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Supplement S1

Expanded Background - Chlorophototrophy

Named for the chlorophyll and bacteriochlorophyll pigments that absorb light, chlorophototrophs
drive both energy metabolism and redox chemistry via light. Found in cyanobacteria and at least
seven other phototrophic clades of bacteria[1] it is responsible for the vast majority of primary
production of biomass on Earth and much of the energy metabolism of organisms which possess
it. Approximately 9,000 teramoles of carbon are fixed by chlorophototrophs annually[2], primarily
via oxygenic photosynthesis and dwarfing other forms of primary production[3-5] (see

Supplemental Figure 1).

The functional unit of the chlorophototrophic machinery is the photochemical reaction center, or
RC. These large membrane-bound protein complexes are all descended from an ancestral
homodimer[6], with some diversifying into heterodimers and some accumulating numerous
accessory subunits[6, 7]. All chlorophototrophic reaction centers push electrons to reducing
potentials via chlorophyll and bacteriochlorophyll photochemistry, either passing these electrons
to electron carriers which can be used to fix biomass or energizing an electron transport chain to
produce biologically available energy. Electrons may be sourced from metabolism via soluble
cytochromes, or in the case of cyanobacterial Photosystem II, water itself. Chlorophyll and
bacteriochlorophyll pigments are biochemically derived from porphyrins and evolutionarily
related to heme, as indicated by the similarity of their biosynthesis[8-10]. Three central pairs of
chlorophyll molecules in a transmembrane protein core represent the conserved engine of charge
separation with one photo-excited chlorophyll donating an electron to another. Additional antenna

chlorophylls in each reaction center allow absorption of light with a higher cross-section per
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reaction center, with energy transferred from chlorophyll to chlorophyll via resonance transfer.
The mass of the conserved core reaction center is approximately 150 kilodaltons[11] and when
including these integrated antennas it can reach more than 350 kilodaltons[12]. Light-gathering
capacity is further enhanced by the presence a remarkably diverse array of independently evolved
pigment-bearing accessory antenna complexes[13, 14] which further transfer their absorbed

energy into the reaction center.

Most commonly two protons are pumped per photon per photon absorbed, via a cytochrome bc
proton-pumping complex (related to mitochondrial complex I1I) or an alternative complex I11
passing electrons between quinones and cytochromes. Up to four protons per photon is possible
for some fraction of electrons in oxygenic phototrophs when a type | reaction center is used with
electrons passing from ferredoxin through a complex I-like NDH complex and cytochrome bef

[15-17].

Chlorophototrophy is found only in bacteria and in eukaryotes that have taken up photosynthetic
cyanobacteria as plastid organelles, with no known archaeal chlorophototrophs. The distribution
of chlorophototrophy within the bacteria is patchy[1] with chlorophototrophic clades scattered
across the bacterial tree. Horizontal gene transfer is likely responsible for at least some of the
distribution of chlorophototrophy across the tree of life with transfer positively identified into the
Gemmatimonadetes, and within clades of the proteobacteria and chloroflexi[1, 18, 19]. However
this process is rare at best with horizontal transfer requiring over 30 genes to move between
species, and the relative importance of horizontal versus vertical transfer outside these examples

is ambiguous[20]
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The chlorophototrophic machinery has diversified significantly over time, with different lineages
containing machinery that while operating from the same mechanistic basis has been adapted for
different purposes. The deepest split in the evolutionary tree of reaction center proteins is that
between type | and type Il reaction centers (Figure 3, A and B). Type | reaction centers contain
iron-sulfur clusters and are tuned to more reducing redox potentials, pushing electrons from
cytochromes or other soluble electron carriers to ferredoxin (Figure 3A). Type Il reaction centers
are tuned to more oxidizing redox potentials, boosting electrons to membrane-soluble quinones
from cytochromes (Figure 3B) or, in the case of cyanobacterial photosystem II, directly from
water. While type | reaction centers produce a highly reduced electron carrier capable of driving
either carbon fixation or energy metabolism, the quinone reduced by type Il reaction centers cannot
drive carbon fixation directly and instead can only directly drive an electron transport chain,

typically consisting of a cytochrome bc complex[21, 22]

Extended Background - Retinalophototrophy

Retinalophototrophy, the second independent origin of phototrophy, was only discovered in the
1970s via investigation of the haloarchaea[23]. The retinalophototrophic system is far simpler than
chlorophototrophy, consisting of a single 26-28 kilodalton transmembrane protein, known as a
microbial or type-1 rhodopsin (in contrast to animal light sensor proteins, known as type-2
rhodopsins which have an uncertain relationship to these proteins). It is covalently bound to a
single pigment molecule known as retinal, derived from the oxidative splitting of a carotenoid via
a dioxygenase[24]. In a few cases, such as the xanthorhodopsins, a single additional carotenoid

molecule is bound to the exterior of the protein and functions as a miniature integral ‘antenna’[25].
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Microbial rhodopsins largely directly pump protons across a cell membrane rather than engaging
in redox chemistry. Light-driven isomerization of the retinal pigment pumps a single proton per
absorbed photon across the membrane through the rhodopsin channel[26], meaning the system is
self-contained and does not require additional electron transport chain components to extract
energy. Some rhodopsins, not directly involved in phototrophy, are also capable of pumping ions
such as chloride or sodium and others function as light sensors[27]. There are no known autotrophs
able to fix biomass from CO2 using only the energy derived from microbial rhodopsins (likely
because the membrane voltage reached by microbial rhodopsins is insufficient to drive an electron
transport chain in reverse for reverse electron flow). However, the energy generated by this system
appears to be quite important for many photoheterotrophs. This energy can prevent starvation in
marine bacteria[28], and is extensively used to supplement heterotrophic metabolism: the quantity
of light absorbed by retinalophototrophs in the ocean is thought to be at least as large as that

absorbed by chlorophototrophs[29].

The phylogenetic ubiquity of microbial rhodopsins, in contrast to the patchy distribution of
chlorophototrophy, has only been fully appreciated in the last two decades. Approximately half of
marine bacterial cells, from many taxa, bear diverse bacterial rhodopsin genes[30]. They are
present in haloarchaea, marine bacteria[31], marine archaea[32], fungi[33], and heterotrophic
marine eukaryotes[34] [35, 36]. They are known to acidify cellular compartments via pumping
protons, and in some taxa are among the most highly expressed proteins[36], contributing
significantly to the cell's energy budget. Poorly characterized rhodopsins which apparently pump
protons inwards rather than outwards have even been discovered in metagenomes of

Heimdallarchaea, a member of the Asgard archaea considered a likely sister to the archaeal
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ancestor of eukaryotes[37, 38], and numerous marine viruses carry a variety of rhodopsin genes

into their hosts[39, 40]}.

Microbial rhodopsins are exemplars of horizontal gene transfer, explaining its cosmopolitan
distribution across the tree of life[41]. If a microbe contains a functional carotenoid synthesis
pathway, retinalophototrophy may be transferred into the cell via a simple two-gene cassette
consisting of the rhodopsin itself and a dioxygenase for retinal synthesis. If no carotenoid synthesis
pathway exists, a total of five genes are required, constituting a basic carotenoid synthesis pathway
alongside these genes[24, 42]. Gene cassettes of these types are widely observed in bacteria and
archaea. Due to this extreme ease of horizontal gene transfer of rhodopsin systems compared to

chlorophototrophic systems, the evolutionary origin of microbial rhodopsins remains unclear.

Despite this uncertainty, recent work has shed much light on their evolution and diversification[43,
44]. The deepest split in the tree of these proteins is the split between heliorhodopsins and all
others. Heliorhodopsins share only small amounts of sequence homology with the rest of the
rhodopsins, and are integrated into the cell membrane of organisms that bear them backwards,
with the N terminus facing the interior face rather than the exterior as in all other rhodopsins[45].
Most heliorhodopsins have been found to not pump protons despite translocating protons between
binding sites within themselves, have extremely slow photocycles, and often be fused with
intracellular proteins[46], supporting a role as light sensors, although some with proton-pumping
activity have been recently discovered[47]. In the set of non-heliorhodopsin microbial rhodopsins,
the deepest split is between a large clade of poorly characterized viral rhodopsins and all others[44,
48]. Some of these viral rhodopsins are known to function as proton pumps in infected cells[40],

while others seem to serve signaling functions altering the behavior of infected cells in response
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to light. Within the remaining clade of rhodopsins found in cellular life, there is a significant
diversity of proton pumping rhodopsins, sodium pumps, chloride pumps, light-activated passive
channelrhodopsins, and sensory proteins spread between bacteria, archaea, and eukaryotes[44].
However, a recent work of ancestral sequence reconstruction on a subset of cellular microbial
rhodopsins[49, 50] infers that the common ancestor of these cellular microbial rhodopsin was a
proton pump capable of driving energy metabolism rather than a channel or pump for other ions
or a sensory protein. It also infers an ancestral absorption peak at approximately 500 nanometers
near the middle of the range of absorption peaks found in different rhodopsins. Together, the
information on the phylogeny and diversification of rhodopsins supports placing the origins of
retinalophototrophic energy metabolism at the very deepest branches of the rhodopsin phylogeny,

if not even earlier.

Comparison of the Two Systems

The differences between chlorophototrophs and retinalophototrophs are manifold. Most trivially,
the light-gathering pigments used by the core machinery of chlorophototrophs and
retinalophototrophs are spectrally distinct. Retinal primarily absorbs the green wavelengths of
visible light, while chlorophyll primarily absorbs in the red and blue wavelengths. This apparent
partitioning of the electromagnetic spectrum is somewhat mitigated by the fact that
chlorophototrophs contain many accessory pigments aside from basic chlorophyll which can

expand their effective absorption spectrum into the green wavelengths.

One of the greatest physiological differences between retinalophototrophs and chlorophototrophs
is the maximum efficiency of conversion of light energy into biologically available energy.

Chlorophototrophs have a significantly higher energy yield per captured photon than
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retinalophototrophs. Retinalophototrophic machinery pumps one proton per photon across the cell
membrane, while the chlorophototrophic machinery is capable of pumping multiple protons per
photon. Most commonly two protons are pumped per photon, via a cytochrome bc proton-pumping
complex (related to mitochondrial complex 1l1) or an alternative complex Il passing electrons
between quinones and cytochromes. Up to four protons per photon are possible for some fraction
of electrons in oxygenic phototrophs when a type | reaction center is used with electrons passing
from ferredoxin through a complex I-like NDH complex and cytochrome bef[15-17]. However the
difference in available energy may be even greater than this ratio would indicate, as microbial
rhodopsins are incapable of pumping against a membrane polarization of ~200 mV[51] which is
lower than the proton motive force generated by respiratory electron transport chains. The electron
transport chains of chlorophototrophs are thus able to conserve more energy per proton than
rhodopsins are by reaching a higher membrane voltage. Furthermore, electrons energized by some
chlorophototrophic reaction centers may be passed to electron carriers such as ferredoxin and
NADPH, or the high proton-motive force they generate can be used to force reverse electron flow
through a respiratory electron transport chain into these carriers for carbon and nitrogen fixation.
Retinalophototrophs are unable to produce biomass de novo using their phototrophic machinery,
likely due to their low maximum proton-motive force being insufficient to allow reverse electron

flow.

The material composition of the phototrophic machinery in retinalophototrophs and
chlorophototrophs is also quite different. While microbial rhodopsins consist of a single ~27 kDa
protein molecule attached to one or at most two photoactive cofactors per functional unit,
chlorophototrophic reaction centers consist of 2-4 core protein molecules and a number of

accessory proteins per functional unit with a mass of up to 350 kDa[7], with a large number of
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diverse photopigments bound to each complex. Moreover, nearly every chlorophototrophic
reaction center is associated with multiple diverse antenna complexes, which both greatly increases
the absorption cross section per functional unit and can bring the total protein mass per functional
unit into the megadaltons or even more[13, 52]. This increased absorption cross section leads to a
significantly greater efficiency in terms of captured biological energy per unit incident light at low

light intensities for chlorophototrophs, at the expense of saturation at relatively low light levels.

Another physiologically and ecologically important difference between chlorophototrophs and
retinalophototrophs is the requirement for iron in the chlorophototrophic machinery. While
bacterial rhodopsins are entirely composed of protein and organic molecules, every known
chlorophototrophic reaction center contains iron atoms. All type | reaction centers contain at least
4 in an Fe-S cluster in the core dimer, with 12 known when including accessory subunits in the
case of acidobacteria, chlorobi, and photosystem | of cyanobacteria[12, 53, 54] and some may be
complexed with additional integrated cytochromes bearing heme irons[55]. All type Il reaction
centers contain one Fe?* ion bound at the interface between subunits with additional heme irons
present in Photosystem Il of cyanobacteria[7] and an integral cytochrome with additional heme
irons present in the reaction centers of many other lineages[56-58]. All known electron transport
chains that chlorophototrophic reaction centers participate in also utilize iron in their proton-
pumping components, with 6 iron atoms present in each subunit of cyanobacterial cytochrome
bef[59] and the NDH complex used for circular electron flow around Photosystem | containing at
least twelve or possibly more[16, 17]. Certain picocyanobacteria reduce their electron transport
chains to a form which requires nearly only the iron atoms in the photosystems themselves (biased
towards photosystem Il with fewer iron atoms) and an alternative oxidase, but this comes at the

expense of depressing proton pump yield to only one proton per photon[60].
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This constitutive requirement of iron for functional chlorophototrophy but not retinalophototrophy
represents a major resource limitation for chlorophototrophs, especially in oligotrophic
environments such as the open ocean where iron levels are limiting[61]. This represents a trade-
off between the two systems, with the enhanced yield per unit light of retinalophototrophy and the
ability to perform redox reactions dependent upon use of a limiting mineral nutrient. This trade-
off is apparent in marine diatoms, one of a few known groups[33, 62] to bear both rhodopsins and
chlorophototrophic reaction centers[63]. These organisms significantly upregulate rhodopsin
expression upon iron starvation[63, 64]. This trade-off thus appears to be physiologically relevant,

at least in areas of iron limitation.
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Supplement S2

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

phototrophic systems

The ‘return on investment’ of a modern phototrophic system is taken in this work to be the
energy flux per unit mass of the dedicated phototrophic machinery at a given light level.
Recycling rate of individual proteins within individual modern phototrophic machineries was
beyond the scope of this review to incorporate due to the widely varying half-life or dilution
rates of different components under different environments, and as such energy fluxes are

measured in energy flux per unit mass rather than energy yield per unit of protein synthesis.

To calculate the maximum mass-specific energetic rate of return (Vmax) on investment of
retinalophototrophic versus chlorophototrophic systems, the total mass per functional
phototrophic unit (Mwtal), the cycling rate (Rmax), and the protons pumped per cycle (Np) must be
known. Vmax is equal to the product of Np and Rmax divided by Miotal, as described in the following

equation:

Equation S1: Vmax = Np ' Rmax/Mtotal

Two retinalophototrophic systems, bacteriorhodopsin and proteorhodopsin, and two
chlorophototrophic systems, oxygenic photosynthesizers and purple bacteria, were considered
for breadth. Bacteriorhodopsin is described as a functionally monomeric 26 kDa protein [1]and

proteorhodopsin is described as a functionally monomeric 27 kDa protein [2].
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In the case of complex chlorophototrophic systems, the total mass per functional phototrophic
unit must be calculated to include the mass of any antenna complexes associated with a
chlorophototrophic reaction center. This was done by multiplying the mass of each antenna
complex by the number of antenna complexes per photosynthetic unit at their in vivo
stoichiometry, and adding this to the total mass of the active center. There are few cases in which
every reaction center and antenna complex in a single organism are structurally understood and
the stoichiometry of each component is known. Thus, in order to estimate the total mass of a
functional unit of chlorophototrophic machinery it is necessary to use data from multiple

functionally similar organisms to infer an approximate value.

An oxygenic chlorophototrophic reaction center was taken to be a single instance of either
photosystem | (PSI) or photosystem Il (PSII). As described in Cunningham et al., 1989 [3], the
ratio of PSII : PSI : Phycobilisome in the oxygenic red algae Porphyridium cruentum (ATCC
50161) in low light (6 pmol photons m™ s7) is 2.85 : 5.35 : 1 and in high light (280 umol
photons m s?) the ratio is 3.96 : 7.59 : 1. The average across all conditions tested was 3.13 PSII
: 6.50 PSI : 1 phycobilisome in this red algae. The mass of PSII is taken to be 350 kDa as
described for Thermosynechococcus vulcanis in Umena et al., 2011 [4], the mass of PSI is taken
to be 356 kDa as described for Synechococcus elongates in Fromme et al., 2001 [5], and the
mass of a phycobilisome antenna complex is taken to be 16.2 mDa as described for the red algae
Griffithsia pacifica in Zhang et al., 2017 [6]. This brings the total mass of an approximated
stoichiometric unit with 9.63 reaction centers (RCs) and one phycobilisome to approximately

20.2 mDa and the total mass per reaction center to 2098 kDa.
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The mass of antenna complexes other than phycobilisomes in oxygenic chlorophototrophs was
not considered due to diversity in antenna complexes present in different organisms. The mass of
other electron transport chain components or membrane ATPases was not considered due to
likely low but poorly constrained stoichiometries [7], low masses compared to phycobilisomes
[8], and their use in multiple cellular processes compared to the comparatively dedicated

chlorophototrophic machinery.

Table S1: Mass estimation per oxygenic chlorophototrophic reaction center

Component Number per Mass

stoichiometric unit

PSII 3.13 350 kDa
PSI 6.50 356 kDa
Phycobilisome 1 16.2 mDa
Total (9.63 RC plus 20.2 mDa

phycobilisome)

Mass per RC (Miotal) 2098 kDa

A representative anoxygenic chlorophototrophic system from the purple bacteria species
Rhodospirillum photometricum was examined for comparison, as described by Scheuring &
Sturgis, 2009 [9]. In this species, each type-1l reaction center is associated with one complex of
16 LH1 antenna proteins, forming a ‘core complex’, and multiple rings of 9 LH2 antenna
proteins. The core complex:LH2 complex ratio was taken to be 3.5, as observed at high light
adaptation in this work. The mass of the RCII/LH1 core complex described in Niwa et al., 2014

[10] in the purple bacterium Thermochromatium tepidum is 380 kDa. The measured mass of the
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LH2 complex described by Cherezov et al., 2006 [11] in the purple bacterium Rps acidophila is
130 kDa. This brings the total mass of a stoichiometric unit containing a single RC to

approximately 835 kDa. Again, the mass of additional electron transport chain components was
not considered due to the multiple roles of these components in other cellular processes and low

apparent stoichiometry relative to other chlorophototrophic machinery [7].

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

Component Number per Mass

stoichiometric unit

RC + LH1 1 380 kDa
LH2 3.5 130 kDa
Mass per RC (Miota) 835 kDa

Field measurements of the maximum cycling rate of chlorophototrophic reaction centers from
Kolber et al., 2000 [12] were used along with these figures to estimate the maximum energy flux
per unit protein available to chlorophototrophs. In saturating light levels, oxygenic phototrophic
phytoplankton were measured to have a maximum sustainable rate of reaction center
photocycling of approximately 350 per second, and aerobic anoxygenic phototrophs were
measured to reach up to approximately 150 per second. These are broadly consistent with in vitro
measurements of photosystem Il photocycle rate of more than 200 cycles per second observed in
isolated photosystems by Lubner et al., 2011 [13]. Each photocycle of a reaction center was
taken to represent two protons pumped across the photosynthetic membrane by the cytochrome
bef complex in oxygenic chlorophototrophs or other electron transport chain components in

anoxygenic chlorophototrophs. Electron transport chains containing the Complex-1 like NDH
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complex (likely capable of pumping additional protons) rather than cytochrome bsf alone was
not considered due to a low apparent rate of cycling and low stoichiometry, suggesting that while

necessary for regulatory purposes it is not a primary player in energy metabolism [14].

Microbial rhodopsins were represented by proteorhodopsin which has been measured at being
capable of 25 pumping protons per second in Friedrich et al., 2002 [15] and bacteriorhodopsin
measured at approximately 50-100 protons per second in Béja et al., 2000 [2] and Lanyi, 2006
[16]. We took the bacteriorhodopsin maximum cycling rate to be 100 protons per second. In all

cases, energy flux was calculated as described in equation S1.

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

Proteorhodopsin | Bacteriorhodopsin | Oxygenic | Anoxygenic
RC RC
Miotar (kDa) 27 26 2098 835
Rmax (cycles s™) 25 100 350 150
Np (protons cycle?) 1 1 2 2
Rmax'Np (Protons s?) 25 100 700 300
Vmax (Protons kDa s1) 0.93 3.85 0.33 0.36

The response of the energy flux per kilodalton of protein mass (Fp) in chlorophototrophs and
retinalophototrophs to varying light levels (L) was modeled via simple Michaelis—Menten

kinetics, using the following equation:

Equation S2: Fp = ';(L"J’:LL
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Vmax Was taken to be the previously calculated maximum energy flux rate of a phototrophic
system in protons kDa* s. Ky, represents the light level at which the energy flux per functional
unit reaches its half-maximum. The K, for both proteorhodopsin and bacteriorhodopsin was
taken to be 2700 pmol m™ s, as described for proteorhodopsin in Walter et al., 2007 [17]. The
Km for oxygenic RCs was taken to be 40 pmol m™ s and the Kn for an anoxygenic RC was

taken to be 191 pmol m? s, as described in Kirchman and Hanson, 2013 [18].

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

Proteorhodopsin | Bacteriorhodopsin | Oxygenic | Anoxygenic

RC RC
Km (umol m2 s?) 2700 2700 40 191
Vmax (Protons kDa s1) 0.93 3.85 0.33 0.36

The relationship between light intensity and the energy flux per unit protein per unit incident
light for each phototrophic system was calculated using equation S3, derived by dividing

Equation S2 by light intensity, yielding the following equation.

Equation S3: F;, = %

The flux Fi, in units of protons kDa™ s/ (umol m s1), represents the specific energy flux of a
unit of protein machinery per unit incident light, and is reduced upon saturation of the machinery
with light. It is thus maximized at low light. The form that this efficiency curve takes is similar to
that determined from first-principles modeling of anoxygenic chlorophototrophic machinery in

Sener et al., 2019 [19].



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

The maximum yield per unit incident light was calculated by setting [light intensity] equal to
zero, at which point the value of Equation S3 is maximized and the largest marginal return per

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

Equation S4: Yax = Vinax/Km

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

reached at infinitesimal light levels.

Table S5: Maximum yield Ymax for chlorophototrophy and retinalophototrophy

Proteorhodopsin | Bacteriorhodopsin | Oxygenic Anoxygenic
RC RC
Ymax (protons kDa* s/ | 3.43-10 1.43-10°3 8.34-10°° 1.88-10°3

(umol m2 s1))

It is important to note that a large fraction of the difference in efficiency per unit incident light
between chlorophototrophic and retinalophototrophic machinery is due not to the greater
quantum yield of chlorophototrophic machinery per unit absorbed photon, but instead is simply
due to a much larger absorption cross section per functional unit due to a much larger amount of
dedicated light-gathering protein machinery per unit. However, the total absorption cross section

per unit infrastructure for chlorophototrophs and retinalophototrophs is quite similar.

The protein infrastructure mass per unit absorption (Mcs) of a phototrophic system measures how
efficiently light is captured. It is calculated from the mass per functional unit (Mta) and the

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



117  from Kirchman and Hanson, 2013 [18], in which it is approximated for all rhodopsins (2 A?), an
118  oxygenic phototroph (100 A?), and an anoxygenic phototroph (50 A?) based on a compilation of
119  experiments and the light spectrum available in a marine environment. This is represented by the

120  following equation:

121 Equation S5: M_.; = M;ytq1/Cs

122 The mass per unit light-absorbing cross section is measured in in units of kDa A,

123 While a large amount of the difference in efficiency per unit incident light is explicable in terms
124  of the difference in total mass per functional unit, the enhanced quantum yield of

125  chlorophototrophic machinery in terms of protons pumped per photon absorbed is an important
126  difference between the two forms of phototrophy. Thus, to account for the greater yield per

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

128  Equation S6: NormalizedM ., = M., /Yield

129  This normalized mass per unit cross section accounts for the fact that photons absorbed by
130  chlorophototrophic machinery are used to energize an electron transport chain and are capable of
131  pumping ~2 protons per photon rather than the 1 proton per photon of retinalophototrophic

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

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

Proteorhodopsin | Bacteriorhodopsin | Oxygenic Anoxygenic

RC RC

Mrotar (kDa) 27 26 2098 835
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Cs (A?) 2 2 100 50
Mes (kDa A?) 13.5 13 20.98 16.7
Yield (protons/photon) | 1 1 2 2
Yield-Normalized 135 13 10.49 8.35
Mes (kDa A?)

Mathematical analysis of tradeoffs between efficiency per unit resource and efficiency per

unit protein machinery

In order to mathematically examine the tradeoff between efficiency per unit incident light, and
efficiency per unit protein infrastructure, the structure of phototrophic machinery was simplified
into an eight-parameter model using Matlab. All phototrophic systems were conceptualized as an
invariant catalytic core coupled to a variable quantity of ‘antenna’ machinery. Antenna increases
absorption cross section while not being catalytically active. The catalytic core transduces light
energy into biologically available energy (high potential electrons used to run an electron
transport chain in the case of chlorophototrophic machinery, and directly pumped protons in the

case of retinalophototrophic machinery). Both components are subject to photodegradation.

The antenna mass will be denoted by the variable x, in units of kilodaltons. As the total antenna
mass per catalytic core will be allowed to vary, the absorption cross section of the antenna will

be denoted by the variable a in units of square angstroms per kilodalton.
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The catalytic core mass will be denoted by the variable k, in units of kilodaltons. Its intrinsic
absorption cross section will be denoted by the variable b, in units of square angstroms. Its
maximum rate of turnover will be denoted by the variable Vmayx, in terms of cycles per second.

Its yield will be denoted by the variable Y, in terms of protons pumped per photocycle.

Michaelis-Menten kinetics were used to model the operation of the phototrophic machinery. As
such, the Kr, of the system (Equation S7) was taken to be the maximum reaction rate of the

central engine over the total absorption cross section of the system:

Equation S7: K,, = Z;”ﬁ

The energy flux per unit phototrophic machinery F (protons pumped per second) at a given light
intensity is denoted by Equation S8, multiplying the standard Michaelis-Menten reaction rate

(using light intensity L as substrate availability) by the yield per photocycle:

Equation S8: F = v - Zmexk — VlVmax _ Tl Vmay(@xth)

Km+L (Vmax)+L " Vinax+L-(ax+b)
ax+b

The energy flux per unit protein F, (protons pumped per kilodalton per second) is denoted by

Equation S9, dividing F by the total mass of the phototrophic machinery:

Equation S9: Fp = —— =y . lmaxt, 1 _ _ ViVnay(ax+h)
P T ktx Km+L  k+x  (k+x) (Vmax+L-(ax+b))

The energy flux per unit incident light (protons pumped per kilodalton per second per unit

photons per square angstrom per second) is denoted by equation S10, dividing Fp by L:

Vmax’L 1 1 Y Vinax'(ax+b)

Equation S10: F, =Y - ——+—-
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Equations S8 through S10 describe the throughput of phototrophic machinery that is fully
functional, but light degrades the machinery via photodegradation. To take this into account,
methods of Han, 2002[20] and Faizi et al., 2018[21] were used in which photodegradation is
proportional to the rate of photon absorption by excited phototrophic machinery. This follows
equation S11, in which the rate of photodegradation v; in fractions of total protein per second is
dependent on the photodegradation rate constant D (in units of photon™), absorption cross
section (ax+b) in square angstroms, light intensity L in photons per square angstrom per second,

and fraction of the phototrophic machinery excited P”.

Equation S11: v; =D -(ax +b)-L-P*

Using a two-state model, the fraction of phototrophic machinery excited is taken to be equal to

the ratio of the current reaction rate to the Vmax resulting in equation S12:

LVmax-(ax+b) 1 D-L*(ax+b)?
Vmax+L(ax+b) Vyax Vimax+L(ax+b)

Equation S12: v; = D-(ax+b)-L-

The effect of photodegradation of machinery depends on the average turnover rate of the
machinery before it is degraded via other means or diluted away by cell division. In steady state,
the fraction of phototrophic protein that is functional (Ps) is related to protein turnover rate (R, in

s™) and vi by equation S13:
Equation S13:R = R-Pr + v; - Py

Rearranging this equation after substitution with Equation S12 results in Equation S14 for Ps:

. R R
Equation S14: P; = Fyenlie DI2-(axih)?

i —_—
R+Vmax+L-(ax+b)
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This equation represents the factor by which previously calculated rates and efficiencies must be
multiplied in order to determine the true rate of energy transduction, taking into account protein
inactivation by light. Thus, we multiply equations S9 and S10 by equation S14 to obtain

equations S15 and S16, which will be used for our final analysis:

Y'L-Viax (ax+b) R

(k+x)-(Vinax+L-(ax+b)) g, _DL*(ax+b)?
Vmax+L(ax+b)

Equation S15: Fp =

Y Vinax'(ax+b) R

(k+X)-(Viax+L-(ax+b)) g, _DL?-(ax+b)?
Vmax+L(ax+b)

Equation S16: F, =

Numerical analysis

For purposes of numerical calculation of optimal architectures and performances, light intensities
between a high of 4000 micromoles of photons per square meter per second (24.08 photons A2 s’
1y, approximating the intensity of direct sunlight, and a low of 1-10 micromoles of photons per
square meter per second (6.02:10°° photons A2 s) were considered, with 1,000 light intensities

distributed logarithmically across the range considered.

At every light intensity, the optimal antenna mass x must be determined for chlorophototrophic
machinery and for retinalophototrophic machinery. As solving the optimum antenna mass x for
maximizing Fp and FL was analytically intractable, we numerically approximated it to the nearest
0.1 kDa at every tested light intensity, creating a table of optimal antenna masses Xopt for each

light intensity for both sets of machinery.

All previously described variables were calculated at each light intensity for chlorophototrophs

and retinalophototrophs using input variables described in Table S7, and the calculated optimal
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antenna table. Values of Fp and F for the optimal system were recorded at all light intensities, as
was the optimal antenna mass, and the ratio of Fp between chrlorophototrophs and
retinalophototrophs. The light intensity, Fp, and F. of the crossover point at which
chlorophototrophy and retinalophototrophy were equivalent was also recorded. Variables are
converted from light intensities in photons per second per square angstrom to intensities in
micromoles of photons per square meter per second in order to make comparison to values in the

literature easier.

Variable values used in calculation

Photodegradation and non-photodegradation protein turnover was considered to be the same for
chlorophototrophs and retinalophototrophs for simplicity, and because the goal of this analysis is
to determine which phototrophic system would be preferred in the same phototrophic ecological
niche. The photodegradation rate constant D was taken to be 1.6-10° photon™ from a Faizi et al.
model of optimal phototrophic growth[21]. The non-photodegradation protein turnover rate R
depends on the dilution timescale of protein in rapidly dividing cells, or the recycling of protein
in non-dividing cells. It was taken to be 0.1 hr, or 2.78-:10-5 s, for all analyses. This results in a
half-life of protein machinery of approximately 6.93 hours, comparable to the protein dilution

timescale of cyanobacteria undergoing exponential growth in bright light[21, 22].

Retinalophototrophy was represented by bacteriorhodopsin, with all numbers as previously
described above (table S6, reproduced in table S7) except for the absorption cross section which
was recalculated to take into account differing absorption across the visible spectrum. This was
calculated by averaging the absorption spectrum of a rhodopsin [23] across the PAR

(Photosynthetically Active Radiation) range of 400 to 700 nanometers, normalized to an
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extinction coefficient & of 62700 M*cm™ at 549 nm[24]. The absorption spectrum was only
measured to 424 nm, and all values between this and 400 nm were represented as the same value
as 424 nm. This averaged to an extinction coefficient €a across all PAR of 25667 which using

Equation S17[25] is translated into an absorption cross section b of 0.982 A2,

2303
6.02:1023M~1-1cm

Equation S17: b = €a -

Chlorophototrophy was similarly represented by an anoxygenic proteobacterial type 2 RC as
described above, since it was the chlorophototrophic system most easily decomposed into a
discrete central engine and antenna. The anoxygenic RC engine requires an absorption cross-
section b and mass k in isolation without any attached antenna complexes. Absorption cross
section was approximated by multiplying the number of bound photopigments by their cross
sections. The composition of the Thermochromatium tepidum reaction center was used to
extrapolate the absorption cross section of a minimal chlorophototrophic reaction center. This
contains four bacteriochlorophyll and two bacteriopheophytin molecules and one integral
spirilloxanthin carotenoid[10, 26, 27]. Absorption spectra were obtained via personal
communication with Dr. Canniffe of the University of Liverpool The spectrum of
bacteriochlorophyll was normalized to an extinction coefficient of 92000 M*cm™ at 781 nm[28],
that of bacteriopheophytin a to 45100 M™cm™ at 747 nm[29], and that of spirilloxanthin to
101400 Mcm™ at 525 nm[29]. All were averaged across the PAR range of 400 to 700 nm.
Using equation S17, the absorption cross section of bacteriochlorophyll came to 0.476 A?,
bacteriopheophytin came to 0.236 A?, and spirilloxanthin came to 1.390 A2, The spirilloxanthin
carotenoid was considered to transfer 40% of its absorbed photons, as it has a role in quenching

and a low quantum efficiency [30]. Thus, the total absorption cross section of the T tepidum
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central reaction center comes to approximately 2.932 A2, Mass was approximated by subtracting
the mass of the LH1 ring, leaving a central engine with a core homologous to those of other

reaction centers with a mass of approximately 150 kDa.

Lastly, an absorption cross section per unit mass of antenna was required. The same value was
used for both chlorophototrophic antennas, and hypothetical antennas connected to rhodopsins.
This was taken to be approximately 0.163 A? kDa*. This is the value obtained by dividing the
sum of the absorption cross section of all pigments in the LH2 antenna complex[11] (18
bacteriochlorophyll and 9 spirilloxanthin) by the mass of the LH2 antenna complex (130 kDa).
The full absorption cross section for spirilloxanthin was used, as the quantum efficiency of
photon absorption by antenna carotenoids in LH1 and LH2 can approach 100%][30]. All

variables are recorded in Table S7.
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Table S7: Variables for calculation of efficiency per unit light and efficiency per unit

infrastructure of chlorophototrophic and retinalophototrophic machinery

Bacteriorhodopsin Anoxygenic RC

k (kDa) 26 150

b (A% 0.982 2.392

Vmax (s?) 100 150

Y (protons cycle?) |1 2

a (A? kDa'l) 0.163 0.163

D (photon™) 1.6-10°° 1.6-10°

R (s 2.78-10° 2.78-10°
Results

Supplemental figure 2A, and 2C through 2F depicts the emergent trade-off between efficiency
per unit protein and efficiency per unit incident light for chlorophototrophs and
retinalophototrophs in the form of a plot of the optimal Fp versus Ft. Every separate point on the
solid green and purple lines represents the efficiencies of a different optimal phototrophic system
at a given light intensity. At all other light intensities they are strictly inferior in all respects to a
better-optimized phototrophic system of the same type, except in the degenerate case of a system

which is best with zero antenna at a range of light intensities, which occurs at the highest light
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intensities for chlorophototrophy. The optimal systems together define a Pareto front,
representing a trade-off between efficiency per unit protein infrastructure and efficiency per unit
light resource. At high light levels (above ~185 micromoles of photons per square meter per
square meter per second) retinalophototrophs dominate with high energy flux per unit protein,
while at low light levels retinalophototrophs dominate with high efficiency per unit incident

light.

Notably, as the equations for FP and F_ differ only by a factor of light intensity L, regardless of

the system being used, Equation S18 holds:

Equation S18: -l

Fp L
This means that at a given light intensity, any phototrophic system regardless of its properties
will lie somewhere on a line passing through the origin with a slope inversely proportional to the

light intensity.

The curves describing the optimization of the two systems cross at a critical light intensity of 186
micromoles of photons per square meter per second, with retinalophototrophy producing both
higher optimal Fp and F_ at higher light intensities but chlorophototrophy superior at lower light
intensities. Again, as the equations for Fp and F_ are identical except for a factor of light
intensity, at a given light intensity the advantage of a given phototrophic system is identical for

both.

Supplemental figure 2b illustrates the optimal antenna mass for chlorophototrophs and
retinalophototrophs at different light intensities. At the crossover point, the optimal

chlorophototroph is calculated to have an antenna mass of 95.4 kDa and the optimal
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retinalophototroph is calculated to have an antenna mass of 60.8 kDa. These values climb
without bound as light level decreases to zero, but as light intensity increases they reach zero for
chlorophototrophy by 1845 micromoles of photons per kilodalton per second, and decrease to

only 2.1 kDa for retinalophototrophy at the maximum light intensity examined.

These values comport well with the observed makeup of real-world phototrophic machinery.
Chlorophototrophs’ antenna complexes range all the way in size up to massive crystalline
chlorosomes which can be significant fractions of the size of a bacterium[31] and have even been
observed on the ocean floor[32]. There is no known chlorophototrophic reaction center in nature
that does not bear antenna complexes, with all type I reaction centers bearing “core” antennas
which are part of the same polypeptide chain, and type Il reaction centers either bearing a LH1
ring permanently associated with the complex in the case of anoxygenic reaction centers or a
core antenna related to that of type | reaction centers but in a separate polypeptide in the case of
photosystem 11. The minimum antenna complex associated with a reaction center is
approximately 130 kDa in the form of the sum of the core antennas of the dimeric heliobacteria

reaction center[33] — remarkably close to the predicted value of the smallest antenna.

Real-world retinalophototrophic machinery has only ever been observed to contain single
carotenoid molecules attached to the sides of xanthorhodopsin molecules as antennas[34], rather
than any more elaborate antenna complexes. The calculated largest optimal antenna of the
retinalophototrophic machinery closest to the crossover point is approximately the same size as
the smallest known antenna complex — a single copy of the heliobacterial core antenna at 65

kDa. This would, however, only be useful at the very lowest light levels that retinalophototrophs
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are superior at, possibly limiting the utility of tying these sorts of antenna complexes into this

pathway.

Supplemental figure 3 illustrates the relative advantage of chlorophototrophs and
retinalophototrophs at different light intensities. This was calculated by computing the ratio of Fp
for the two systems at all light intensities. At low light intensities chlorophototrophy has nearly a
2-fold advantage in our model, while at high light intensities the advantage shifts to

retinalophototrophy and increases to over 3-fold in unfiltered direct sunlight.

Importantly, the crossover point between the chlorophototroph and retinalophototrophic curve is
dependent on the turnover rate R of the phototrophic machinery — as turnover rate decreases,
there is more opportunity for photodegradation and small differences in photodegradation rate
compound into larger differences in the functional fraction of machinery. This variable is highly
dependent on metabolic state and growth rate, and so any one value is only representative of a
small set of physiological conditions. We performed an analysis of the sensitivity of the modeled
crossover light level to the base protein turnover rate R. See Supplemental figure 4 for a plot of
crossover light intensity versus both protein turnover rate R, and the half-life of phototrophic

protein machinery. Half-life was calculated using Equation S19.

In (2)

Equation S19: Half Life = —

At extremely fast physiologically unlikely turnover rates, the crossover point rises rapidly in
light intensity, with the crossover point reaching 578 micromoles of photons per square meter
per second at a R of 1 hr! and a half-life of 0.69 hours, faster than any known phototrophic

doubling time. As turnover rates slow down the crossover point drops in light intensity, with it
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reaching 47 micromoles of photons per square meter per second at a half-life/doubling time of
100 hours and as low as 17.7 micromoles of photos per square meter per second at an R of 0.001
hr'! and a half-life of 693 hours. As turnover rate can depend on either protein recycling or
dilution due to cell division, we should expect a crossover between chlorophototrophic and
retinalophototrophic advantage at lower light levels when considering slow-growing
metabolically quiescent cells as compared to fast-growing metabolically active cells, consistent
with its observed role in preventing starvation[35]. While these crossover light levels vary over a
factor of thirty as we allow the recycling and dilution rate R to vary 0.001 hr! to 1 hr?, they
remain much dimmer than direct sunlight and the trade-off curves of F. vs Fp retain a similar

qualitative relationship — see supplemental figure 4 C through E.

In order to confirm the real-world ecological significance of the calculated critical light intensity,
we analyzed the distribution of retinal and chlorophylls at depth in the ocean as previously
described by Gémez-Consarnau et al[36]. Taking raw data from a transect of the Mediterranean
Sea, we isolated every datapoint and examined the total flux of photosynthetically active
radiation (PAR), the concentration of retinal pigment, and the total quantity of chlorophyll-a plus
the concentration of bacteriochlorophyll. Unmeasurably low values were taken to be zero. We
sorted these datapoints by PAR intensity, performed a rolling average of 10 datapoints to smooth
noise, and normalized pigment concentrations to their average concentration across all datapoints
to account for different average absolute concentrations of chlorophyll and retinal pigments.
Supplemental figure 5 illustrates the resultant summary of relative concentration of
chlorophototrophic and retinalophototrophic pigments at different PAR levels in a transect of the
open ocean. The pattern is roughly consistent with the relative advantages of chlorophototrophy

versus retinalophototrophy as calculated in our model — chlorophototrophic pigments are above
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their average concentration at light intensities below our calculated crossover point, and
retinalophototrophic pigments are above their average concentration at light intensities above our
calculated crossover point, although the threshold is not sharp. This could be the result of the
previously noted dependence of the favorability of phototrophic mode on the recycling rate of
the machinery, and the presence of many different growth rate populations in the ocean. This
may also be because the ocean is dynamic and mixed rather than perfectly stratified by light
level, and because even as both chlorophototrophy and retinalophototrophy produce biological
energy, they do have important physiological and ecological differences — for example
retinalophototrophy cannot produce biomass no matter what light intensity it is exposed to, and
requires no limiting iron in resource-poor environments. We thus observe qualitative evidence
for the accuracy of our calculation of the ecological partitioning of phototrophic niche space

between chlorophototrophs and retinalophototrophs.
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Supplemental Figures

Supplemental Figure 1: Phototrophic vs Chemolithoautotrophic Primary Production
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Legend: Comparison between carbon flux through biospheres driven by photosynthesis and
chemolithoautotrophy. Modern oxygenic photosynthesis drives carbon fixation of nearly 9,000
teramoles per year[1]. While modern anoxygenic photosynthesis represents at most ~2.7
teramoles per year [2], estimates of anoxygenic photosynthesis in the Archaean are ~280
teramoles per year [3]. Estimates of possible carbon flux through a pre-photosynthetic, entirely
chemolithotrophic biosphere driven by Archaean geochemical fluxes alone are circa 0.06

teramoles per year [4].
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Supplemental Figure 2: Model Results for Optimal Chlorophototrophic and Retinalophototrophic

Machinery at Different Light Levels
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Legend: A) Modeled trade-off between efficiency per unit protein and efficiency per unit light for
chlorophototrophy and retinalophototrophy. The optimal system at a given light intensity is pictured as
a solid line, with the sub-optimal system at a given light intensity pictured as a dotted line. The
crossover point is indicated with an open circle. B) The optimal antenna mass modeled for
chlorophototrophs and retinalophototrophs graphed across different light intensities, pictured as in the
previous panel. The optimal antenna for both systems rises to arbitrarily large masses at low light levels,
before falling to zero at less than the maximum modeled light intensity for chlorophototrophs and near
zero at the maximum modeled light intensity for retinalophototrophs. The crossover point at which
both systems are modeled as equivalent is indicated via solid circles. C) Efficiency per unit light versus
light intensity, with light intensity on a linear scale. Crossover point indicated. D) Energy flux per unit
protein, with light intensity on a linear scale. Crossover point is indicated. E) Efficiency per unit light
versus light intensity, with light intensity on a logarithmic scale. F) Energy flux per unit protein versus

light intensity, with light intensity on a logarithmic scale.



27  Supplemental Figure 3: Relative Advantages of Chlorophototrophs and Retinalophototrophs at

28  Different Light Intensities
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29
30 Legend: A) The fold advantage of the optimal calculated chlorophototrophic system and
31 retinalophototrophic system at different light intensities. Both systems are evenly matched in
32 terms of energy flux per unit protein, or efficiency per unit light, at a light intensity of 186
33 micromoles of photons per square meter per second. At low light intensity chlorophototrophs
34  approach a nearly 2-fold advantage, while at high light levels the advantage of
35 retinalophototrophs exceeds 3-fold. B) The same data, on a logarithmic light scale to enhance

36 legibility.
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Supplemental Figure 4: Sensitivity of Crossover Value to Degradation Rate Constant
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Legend: A) Sensitivity of the modeled crossover point of chlorophototrophy and retinalophototrophy to
the degradation rate constant R. Open circle indicates the value used for detailed analysis in this
publication. At a degradation constant of 0.001 hr! (half-life of 693 hours) a crossover point between
chlorophototrophy and retinalophototrophy occurs at 17.7 umols m2s?, at 0.1 hr? (half-life of 6.9
hours) it occurs at 185.6 pmols m2s?, and at 1 hr?! (half-life of 0.69 hours) it occurs at 577.7 umols m2s
1. B) Sensitivity of the modeled crossover point to the non-photodegradation half-life of phototrophic
machinery. Open circle indicates the value used for detailed analysis in this publication. C) Tradeoff of
efficiency per unit protein versus efficiency per incident light with recycling/dilution rate of 0.001 hr.
D) Tradeoff of efficiency per unit protein versus efficiency per incident light with recycling/dilution rate
of 0.1 hr'l. E) Tradeoff of efficiency per unit protein versus efficiency per incident light with

recycling/dilution rate of 1 hr'l. Tradeoffs remain similar in form.



50  Supplemental Figure 5: Comparison of Calculated Properties of Chlorophototrophs and

51  Retinalophototrophs, and Their Actual Distribution (Gémez-Consarnau et al.)
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53  Legend: Smoothed data from Gémez-Consarnau et al.[5] on the distribution of chlorophototrophic and
54  retinalophototrophic pigments in the water column. All values are normalized to the average

55  concentration of pigment across the whole dataset. Dotted line indicates the modeled theoretical

56  crossover point at which chlorophototrophy and retinalophototrophy are equivalent. The highest

57 retinal pigment concentrations are observed above the modeled crossover point, and the highest

58 chlorophototrophic pigment levels are observed below the crossover point.
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