on which each possible configuration is a
node. Nodes are considered to be connected by an undirected edge
if they are separated by one engineering step. Thus, by taking steps
on the graph, we can search all possible engineering paths given
a start node with poor CCM performance and a target node with
good performance. A single engineering step could be the addition
or removal of an enzyme, a channel, or a di�usion barrier, as well as
the localization of a single enzyme. The exception is the localization
of Rubisco, which we assume can exclude LCIB from the matrix
as it forms a phase-separated condensate (55). We do not consider
strategies employing both a starch sheath and thylakoid stacks as
di�usion barriers. We use a custom depth-first search algorithm in
MATLAB to identify all shortest engineering paths between a start
and a target node.

Data and software availability. All data and simulation code required
to reproduce the results in this manuscript are available to the
readers on GitHub: https://github.com/f-chenyi/Chlamydomonas-
CCM.
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Table 1: Summary of key parameter values used in the reaction-di�usion model of the algal CCM.

Symbols Descriptions Values Ref.
Chloroplast geometry

Rchlor Radius of the chloroplast 3.14 µm (17, 81)
Rpyr Radius of the pyrenoid 0.3 Rchlor (17, 81)
Ntub Number of thylakoid tubules 40 (17)
Rmesh Radius of the tubule meshwork 0.4µm (17)
atub Cylindrical radius of the thylakoid tubules 50 nm (17)

Kinetic parameters

V C
max/KC

m First-order rate of CO2 + H2O æ HCO≠
3

+ H+
104 s≠1 for CAH3 ú
103 s≠1 for LCIB ú

ŸH≠
thy

Rate of HCO≠
3

channels at the thylakoid membranes 10≠2 m/s ú
ŸH≠

chlor
Rate of chloroplast envelope HCO≠

3
transporters 10≠8 m/s ú

ú Values used in the baseline model. See Fig. 2 and SI Appendix, Fig. S4 for a thorough parameter scan.
See SI Appendix, Table S1 for a full list of model parameters.
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