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ABSTRACT: In photosynthesis, the efficiency with which a photogenerated exciton reaches
the reaction center is dictated by chromophore energies and the arrangement of
chromophores in the supercomplex. Here, we explore the interplay between the arrangement
of light-harvesting antennae and the efficiency of exciton transport in purple bacterial
photosynthesis. Using a Miller−Abrahams-based exciton hopping model, we compare
different arrangements of light-harvesting proteins on the intracytoplasmic membrane. We
find that arrangements with aggregated LH1s have a higher efficiency than arrangements with
randomly distributed LH1s in a wide range of physiological light fluences. This effect is robust
to the introduction of defects on the intracytoplasmic membrane. Our result explains the
absence of species with aggregated LH1 arrangements in low-light niches and the large
increase seen in the expression of LH1 dimer complexes in high fluences. We suggest that the
effect seen in our study is an adaptive strategy toward solar light fluence across different purple
bacterial species.

Photosynthesis employs a spatio-energetic funnel to
maximize the transfer-to-trap efficiency of excitons.1,2

Chromophores are arranged to absorb from higher to lower
energies as they get closer to the reaction center. For example,
in cyanobacterial photosynthesis, high-energy excitons created
in the phycobilisome move energetically downhill to photo-
system I. Within photosystem I, the lowest-energy red
chlorophylls spatially surround the RC.1,3 Another striking
example of a spatio-energetic funnel is found in purple bacteria.
On purple bacterial intracytoplasmic membranes (ICMs), LH2
proteins absorbing 850 and 800 nm light surround LH1
proteins absorbing light at a longer wavelength (lower energy),
875 nm. Photosynthetic reaction centers (RCs) are embedded
in the LH1 proteins, thus creating a well-defined two-step
energetic funnel, or downhill hopping gradient for excitons to
move from LH2 to LH1 and then on to the RC.4,5 The funnel
facilitates a highly efficient transfer-to-trap process in purple
bacteria. The efficiency with which a photogenerated exciton
gets quenched at the RC (transfer-to-trap efficiency) has been
reported to be in the range of 80−95% for purple bacteria.1,6−8

Over the past few decades, residue−chromophore inter-
actions that tune the energies of photosynthetic chromophores
have been extensively studied.3,9−13 On the other hand, the
role of the membrane organization in tuning transfer-to-trap
efficiency and excitonic pathways is comparatively less
explored. In purple bacteria, quinone diffusion, variable
internal conversion in RCs, and maximal surrounding of RCs
by LH2, among other parameters, have been suggested as
drivers of the different arrangements of light-harvesting

complexes observed in nature.8,14−16 Atomic force microscopy
(AFM) studies on purple bacterial ICMs have shown that in
Rb. sphaeroides, LH1 proteins form dimers and aggregate to
make LH1 islands of eight complexes typically arranged in two
rows of four (2 × 4), whereas in Rps. acidophila, Rsp.
photometricum, and other species, the distribution of LH1s is
random.5,8,17,18 Light conditions are known to affect LH1:LH2
complex ratios; LH1:LH2 ratios between 1:2 and 1:14, the
result of light-dependent LH2 expression, have been reported
on purple bacterial ICMs.19−21 AFM studies have also
uncovered a plethora of defects on the lattice structure of
the membrane, including LH1s with broken or missing RCs
and incorrectly “wrapped” LH2s and LH1s.17,18,22 Non-
photosynthetic proteins present on the membrane can also
disrupt excitonic pathways.
In this work, we examine the effect of different membrane

protein arrangements on the robustness and transfer-to-trap
efficiency of photosynthesis. We model exciton dynamics with
kinetic Monte Carlo simulations based on the Miller−
Abrahams model. We verify our model by recovering trends
in exciton lifetimes on purple bacterial ICMs with varied
LH1:LH2 ratios and light fluences. We find that different
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arrangements of LH1 and LH2 on the membrane show
differences of up to 2% in transfer-to-trap efficiency in the 0.5−
100 W/m2 solar fluence regime. We suggest that this difference
manifests in an ecological advantage for species with
aggregated LH1s over many generations of proliferation and
that the formation of LH1 islands is an adaptation strategy to
light fluences across purple bacterial species.
The Letter is organized as follows: We begin with describing

our adapted computational model of the ICM. We then state
the results of our simulations. Finally, we discuss their
implications and explain the observed phenomena.
Development of ICM Model. To model exciton dynamics on

the purple bacterial ICMs, we use kinetic Monte Carlo exciton
hopping simulations incorporating the Miller−Abrahams
model of weighting exciton hopping steps on a purple bacterial
ICM lattice. This model is naturally dissipative, and downhill
hopping of excitons is favored over uphill hopping.23

Specifically, downhill hops between a donor, i, and an
acceptor, j, proceed with a fixed rate constant kh, but uphill
hops are weighted by the Boltzmann factor of the energy
difference ΔEij between the two chromophores i and j:Ä
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Here, kij is the hopping rate between i and j. kB is the
Boltzmann constant, and T is the temperature. We assume that
the rates of LH1 and LH2 fluorescence and transfer of excitons
to the RC are constant. The Miller−Abrahams model has been
used previously to describe spin-hopping on lattices, exciton
hopping in nanoparticle arrays, and charge hopping in organic
photovoltaics.24−26 Because of its preferential downhill
hopping feature which mirrors the energetic funnel in
photosynthesis, Miller−Abrahams weighting of hopping steps
is particularly suitable for exciton simulations on purple
bacterial ICMs. Other models including FRET can incorporate
downhill funneling, static disorder,27 and distance dependence
in simulations. However, when many like complexes are
involved and the intercomplex distance is fixed because of a
lattice structure, the Miller−Abrahams model can be used to
recover salient features of incoherent hopping if the relevant
hopping constants are known experimentally.
The purple bacterial ICM is modeled by a 24 × 24 periodic

two-dimensional hexagonal lattice; each lattice site is occupied
by either an LH1 or LH2 protein.16,17 We use a hexagonal
lattice as an approximation to structures reported in multiple
AFM studies showing prominent hexagonal close packing of
proteins.8,16 Each site is assigned an energy randomly picked
from a Gaussian energy distribution with widths obtained from
the measured fluorescence line widths of LH1 and LH2
(10930.5 ± 119.5 cm−1 for LH1 and 11547 ± 72 cm−1 for
LH2).28−30 For the 1:2 ratio lattice, the exciton is created at a
random position on the lattice, with a 14% chance of being
created on LH1 and otherwise on LH2, in accordance with the
absorption cross section at 800 nm.19 For all other ratios, we
have interpolated the exciton branching ratios obtained by
Timpmann and co-workers19 for our model. These ratios are
tabulated in Supporting Table 1. The intercomplex hopping
rate from lattice site i to j is determined by eq 1. Temperature
is set to 298 K for all simulations. The hop constant kh in eq 1
is set to the experimentally measured value of 0.06173 ps−1.5

The rate of fluorescence is assumed to be constant for each
type of protein and is consistent with experimentally measured

fluorescence lifetimes of the corresponding complexes: kFLH1 =
0.005 ps−131 and kFLH2 = 0.0025 ps−1.32 The only free parameter
left is the transfer rate from LH1 to the RC, which is obtained
as kRCLH1 = 0.015625 ps−1 by fitting the exciton lifetime in the
membrane with an LH1:LH2 ratio of 1:2 to 60 ps.19 Hops
beyond nearest neighbors are neglected owing to the strong
distance dependence of incoherent hopping.
To compute exciton lifetime as a function of LH2

expression, we use LH1:LH2 ratios of 1:2, 1:3, 1:4, 1:5, and
1:6 with random arrangements of LH1 and LH2 on the
membrane. In this work, we also seek to explore the robustness
of this light-harvesting system against the placement of
nonphotosynthetic proteins on the ICM and gaps introduced
because of the curvature of the membrane. To do so, we model
a defect site on the membrane as a lattice site with effectively
infinite energy, i.e., a void to which an exciton cannot hop. In
the real system, this “defect” is likely a membrane protein other
than LH2 or LH1. We keep the LH1:LH2 ratio constant at 1:2
and vary the fraction of defective sites on the membrane. LH1,
LH2, and defect placements are random.
To examine the effect of LH1 arrangements on transfer-to-

trap efficiency at all physical fluences, in our simulations we
account for the difference between the photon absorption rate
and the rate of exciton dissociation at the RC (RC turnover
rate) using a dynamic RC closing method.4 Across much of the
physiological solar fluence range the photon absorption rate of
the membrane is greater than the RC turnover rate, creating a
bottleneck for exciton quenching.
Solar fluence in typical purple bacterial environmental niches

can range from 0.1 to 1000 W/m2, which corresponds to peak
sunlight fluence at the equator. At the low end, photon
absorption on our simulated membrane and physiological
membranes occurs once in every 10 ms, while in the high-
fluence limit, a photon is absorbed approximately once every 1
μs.4 Even in the highest solar fluence, multiexciton events are
rare on purple bacterial ICMs because the exciton lifetime is
maximally 200 psorders of magnitude smaller than the
photon absorption rate. Therefore, we investigate lifetime and
number of exciton hops as a function of light fluence within the
single exciton regime. However, if the quinone release step of
the exciton quenching process step (1−100 ms time scale for
one exciton) is slower than the photon absorption rate, an
incoming exciton cannot hop to an exciton dissociating RC to
be quenched. This phenomenon is called RC blocking in our
work, and it determines exciton lifetimes in the high-fluence
limit. We include RC blocking in our model by adopting a
strategy similar to that of Fassioli et al.4 RCs are blocked
(transfer to RC is turned off) for a variable number of
subsequent simulations after the RC traps an exciton. This
number is denoted by Nblock. The relationship between light
fluence and number of subsequent blocked simulations
depends on the membrane absorption cross section and the
exact turnover time of the RC and is given by

N I
hc r

N
r

1
block

photonsσλ= =
(2)

where h is Planck’s constant, λ the incident wavelength (800
nm), I the light fluence, r the RC turnover rate, σ the
membrane absorption cross section, c the speed of light, and
Nphotons the number of photons absorbed by the membrane per
unit time. RC turnover times were not measured in previous
fluence-dependent exciton lifetime studies on purple bacterial
ICMs19,33 and are not known for the samples used in these
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studies. NaCl concentration, pH, and quinone availability have
been shown to affect RC turnover rates, and the turnover times
in laboratory conditions for the samples used in the two
previous studies could be different by an order of
magnitude.34,35 In this study, we use an RC turnover time of
25 ms/exciton, consistent with previous independent exper-
imental and theoretical works across different species.4,34,35

The ratio of the number of photons absorbed per second and
the RC turnover rate yields Nblock. In our approach, we first
calculate the full membrane absorption cross section using the
molar absorption coefficients of bacteriochlorophylls B800 and
B850 in LH2 of 226 and 2.5 mM−1 cm−1, respectively,36 at 800
nm and a partition ratio of 14:8619 of excitons between LH1
and LH2. The membrane contains LH1s and LH2s in 1:2
ratios, and 14 excitons are created on each LH1 for every 86
excitons created on each LH2. The partition ratios of excitons
used for other LH1:LH2 ratios are tabulated in Supporting
Table 2 and are adapted from Timpmann et al.19 (Supporting
Table 1). From these values, we calculate that 1.4 × 105

photons are absorbed per second at a 100 W/m2 light fluence
by our 24 × 24 hexagonal membrane.
To investigate if the supercomplex structure affects transfer-

to-trap efficiency, we construct three lattice structures
(“random”, “island” with groups of LH1s clustered together,
and “isolated” with all LH1s separated by LH2s) for further
fluence-dependent Monte Carlo exciton dynamics simulations.
The first lattice is a random arrangement of LH1s and LH2s in
the 1:2 ratio, which represents the high-light membranes of
bacteria such as Rsp. photometricum and Rps. acidophila.17

Simulations for this structure are performed on 144 different
random arrangements to obtain the data shown in this work.
The second lattice consists of 2 × 4 LH1 islands surrounded
by LH2 such that the LH1:LH2 ratio is 1:2. This arrangement
represents many species in the Rhodobacter genus. The third is
an idealized “isolated” lattice of a two-dimensional hexagonal
AB2 arrangement that eliminates adjacent LH1 neighbors. Data
collected on different ratios, defects, and light fluences is
averaged over 72 000 000 exciton trajectories across 144 spatial
and energetic realizations of the membranes. We assume that
membrane curvature does not strongly change exciton
dynamics.37−42 We note that while we assume the hopping
rate, kh to be constant, it has been shown that intercomplex
distance changes because of membrane curvature and the
average hopping time between two LH2 complexes can range
between 4 and 25 ps because of different intercomplex
distances. Finally, we assume that the ∼150 cm−1 static
disorder of LH complexes rules out resonance enhancement of
Forster hopping for certain energy differences in accordance
with earlier work by Jang43 and Schulten44 and co-workers.
Observations f rom Simulations. First, we look at the effect of

LH1:LH2 ratios on exciton dynamics. Exciton lifetimes from
our simulations, as shown in Figure 1A, are in good agreement
with earlier experimentally determined lifetimes for the
different ratios of LH1 and LH2 expression.19 An earlier
theoretical work calculated a 50 ps lifetime for a 1:2.8
LH1:LH2 ratio.6 As the LH1:LH2 ratio increases from 1:2 to
1:6, the exciton lifetime increases from ∼60 to 82 ps (Figure
1A). Our simulations also show that the increasing LH1:LH2
ratio leads to an increase in fluorescence quantum yield, or
lower transfer-to-trap efficiency (Figure 1B). Looking at the
constituent hops of the average exciton trajectory, we find that
only hops between LH2s increase significantly (Figure 1C) as
a function of LH2 expression and LH1 to LH1 hops decrease

concomitantly. Irrespective of the LH1:LH2 ratio, exciton
hopping from LH2 to LH1 and back-hopping from LH1 to
LH2 do not change significantly (on average 1.46 to 1.62 times
and 0.65 to 0.78 times, respectively, over an exciton’s lifetime).
Our simulations show that exciton lifetime increases with the

percentage of defective lattice sites (Figure 1D). For up to 30%
defective sites, the transfer-to-trap efficiency of the membrane
decreases by only ∼2% (Figure 1E), after which it decreases
more sharply. Looking at the types of exciton hops, we see that
only hops between LH2s increase (Figure 1F). Hops between
LH1 decrease appreciably and hops from LH1 to LH2 and
LH2 to LH1 show a small decrease with increasing percentage
of defects.
We recover the experimentally observed trend of exciton

lifetime as a function of light fluence.19,33 Using an RC
turnover rate of 25 ms/exciton,4,34,35 we find particularly good
agreement with the experimental work of Borisov et al.33 A
saturation limit lifetime of 200 ps is obtained for the single-
exciton regime in accordance with our chosen LH1
fluorescence lifetime (Figure 2A). A small increase is seen in
hops between LH2s, from LH1 to LH2, and from LH2 to
LH1. The largest increase is seen in inter-LH1 hops as a
function of Nblock (from ∼4 to 16 hops, Figure 2B). Figure 2C
shows representative exciton trajectories on the lattice under
low light (Nblock = 0) and high light (Nblock = 10 000)
conditions. We see that in high light, the sampling region of

Figure 1. (A) Trend of exciton lifetimes (τ) from our model plotted
against experimentally obtained lifetimes by Timpmann et al.19 and
the theoretically calculated lifetime by Sener et al.6 for different
LH1:LH2 ratios. (B) Trend of fluorescence quantum yield (1 − η)
values obtained from our simulations for different LH1:LH2 ratios.
(C) Number of hops from LH2 to LH2, LH2 to LH1, LH1 to LH2,
and LH1 to LH1 as a function of LH1:LH2 ratio. (D) Trend of
exciton lifetimes (τ) as a function of percentage of defect sites on the
membrane lattice. (E) Trend of quantum yield values as a function of
percentage of defect sites. (F) Number of hops from LH2 to LH2,
LH2 to LH1, LH1 to LH2, and LH1 to LH1. Error bars correspond
to one population standard deviation (1SD).
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the exciton increases (Supporting Figure 1), and there is a
greater number of inter-LH1 hops.
Fluence-dependent Monte Carlo simulations on the

random, isolated, and island arrangements (Figure 3A) reveal
that the transfer-to-trap efficiency of each of the three lattice
structures follows the same qualitative trend as a function of
RC blocking (Supporting Figure 2). However, differences in
transfer-to-trap efficiency are observed when we consider the
deviation of the three efficiency curves from average for each
fluence range (Figure 3B). At saturating fluences (≥100 W/
m2; Nblock ≥ 3000), all arrangements have the same efficiency.
At low fluences (corresponding to negligible RC blocking), the
isolated LH1 structure is ∼1% more efficient than the random
and island structures. Strikingly, at Nblock values between 20
and 3000, the island LH2 arrangement is the most efficient,
outperforming the random and isolated structures by ∼1% and
∼2%, respectively. This effect persists when 20% defects are
added to all three arrangements while keeping the ratio
between LH1 and LH2 constant (Figure 3C), but it is not seen

when static disorder is increased artificially to twice or four
times the physiological disorder (Supporting Figures 3−5).
Exciton lifetimes do not change significantly between arrange-
ments in the low- and high-fluence limits, with the isolated
structure lifetime being smaller by 3−4 ps (Supporting Table
3). We find that the exciton travels farther from its origin in the
island and random arrangements than in the isolated
arrangement and that the diffusivity of the island arrangement
decays most rapidly in all light fluences (Supporting Figure 6).
We also find that difference in efficiency persists when the
hopping rate between complexes, kh, is increased (Supporting
Figure 7) or the LH1:LH2 ratio is changed to 1:5 (Supporting
Figure 8).
Discussion of Observations. We first look at the impact of

LH1:LH2 ratios on exciton dynamics. The remarkable
robustness of the energy funnel in purple bacteria is underlined
by the stable rate of back-hopping from the low-energy LH1
pools to high-energy LH2s, even with high LH2 expression.
Our observation that only inter-LH2 hops increase substan-
tially for high LH2 ratios is consistent with earlier work
showing that increased LH2 expression is not associated with
enhanced exciton transfer from LH2 to LH120 (Figure 1C). In

Figure 2. (A) Trend of fluorescence lifetimes (τ) obtained from our
simulations as a function of RC closing and light fluence plotted with
experimentally measured lifetimes as a function of light fluence by
Timpmann et al.19 and Borisov et al.33 (B) Number of hops as a
function of subsequent RC blocking iterations. (C) Four sample
trajectories for RC closing (Nblock) values of 0 and 10 000.
Trajectories start at the LH2 with a black outline circle and end at
the circles with red outlines. Brightness of yellow lines indicates the
number of hops between two pairs of complexes and highlights the
increased inter-LH1 hops. Mean lifetime is preserved while randomly
picking trajectories to represent. LH1, red; LH2, blue. Error bars
show 1SD.

Figure 3. (A) Representative sections of random, isolated, and island
lattice structures. LH1s and LH2s are randomly distributed in a 1:2
ratio in the random lattice; isolated and island structures are repeated
over the 24 × 24 membrane. (B) Random, island, and isolated
structure efficiency deviations from the average random efficiency
⟨η⟩random as a function of Nblock for a lattice without defects. (C)
Random, island, and isolated structure efficiency deviations from the
average random efficiency ⟨η⟩random as a function of Nblock for a lattice
with 20% defects. Error bars show 1SD.
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the case of defects, up to 30% defects have only small effects on
the different constituent hops, underlining the robustness of
the ICM structure. In our simulations, we only model defects
as sites to which the exciton cannot hop, but defective
placement of bacteriochlorophylls can lead to LH1s or LH2s
with very different energies or exciton hopping rates.45 We do
not incorporate the effect of these defects into our simulations.
In our study of the effect of fluence on transfer-to-trap

efficiency, we observe a large increase in inter-LH1 hops in
simulations of high RC blocking. This increase indicates that
even in high light fluenceswhen most RCs are closed to
incoming excitonsLH2s are effectively excluded from the
diffusion region to maximize the probability of the exciton
finding an open RC (Supporting Figure 1). This effect is
clearly seen in Figure 2C, where sample trajectories show that
LH1s are sampled far more than LH2s in high light. It is worth
noting that our a priori chosen RC turnover rate of 25 ms/
exciton from Fassioli et al.,4 consistent with other experimental
measurements,33,34 yields good agreement with fluence-
dependent lifetimes from the experimental work of Borisov
et al.33 shown in Figure 2A. We further obtain a best fit RC
turnover rate of 22.7 ms/exciton for the study by Borisov et
al.33 and a best fit RC turnover rate of 143 ms/exciton for the
study by Timpmann et al.19 It is likely that different RC
turnover rates in laboratory conditions among other factors
could have led to differences in the fluence dependence of
lifetimes measured by Borisov et al.33 and Timpmann et al.19

Previous studies have suggested that quinone release, and
not uptake, is the rate-limiting step in the RC turnover making
the physiological RC turnover of random (P. molischianum)46

and island (Rb. sphaeroides)47 comparable at 25 ms/exciton. At
comparable RC turnover rates, the island arrangement could
provide Rb. sphaeroides with a transfer-to-trap efficiency
advantage over other random structures. It should be noted
that pH and NaCl ionic strength strongly impact the RC
turnover rate34,35,48 in experimental conditions and a
fluctuating RC turnover rate in turn impacts transfer-to-trap
efficiency. Thus, our comparison of the two structures’
transfer-to-trap efficiency as a function of light fluence is
restricted to the case in which RC turnover rates are the same.
Efficiency differences between the island, random, and

isolated arrangements (Figure 3) shed light on the effect of
spatial arrangement on transfer-to-trap efficiencies in different
light conditions. In the saturation limit, the three membranes
show transfer-to-trap efficiency approaching 0% as all RCs are
closed and almost all excitons fluoresce. The higher photo-
synthetic efficiency of the isolated structure at low fluence is
likely due to maximal encircling of every LH1 by LH2s,
offering a possible one-hop pathway for excitons to reach an
open LH1-embedded RC. These results are consistent with an
earlier study8 in which a similar “isolated”-type structure was
found to be more efficient for transfer-to-trap under low-light
conditions than other structures. However, upon taking solar
fluences into account, a single structure is not the clear winner
in terms of transfer-to-trap efficiency. At the typical niche
fluences between 0.5 and 100 W/m2, the island structure
shows an enhanced transfer-to-trap efficiency by ∼1%. Thus, if
RC turnover rates are similar in random and island structures
found in nature and limited by quinone release, the island
structure could provide an efficiency advantage over the
random arrangement.
The replication of this trend with 20% defects and with

faster hopping rates (Supporting Figure 7) suggests that this

effect is robust to the placement of nonlight harvesting
proteins like cytochromes, defective proteins, and gaps induced
because of the curvature of the membrane vesicle.42 An earlier
work on Photosystem I showed a similar robustness of the
protein to chlorophyll a deletion, where the photosynthetic
efficiency of the reaction center was not affected by more than
3% upon the random deletion of any chlorophyll molecule
outside of the reaction center.49

Our finding that the isolated LH1 arrangement performs
better in low light is consistent with published membrane AFM
images of species inhabiting low-light environments. Isolated
LH1 complexes are clearly seen in the “random”-type
arrangements found in these species. For example, Roseobacter
species that inhabit temperate polar oceans and likely
experience low light manifest prominent unconnected
monomeric LH1 structures in AFM images;50,51 species
observed in Antarctic seas at depths substantially below the
depth at which only 1% of the surface light reaches show the
presence of isolated LH1s.52−55

On the other hand, according to our findings, the formation
of LH1 islands is deleterious to transfer-to-trap efficiency in
low-light environments. In nature, while species with random
arrangements (e.g., Rhodopseudomonas genus) exist in niches
with low, moderate, and high solar fluences, species with
prominent LH1 island arrangements, such as Rhodobacter, have
been found only in medium- and high-fluence niches. For the
1:5 LH1:LH2 ratio, the island structure still outperforms the
random and isolated structured membranes (Supporting
Figure 8), but the difference is small in the medium-fluence
regime. At low fluences, however, a sharp drop in transfer-to-
trap efficiency is seen for the island structure. This finding
combined with the fact that LH2 expression is much higher
than LH1 expression in low-light growth, explains why island
arrangements are found in medium- and high-fluence niches
only.
Further, within Rb. sphaeroides, the expression of RC-LH1-

PufX dimers that form LH1 islands has been shown to increase
drastically in high light intensity growth56 and suggests that
LH1 island formation is indeed light fluence driven. However,
AFM images of low-light grown Rb. sphaeroides from a different
study do not show a significant presence of monomeric
LH1s.57 It is likely that the adaptive strategy we suggest
manifests across different species. Therefore, we hypothesize
that the remarkable 1% enhanced efficiency of the island
arrangement (compared to the random arrangement) across a
wide range of physiologically relevant light fluences (0.5 to 100
W/m2) provides species of the Rhodobacter genus with a
significant competitive advantage in well-lit environments. An
extensive AFM-based comparison between species will be
needed to completely validate our hypothesis.
In summary, our study uses Miller−Abrahams weighting of

exciton hopping on purple bacterial intracytoplasmic mem-
branes to show that the formation of LH1 2 × 4 islands
increases the transfer-to-trap efficiency of photosynthesis in
moderate- to high-light environments while random arrange-
ments work well in low-fluence environments. Our result
explains the notable absence of species with aggregated LH1
structures in low-light habitat and the drastic increase seen in
the expression of dimeric LH1 complexes by Jones and co-
workers.56 This effect is robust against gaps induced by
photosynthetic membrane curvature and the presence of
nonphotosynthetic proteins. We believe that the effect could
be harnessed in future artificial photosynthesis design efforts
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because redox and electrochemistry are typically slower than
exciton transport in materials.1,10
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