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Supplementary Methods 45 

Plasmid Construction 46 

Genes of interest were amplified by PCR and cloned into their respective vectors using Gibson Assembly. 47 

Plasmids were then transformed into chemically competent NEB Turbo E. coli cells in most cases. Single 48 

colonies were inoculated into 5-8 mL LB media with appropriate antibiotics and mini-prepped once turbid 49 

(Qiagen QIAPrep spin kit). For the construction of p1Ac, which constitutively expresses prk, we used 50 

CCMB1 as the cloning strain (1). In addition, to ensure that prk expression was not deleterious, as it is for 51 

wild-type E. coli (2), CCMB1:p1Ac transformants were cultured in a prk-dependent manner M9 glycerol 52 

media. Plasmid sequences were verified by Sanger sequencing at the UC Berkeley DNA sequencing facility. 53 

Details of plasmids used in this study are documented in Table S5 and plasmids have been deposited to 54 

Addgene at https://www.addgene.org/David_Savage/.  55 

Electroporation of CCMB1 E. coli 56 

Electrocompetent CCMB1 stocks were prepared by standard methods from cultures grown in LB media 57 

under 10% CO2. Plasmids were transformed via electroporation with the following protocol. A 50 μl aliquot 58 

of electrocompetent CCMB1 was placed on ice until thawed. 100 ng of mini-prepped plasmid (100 ng each 59 

if a double transformation) was then added, gently mixed, and left to incubate for 10 minutes. The 60 

transformation aliquot was subsequently transferred to a chilled 1mm cuvette (Biorad Gene Pulser) and 61 

pulsed in a Gene Pulser Xcell Microbial System electroporator (1800 V, 200Ω, 25µF). 500 μl SOC was added 62 

to the cuvette and the resulting culture was pipetted into a 14 ml round-bottom falcon tube and placed 63 

in 10% CO2 to incubate for 1 hour. Do not recover in ambient CO2 or in a microcentrifuge tube, as it is 64 

important to recover CCMB1 strains in high CO2 to ensure that recovery is independent of the transformed 65 

plasmid(s). After incubation, 200 μl of the culture was plated on an LB agar plate with appropriate 66 

antibiotics. When preparing S17 E. coli donor cells for conjugation with C. necator, plasmids were 67 

transformed by the same method, except the recovery was done in ambient CO2 for 30 minutes. 68 

Manipulation of the C. necator genome 69 

The triple knockout mutant C. necator ΔA0006ΔcanΔcaa was produced by iterative rounds homologous 70 

recombination (to generate a desired mutation) followed by sacB counterselection to cure the kanamycin 71 

resistance marker integrated at the target locus (3). Homologous recombination was achieved by 72 

conjugation with E. coli S17 carrying a mobilizable vector encoding 500 bp homology arms flanking a 73 

cassette encoding kanamycin resistance and sacB counter selection. For each individual knockout, a 74 

pKD19-mobSacB plasmid was generated with 500 bp homology arms directly flanking the target gene. 75 

This plasmid was transformed into C. necator by conjugation with E. coli S17 and plated onto LB agar 76 

supplemented with 200 μg/ml kanamycin to select for integrants and 10 μg/ml gentamicin to select 77 

against residual E. coli.  78 

 79 

Single integrant colonies were inoculated into LB with 10 μg/ml gentamicin and 20 μg/ml kanamycin and 80 

incubated in 30 °C until turbid. Genomic integration was verified by colony PCR using a primer set where 81 

one primer annealed to the genome and the other primer annealed to the plasmid backbone. Verified 82 

colonies were inoculated into salt-free LB (10 g/L tryptone, 5 g/L yeast extract) supplemented with 10 83 

μg/ml gentamicin and 100 mg/ml sucrose and incubated at 30 °C for 48-72 hours to select against sacB 84 

https://paperpile.com/c/L9M8Jt/o7JJ
https://paperpile.com/c/L9M8Jt/bLmy
https://www.addgene.org/David_Savage/
https://paperpile.com/c/L9M8Jt/21aL


 

activity. Strains were then streaked on two different LB plates: one without NaCl, but containing 10 μg/ml 85 

gentamicin and 50 mg/ml sucrose and a second plate with NaCl, 10 μg/ml gentamicin and 200 μg/ml 86 

kanamycin. Colonies that grew on sucrose but not on kanamycin were genotyped by colony PCR using a 87 

pair of primers that annealed upstream and downstream of the target gene. PCRs were run on an agarose 88 

gel to ensure prospective knockouts were not wild-type revertants. The final strain, C. necator 89 

ΔA0006ΔcanΔcaa was further verified by phenotype: it fails to grow heterotrophically in ambient air, but 90 

is able to grow under elevated CO2 (4, 5). 91 

Plasmid transformation of C. necator  92 

To enable routine electroporation of plasmids into C. necator H16, we first knocked out the hdsR homolog 93 

A0006 as removal of this restriction enzyme increases electroporation efficiency (3, 6). Electrocompetent 94 

stocks of C. necator ΔA0006-derived strains (including the various knockouts) were made according to a 95 

protocol from (3) with the following modifications. A colony of the strain was inoculated into LB with 10 96 

μg/ml gentamicin. Once turbid, the pre-culture was added to 100 mL fresh media and let grow until it 97 

reached an OD600 between 0.6-0.8. ΔA0006 was grown in ambient CO2 and ΔA0006ΔcanΔcan was grown 98 

in 10% CO2. Cells were then chilled, shaking in an ice slurry until they reached 4 °C. The culture was split 99 

into two 50 ml Falcon tubes and centrifuged at 4000g for 10 minutes at 4 °C. The supernatant was 100 

decanted and pellets were washed twice with 50 ml ice cold sterile water and once with 50 ml 10% 101 

glycerol. The pellets were then resuspended in 0.75 ml 10% glycerol, pooled, and 100 ul aliquots were 102 

flash-frozen in liquid nitrogen for storage at -80 °C. 103 

 104 

For plasmid transformation, a 100 μl aliquot of C. necator was thawed on ice. Upon thawing, 500 ng of 105 

plasmid was added, gently mixed, and left to incubate on ice for 5 minutes. The aliquot was then 106 

transferred to a 1 mm electroporation cuvette (Biorad Gene Pulser) and pulsed in a Gene Pulser Xcell 107 

Microbial System electroporator (2300 V, 200Ω, 25µF). The sample was then immediately resuspended in 108 

1 ml of LB supplemented with 10 mg/ml fructose, transferred into a 14 ml round-bottom falcon tube, and 109 

recovered in a 30 °C for 2 hours (H16 ΔA0006 in ambient CO2, H16 ΔA0006ΔcanΔcaa in 10% CO2). 200 μl 110 

was then plated on LB agar plates with 10 μg/ml gentamicin, 200 μg/ml kanamycin, and 10 mg/ml fructose 111 

and placed in a 30 °C incubator at ambient CO2 or 10% CO2 (depending on the strain) for 48 hours.  112 

Modeling, data and analysis 113 

The dual-limitation model was elaborated in Mathematica 12 (Wolfram) and steady-state solutions were 114 

translated to Python for further analysis and plotting. All data analysis was performed using Python 3.8 115 

and Jupyter notebooks. Data and code required to generate all figures is available at 116 

https://github.com/flamholz/ccm_evolution.   117 

https://paperpile.com/c/L9M8Jt/ubqW+TdNY
https://paperpile.com/c/L9M8Jt/21aL+hM08
https://paperpile.com/c/L9M8Jt/21aL
https://github.com/flamholz/ccm_evolution


 

Modeling the co-limitation of autotrophic growth 118 

Carbonic anhydrase cannot reasonably act as a CO2 pump alone 119 

Our model considers an autotroph with no CCM that uses rubisco to fix CO2 in an environment with fixed 120 

extracellular CO2 and HCO3
- concentrations, Cout and Hout. We further assume that these extracellular 121 

species are in equilibrium with respect to the pH, i.e. that Hout/Cout = KEQ(pH), and that the intracellular pH 122 

is the same as the extracellular pH so that the pH-dependent equilibrium constant KEQ(pH) is equal on 123 

both sides of the cell membrane. This assumption of equal pH equilibrium is not required but simplifies 124 

the model (7). We now write differential equations describing the time evolution of the intracellular CO2 125 

and HCO3
- concentrations, Cin and Hin, at first ignoring the HCO3

- dependence of growth to illustrate that 126 

it must be included.  127 

 128 

Since CO2 and HCO3
- have diffusion constants of ≈ 103 μm2/s corresponding to diffusion timescales of 129 

R2/6D ≈ 10-4 s over the ≈ 1 micron lengths of bacterial cells, we will assume that their concentrations are 130 

spatially homogeneous inside and outside the cell (8). We also assume all enzyme-catalyzed reactions 131 

have first-order kinetics, i.e. substrate concentrations are substantially lower than Michaelis constants 132 

([S] ≪ KM). These assumptions give the following equations: 133 

𝑑𝐶𝑖𝑛

𝑑𝑡
= 𝛼(𝐶𝑜𝑢𝑡 − 𝐶𝑖𝑛) − 𝛾𝐶𝑖𝑛 − (𝛿𝐶𝑖𝑛 − 𝜙𝐻𝑖𝑛) 134 

𝑑𝐻𝑖𝑛

𝑑𝑡
= 𝛽(𝐻𝑜𝑢𝑡 − 𝐻𝑖𝑛) + (𝛿𝐶𝑖𝑛 − 𝜙𝐻𝑖𝑛) 135 

 136 

Here we treat both CO2 and HCO3
- as entering the cell passively with “effective permeabilities” ɑ and β. 137 

These effective permeabilities account for the surface area to volume ratio of bacterial cells, which, for 138 

rod shaped cells around the size of E. coli, is 𝑆𝐴/𝑉 ≈  4 𝜇𝑚−1 (BNIDs 101792 and 114924) as we discuss 139 

below.  140 

 141 

𝛾𝐶𝑖𝑛 is a linearized expression for rate of irreversible CO2 fixation by rubisco, where 𝛾 = 𝑘𝑐𝑎𝑡[𝑟𝑢𝑏𝑖𝑠𝑐𝑜]/142 

𝐾𝑀 assuming a Michaelis-Menten formalism and Cin ≪ KM. In contrast to rubisco, the CA reaction is 143 

reversible. As such, (𝛿𝐶𝑖𝑛 − 𝜙𝐻𝑖𝑛) the balance of the rates of CO2 hydration (𝛿𝐶𝑖𝑛) and HCO3
- 144 

dehydration (𝜙𝐻𝑖𝑛), assuming each of these reactions are in their linear regimes as well. While the 145 

assumption of linearity is not required, it is also not counterfactual: typical KM values measured for 146 

bacterial rubiscos (9) and carbonic anhydrases (10) are comparable to equilibrium concentrations of CO2 147 

and HCO3
- in water in equilibrium with ambient air at 25 C (Figure S9).  148 

 149 

We set both derivatives to 0 and solve for the steady-state values of Cin and Hin.  150 

𝐶𝑖𝑛 =
𝐶𝑜𝑢𝑡(𝐾𝐸𝑄𝛽𝜙 +  𝛼(𝛽 +  𝜙))

𝛽(𝛼 +  𝛾 +  𝛿)  +  𝜙(𝛼 +  𝛾)
 151 

𝐻𝑖𝑛 =
𝐶𝑜𝑢𝑡(𝛼𝛿 +  𝐾𝐸𝑄𝛽(𝛼 +  𝛾 +  𝛿))

𝛽(𝛼 +  𝛾 +  𝛿)  +  𝜙(𝛼 +  𝛾)
 152 

 153 

https://paperpile.com/c/L9M8Jt/yyyo
https://paperpile.com/c/L9M8Jt/14ex
https://bionumbers.hms.harvard.edu/bionumber.aspx?id=101792&ver=6
https://bionumbers.hms.harvard.edu/bionumber.aspx?id=114924&ver=0&trm=114924&org=
https://paperpile.com/c/L9M8Jt/wbuf
https://paperpile.com/c/L9M8Jt/v2dU


 

If we further assume that CA activity is negligible, i.e. that 𝛿, 𝜙 ≈ 0, then we recover the solution from 154 

our simplified main-text calculation where 𝐶𝑖𝑛 =
𝐶𝑜𝑢𝑡𝛼

𝛼+𝛾
 is independent of Hin. As a reminder, we used this 155 

equation to calculate that 𝐶𝑖𝑛 > 0.9𝐶𝑜𝑢𝑡  in the absence of CA activity, even when rubisco comprises 20% 156 

of total protein.  157 

 158 

The above calculation implies that CA expression could increase C in by at most 10% because CAs are not 159 

coupled to any energy source and, therefore, cannot increase Cin above Cout. This calculation depends, of 160 

course, on the rubisco kinetics and expression (𝛾) and membrane permeability to CO2 (𝛼). Rubisco kinetics 161 

have been studied in great depth and are well-constrained (9, 11). Similarly, many generations of physical 162 

chemists have studied the permeability of lipid membranes to small molecules and developed theory to 163 

estimate membrane permeabilities (12–14). Nonetheless, membrane permeabilities can depend on the 164 

lipid composition of the membrane and the complement of protein channels embedded therein (15).  165 

 166 

Assuming that rubisco fixation is the sole growth-limiting reaction, we can estimate the exponential 167 

growth rate from Cin by calculating the rubisco fixation rate 𝛾 Cin ≈ 9x103 μM/s. Here we took Cout ≈ 10 μM, 168 

which is roughly Henry’s law equilibrium with present-day atmosphere at 25 °C, 𝛼 = 104 s-1 and 𝛾 = 103 s-169 
1. We expound on this choice of values in the main text and below. Assuming a cell volume of ≈ 1 fL (BNIDs 170 

104843, 100004), 9x103 μM/s equals a fixation rate of roughly 5x106 CO2/s or ≈ 1010 CO2/hr. An E. coli cell 171 

of this volume contains ≈1010 carbon atoms (BNID 103010) and Cyanobacteria do not differ substantially 172 

from E. coli in carbon content (compare BNIDs 105530 and 111459). Therefore, assuming no loss of fixed 173 

carbon, such a Cyanobacterium would double once an hour. Autotrophic respiration, which equals the 174 

difference between gross and net fixation, is typically less than 50% of gross both in pure cyanobacterial 175 

cultures (16) and natural ecosystems (17) implying a doubling time of at most 2 hours.   176 

 177 

Given the model articulated above, a 10% increase in Cin (e.g. due to CA expression) can increase the 178 

rubisco carboxylation rate by at most 10%. As rubisco is required for producing all biomass carbon in 179 

autotrophy, a 10% increase in the rate of rubisco carboxylation can increase the exponential growth rate 180 

by at most 10%. However, in Figures S5-6 the “rubisco alone” strain did not meaningfully grow in 0.5% 181 

CO2 while the strains expressing a CA or Ci transporter grew robustly. These qualitative effects indicated 182 

that we should look for a mechanism that can improve growth by more than ≈10%. As described in the 183 

main text and the following section, the cellular demand for HCO3
-, which is required for several anabolic 184 

carboxylation reactions (18–21), is one such mechanism. 185 

 186 

Notably, CO2 and HCO3
- do interconvert spontaneously. The spontaneous reaction is associated with 187 

relatively slow kinetics, with 𝛿𝑠𝑝𝑜𝑛𝑡 ≈ 10−2 𝑠−1 and 𝜙𝑠𝑝𝑜𝑛𝑡 ≈ 4 × 10−3 𝑠−1 near pH 7 (7, 22). Therefore, 188 

zero CA expression does not entail our above assumption that 𝛿, 𝜙 ≈ 0. Rather, to recover the expression 189 

for Cin above, we require that 𝜙𝑠𝑝𝑜𝑛𝑡 ≪ 𝛽, 𝐾𝐸𝑄𝜙𝑠𝑝𝑜𝑛𝑡 ≪ 𝛼, and  𝛿𝑠𝑝𝑜𝑛𝑡 ≪ 𝛾 = 𝑘𝑐𝑎𝑡[𝑟𝑢𝑏𝑖𝑠𝑐𝑜]/𝐾𝑀. The 190 

latter is true for any modest level of rubisco expression: as typical rubiscos have 𝑘𝑐𝑎𝑡/𝐾𝑀  ≈  105 𝑀−1𝑠−1 191 

(9) and a bacterial rubisco should have a concentration of at least 10-6 M (23), 𝛾 ≥ 10 𝑠−1 ≫ 𝛿𝑠𝑝𝑜𝑛𝑡  (Fig. 192 

S9). Similarly, 𝛽 = 𝑆𝐴 × 𝑃𝐻/𝑉 ≈ 10−2 𝑠−1 is roughly five times larger than 𝜙𝑠𝑝𝑜𝑛𝑡  near pH 7 (7). Finally, 193 

near pH 7, 𝐾𝐸𝑄 ≈ 10 and so 𝐾𝐸𝑄𝜙𝑠𝑝𝑜𝑛𝑡 ≈ 4 × 10−2 𝑠−1. This value is similar in scale to 𝛽, which is 2-3 194 

https://paperpile.com/c/L9M8Jt/wbuf+zbMq
https://paperpile.com/c/L9M8Jt/Drhj+kY9g+e6GW
https://paperpile.com/c/L9M8Jt/jHih
https://bionumbers.hms.harvard.edu/bionumber.aspx?id=104843&ver=3
https://bionumbers.hms.harvard.edu/bionumber.aspx?id=100004&ver=20
https://bionumbers.hms.harvard.edu/bionumber.aspx?id=103010
https://bionumbers.hms.harvard.edu/bionumber.aspx?id=105530
https://bionumbers.hms.harvard.edu/bionumber.aspx?id=111459
https://paperpile.com/c/L9M8Jt/bPKS
https://paperpile.com/c/L9M8Jt/yH2u
https://paperpile.com/c/L9M8Jt/04uK+x3u8+YWZZ+45sP1
https://paperpile.com/c/L9M8Jt/i2jI+yyyo
https://paperpile.com/c/L9M8Jt/wbuf
https://paperpile.com/c/L9M8Jt/5Ckm
https://paperpile.com/c/L9M8Jt/yyyo


 

orders smaller than 𝛼 (7). Therefore, the simplified equation above is supported near pH 7.  195 

A model of autotrophy including the HCO3
--dependence of growth   196 

Our above calculation indicated to us that CA cannot act as a CO2 pump and that, therefore, some factor 197 

is missing from the naive model of autotrophy given above. We assume that the missing factor is the 198 

ubiquitous dependence of microbial growth on HCO3
-. This dependence is well-documented for 199 

heterotrophic microbes and stems from the use of bicarbonate-dependent carboxylases in nucleotide, 200 

amino acid, and lipid biosynthesis (18–20). Similar dependencies have been observed in land plants (21) 201 

and manually-curated metabolic models of autotrophs include these same reactions (21, 24, 25), 202 

indicating that this dependence of growth on HCO3
- is very widespread, perhaps even universal. 203 

Furthermore, our data demonstrate that the model bacterial chemolithoautotroph, C. necator, depends 204 

on CA for robust growth in relatively low CO2 levels (1.5% or lower, Fig. 5B). As this growth defect is 205 

complemented by expression of the DAB2 Ci transporter (Fig 5B), we interpret these data as supporting 206 

the hypothesis that C. necator depends on HCO3
- for autotrophic growth in ambient air.  207 

 208 

We therefore augmented our model to reflect the apparent ubiquity of bicarbonate dependence by 209 

including (i) an HCO3
- consuming flux, −𝜔𝐻𝑖𝑛 , representing bicarbonate-dependent carboxylation in 210 

central metabolism (henceforth “bicarboxylation”) and (ii) a flux, +𝜒𝐻𝑜𝑢𝑡, producing intracellular HCO3
- 211 

representing energized bicarbonate uptake systems like the DABs (26) or Cyanobacterial sbtA transporters 212 

(27, 28). 213 

𝑑𝐶𝑖𝑛

𝑑𝑡
= 𝛼(𝐶𝑜𝑢𝑡 − 𝐶𝑖𝑛) − 𝛾𝐶𝑖𝑛 − (𝛿𝐶𝑖𝑛 − 𝜙𝐻𝑖𝑛) 214 

𝑑𝐻𝑖𝑛

𝑑𝑡
= 𝛽(𝐻𝑜𝑢𝑡 − 𝐻𝑖𝑛) + (𝛿𝐶𝑖𝑛 − 𝜙𝐻𝑖𝑛)  + 𝜒𝐻𝑜𝑢𝑡 − 𝜔𝐻𝑖𝑛   215 

 216 

Following the example of the Farquahar model of photosynthesis (29), we assume that the flux to biomass 217 

JB is determined as the minimum of two fluxes: the CO2-dependent flux through rubisco (𝛾Cin) and flux 218 

through HCO3
- dependent carboxylation reactions (𝜔Hin). This is co-limitation expressed as JB = min(𝛾Cin, 219 

𝜔Hin / q) where q is the fraction of biomass carbon deriving from HCO3
-. The exponential growth rate 𝜆 220 

can be estimated from JB by noting that a typical bacterial cell contains ≈1010 carbon atoms (BNID 103010). 221 

For simplicity we ignore the carbon cost of cellular maintenance, though this could be included in future 222 

renditions of the model.  223 

 224 

Steady-state solutions are given below. These values determine the steady-state rates of rubisco 225 

carboxylation and bicarboxylation, which, in turn, determines the biomass production flux and 226 

exponential growth rate.  227 

 228 

𝐶𝑖𝑛 =
𝐶𝑜𝑢𝑡(𝐾𝐸𝑄𝜙(𝛽 +  𝜒)  +  𝛼(𝛽 +  𝜙 +  𝜔))

𝛽(𝛾 +  𝛿)  +  𝛾𝜙 +  𝜔(𝛾 +  𝛿)  +  𝛼(𝛽 +  𝜙 +  𝜔)
 229 

𝐻𝑖𝑛 =
𝐶𝑜𝑢𝑡(𝛼𝛿 +  𝐾𝐸𝑄(𝛼 +  𝛾 +  𝛿)(𝛽 +  𝜒))

𝛽(𝛾 +  𝛿)  +  𝛾𝜙 +  𝜔(𝛾 +  𝛿)  +  𝛼(𝛽 +  𝜙 +  𝜔)
 230 

 231 

https://paperpile.com/c/L9M8Jt/yyyo
https://paperpile.com/c/L9M8Jt/04uK+x3u8+YWZZ
https://paperpile.com/c/L9M8Jt/45sP1
https://paperpile.com/c/L9M8Jt/JUIat+xXnnq+45sP1
https://paperpile.com/c/L9M8Jt/uY5PW
https://paperpile.com/c/L9M8Jt/CRGS+0OaV
https://paperpile.com/c/L9M8Jt/KLMl
https://bionumbers.hms.harvard.edu/bionumber.aspx?id=103010&ver=6


 

It is evident from these expressions that the rate of biomass production JB = min(𝛾Cin, 𝜔Hin / q) will depend 232 

on Hin in some circumstances and on Cin in others. For example, if we assume 𝛿, 𝜙, 𝝌 ≈ 0, we find Hin = Cout 233 

Keq 𝛽 / (𝛽 + 𝜔). Therefore, if CA and Ci uptake activities are negligible and the HCO3
- permeability 𝛽 is much 234 

smaller than the bicarboxylaton activity 𝜔, Hin will be small and growth will be limited by low 235 

bicarboxylation flux. In the following sections we describe how we set reasonable ranges for all model 236 

parameters in order to examine the dependence of autotrophic biomass production on the activity of 237 

rubisco, CA, and Ci uptake systems.  238 

Choosing realistic ranges for parameter values 239 

We assume the pH is the same both inside and outside the cell for simplicity. Furthermore, we choose pH 240 

7.1 since the effective pKa between CO2 and HCO3
- is roughly 6.1 in biological salt concentrations (see 241 

supplement of (7) for detail). According to the Henderson-Hasselbalch relation, pH = pKa + log10([HCO3
-242 

]/[CO2]), so the choice of pH = 7.1 sets the equilibrium constant KEQ(pH) = [HCO3
-]/[CO2] = 101 both inside 243 

and outside the cell (7).  244 

 245 

Since we endeavor to explain phenotypes observed in relatively low CO2 levels (e.g. ambient air in Fig. 6 246 

and 0.5-1.5% CO2 in Figs. 4-5), we assume the extracellular CO2 concentration is in Henry’s law equilibrium 247 

with present day atmosphere (≈0.04% CO2). This gives Cout ≈ 15 μM (7, 30) and, with KEQ = 10, Hout = 150 248 

μM. For the permeability of the cell membrane to CO2 and HCO3
-, we use PC = 3x103 μm/s and PH = 103.2-249 

pH x 30 μm/s ≈ 4x10-3 μm/s following (7). The latter relation calculates the permeability of HCO3
- from its 250 

pH-dependent abundance and the permeability of H2CO3, assuming that HCO3
- has negligible permeability 251 

when compared to H2CO3 due to its charge. This calculation is described in detail in the supplement of (7). 252 

We multiply these permeabilities by the surface area to volume ratio SA/V ≈ 4 μm-1 to obtain estimates of 253 

𝛼 ≈ 1. 2 × 104 𝑠−1  and 𝛽 ≈ 1.6 × 10−2 𝑠−1.  254 

 255 

We are left to choose ranges for the enzymatic activity parameters 𝛾, 𝛿, 𝜙, 𝜔 and 𝜒. First, we note that 256 

the the CA activity parameters 𝛿 and 𝜙 must be must be consistent with the equilibrium constant KEQ (i.e. 257 

must obey the Haldane relation). If the CA reaction was allowed to equilibrate, it would carry no net flux 258 

and 𝛿𝐶𝑖𝑛 − 𝜙𝐻𝑖𝑛 = 0. In these conditions 𝐾𝐸𝑄 =
𝐻𝑖𝑛

𝐶𝑖𝑛
=

𝛿

𝜙
, giving 𝜙 =

𝛿

𝐾𝐸𝑄
.  259 

 260 

To set ranges for enzyme activities 𝛾 (rubisco carboxylation) and 𝛿 (CO2 hydration by CA), we reviewed 261 

literature values for kcat/KM for rubiscos (9) and CA (10, 31). The geometric mean of measured rubisco 262 

kcat/KM values is ≈ 0.2 μM-1 s-1 with a multiplicative standard deviation of roughly two-fold (Figure S9). A 263 

typical protein concentration might range between 0.1 and 100 μM (23). As rubisco is typically one of the 264 

most abundantly expressed proteins in autotrophic cells (32), we extend this range to 0.1 μM - 1 mM 265 

implying that 𝛾 ranges from ≈10-2-103 s-1. Note that we are using μM units for both the enzyme and 266 

substrate so that 𝛾𝐶𝑖𝑛 has units of μM/s carbon consumed. For CA, the geometric mean kcat/KM value in 267 

the direction of CO2 hydration is ≈ 20 μM-1 s-1 with a multiplicative standard deviation of roughly seven-268 

fold (Figure S9). CA is not typically as highly-expressed as rubisco, so a plausible range for 𝛿 is perhaps 0.1-269 
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104 s-1 when a CA is expressed. As noted above, the spontaneous reaction is characterized by 𝛿𝑠𝑝𝑜𝑛𝑡 ≈270 

10−2 𝑠−1.  271 

 272 

When environmental CO2 concentrations are sufficiently high, rubisco and CA can become CO2 saturated 273 

and our assumption of linear kinetics is violated as enzymatic rates become zero order (i.e. independent 274 

of substrate concentrations Cin and Hin). This can be addressed by a simple modification of the model, 275 

setting the rubisco rate to kcat [rubisco] and the CA rate to (kcat,H - kcat,D)[CA] as appropriate. Here kcat,D is 276 

the kcat in the direction of CO2 hydration and kcat,D is calculated from kcat,H via the Haldane relation as 277 

described above. This latter relation supposes that CA is substrate-saturated in both hydration and 278 

dehydration directions, i.e. saturated by CO2 and HCO3
- both. When such a model is appropriate, realistic 279 

kcat values are required. Figure S10 shows that rubisco kcat values range from roughly 1-10 s-1 (geometric 280 

mean 3.3 s-1 with a multiplicative standard deviation of 1.5 fold) and kcat values for CA-catalyzed CO2 281 

hydration range from ≈104-106 s-1 (geometric mean 1.3x105 s-1 with a multiplicative standard deviation of 282 

6.4 fold).  283 

 284 

Only 𝜔 and 𝜒 remain to be set. We chose 𝜔 = 𝛾 / q with q = 100 to reflect our assumption that both 285 

rubisco and bicarboxylation processes contribute to biomass production in a roughly fixed proportion 286 

(q), but that rubisco is responsible for the production of nearly all biomass carbon in autotrophy (we 287 

assume 99%) and bicarboxylation is responsible for the remainder (1%). We used the same value of 𝑞 in 288 

calculating the biomass flux from the principle of co-limitation, i.e. JB = min(𝛾 Cin, 𝜔Hin / q). This amounts 289 

to assuming that the cell regulates the bicarboxylation and rubisco capacities to match their relative 290 

contributions to biomass production. Our assumption that 𝜔 is proportional to 𝛾 can be omitted, but 291 

this yields a model with an additional free parameter that is challenging to constrain from data.  292 

 293 

To set 𝜒, we consider measurements of saturated Ci uptake rates in Cyanobacteria, which are on the 294 

order of 10-100 μmol per mg chlorophyll per hour (33). Since a typical cyanobacterial cell contains ≈10-11 295 

mg chlorophyll (34), the per-cell rates are at most 10-9 μmol/hour, or 3x10-13 μmol/s into a volume of 296 

≈1.5 μm3 = 1.5x10-15 L. Uptake rates in this range would contribute ≈ +200 μM/s to dHin/dt. If 𝜒 𝐻𝑜𝑢𝑡 ≤297 

200 𝜇𝑀/𝑠 and 𝐻𝑜𝑢𝑡 = 100 − 2000 𝜇𝑀 depending on the pH then  𝜒 ≤ 2 𝑠−1. Note that Figure 7 and 298 

S11-14 use wider ranges for 𝛾, 𝛿 and 𝜒 than calculated here in order to illustrate the behavior of the 299 

model with two-dimensional plots.  300 

On the requirement for bicarbonate for biosynthesis 301 

One way to examine the role of bicarbonate dependent carboxylation in our model is to set the 302 

bicarboxylation rate constant 𝜔 = 0. This gives  303 

 304 

𝐶𝑖𝑛 =
𝐶𝑜𝑢𝑡(𝛼(𝛽 +  𝜙)  +  𝐾𝐸𝑄𝜙(𝛽 +  𝜒))

𝛽(𝛼 +  𝛾 +  𝛿)  +   𝜙(𝛼 +  𝛾)
 305 

𝐻𝑖𝑛 =
𝐶𝑜𝑢𝑡(𝛼𝛿 +  𝐾𝐸𝑄(𝛼 +  𝛾 +  𝛿)(𝛽 +  𝜒))

𝛽(𝛼 +  𝛾 +  𝛿)  +   𝜙(𝛼 +  𝛾)
 306 

 307 
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We see that Cin and Hin remain interdependent, i.e. the processes that produce Hin like CO2 hydration by 308 

carbonic anhydrase (𝛿) and active Ci uptake (𝜒) are represented in the equation for Cin and vice versa. 309 

Nonetheless, these processes have negligible effect on CO2 fixation by rubisco because (i) Cin uniquely 310 

determines the rubisco rate in our model, and (ii) literature values for CO2 permeability are high enough 311 

that (iii) rubisco cannot reduce Cin much beneath Cout, as described above. Figures S12 and S14 illustrate 312 

this point by showing that order-of-magnitude changes to 𝛿, 𝜒 and 𝛾 do not substantially affect Cin. In 313 

particular, in Figure S12A, Cin ≈ Cout until rubisco activity reaches very high levels 𝛾 ≈ 104 s-1. This is a 314 

simple consequence of the fact that the measured CO2 permeability of biological membranes (𝛼) is quite 315 

high. Figure S13 illustrates this point using a model with substantial Ci uptake activity (𝜒 = 100 s-1) and an 316 

unrealistically low value of 𝛼 = 12 s-1 (1000-fold smaller than we estimated above). Very low 𝛼 values 317 

enable CA and Ci uptake to act in concert to pump CO2 into the cell by (i) actively taking up HCO3
-, and 318 

(ii) converting HCO3 into CO2 via CA, which is (iii) retained in the cell when the membrane permeability 319 

to CO2 (𝛼) much smaller than calculated or measured (12, 14).  320 

 321 

If order-of-magnitude changes to 𝛿 and 𝜒 do not affect Cin (when realistic 𝛼 values are used), then the 322 

rubisco carboxylation flux cannot change and we must invoke another mechanism to explain the 323 

observed phenotypes. As discussed in the main-text and above, we assumed that the ubiquitous 324 

requirement for HCO3
- as the substrate for biosynthetic carboxylases is the underlying mechanism. Once 325 

we described the growth rate as mathematically coupled to both rubisco carboxylation of CO2 and 326 

biosynthetic carboxylation of HCO3
-, we found that changes in CA and Ci uptake activities do produce 327 

changes in growth (Figure S12).  328 

A quantitative view of futile cycling 329 

Figures 7C and S14 document the effects of simultaneously varying CA activity (𝛿) and Ci uptake (𝜒) on 330 

the co-limitation model of autotrophic growth, showing that futile cycling only occurs when both 331 

activities are present at high levels. As discussed in the main-text, this quantitative view helped us 332 

understand why co-expression of CA and Ci uptake activities was not deleterious to CCMB1 or C. necator 333 

(Figures 4-5), but rather beneficial to CCMB1, enabling modest growth in ambient air (Figure 6). This 334 

understanding relies on a fundamental difference between CA and Ci uptake: that Ci uptake is energized 335 

and can work against equilibrium, while CAs are not coupled to any energy source and cannot.  336 

 337 

Given that CAs are not energy-coupled, they cannot cause any leakage or futile cycling on their own. 338 

This is clearly seen by considering Figure 7C or the bottom row of S14: if CA activity 𝛿 was increased 339 

while Ci uptake 𝜒 is kept low, the modeled cell did not leak Ci. At best, CA expression can lead to 340 

equilibration of the Ci pools on both sides of the membrane (Figure S14A-B). Based on a variety of 341 

experiments, Ci uptake systems are considered to use energy to concentrate HCO3
- in the cytoplasm 342 

either by pumping extracellular HCO3
- or by energy-coupled hydration of CO2 at the cell membrane. The 343 

energy sources used range from ATP to redox and ion gradients (26, 35, 36). Regardless of the 344 

underlying mechanism, our current understanding of the CCM requires a high intracellular HCO3
- 345 

concentration that is, crucially, not in equilibrium with CO2 (7, 37, 38). This is understood to be the 346 
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reason that expression of cytoplasmic CA activity is highly deleterious to photosynthesis and growth in 347 

model Cyanobacteria (37).  348 

 349 

Energy-coupled Ci uptake can therefore concentrate HCO3
- in the cytosol and HCO3

- spontaneously 350 

dehydrates to CO2 on a timescale of ≈10 s (7, 22). High 𝜒 values can therefore produce Ci leakage on 351 

their own, which can be seen in Figure 7C and S14 where very high 𝜒 values lead to both CO2 and HCO3
- 352 

leakage, i.e. JL,B, JL,H > 0. Leakage of CO2 indicates that some HCO3
- dehydrates to CO2, some of which can 353 

be used by rubisco. This effect is amplified by CA expression: when 𝛿 was increased at high 𝜒, zero 354 

leakage (JL,tot = JL,B + JL,H = 0) could be achieved at relatively lower 𝜒 (Figure 7C and bottom row of S14) 355 

without altering the flux to biomass (JB) substantially (depicted in log-scale in Figure S14I). According to 356 

our model, therefore, modest co-expression of CA and Ci uptake can reduce energy expended on 357 

pumping and balance the supply of CO2 and HCO3
- with the cellular demand for rubisco and 358 

bicarboxylation flux. 359 

 360 

When 𝛿 and 𝜒 were both set to high values, the model produced substantial futile cycling with JL,tot / JB ≈ 361 

100 in extreme cases. First note that these values of 𝛿 = 𝜒 = 103 s-1  are several orders higher than the 362 

upper bounds we estimated above. Nonetheless, we can ask whether such a leakage rate should be 363 

expected to be deleterious to growth by comparing the energy expended on Ci pumping and CO2 364 

fixation. Ci pumping consumes ≈ 1 ATP/carbon (7, 36) while CO2 fixation in the Calvin-Benson-Bassham 365 

cycle consumes 2.3 ATP/carbon (39, 40). Therefore, JL,tot / JB ≈ 100 implies that 40-50 times more cellular 366 

energy is expended on Ci pumping than on CO2 fixation.  367 

 368 

  369 
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Supplementary Figures 370 

 371 
Figure S1: H. neapolitanus CCM mutants grow 5% CO2 but not in ambient air. Quantification of panel B of Fig. 1. 372 
Wild-type H. neapolitanus (WT) grows well in 5% CO2 (dark purple) and ambient air (0.04% CO2, lighter purple), 373 
producing > 108 colony forming units per milliliter of culture in both conditions. Mutants lacking genes coding for 374 
essential CCM components grow in elevated CO2 (dark purple) but fail to grow in ambient air (light purple). The 375 
ΔcsosCA strain lacks the gene coding for the carboxysomal carbonic anhydrase (csosCA) while the Δcsos2 strain 376 
lacks the gene coding for an unstructured protein, csos2, required for carboxysome formation (41, 42). These 377 
mutant strains both failed to grow in ambient air (“no growth”), but grew robustly in 5% CO2 (≈108 colony forming 378 
units/ml). Bar heights give the mean of counts for three biological replicates, which each represent the mean of 379 
three technical replicates. Error bars give the standard deviation of the mean. See Table S4 for full description of 380 
strains and mutations. 381 
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 382 
Figure S2: Reproducibility of H. neapolitanus fitness measurements across replicate experiments in the same 383 
CO2 environment. All CO2 conditions were assayed via duplicate cultures with biologically independent pre-384 
cultures, except for the 5% CO2 condition which was assayed in biological quadruplicate. Scatterplots show the 385 
correlation between replicates for those genes which produced high confidence fitness measurements in both 386 
replicates, with known CCM genes in purple and all other genes in grey. The Pearson correlation R is given for all 387 
pairs of replicates plotted and exceeds 0.85 in all cases. Marginal distributions of per-replicate fitness effects are 388 
given by the “rug” along the axes. As CCM gene disruptions (purple) represent the largest fitness effects observed 389 
in lower CO2 conditions, the range of fitness effects decreases with increasing CO2.  390 



 

 391 
Figure S3: Contributions H. neapolitanus CCM genes to organismal fitness across five environmental CO2 392 
concentrations. As in Figure 2, data derive from batch competition assays of a barcoded whole-genome insertional 393 
mutagenesis library (RB-TnSeq) developed in (26). Data for ambient and 5% CO2 conditions are reproduced from 394 
that reference, while data 0.5%, 1.5% and 10% CO2 conditions were collected for this study. Each competition 395 
assay was performed in duplicate, except for the 5% CO2 condition, which was performed in quadruplicate (i.e. 396 
biological duplicate in each study). We manually divided CCM-associated genes into several categories based on 397 
their known or presumed roles. The correspondence between genes and categories is given Table S1. The figure 398 
plots the fitness effects of knockouts for each gene category as a function of the CO2 level and include three 399 
additional categories of genes omitted from Figure 2: putative transcriptional regulators of the CCM, rubisco 400 
chaperones, and the non-carboxysomal Form II rubisco (“non-carboxysomal rubisco”). The presence of a non-401 
carboxysomal rubisco explains why mutations disrupting the carboxysomal enzyme are not very deleterious in 5-402 
10% CO2: the secondary rubisco is expressed in those conditions (43). The interpretation of fitness results is 403 
complicated by genetic redundancy for several other gene categories as well. For example, the H. neapolitanus 404 
genome encodes 6 carboxysome shell proteins, which differ in their abundances (44) and could have overlapping 405 
roles in the carboxysome structure (36, 45). Five of these proteins are encoded by genes in the major carboxysome 406 
operon (26, 36), which can cause polar effects where the knockout of an upstream gene has a larger effect due to 407 
perturbation of transcription of genes encoded downstream (46). Likewise, H. neapolitanus has two DAB-type Ci 408 
uptake complexes. These complexes are encoded by 2-3 genes each and are both functional when expressed in E. 409 
coli (26, 47), which may explain the complex CO2-dependent phenotypes observed for “Ci transport” genes. The 410 
“regulation” and “rubisco chaperones” categories are more ad-hoc, as they group multiple genes with poorly-411 
documented roles. Knockout of the rubisco chaperone acRAF, for example, is associated with sizable CO2-412 
dependent fitness defect, though it is as-yet unclear what role this gene plays in rubisco or carboxysome 413 
biogenesis in bacteria (1, 48).  414 
 415 
 416 
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 417 
Figure S4: Growth curves testing the effect of rubisco encapsulation on the growth of CCMB1 in various CO2 418 
pressures. Each panel displays four biological replicate growth curves grown in four CO2 pressures marked. The 419 
CO2 pressure is denoted by the shade of orange in each panel. Figure 3 plots the endpoint densities of these curves 420 
(density at 100 hours). The CCMB1 E. coli strain grows in elevated CO2 (1.5 and 5%) when rubisco is expressed 421 
(“Rubisco Alone”, top left). Expressing the full complement of CCM genes (“Full CCM”, top middle) permits growth 422 
in all CO2 levels. Omitting the DAB-type Ci transporter from this construct (“Encap. Rub. + CA”, top right) 423 
nonetheless improves growth above the “Rubisco Alone” baseline in 0.5% and 1.5% CO2. Mutating a single amino 424 
acid on rubisco (CbbL Y72R) eliminates carboxysome localization by abolishing Csos2 binding (42). Introducing this 425 
mutation to a “Full CCM” construct  (“Cytosolic Rub.”, bottom left) abolishes growth in atmosphere, as reported in 426 
(1), but not in 0.5% CO2 or higher. Therefore, carboxysome localization of rubisco is not required for robust growth 427 
in 0.5% CO2. Removing carboxysomal CA activity from the “Encap Rub. + CA” construct by active site mutation 428 
(CsosCA C173S) abolishes the growth improvement observed when active CA is present (“Encapsulated Rub. 429 
Alone”, bottom middle). This result implies that the robust growth observed for “Cystolic Rub.” and “Encap 430 
Rub.+CA” strains was due to the presence of carbonic anhydrase activity. A negative control strain carrying inactive 431 
rubisco (“Encap Rub.-”, CbbL K194M) fails to grow in any condition, as expected. See Table S4 for strains, Table S5 432 
for plasmids and Methods for growth conditions. 433 
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 434 
Figure S5: Assessment of statistical significance of differences in endpoint culture densities for CCMB1 strains 435 
testing rubisco encapsulation. Data and labels are identical to Figure 3, but reordered to group different strains 436 
grown in the same CO2 condition. P-values were calculated by comparison to the ‘Rubisco Alone’ reference strain 437 
using a Bonferroni-corrected two-sided Mann-Whitney-Wilcoxon test. ‘*’ denotes p < 0.05, ‘**’ denotes p < 0.01, 438 
and ‘***’ denotes p <0.001. ‘ns’ denotes ‘not significant’ at the 5% threshold after Bonferroni correction.  439 
 440 
  441 



 

 442 
Figure S6: Growth curves testing the expression of CA and DAB-type Ci transporters on the growth of CCMB1 in 443 
various CO2 pressures. Each panel displays four biological replicate growth curves grown in the four CO2 pressures 444 
marked. pCO2 pressure is denoted by the shade of orange in each panel. Labels are identical to Figure 4, which 445 
plots the endpoint densities of these curves (i.e. the density at 100 hours). 446 
 447 
  448 



 

 449 
Figure S7: Assessment of statistical significance of differences in endpoint culture densities for CCMB1 strains 450 
testing expression of CA and DAB-type Ci transporters. Data and labels are identical to Figure 4, but reordered to 451 
group different strains grown in the same CO2 condition. P-values were calculated by comparison to the ‘Rubisco 452 
Alone’ reference strain using a Bonferroni-corrected two-sided Mann-Whitney-Wilcoxon test. ‘*’ denotes p < 0.05, 453 
‘**’ denotes p < 0.01, and ‘***’ denotes p <0.001. ‘ns’ denotes ‘not significant’ at the 5% threshold after 454 
Bonferroni correction.  455 
  456 



 

 457 
Figure S8: Assessment of statistical significance of differences in endpoint culture densities for C. necator strains 458 
testing expression of CA and DAB-type Ci transporters. Data and labels are identical to Figure 5, but reordered to 459 
group different strains grown in the same CO2 condition. P-values were calculated by comparison to the ‘Rubisco 460 
Alone’ reference strain using a Bonferroni-corrected two-sided Mann-Whitney-Wilcoxon test. ‘*’ denotes p < 0.05, 461 
‘**’ denotes p < 0.01, and ‘***’ denotes p <0.001. ‘ns’ denotes ‘not significant’ at the P = 0.05 threshold after 462 
Bonferroni correction.  463 
 464 
  465 



 

 466 
Figure S9: Growth curves and assessment of statistical significance for CCMB1 strains grown in ambient air. Left 467 
panel gives growth curves for 4 biological replicates of each strain described in Figures 4 and 6. The right panel 468 
compares the terminal optical densities for the four strains. P-values were calculated by comparison to the 469 
‘Rubisco Alone’ reference strain using a Bonferroni-corrected two-sided Mann-Whitney-Wilcoxon test. ‘*’ denotes 470 
p < 0.05, ‘**’ denotes p < 0.01, and ‘***’ denotes p <0.001. ‘ns’ denotes ‘not significant’ at the 5% threshold after 471 
Bonferroni correction. 472 
  473 



 

 474 
Figure S10: Literature values of rubisco and carbonic anhydrase kinetic parameters. In the Michaelis-Menten 475 
formalism (49, 50) the kcat gives the substrate-saturated per-active site rate (top panels, s-1 units), the KM denotes 476 
the substrate concentration at which an enzyme-catalyzed reaction achieves half the kcat (middle panel, uM units) 477 
and kcat/KM gives the per-active site rate in the limit of low substrate concentrations ([S] ≪ KM). Rubisco data is drawn 478 
from (9) and CA data from (10). Carboxysomal rubiscos are of the form I (FI) variety that is also found in land plants 479 
(9, 36). The H. neapolitanus genome also encodes auxiliary form II (FII) rubisco. These isoforms typically have higher 480 
kcat values, but also lower affinity towards CO2, i.e. higher CO2 KM values than FI enzymes (51). Less data is available 481 
about the kinetics of Form III (FIII) and form II/III (F2/3) rubiscos (52). Notice that KM values for FI rubiscos are 482 
comparable to CO2 concentrations in water equilibrated with present day atmosphere at 25 °C, indicated by the 483 
dashed gray line marked 0.04% CO2 (23). Similarly, KM values associated with CA-catalyzed hydration of CO2 greatly 484 
exceed the equilibrium CO2 concentrations. Less data is available about the kinetics of Form III (FIII) and form II/III 485 
(F2/3) rubiscos (52). The empirical median kcat/KM value is 0.2 uM-1 s-1 (interquartile range 0.17-0.27 uM-1 s-1) for FI 486 
rubiscos and 20 uM-1 s-1 for CA catalyzed hydration of CO2 (interquartile range 5-98 uM-1 s-1).   487 

https://paperpile.com/c/L9M8Jt/xLEW+0VDO
https://paperpile.com/c/L9M8Jt/wbuf
https://paperpile.com/c/L9M8Jt/v2dU
https://paperpile.com/c/L9M8Jt/mkKJ+wbuf
https://paperpile.com/c/L9M8Jt/sQL1
https://paperpile.com/c/L9M8Jt/ThTK
https://paperpile.com/c/L9M8Jt/5Ckm
https://paperpile.com/c/L9M8Jt/ThTK


 

 488 
Figure S11: The effects of individually varying CA activity (𝛿), Ci uptake (𝜒), and the extracellular CO2 concentration 489 
(Cout) on growth in the co-limitation model of autotrophic growth. Panel (A) is identical to main text Figure 7B 490 
showing that the model exhibits two regimes: one wherein growth is limited by rubisco flux and another where it 491 
was limited by bicarboxylation flux. At low rubisco levels (lighter-colored lines), growth is rubisco-limited: increasing 492 
rubisco activity (darker lines) produced faster growth, but the growth rate was insensitive to increasing 𝛿 because 493 
slow CO2 hydration provided sufficient HCO3

- to keep pace with rubisco. At higher rubisco levels (maroon lines), 494 
growth was bicarboxylation-limited and increasing 𝛿 was required for increasing rubisco activity to translate into 495 
faster growth. (B) Varying Ci uptake activity 𝜒 led to similar effects. As we assume a spontaneous level of CO2 496 
hydration even in the absence of CA (𝛿 = 10-2 s-1), very high 𝜒 values can increase growth by producing CO2 for rubisco 497 
in the rubisco-limited regime. This phenomenon is only apparent at when 𝜒 is implausibly large and the rubisco 498 
activity 𝛾 is small, but is nonetheless instructive for understanding the distinctions between CA and energized Ci 499 
uptake. (C) As our co-limitation model is linear, varying the external CO2 concentration produces a proportional 500 
increase in the rubisco flux. Additionally, because we assume extracellular HCO3

- and CO2 are in equilibrium with 501 
respect to the pH, Hout increases proportionally with Cout and supplies sufficient HCO3

- by passive diffusion and 502 
spontaneous hydration of CO2. However, notice that growth does not increase in proportion with rubisco activity as 503 
in panels A-B (solid lines represent 𝛾 values evenly-spaced on a log scale) because, at higher 𝛾 = q𝜔 values, passive 504 
diffusion and spontaneous hydration of CO2 are insufficient to supply HCO3

- required for a proportional increase. 505 
This can be seen by considering the difference between the solid maroon line (CA 𝛿 = 10-2 s-1) and the dashed one (𝛿 506 
= 10 s-1).  507 
 508 
 509 



 

510 
Figure S12: Rubisco and bicarboxylation-limited growth regimes in the co-limitation model. In each panel, the x-511 
axis gives the CA activity 𝛿 in s-1 units and the y-axis the rubisco activity 𝛾 in the same units. Color in the filled 512 
contour plots gives the quantity named in each panel title. We set CO2 permeability 𝛼 = 1.2x104 s-1 and HCO3

- 513 
permeability 𝛽 = 1.5 x 10-2 s-1 as calculated in the supplementary text. The Ci uptake activity 𝜒  was set to 0 for all 514 
panels. (A-B) Cin and Hin are the intracellular CO2 and HCO3

- concentrations, respectively. Notice that Cin varies little 515 
over orders of magnitude changes in 𝛾 and is independent of CA activity 𝛿 as discussed in the main text. (D-E) JL,C = 516 
-𝛼(Cout - Cin) and JL,H = -𝛽(Hout - Hin) represent the flux of CO2 and HCO3

-  leakage from the cell. JL,C is positive when 517 
Cin > Cout and negative when Cin < Cout and there is net passive diffusion of CO2 into the cell. As we set 𝜒 = 0, both 518 
leakage fluxes are uniformly negative here, connoting passive uptake of both CO2 and HCO3

-. (F) JL,tot = JL,C + JL,H is 519 
the total flux of Ci leakage from the cell. Notice that JL,H contributes negligibly to JL,tot here because no HCO3

- is 520 
pumped when 𝜒 = 0. (G) The rubisco carboxylation flux is calculated as 𝛾 Cin. Given these permeability values, the 521 
rubisco flux is independent of CA activity (𝛿, x-axis) because passive diffusion of CO2 across the membrane is 522 
sufficient to supply even very high rubisco activities (𝛾, y-axis). In contrast, panel (H) gives the bicarboxylation flux 523 
𝜔Hin, which varies with both 𝛿 and 𝛾. The dependence on 𝛾 is an artifact of our assumption that bicarboxylation 524 
capacity 𝜔 is proportional to 𝛾. The dependence on 𝛿 is due to the value of 𝛽, which is low enough that passive 525 
diffusion of HCO3

- across the cell membrane is insufficient at higher 𝜔 = 𝛾 / q. (I) The flux to biomass is calculated 526 
as JB = min(𝛾Cin, 𝜔Hin / q). When rubisco activity 𝛾 is low,  JB is rubisco-dependent, i.e. depends on 𝛾 but not on 𝛿. 527 
When 𝛾 is larger, however, JB can be bicarboxylation-limited, i.e. depend on 𝛿 (via bicarboxylation) but not on 𝛾.  528 
Panel (C) gives JL,tot / JB as a proxy for the energetic efficiency of growth. Here this value is always negative because 529 
JL,tot < 0.  530 



 

 531 
 532 
 533 
 534 

535 
Figure S13: Unrealistically low CO2 permeabilities permit the co-limitation model to concentrate CO2 536 
intracellularly. In each panel, the x-axis gives the CA activity 𝛿 [s-1] and the y-axis the rubisco activity 𝛾 [s-1]. Color in 537 
gives the quantity named in each panel title. Here CO2 permeability 𝛼 = 12 s-1, HCO3

- permeability 𝛽 = 1.5 x 10-2 s-1 538 
and Ci uptake activity 𝜒 = 100 s-1 for all panels. (A-B) Cin and Hin give intracellular CO2 and HCO3

- concentrations, 539 
respectively. Given the low CO2 permeability 𝛼 and Ci uptake capacity 𝜒, it is possible for the model to pump CO2 540 
such that Cin ≫ Cout = 10 uM. (D-E) JL,C = -𝛼(Cout - Cin) and JL,H = -𝛽(Hout - Hin) represent the flux of CO2 and HCO3

- 541 
leakage from the cell. As we use a large value of 𝜒, both leakage fluxes can adopt large positive values here. (F) JL,tot 542 
= JL,C + JL,H is the total flux of Ci leakage from the cell. Notice that JL,H contributes substantially to JL,tot here because 543 
of substantial HCO3

- pumping (𝜒 ≫ 0). (G) The rubisco carboxylation flux is calculated as 𝛾Cin and depends strongly 544 
on 𝛿 because CA activity produces CO2 from pumped HCO3

- as shown in panel A.  Panel (H) gives the 545 
bicarboxylation flux 𝜔Hin, which also varies with 𝛿 and 𝛾. The dependence on 𝛾 is an artifact of our assumption that 546 
bicarboxylation capacity 𝜔 is proportional to 𝛾. The dependence on 𝛿 is due to CA-catalyzed conversion of pumped 547 
HCO3

- (the bicarboxylation substrate) into CO2. (I) The flux to biomass is calculated as JB = min(𝛾Cin, 𝜔Hin / q). In 548 
contrast to Figure S12, biomass flux now depends on 𝛿 even at low rubisco activities 𝛾. This is due to an 549 
unrealistically low value 𝛼 = 12 s-1, which is 1000-fold lower than estimated and measured for biological 550 
membranes. 551 



 

 552 
Figure S14: The effects of simultaneously varying CA activity (𝛿) and Ci uptake (𝜒) on the co-limitation model of 553 
autotrophic growth. In each panel, the x-axis gives the CA activity 𝛿 in s-1 units and the y-axis the Ci uptake activity 554 
𝜒 in the same units. Color in the filled contour plots gives the quantity named in each panel title. The rubisco activity 555 
𝛾 was set to 100 s-1 for all panels. (A-B) Cin and Hin are the intracellular CO2 and HCO3

- concentrations, respectively. 556 
(D-E) JL,C = -𝛼(Cout - Cin) and JL,H = -𝛽(Hout - Hin) represent the flux of CO2 and HCO3

-  leakage from the cell. JL,C is positive 557 
when Cin > Cout and negative when Cin < Cout and there is net passive diffusion of CO2 into the cell.  (F) JL,tot = JL,C + JL,H 558 
is the total flux of Ci leakage from the cell. Notice that JL,H only substantial contributes substantially to JL,tot when 𝜒 559 
is implausibly high; we calculated a maximum value of 𝜒 ≈ 2 s-1 from physiological measurements of cyanobacteria, 560 
but values of 𝜒 ≈ 103 s-1 are required here for JL,H to contribute noticeably to  JL,tot (compare panels D and F). (G) The 561 
rubisco carboxylation flux is calculated as 𝛾 Cin. Notice that, consistent with our main-text calculation, there is little 562 
variation in Cin (panel A) and, therefore, rubisco carboxylation (panel G) across orders of magnitude changes in 𝛿 and 563 
𝜒. In contrast, panel (H) gives the bicarboxylation flux 𝜔Hin, which varies greatly over the same range due to 564 
substantial variation in Hin (panel B). (I) The flux to biomass is calculated as JB = min(𝛾 Cin, 𝜔Hin / q). When 𝛿 and 𝜒 565 
are both lo, biomass production is limited by bicarboxylation flux (black region in the lower left) but this limitation 566 
is alleviated by increasing either 𝛿 or 𝜒. JB can be increased further if 𝛿 and 𝜒 are both set to very high values (yellow 567 
region on the top right). Panel (C) gives the ratio JL,tot / JB, which is a proxy for the energetic efficiency of autotrophic 568 
growth. When JL,tot is large, there is substantial leakage of Ci. This only occurs when 𝜒 is large, meaning that energy 569 
is “wasted” pumping Ci that subsequently leaks from the cell. JL,tot ≈ 0 is desirable because it connotes balance 570 
between uptake and carboxylation reactions.  571 
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