
Supplement S1 1 

Calculation of phototrophic energy fluxes per unit mass at different light levels 2 

The ‘return on investment’ of a phototrophic system is taken in this work to be the energy flux 3 

per unit mass of the dedicated phototrophic machinery at a given light level.  Recycling rate of 4 

individual proteins within the phototrophic machinery was beyond the scope of this review to 5 

incorporate due to the widely varying half-life or dilution rates of different components, and as 6 

such energy fluxes are measured in energy flux per unit mass rather than energy yield per unit of 7 

protein synthesis.  8 

To calculate the maximum mass-specific energetic rate of return (Vmax) on investment of 9 

retinalophototrophic versus chlorophototrophic systems, the total mass per functional 10 

phototrophic unit (Mtotal), the cycling rate (Rmax), and the protons pumped per cycle (Np) must be 11 

known.  Vmax is equal to the product of Np and Rmax divided by Mtotal, as described in the 12 

following equation: 13 

Equation 1: 𝑉𝑚𝑎𝑥 = 𝑁𝑝 ∙ 𝑅𝑚𝑎𝑥 𝑀𝑡𝑜𝑡𝑎𝑙⁄  14 

Two retinalophototrophic systems, bacteriorhodopsin and proteorhodopsin, and two 15 

chlorophototrophic systems, oxygenic photosynthesizers and purple bacteria, were considered 16 

for breadth.  Bacteriorhodopsin is described as a functionally monomeric 26 kDa protein [1]and 17 

proteorhodopsin is described as a functionally monomeric 27 kDa protein [2]. 18 

In the case of complex chlorophototrophic systems, the total mass per functional phototrophic 19 

unit must be calculated to include the mass of any antenna complexes associated with a 20 



chlorophototrophic reaction center.  This was done by multiplying the mass of each antenna 21 

complex by the number of antenna complexes per photosynthetic unit at their in vivo 22 

stoichiometry, and adding this to the total mass of the active center.  There are few cases in 23 

which every reaction center and antenna complex in a single organism are structurally 24 

understood and the stoichiometry of each component is known.  Thus, in order to estimate the 25 

total mass of a functional unit of chlorophototrophic machinery it is necessary to use data from 26 

multiple functionally similar organisms to infer an approximate value. 27 

An oxygenic chlorophototrophic reaction center was taken to be a single instance of either 28 

photosystem I (PSI) or photosystem II (PSII). As described in Cunningham et al., 1989 [3], the 29 

ratio of PSII : PSI : Phycobilisome in the oxygenic red algae Porphyridium cruentum (ATCC 30 

50161) in low light (6 μmol photons m-2 s-1) is 2.85 : 5.35 : 1 and in high light (280 μmol 31 

photons m-2 s-1) the ratio is 3.96 : 7.59 : 1.  The average across all conditions tested was 3.13 32 

PSII : 6.50 PSI : 1 phycobilisome in this red algae.  The mass of PSII is taken to be 350 kDa as 33 

described for Thermosynechococcus vulcanis in Umena et al., 2011 [4], the mass of PSI is taken 34 

to be 356 kDa as described for Synechococcus elongates in Fromme et al., 2001 [5], and the 35 

mass of a phycobilisome antenna complex is taken to be 16.2 mDa as described for the red algae 36 

Griffithsia pacifica in Zhang et al., 2017 [6].  This brings the total mass of an approximated 37 

stoichiometric unit with 9.63 reaction centers (RCs) and one phycobilisome to approximately 38 

20.2 mDa and the total mass per reaction center to 2098 kDa. 39 

The mass of antenna complexes other than phycobilisomes in oxygenic chlorophototrophs was 40 

not considered due to diversity in antenna complexes present in different organisms.  The mass 41 

of other electron transport chain components or membrane ATPases was not considered due to 42 



likely low but poorly constrained stoichiometries [7], low masses compared to phycobilisomes 43 

[8], and their use in multiple cellular processes compared to the comparatively dedicated 44 

chlorophototrophic machinery. 45 

Table S1:  Mass estimation per oxygenic chlorophototrophic reaction center 46 

Component Number per  

stoichiometric unit 

Mass 

PSII 3.13 350 kDa 

PSI 6.50 356 kDa 

Phycobilisome 1 16.2 mDa 

Total (9.63 RC plus 

phycobilisome) 

 20.2 mDa 

Mass per RC (Mtotal)  2098 kDa 

A representative anoxygenic chlorophototrophic system from the purple bacteria species 47 

Rhodospirillum photometricum was examined for comparison, as described by Scheuring & 48 

Sturgis, 2009 [9].  In this species, each type-II reaction center is associated with one complex of 49 

16 LH1 antenna proteins, forming a ‘core complex’, and multiple rings of 9 LH2 antenna 50 

proteins.  The core complex:LH2 complex ratio was taken to be 3.5, as observed at high light 51 

adaptation in this work.  The mass of the RCII/LH1 core complex described in Niwa et al., 2014 52 

[10] in the purple bacterium Thermochromatium tepidum is 380 kDa.  The measured mass of the 53 

LH2 complex described by Cherezov et al., 2006 [11] in the purple bacterium Rps acidophila is 54 

130 kDa.  This brings the total mass of a stoichiometric unit containing a single RC to 55 

approximately 835 kDa.  Again, the mass of additional electron transport chain components was 56 



not considered due to the multiple roles of these components in other cellular processes and low 57 

apparent stoichiometry relative to other chlorophototrophic machinery [7]. 58 

Table S2: Mass estimation per anoxygenic purple bacteria chlorophototrophic reaction center  59 

Component Number per 

stoichiometric unit 

Mass 

RC + LH1 1 380 kDa 

LH2 3.5 130 kDa 

Mass per RC (Mtotal)  835 kDa 

Field measurements of the maximum cycling rate of chlorophototrophic reaction centers from 60 

Kolber et al., 2000 [12] were used along with these figures to estimate the maximum energy flux 61 

per unit protein available to chlorophototrophs.  In saturating light levels, oxygenic phototrophic 62 

phytoplankton were measured to have a maximum sustainable rate of reaction center 63 

photocycling of approximately 350 per second, and aerobic anoxygenic phototrophs were 64 

measured to reach up to approximately 150 per second.  These are broadly consistent with in 65 

vitro measurements of photosystem II photocycle rate of more than 200 cycles per second 66 

observed in isolated photosystems by Lubner et al., 2011 [13].  Each photocycle of a reaction 67 

center was taken to represent two protons pumped across the photosynthetic membrane by the 68 

cytochrome b6f complex in oxygenic chlorophototrophs or other electron transport chain 69 

components in anoxygenic chlorophototrophs.  Electron transport chains containing the 70 

Complex-I like NDH complex (likely capable of pumping additional protons) rather than 71 

cytochrome b6f alone was not considered due to a low apparent rate of cycling and low 72 



stoichiometry, suggesting that while necessary for regulatory purposes it is not a primary player 73 

in energy metabolism [14]. 74 

Microbial rhodopsins were represented by proteorhodopsin which has been measured at being 75 

capable of 25 pumping protons per second in Friedrich et al., 2002 [15] and bacteriorhodopsin 76 

measured at approximately 50-100 protons per second in Béja et al., 2000 [2] and Lanyi, 2006 77 

[16].  We conservatively took the bacteriorhodopsin maximum cycling rate to be 50 protons per 78 

second.  In all cases, energy flux was calculated as described in equation 1. 79 

Table S3:  Maximum energy flux per unit mass for chlorophototrophy and retinalophototrophy 80 

 Proteorhodopsin Bacteriorhodopsin Oxygenic 

RC 

Anoxygenic 

RC 

Mtotal (kDa) 27 26 2098 835 

Rmax (cycles s-1) 25 50 350 150 

Np (protons cycle-1) 1 1 2 2 

Rmax*Np (Protons s-1) 25 50 700 300 

Vmax (Protons kDa-1 s-1) 0.93 1.92 0.33 0.36 

The response of the energy flux per kilodalton of protein mass in chlorophototrophs and 81 

retinalophototrophs to varying light levels was modeled via simple Michaelis–Menten kinetics, 82 

using the following equation: 83 

Equation 2:  𝑽 =
𝑽𝒎𝒂𝒙∙[𝒍𝒊𝒈𝒉𝒕𝒊𝒏𝒕𝒆𝒏𝒔𝒊𝒕𝒚]

𝑲𝒎+[𝒍𝒊𝒈𝒉𝒕𝒊𝒏𝒕𝒆𝒏𝒔𝒊𝒕𝒚]
 84 



Vmax was taken to be the previously calculated maximum energy flux rate of a phototrophic 85 

system in protons kDa-1 s-1.  Km represents the light level at which the energy flux per functional 86 

unit reaches its half-maximum.  The Km for both proteorhodopsin and bacteriorhodopsin was 87 

taken to be 2700 μmol m-2 s-1, as described for proteorhodopsin in Walter et al., 2007 [17].  The 88 

Km for oxygenic RCs was taken to be 40 μmol m-2 s-1 and the Km for an anoxygenic RC was 89 

taken to be 191 μmol m-2 s-1, as described in Kirchman and Hanson, 2013 [18].   90 

Table S4: Km, Vmax for energy flux per unit mass for chlorophototrophy and retinalophototrophy 91 

 Proteorhodopsin Bacteriorhodopsin Oxygenic 

RC 

Anoxygenic 

RC 

Km (μmol m-2 s-1) 2700 2700 40 191 

Vmax (Protons kDa-1 s-1) 0.93 1.92 0.33 0.36 

The relationship between light intensity and the energy flux per unit incident light for each 92 

phototrophic system was calculated using equation 3, derived by dividing Equation 2 by [light 93 

intensity], yielding the following equation. 94 

Equation 3:  𝑌 =
𝑉𝑚𝑎𝑥

𝐾𝑚+[𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦]
 95 

The yield Y, in units of protons kDa-1 s-1 / (μmol m-2 s-1), represents the specific energy flux of a 96 

unit of protein machinery per unit incident light, and is reduced upon saturation of the machinery 97 

with light.  It is thus maximized at low light.  The form that this efficiency curve takes is similar 98 

to that determined from first-principles modeling of anoxygenic chlorophototrophic machinery in 99 

Sener et al., 2019 [19]. 100 



The maximum yield per unit incident light was calculated by setting [light intensity] equal to 101 

zero, at which point the value of Equation 3 is maximized and the largest marginal return per unit 102 

incident light is achieved.  This value is represented by the following equation: 103 

Equation 4:  𝑌𝑚𝑎𝑥 = 𝑉𝑚𝑎𝑥 𝐾𝑚⁄  104 

This maximum yield represents the highest efficiency available per available light resource, 105 

reached at infinitesimal light levels. 106 

Table S5: Maximum yield Ymax for chlorophototrophy and retinalophototrophy 107 

 Proteorhodopsin Bacteriorhodopsin Oxygenic 

RC 

Anoxygenic 

RC 

Ymax (protons kDa-1 s-1 / 

(μmol m-2 s-1)) 

3.43*10-4 

 

7.12*10-4 8.34*10-3 1.88*10-3 

It is important to note that a large fraction of the difference in efficiency per unit incident light 108 

between chlorophototrophic and retinalophototrophic machinery is due not to the greater 109 

quantum yield of chlorophototrophic machinery per unit absorbed photon, but instead is simply 110 

due to a much larger absorption cross section per functional unit due to a much larger amount of 111 

dedicated light-gathering protein machinery per unit.  However, the total absorption cross section 112 

per unit infrastructure for chlorophototrophs and retinalophototrophs is quite similar.   113 

The protein infrastructure mass per unit absorption (Mcs) of a phototrophic system measures how 114 

efficiently light is captured.  It is calculated from the mass per functional unit (Mtotal) and the 115 

absorption cross section per functional unit (Cs).  The cross-section per functional unit is taken 116 



from Kirchman and Hanson, 2013 [18], in which it is approximated for all rhodopsins (2 Å2), an 117 

oxygenic phototroph (100 Å2), and an anoxygenic phototroph (50 Å2) based on a compilation of 118 

experiments and the light spectrum available in a marine environment.  This is represented by the 119 

following equation: 120 

Equation 5:  𝑀𝑐𝑠 = 𝑀𝑡𝑜𝑡𝑎𝑙 𝐶𝑠⁄  121 

The mass per unit light-absorbing cross section is measured in in units of kDa Å-2.   122 

While a large amount of the difference in efficiency per unit incident light is explicable in terms 123 

of the difference in total mass per functional unit, the enhanced quantum yield of 124 

chlorophototrophic machinery in terms of protons pumped per photon absorbed is an important 125 

difference between the two forms of phototrophy.  Thus, to account for the greater yield per 126 

absorbed photon, the mass per unit cross section is normalized using the following equation: 127 

Equation 6:  𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑𝑀𝑐𝑠 = 𝑀𝑐𝑠 𝑌𝑖𝑒𝑙𝑑⁄  128 

This normalized mass per unit cross section accounts for the fact that photons absorbed by 129 

chlorophototrophic machinery are used to energize an electron transport chain and are capable of 130 

pumping ~2 protons per photon rather than the 1 proton per photon of retinalophototrophic 131 

machinery, and are thus twice as efficient in terms of yield per unit incident light. 132 

Table S6:  mass per unit cross section calculation for chlorophototrophy and retinalophototrophy 133 

 Proteorhodopsin Bacteriorhodopsin Oxygenic 

RC 

Anoxygenic 

RC 

Mtotal (kDa) 27 26 2098 835 



Cs (Å2) 2 2 100 50 

Mcs (kDa Å-2) 13.5 

 

13 20.98 16.7 

Yield (protons/photon) 1 1 2 2 

Yield-Normalized 

Mcs (kDa Å-2) 

13.5 

 

13 10.49 8.35 

Strikingly, the mass per unit cross section for all phototrophic machineries, chlorophototrophic 134 

and retinalophototrophic, are calculated to be within a factor of ~1.6 regardless of yield 135 

normalization.  This suggests that this approximate level of absorption cross section per unit 136 

mass represents a biophysical constraint of proteins bound to optically active cofactors, rather 137 

than being a detail specific to each form of phototrophic machinery (see Supplemental Figure 2).  138 

This may, however, be violated in the case of anoxygenic phototrophs bearing chlorosomes – the 139 

protein mass per chlorophyll molecule in these specialized structures present in bacteria adapted 140 

for extremely low-light conditions is estimated to be less than one fifth that of other 141 

chlorophototrophs [20].  These extreme low-light adapted phototrophs likely extend the trade-off 142 

between efficiency per unit resource and efficiency per unit light beyond that observed in other 143 

chlorophototrophs, as the mass per functional unit rises drastically while capturing dimmer light.   144 

  145 



Supplemental Figure 1: 146 

 147 

Legend:  Comparison between carbon flux through biospheres driven by photosynthesis and 148 

chemolithoautotrophy.  Modern oxygenic photosynthesis drives carbon fixation of nearly 9,000 149 

teramoles per year [21]. While modern anoxygenic photosynthesis represents at most ~2.7 150 

teramoles per year [22], estimates of anoxygenic photosynthesis in the Archaean are ~280 151 

teramoles per year [23]. Estimates of possible carbon flux through a pre-photosynthetic, entirely 152 

chemolithotrophic biosphere driven by Archaean geochemical fluxes alone are circa 0.06 153 

teramoles per year [24].  154 



Supplemental Figure 2:   155 

 156 

Legend:  In solid colors, the mass per unit absorption cross section of chlorophototrophic and 157 

retinalophototrophic machinery as calculated from table S6.  In striped colors, the yield-158 

normalized mass per unit absorption cross section.  Chlorophototrophic machinery is slightly 159 

more massive per unit light absorbed before normalization for quantum yield, and slightly less 160 

massive per unit light absorbed after normalization.  No systems vary by more than 161 

approximately a factor of 1.6.  162 

  163 
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