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1. Frequency and Duty cycle layouts 

 

Figure S1: (a) Layout of frequencies and (b) duty cycles used, the colours indicate a log scale in 

the case of frequency and linear for duty cycle, grayscale colouring indicates continuous 

irradiance cases and light blue indicates empty chambers used as blanks. 

2. Continued exponential growth 

 

Figure S2. Continued exponential growth over two days for the fastest growing case of 215 

μmol·m-2s-1  and the intermediate irradiance of 80 μmol·m-2s-1, for Synechococcus elongatus. 

  



3. Carbon dioxide concentration in the microwells 

The carbon dioxide concentration around the well plate was maintained at 1% during the course 

of the experiment by enclosing the well plate in a clear acrylic box and flushing the box with a 1% 

CO2-in-air gas mixture. This concentration was used to ensure adequate CO2 transport through 

the breathable film and into the culture. Transport through both the breathable film and the cell 

suspension can be understood through Fick’s Law.  

𝐽 = 𝐷
𝜕𝑐

𝜕𝑥
 

Where J is the flux, D the diffusivity, c the concentration and x distance. We can calculate the flux 

required based on (i) the CO2 rate of a cell (roughly 5 x 10 -18 mol/cell*s)1 and (ii) assuming a 

relatively dense cell suspension of 107 cells/ml with (iii) 50 µL of cell suspension per well and each 

well has a surface of (9mm2). The flux is then roughly 3 x 10-7 mol/m2s. To achieve such a flux, the 

concentration gradient across the membrane (dc/dx), assuming a diffusivity through the 

membrane of 5 x 10-8 m2/s2, would need to be roughly 10-2 mol/m3 which would reduce the CO2
 

concentration by less than 10%. Moreover, continued exponential growth suggests that the algae 

are not CO2 limited, since growth did not decrease substantially as the transport requirement 

increased.  

 

 

  



4. Irradiance Spectral Distribution  

A large portion of the irradiance spectrum (figure S3) is in the range of 500-600nm, where the 

absorption of Synechoccus elongatus ranges from 40-60%. This may suggest that light is not well 

absorbed by Synechoccus elongatus, however, light is sufficiently absorbed to drive growth, as 

seen by the saturating relationship between light intensity and growth rate in Figure 2a. 

Specifically, the cells are no longer light-limited for irradiances over 150 µmol·m-2s-1, seen by the 

levelling off in Figure 2a. Both photosystems II and I are excited under this irradiance spectrum, 

since the phycobilisomes absorb light in the 550-650nm range and transfer this light energy to 

either photosystem. 3,4 

 

 

 

Figure S3: Irradiance Spectrum of the light source used here and the absorption spectrum 

of Synechococcus elongatus. Measured with an integrating sphere and spectrometer. 
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5. Schematic representation of the mathematical model 

 

Figure S4: computational model used. The figure from the main text is repeated for convenience 

and the associated equations are derived in full. 

  



6. Nomenclature of Mathematical Model 

I: Irradiance intensity (measured) 

PSU0: Resting Photosynthetic Unit 

PSU*: Activated Photosynthetic Unit 

CAL1
0 

: Inactive Calvin cycle for RuBP regeneration 

CAL1
* 

: Active Calvin cycle for RuBP regeneration 

CAL2
0 

: Inactive Calvin cycle for RuBisCO 

CAL2
* 

: Active Calvin cycle for RuBisCO 

kcal1ON : activation rate of RuBP regeneration (fitted manually) 

kcal1OFF : deactivation rate of RuBP regeneration (fitted manually) 

kcal2ON : activation rate of RuBisCO (fitted manually) 

kcal2OFF : deactivation rate of RuBisCO (fitted manually) 

x* : Fraction of activated PSUs (determined from the model) 

y* : Fraction of active RuBP regeneration (determined from the model) 

z* : Fraction of active RuBisCO (determined from the model) 

xss* : Fraction of activated PSUs at steady state (determined from the model at steady state) 

yss* : Fraction of active RuBP regeneration at steady state (determined from solving the model at 

steady state) 

zss* : Fraction of active RuBisCO at steady state (determined from solving the model at steady 

state) 

R : maximum rate of deactivation of activated photosynthetic units 

K : half saturation constant 

ka : light harvesting constant 

Pm : maximum growth rate (determined by fitting steady state solution) 

Β : maximum rate of deactivation of activated photosynthetic units, relative to the total amount 

of photosynthetic units. (fitted manually) 

α : ratio between enzymatic and photochemical rates (determined by fitting steady state solution) 

κ : half saturation constant, relative to the total amount of photosynthetic units. (fitted) 

 

 



7. Details of Mathematical Model 

This section describes the equations used in the model and shows the steps progressing from the 

formulation of the model, to non-dimensionalization of the model, to solving the systems in both 

steady state and for fluctuating light. Equations (1-6) represent the model scheme, equations (7), 

(8) and (11) are the non-dimensional equations derived from equations (1-6). Equation 12 is used 

to extract data from the continuous light curve. 

For The PSUs 

𝑑𝑃𝑆𝑈0

𝑑𝑡
=  −𝑘𝑎𝐼𝑃𝑆𝑈0 +  

𝐶𝐴𝐿1
∗

𝐶𝐴𝐿1
∗+ 𝐶𝐴𝐿1

0

𝐶𝐴𝐿2
∗

𝐶𝐴𝐿2
∗+ 𝐶𝐴𝐿2

0

𝑅 𝑃𝑆𝑈∗

𝐾𝑠+ 𝑃𝑆𝑈∗     (1) 

𝑑𝑃𝑆𝑈∗

𝑑𝑡
=  𝑘𝑎𝐼𝑃𝑆𝑈0 − 

𝐶𝐴𝐿1
∗

𝐶𝐴𝐿1
∗+ 𝐶𝐴𝐿1

0

𝐶𝐴𝐿2
∗

𝐶𝐴𝐿2
∗+ 𝐶𝐴𝐿2

0

𝑅 𝑃𝑆𝑈∗

𝐾𝑠+ 𝑃𝑆𝑈∗     (2) 

For the degree of Calvin cycle activation, 

𝑑𝐶𝐴𝐿1
0

𝑑𝑡
=  −𝑘𝑐𝑎𝑙1𝑂𝑁𝐶𝐴𝐿0 + 𝑘𝑐𝑎𝑙1𝑂𝐹𝐹𝐶𝐴𝐿∗       (3) 

𝑑𝐶𝐴𝐿1
∗

𝑑𝑡
=  𝑘𝑐𝑎𝑙1𝑂𝑁𝐶𝐴𝐿0 − 𝑘𝑐𝑎𝑙1𝑂𝐹𝐹𝐶𝐴𝐿∗       (4) 

𝑑𝐶𝐴𝐿2
0

𝑑𝑡
=  −𝑘𝑐𝑎𝑙2𝑂𝑁𝐶𝐴𝐿0 + 𝑘𝑐𝑎𝑙2𝑂𝐹𝐹𝐶𝐴𝐿∗       (5) 

𝑑𝐶𝐴𝐿2
∗

𝑑𝑡
=  𝑘𝑐𝑎𝑙2𝑂𝑁𝐶𝐴𝐿0 − 𝑘𝑐𝑎𝑙2𝑂𝐹𝐹𝐶𝐴𝐿∗       (6) 

Where kcal1ON and kcal2ON are 0 in the dark. 

Taking into account that the sum of the active and inactive Calvin cycle should remain constant, 

we non-dimensionalize the concentration of active Calvin Cycle molecules as,  

𝑑𝑦∗

𝑑𝑡
=  𝑘𝑐𝑎𝑙1𝑂𝑁 (1 − 𝑦∗) − 𝑘𝑐𝑎𝑙1𝑂𝐹𝐹𝑦∗       (7) 

Where, 

𝑦∗ =  
𝐶𝐴𝐿1

∗

𝐶𝐴𝐿1
∗ +  𝐶𝐴𝐿1

0 

𝑑𝑧∗

𝑑𝑡
=  𝑘𝑐𝑎𝑙2𝑂𝑁 (1 − 𝑧∗) − 𝑘𝑐𝑎𝑙2𝑂𝐹𝐹𝑧∗       (8) 

Where, 

𝑧∗ =  
𝐶𝐴𝐿2

∗

𝐶𝐴𝐿2
∗ +  𝐶𝐴𝐿2

0 



 

Under continuous irradiance the activity of the Calvin cycle can be determined from the steady 

state solution of equation (5). 

0 =  𝑘𝑐𝑎𝑙1𝑂𝑁 (1 − 𝑦𝑠𝑠
∗ ) − 𝑘𝑐𝑎𝑙1𝑂𝐹𝐹𝑦𝑠𝑠

∗  

0 =  𝑘𝑐𝑎𝑙2𝑂𝑁 (1 − 𝑧𝑠𝑠
∗ ) − 𝑘𝑐𝑎𝑙2𝑂𝐹𝐹𝑧𝑠𝑠

∗  

 

Giving the following for the active fraction 

𝑦𝑠𝑠
∗ =  

𝐾𝐶𝑎𝑙𝑣𝑖𝑛1

𝐾𝐶𝑎𝑙𝑣𝑖𝑛1+ 1
          (9) 

𝑧𝑠𝑠
∗ =  

𝐾𝐶𝑎𝑙𝑣𝑖𝑛2

𝐾𝐶𝑎𝑙𝑣𝑖𝑛2+ 1
          (10) 

 

Where, 

𝐾𝐶𝑎𝑙𝑣𝑖𝑛1 =  
𝑘𝑐𝑎𝑙1𝑂𝑁

𝑘𝑐𝑎𝑙1𝑂𝐹𝐹
 

𝐾𝐶𝑎𝑙𝑣𝑖𝑛2 =  
𝑘𝑐𝑎𝑙2𝑂𝑁

𝑘𝑐𝑎𝑙2𝑂𝐹𝐹
 

 

Taking into account that the sum of the active and inactive photosynthetic units should remain 

constant, we non-dimensionalize the concentration of active photosynthetic units as,  

𝑑𝑥∗

𝑑𝑡
= 𝛽 ( 

𝐼

𝛼
(

𝐾𝐶𝐴𝐿1 

𝐾𝐶𝐴𝐿1+1
) (

𝐾𝐶𝐴𝐿2 

𝐾𝐶𝐴𝐿2+1
) (1 − 𝑥∗) − 𝑦∗𝑧∗ 𝑥∗

𝜅+ 𝑥∗)     (11) 

Where, 

𝛽 =  
𝑅

𝑃𝑆𝑈0+ 𝑃𝑆𝑈∗, 𝛼 =  
𝑅

𝑘𝑎(𝑃𝑆𝑈0+ 𝑃𝑆𝑈∗)

𝐾𝐶𝐴𝐿1

𝐾𝐶𝐴𝐿1+1

𝐾𝐶𝐴𝐿2

𝐾𝐶𝐴𝐿2+1
, 𝜅 =  

𝐾𝑠

𝑃𝑆𝑈0+ 𝑃𝑆𝑈∗ , 𝑥∗ =  
𝑃𝑆𝑈∗

𝑃𝑆𝑈0+ 𝑃𝑆𝑈∗ 

At steady state conditions we get, 

0 = 𝛽 ( 
𝐼

𝛼
(

𝐾𝐶𝐴𝐿1

𝐾𝐶𝐴𝐿1 + 1
) (

𝐾𝐶𝐴𝐿2

𝐾𝐶𝐴𝐿2 + 1
) (1 − 𝑥𝑠𝑠

∗ ) −  𝑦𝑠𝑠
∗ 𝑧𝑠𝑠

∗
𝑥𝑠𝑠

∗

𝜅 +  𝑥𝑠𝑠
∗

) 

Substituting the previously determined steady state values yzz and zss we obtain, 

0 = 𝛽 ( 
𝐼

𝛼
(

𝐾𝐶𝐴𝐿1

𝐾𝐶𝐴𝐿1 + 1
) (

𝐾𝐶𝐴𝐿2

𝐾𝐶𝐴𝐿2 + 1
) (1 − 𝑥𝑠𝑠

∗ ) −  (
𝐾𝐶𝐴𝐿1

𝐾𝐶𝐴𝐿1 + 1
) (

𝐾𝐶𝐴𝐿2

𝐾𝐶𝐴𝐿2 + 1
)

𝑥𝑠𝑠
∗

𝜅 +  𝑥𝑠𝑠
∗

) 

Which simplifies to  



0 =
𝐼

𝛼
(1 − 𝑥𝑠𝑠

∗ ) −  
𝑥𝑠𝑠

∗

𝜅+ 𝑥𝑠𝑠
∗   

Solving for xss*, 

0 =  𝑥𝑠𝑠
∗ 2 + (

𝛼

𝐼
+  𝜅 − 1) 𝑥𝑠𝑠

∗ −  𝜅  

𝑥𝑠𝑠
∗ =

(1− 𝜅−
𝛼

𝐼
)±√(1− 𝜅−

𝛼

𝐼
)

2
−4𝜅

2
  

The rate of biomass accumulation is proportional to the rate at which PSUs decay from excited 

to unexcited, 

𝑃

𝑃𝑚
=  𝑦∗𝑧∗ 𝑥∗

𝜅+ 𝑥∗
  

Where the product, Pmy*, is the maximum growth rate 

At steady state we obtain, 

𝑃

𝑃𝑚
=  

𝐼

𝛼
(

𝐾𝐶𝐴𝐿1

𝐾𝐶𝐴𝐿1+1
) (

𝐾𝐶𝐴𝐿2

𝐾𝐶𝐴𝐿2+1
) (1 − 𝑥𝑠𝑠

∗ )  

Substituting the expression for xss* we obtain, 

𝑃 =  𝑃𝑚
𝐼

2𝛼
(

𝐾𝐶𝐴𝐿1

𝐾𝐶𝐴𝐿1+1
) (

𝐾𝐶𝐴𝐿2

𝐾𝐶𝐴𝐿2+1
) (2 − (1 −  𝜅 −

𝛼

𝐼
) − √(1 −  𝜅 −

𝛼

𝐼
)

2

− 4𝜅)   (12) 

Equation (12) is used to extract parameters Pm, κ and α, which are used to solve equations (7), 

(8) and (11) simultaneously.  

Transient system 

𝑑𝑦∗

𝑑𝑡
=  𝑘𝑐𝑎𝑙1𝑂𝑁 (1 − 𝑦∗) − 𝑘𝑐𝑎𝑙1𝑂𝐹𝐹𝑦∗       (7) 

𝑑𝑧∗

𝑑𝑡
=  𝑘𝑐𝑎𝑙2𝑂𝑁 (1 − 𝑧∗) − 𝑘𝑐𝑎𝑙2𝑂𝐹𝐹𝑧∗       (8) 

𝑑𝑥∗

𝑑𝑡
= 𝛽 ( 

𝐼

𝛼
(

𝐾𝐶𝐴𝐿1

𝐾𝐶𝐴𝐿1+1
) (

𝐾𝐶𝐴𝐿2

𝐾𝐶𝐴𝐿2+1
) (1 − 𝑥∗) − 𝑦∗𝑧∗ 𝑥∗

𝜅+ 𝑥∗)     (11) 

 

 

 

  



8. Details regarding parameters 

The continuous light data gave values of 141, 0.04357 and 1.425 for parameters  α, κ and Pm , 

respectively (R2 = 0.997). With regards to parameters relevant to fluctuating light, the parameter 

β, chosen here to be 2, represents the maximum rate of de-excitation of active photosynthetic 

units relative to the total amount of photosynthetic units in a cell. This parameter relates to the 

frequency required to reach full light integration, which is not the focus of this work. Values 

between 2-15 will have been shown to fit previous experimental data.5,6 An approximation of β, 

could be the rate at which a cell can reduce carbon per photosystem. This can be approximated 

by considering the RuBisCO catalytic rate (3-10 s-1),7,8 the number of RubisCO active sites per 

carboxysome (2000-8000),8,9 and the number of  carboxysomes per cell (~4)10 cell and the 

number of photosystems per cell (~96 000)11, giving values of β of roughly 0.2-3, which is 

reasonable in comparison to the fitted parameters. In short, the value of the parameter β agrees 

with previous works and is in general agreement with what would be expected based on the 

constituents of a photosynthetic organism. 

Irradiance controls the degree of activation of the Calvin cycle by indirectly activating Rubisco 

Activase by increasing the amount of ATP and by promoting RuBP regeneration via redox sensing 

of the photosynthetic electron transport chain.12 Precise values for relevant rate constants are 

sparse, since the details of the regulation of the Calvin cycle is an ongoing research topic,7,13 

activation and deactivation kinetics vary across species14–16 and the rate constants are typically 

extracted by fitting complex models to CO2 assimilation experiments. 17–19 The activation rates 

used in our model align well with experimental values measured for CO2 assimilation in leaves 

with active RuBisCO (0.2-0.01 s-1)15,17,18,20–22. Deactivation rates for RuBP regeneration are not 



explicitly available experimentally, but can be inferred to be a factor of 1-4 times slower than the 

activation rate based on various models fit to data.17,18,20 The regulation of RuBisCo activity is 

typically one to two orders of magnitude slower than RuBP regeneration with an activation rate 

constant 5-10 times higher than the deactivation rate constant.16–18,20,23. Data for six marine 

diatoms and a cyanobacterial species show RuBisCO activation rates in the range of 0.01 – 

0.001 s-1 15,16,24.  Highlighting the kinetics related to the catalytic rate of RuBisCO in microalgae. 

Our fitted experimental values are in agreement with the values reported in literature.  
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