
The conventional view has been that solar 
energy in the sea and elsewhere is captured 
by organisms mainly through the use of the 
pigment chlorophyll a, with rare alternatives 
around the ocean margins (anaerobic or 
hypersaline niches). This opinion held even 
when our view of the marine ecosystem was 
revolutionized 30 years ago by the discov-
ery that bacteria are major players in the 
processing and transfer of matter and energy 
through the microbial loop1,2. However, in 
2000, reports of the widespread occurrence 
of bacteriochlorophyll and proteorhodopsin 
(PR) pigments in planktonic marine 
bacteria challenged the assumption that 
chlorophyll a is the only important light-
capturing pigment in ocean surface waters 
and raised the prospect that a considerable 
amount of solar energy might be harvested 
by these alternative pigments3–6. Nearly 
a decade since that discovery, important 
questions remain regarding the effect of 
light on marine microbial physiology, as 
well as how light might influence the activity 
and function of the microbial loop. In this 
Opinion, we examine the role of PRs in 
marine microbiology. Data collected to 
date clearly demonstrate that organisms 
which synthesize PRs are ubiquitous in 
sunlit ocean waters, but laboratory and 
field studies have yielded mixed insights 

into the functions of these proteins; we 
argue that this indicates a potentially large 
array of physiological, biogeochemical and 
ecological functions for marine PRs that 
warrant further investigation.

Discovery of PR
The discovery of PR in the sea was an early 
success story of community metagenomics, 
a new research field in which the DNA 
from a complete microbial community is 
extracted and directly sequenced to assess 
the genes that are present, how diverse they 
are and how they are linked with com-
munity functions. This approach avoids 
the need to cultivate bacteria, a step that 
can miss 99% or more of the community. 
Beja and colleagues3 extracted community 
DNA from a sample that was collected 
in Monterey Bay, California, fragmented 
the DNA into long (approximately 40,000 
bp) pieces and cloned it into bacterial 
artificial chromosome (BAC) vectors in 
Escherichia coli. Sequencing revealed that 
one clone with a 16S ribosomal RNA gene 
that identified it as originating from an 
uncultivated marine SAR86 clade member 
(common in seawater7) also contained a 
gene with features that were characteristic 
of rhodopsin-like pigments — seven-helix 
transmembrane apoproteins (opsins) that 

can bind all-trans-retinal (vitamin A alde-
hyde) inside membrane-embedded helices 
(opsin proteins bound to retinal are called 
rhodopsins)8. Upon illumination, the bound 
retinal molecule in rhodopsin undergoes 
light-induced isomerization, which induces 
conformational changes in the protein 
backbone that result in either translocation 
of a proton (or other ion, such as chloride) 
across the membrane or signalling to 
transducer proteins. This marine-derived 
gene was named proteorhodopsin, because 
the SAR86 group is a member of the 
gammaproteobacteria.

Before this seminal study, all previously 
characterized rhodopsins were either known 
as light sensors in eukaryotes (including 
those present in the human eye), light sen-
sors in halophilic archaea, or as proton or 
chloride ion pumps in halophilic archaea 
(BOX 1). In those archaea with proton 
pumps, the electrochemical potential of 
the translocated proton can generate ATP, 
the energy currency of the cell, via phos-
phorylation of ADP by the enzyme ATP 
synthase. Therefore, this light-driven proton 
pump generates energy that can be used for 
metabolism and growth in these archaea. 
Beja et al.3 cloned the marine-derived PR 
gene in E. coli and showed that it codes for 
a protein that pumps protons when the 
recombinant strain is provided with retinal 
and light. Subsequent studies revealed that 
the expression of PR in E. coli can result  
in the phosphorylation of ADP to ATP9. This 
discovery raised the intriguing possibility 
that marine bacteria, which were previously 
thought to obtain their energy exclusively 
from the oxidation of organic matter, might 
generate cellular energy directly from light, 
which would, in turn, permit them to func-
tion more efficiently in the light compared 
with the dark.

PRs are widespread
Since the discovery of PR in a member of 
the SAR86 clade, additional studies have 
found novel rhodopsin proteins in a surpris-
ing number of bacteria, fungi and algae, 
including members of extremely abundant 
marine clades, such as SAR11 (Refs 3,10–20). 
Horizontal gene transfer seems to be 
the mechanism by which these proteins 
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Abstract | Metagenomic analyses have revealed widespread and diverse retinal-
binding rhodopsin proteins (named proteorhodopsins) among numerous marine 
bacteria and archaea, which has challenged the notion that solar energy can only 
enter marine ecosystems by chlorophyll-based photosynthesis. Most marine 
proteorhodopsins share structural and functional similarities with archaeal 
bacteriorhodopsins, which generate proton motive force via light-activated proton 
pumping, thereby ultimately powering ATP production. This suggests an energetic 
role for proteorhodopsins. However, results from a growing number of 
investigations do not readily fit this model, which indicates that proteorhodopsins 
could have a range of physiological functions.
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have become so widely distributed, with 
such transfer even occurring between the 
domains Bacteria and Archaea21. However, 
despite being widespread, the presence of a 
PR gene in the genome does not seem to be 
a defining feature of a clade11. Cumulatively, 
thousands of additional fragments of PR 
genes have been recovered by metagenom-
ics22,23 and PCR assays24, indicating that PR is 
ecologically valuable and widely distributed 
among surface-dwelling prokaryotes. 
The relative abundance of PR-containing 
bacteria that have been estimated from 
metagenomic samples collected from 
various ocean waters averages at approxi-
mately 75%, with a range of 13 to more 
than 100%22,25 (fIG. 1). estimates that are 
greater than 100% might suggest that some 
cells contain more than one copy of a PR 
gene, but might also be due to sample-size 
uncertainties. This is because metagenomic 
calculations require that the total number 
of genomes in a sample is estimated using 
either the abundance of a marker gene, 
such as recA (as used in these studies), 

or by assuming a mean genome size as 
a proxy22,25. More direct estimates of the 
abundance of PR-containing bacteria via 
quantitative PCR analyses found that about 
half of the bacteria in the Sargasso Sea 
and 23% of the bacteria elsewhere in the 
North Atlantic have a PR gene24, but these 
estimates are conservative, because only a 
subset of PR genes could be amplified with 
the primers used. Improved methods for the 
estimation of PR-containing bacteria are 
needed. However, all approaches used to 
date suggest that the abundance of PR-con-
taining bacteria is highly variable between 
locations (fIG. 1). The high variation of PR 
abundances between locations is similar 
to the patterns observed for bacteria 
with other phototrophic systems, namely 
chlorophyll-a-containing bacteria  
(cyanobacteria) or bacteriochlorophyll-
containing bacteria26–28. The ecological 
mechanisms that underlie the variability of 
PR and chlorophylls are poorly characterized 
(discussed below). Furthermore, under-
standing PR distributions is problematic 

because only a few PR-containing organisms 
have been isolated into pure culture.

PRs: physiologically adapted?
Because rhodopsins have numerous func-
tions (BOX 1), much effort has gone into 
characterizing how they work. Heterologous 
expression in E. coli can provide some 
insight into the function of encoded 
proteins, but protein–protein interactions 
might not occur in a foreign host cell and 
some sensory rhodopsins can, under specific 
conditions, pump protons in the absence of 
their cognate transducing molecules29, which 
can potentially confound the interpretation 
of experiments in heterologous systems. 
Nevertheless, biophysical analysis of marine 
rhodopsin proteins has shown that the 
maximum absorbance of PR can be shifted 
from blue to green by substituting just one 
amino acid residue30 (BOX 2). This could 
be physiologically relevant to the ecology 
of microorganisms, because surface and 
coastal waters tend to be exposed to mainly 
green light, whereas deeper open-ocean 
habitats are mainly exposed to blue light 
(owing to absorbance and the scattering of 
other wavelengths). Sequence analysis from 
metagenomic and PCR-based studies has 
demonstrated that this wavelength tuning 
occurs in strains from the same group that 
are present in different oceanic environ-
ments or at different depths22,23,31. In addi-
tion, a trend for green-absorbing PRs has 
been detected in surface and coastal waters, 
whereas a trend for blue-absorbing PRs has 
been detected in the open ocean and deeper 
waters13,22,23,25,27,30. Spectral tuning by PRs 
could maximize absorbance of the available 
light at different locations and depths27,30. 
However, a puzzling observation was made 
by Sabehi et al.27, who reported little or no 
green-absorbing PRs even at the surface of 
the Sargasso Sea during stratified conditions, 
despite a great deal of available green light in 
the upper part of the water column. Similar 
results were reported by Rusch et al.22 for 
other oligotrophic (nutrient-depleted) 
locations, such as the offshore Caribbean 
Sea and the eastern tropical Pacific. This 
seems to ‘waste’ available light, which would 
not fit well with an evolutionary model for 
the optimization of energy capture by this 
mechanism.

Marine rhodopsins seem to be actively 
tuned to optimize certain cellular processes. 
Of the few carefully studied marine PR pro-
teins, most have characteristics that are con-
sistent with energy harvesting, such as fast 
photocycle rates and conserved key amino 
acids, but some do not19,32. Interestingly, 

 Box 1 | Rhodopsin function

Rhodopsins are membrane-
embedded proteins that bind 
retinal (a derivative of vitamin A). 
When exposed to light, retinal 
absorbs a photon and isomerizes, 
which causes a change in protein 
conformation that has different 
effects in different kinds of 
rhodopsins. This conformational 
change can cause a proton to be 
translocated from the inside to the 
outside of the cell (as in the 
confusingly-named 
bacteriorhodopsin that is found in 
halophilic archaea), or might 
translocate a halide ion (as in 
halorhodopsin in halophilic 
archaea) or interact with a different 
protein to initiate a signal cascade 
(as in animal vision or in halophilic 
archaea as light sensors to control 
phototaxis) (see the figure). Proton pumping can generate an electrical potential across the cell 
membrane that can be used to capture energy for general cellular use via ATP synthesis  
(by membrane-embedded ATP synthase, according to the classical chemiosmotic theory) or can be 
used directly to power several energy-requiring cellular functions, such as the transmembrane 
transport of nutrients or the rotation of bacterial flagella for motility. Non-proton ion pumping can 
be used in the regulation of ionic content and osmotic state. Nomenclature continues to be 
confusing as a result of evolving language and new data, as well as lateral gene transfer. 
Proteorhodopsin (PR) was initially named after a proteobacterium that possessed it, but since then 
has been found in many other non-proteobacteria and even archaea (completing the circle 
whereby some archaeal rhodopsins are still known as bacteriorhodopsins). A recent paper discussed 
actinorhodopsin, a PR-like protein that is found mainly in freshwater and estuarine actinobacteria18. 
It is possible that similar proteins will soon be found in non-actinobacteria. We propose that naming 
these proteins according to their functions might prove more useful. His-kinase, histidine kinase. 
Figure adapted, with permission, from Ref. 34  (2006) Elsevier Science.
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whereas 3 blue-absorbing PRs collected 
at 12 m depth in the Mediterranean had 
fast photocycle rates that were similar to 
those of studied green-absorbing PRs25, 
2 blue-absorbing marine PRs collected 
at depth (75 m in the Pacific; 100 m in 
the Mediterranean) had slow photocycle 
rates32,33. These blue-absorbing PRs required 
an order of magnitude, or greater time, to 
return to complete one cycle of conforma-
tional change compared with green-absorbing 
 PRs. This slower rate was attributed to a 
reduced need to absorb photons owing to 
the low photon flux (that is, low light levels) 
of the deeper waters, where the DNA of the 
organisms that encode PR genes was found 
(75–100 m). It was argued that there is no 
selective pressure for a higher photocycle 
(recovery) rate, as it is not needed in such 
poorly illuminated waters33. Notably, at 
the Hawaii station, where one clone was 
obtained, 75 m is well within the typical 
depth of the classically defined euphotic 
zone (which often extends to 100–120 m), 
where net photosynthesis occurs based on 
chlorophyll a. However, it has also been 
suggested that these slower blue-absorbing 

PRs do not have the potential to contribute 
significantly to solar energy capture owing 
to their observed slow photocycle rates 
and might be regulatory19,33 (discussed 
below). Given that sensory rhodopsins 
generally have slower photocycling rates 
than energy-harvesting rhodopsins34, and 
given the tremendous amount of diversity 
among marine rhodopsins, it is possible that 
some of the many uncharacterized marine 
rhodopsins could function biophysically in 
a manner that is comparable to an energy 
pump, but function physiologically in a 
sensory or regulatory capacity. This  
possibility is explored below.

Sensory rhodopsins
Heterologous expression of PR in E. coli 
suggests that most of the marine rhodopsins 
tested so far are proton pumps3,9,27,35. 
However, a few putative sensory-like 
rhodopsins have also been found in marine 
metagenomic datasets in the form of 
homologous proteins that lack key amino 
acids in the retinal binding pocket or that 
lack the proton-transferring residue that is 
crucial for proton transport32,36. In addition, 
genes that resemble transducing proteins of 
archaeal sensory rhodopsins have also been 
reported and await further characteriza-
tion34. Can we find bacterial sensory PRs in 
the burgeoning marine metagenomic data-
bases? we currently lack a marine model 
system for comprehensive comparison, but 
related searches can be done, and they hint 
at possible but uncertain importance.  
Salinibacter ruber is an extremely halophilic 
Bacteroidetes bacterium with a specialized 
antenna-associated rhodopsin16, two sen-
sory rhodopsins and associated transduc-
ers17. S. ruber is not a marine bacterium, 
but instead, similar to halophilic archaea, 
lives in shallow salt-crystallizer ponds that 
contain 20–30% salt compared with the 3% 
salt that is found in seawater37. Although the 
sensory mechanism and its function might 
not be expected to be closely related to those 
of marine planktonic bacteria, it is at least 
an aquatic bacterial system. A preliminary 
BlASTP search of the Global Ocean 
Sampling (GOS) CAMeRA metagenomic 
database (see Further information) with 
the S. ruber sensory transducer (SRU2510) 
yielded 1,214 matches at an e value of 10–5, 
which dropped to 72 matches at e 10–15 and 
only 1 at e 10–25 (these e values indicate the 
stringency of the matches, ranging from 
moderate to high). By comparison, the 
common marine bacterial SAR11-like PR 
had 4,110 hits at e 10–5, 3,413 hits at e 10–15 
and 2,780 hits at e 10–25. So, there are many 

SAR11-like PR genes but comparatively few 
transducers that are closely related to those 
of S. ruber. There are also many transducer-
like genes that are different from those of 
S. ruber. It is not yet clear what proportion 
of these might be PR-associated transducer 
genes, and many or most could be completely 
different types of transducers. Therefore, this 
area is clearly ripe for further work.

How does sensing light help a cell? The 
well-studied archaeal sensory rhodopsins are 
used in phototaxis to direct a cell towards 
desirable orange light and away from 
undesirable ultraviolet (Uv) and blue light34. 
This phototactic behaviour is beneficial 
because these archaea live in hypersaline 
sediments, where sharp light gradients (on 
the millimetre scale) occur, such that swim-
ming even less than 1 mm could move a cell 
into a more favourable location. However, 
in the ocean water column, light-gradient 
scales are metres or longer (except on rare 
particles), and swimming speeds of bacteria 
and archaea are far too slow (typically tens 
of micrometres per second) for phototaxis 
to be useful under typical oceanic free-living 
conditions. So, how could sensory rho-
dopsins benefit marine bacterioplankton? 
we consider a few speculative possibilities 
below. It should be noted, however, that 
for a marine bacterium with a streamlined 
genome, such as Candidatus Pelagibacter 
ubique (SAR11)38, having one sensor that 
controls many functions is efficient.

Daytime sensor. Certain processes, such 
as the release of dissolved organic carbon 
from phytoplankton, peak during daylight 
hours, and therefore a cell benefits by being 
informed when it is day or night (that is, 
selecting which uptake mechanisms to 
express, which metabolic pathways to use 
and so on). Daytime is also when light-
induced DNA damage occurs, and there-
fore a daylight sensor might tell cells when 
to upregulate DNA-repair mechanisms.

Depth gauge. There are few ways in which a 
bacterium or archaeon could monitor  
its depth. Although there could be specific 
depth-sensing mechanisms in some organ-
isms, a light sensor can inform a cell if it is 
in the upper waters or below them (if it can 
accumulate information over many hours to 
allow it to distinguish day from night). This 
could help to inform the cell about numerous 
ecological factors that might be valuable in 
selecting which genes or proteins to regulate. 
For example, well-lit surface waters contain 
numerous photosynthetic organisms (and 
their leaked organic substances) and low 

Figure 1 | relative abundance of proteorho‑
dopsin‑containing bacteria. The figure shows 
the fraction of the community that contain the 
gene, as estimated from metagenomic sequenc-
ing and quantitative Pcr, versus chlorophyll a 
concentrations. The green circles represent data 
from Global Ocean sampling metagenomic sur-
veys22 that covered a cruise track from Halifax, 
canada, south through Panama to the eastern 
tropical Pacific. These data were normalized to 
the abundance of the gene for recA; the equation 
for this line is y = 1.51x + 73.6 (r2 = 0.2; n = 54)22. 
Blue circles represent quantitative Pcr data col-
lected in North Atlantic transects from Florida to 
the Azores to iceland24; the equation for this line 
is y = 1.51x + 73.6 (r2 = 0.23; n=20)24.
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Green PRs (525 nm) (L,M,V and A variants)

SAR11: Candidatus Pelagibacter ubique HTCC1062 (L)
SAR92: Gammaproteobacteria isolate HTCC2207 (L) 
SAR86: Gammaproteobacteria marine clone eBAC31A08 (L)
Flavobacteriaceae: Dokdonia donghaensis MED134 (M)
Marine clones: REDr6a5a6 (V) and RED23 (A)

Blue PRs (490 nm) (Q variants)

SAR11: Candidatus Pelagibacter ubique HTCC7211
SAR86. Gammaproteobacteria marine clone EBA620E09
Marine clones: HOT75m4, PALE6 and RS29
Vibrionaceae: Photobacterium sp. SKA34
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inorganic nutrient concentrations, whereas 
deeper waters have less useable dissolved 
organic substances and more inorganic 
nutrients. A surface-adapted organism that 
finds itself in extended darkness (for example, 

deeper water) might even have mechanisms 
to enhance its chances of returning to well-
lit waters (because it would not survive an 
extended stay at depth), by buoyancy or some 
other mechanism.

Photoregulation of cell bioenergetics. 
It is possible that PR could regulate a 
broad range of cellular processes that are 
modulated by light, even in the absence of 
sensory-transducing proteins. wang et al.33 

showed that upon expression in E. coli, the 
blue-absorbing, slow-photocycling PR (from 
a 75 m depth near Hawaii) unexpectedly 
triggers an influx of protons rather than 
the expected efflux. They interpreted this 
result to mean that the pumping of protons 
by this PR triggers the voltage-gated proton 
channels in the E. coli membrane to open, 
resulting in proton influx driven by the 
generated plus pre-existing electrochemical 
potential of protons across the membranes 
of the energized E. coli cells. This hypothesis 
was tested by eliminating the pre-existing 
electrical potential with K+ and valinomycin 
which, as predicted, converted the light-
induced proton influx to proton efflux. This 
finding raises the interesting possibility 
that some PRs might transport protons 
at pumping rates that do not contribute 
substantially to the total energy pool in the 
cell, but might function in the photoregula-
tion of electrochemical-potential-driven 
machinery in the cells. This machinery is 
remarkably diverse and includes a proton-
flux-driven H+ATPase, the flagellar motor, 
the TonB-dependent secretion complex, an 
Na+ and H+ antiporter, tricarboxylic acid 
transporters and many other proton-motive-
force-dependent systems, as well as other 
ion-flux-driven devices, such as Na+-influx 
symporters and antiporters, which are 
influenced by PR. Concerted activation of 
all these energy-consuming processes could 
be advantageous for cells that are shifting 
from a dormant to an active state in response 
to the night–day transition, depth changes 
or other dark–light transitions. It should be 
noted, however, that marine bacteria might 
express only a few of these mechanisms at 
any given time.

Light–dark experiments
Despite the mounting genetic evidence for 
the importance of PR, experiments that 
demonstrate where and when the protein 
is expressed or used for specific functions 
are lacking. One current hypothesis posits 
that rhodopsin-based phototrophy could 
supply a substantial amount of the cellular 
bioenergetic requirements, with the relative 
contribution increasing as waters become 
more oligotrophic35. laboratory studies have 
examined the growth benefits of light to 
four recently isolated PR-containing marine 
bacterial cultures. These isolates are mem-
bersof the SAR11 (alphaproteobacteria), 

Box 2 | Spectral characteristics of light-capturing pigments

Light energy that reaches the Earth’s surface fills the spectrum from ultraviolet to red, but individual 
photosynthetic pigments only absorb a small portion of that spectrum (see the figure). Plants, 
photosynthetic protists and cyanobacteria have various accessory pigments with different 
absorbance maxima that pass light energy to the primary pigment chlorophyll a. In rhodopsins, the 
adaptation is different. Although the central light-absorbing molecule, retinal, has a fixed 
absorbance maximum if in isolation, different molecular environments (amino acids) around the 
retinal within different rhodopsin proteins result in shifted absorbance maxima. This is the basis of 
colour vision in animals, and it also allows rhodopsin variants to be adapted to different light regimes 
to optimize sensitivity or energy yield. Light absorption and scattering by seawater (and its dissolved 
and particulate constituents) have a strong effect on both the amount and spectral quality of light.  
In addition to the light generally becoming dimmer with depth, from the surface, the light field loses 
first red light, then orange, yellow, violet and green light as depth increases, with blue light 
penetrating furthest. Proteorhodopsin (PR) that is isolated from deep in the photic zone (for 
example, 75 or 100 m) has been found to be blue absorbing, whereas PRs from shallower depths 
include both green- and blue-light-absorbing variants30. Deep-water blue-absorbing PRs (Q variants 
HOT75m4 and RS29) exhibited slow (~150 and 600 millisecond (ms)) photocycles, whereas other 
surface blue-absorbing PRs exhibited fast photocycles (<15 ms). Fast photocycling tends to 
characterize proton-pumping rhodopsins and slow photocycling tends to characterize sensory 
rhodopsins34. Green-light-absorbing PRs (L and M variants) also exhibit fast photocycles of <15 ms. 
Some threonine-containing PRs have been suggested to function in a sensory role. Valine variants 
absorb at a higher wavelength than other green-light-absorbing PRs (540 nm), whereas alanine 
substitutions have a negligible affect on absorbance (527 nm)27,30,32. Representative absorbance 
maxima of rhodopsins in marine organisms compared with other photopigments are shown in the 
figure. Xanthorhodopsins are coupled to the carotenoid salinixanthin, which extends the range of 
absorbance16. ‘Green’ PRs absorb with a maximum that is near 525 nm, whereas ‘blue’  PRs absorb 
with a maximum that is near 490 nm35. Spectral tuning of marine rhodopsins to ambient light is 
strongly influenced by ambient pH as well as the amino acid that is present at position 105 
(according to the eBAC31A08 numbering of Man and colleagues30), and selected examples of amino 
acid substitutions that are linked to spectral tuning are indicated in the figure. Additional variants 
with a threonine at position 105 have not yet been characterized. 

A, alanine; L, leucine; M, methionine; Q, glutamine; V, valine. BChla, bacteriochlorophyll a; Chla, chlorophyll a. 
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 OM43 (betaproteobacteria) and SAR92 
(gammaproteobacteria) clades and the 
Bacteroidetes. Only one of the three isolates 
(Dokdonia of the Bacteroidetes) showed 
increased growth in light15, whereas  
the other three isolates grew as well in the 
light or dark, at least in the low-nutrient 
or carbon-limited conditions that were 
tested10,13,20 (fIG. 2a,b).

A set of field experiments was performed 
to examine which, if any, clades of marine 
bacteria might benefit from light by exhibit-
ing increased growth over a period of several 
days. Schwalbach et al.39 examined the 
growth response over 5–10 days of natural 
mixed communities of oceanic bacteria that 
were collected from low-nutrient ocean 
conditions and incubated in either the light 
or darkness. whole-community finger-
printing by amplified ribosomal intergenic 
spacer analysis was used to detect changes 
in community composition. Most taxa did 
not exhibit a substantial change in relative 
abundance. However, among those taxa that 
changed in abundance, only a small number 
of any particular taxon, including SAR11, 
SAR86, Bacteroidetes and Actinobacteria, 
grew better in the light, whereas more 
members of these taxa grew better in the 
dark28 (fIG. 2c). In common with the results 
from the PR-containing cultures, there were 
non-uniform responses to light in most of 
the marine clades that are thought to possess 
PR, with most individual taxa showing no 
strong growth benefit from exposure to light 
under the conditions tested. It is not clear 
how closely these experiments mimicked 
ocean conditions, and there was no direct 
measurement of PR-containing organisms 
to link to the different taxa or correlate with 
growth (although, as shown in fIG. 1, the 
data suggests that most marine bacteria 
might possess the gene). In addition, 
although other mechanisms besides PR can 
boost growth in the light (discussed below), 
here, it was the lack of a light benefit in most 
taxa that was the important point.

Short-term studies (<1 day) of whole 
seawater communities in light–dark experi-
ments indicate an increase in bacterial protein 
synthesis and respiration in light40,41, but the 
authors point out that this result is usually 
consistent with amino acid uptake by cyano-
bacteria (Prochlorococcus or Synechococcus 
spp.)40–42 and is unlikely to be a PR effect, 
although a contribution of PR cannot be 
ruled out. Also, shorter-wavelength light and 
Uv photolyse some dissolved organic carbon 
(DOC) into more readily useable forms, 
making it more available to heterotrophs6. 
Bacteriochlorophyll-containing bacteria, 

which comprise ~20% of the total marine 
bacteria in some niches, should also be 
considered26,28,43. even heterotrophic bac-
teria might rapidly use photosynthate that 

leaks from phytoplankton. Therefore, sev-
eral processes other than PR can increase 
bacterial growth in light compared with 
darkness.

Figure 2 | comparison of marine bacterial growth in light versus dark conditions. a | An overall 
comparison of cultures (group names are used; see main text for further details) and seawater meso-
cosms is provided that indicates dissolved organic carbon concentrations. The light to dark ratio of 
cell yield (that is, abundance after prolonged incubation; non-significant differences are represented 
as a ratio of one) is also shown. Notably, of all the cultures and mesocosms, only Dokdonia sp. showed 
increased growth in light, and only in natural seawater or artificial seawater at intermediate organic 
carbon concentrations. seawater has a typical carbon concentration of 40–80 µM in the open ocean 
(represented here as <100 µM). b | Growth of proteorhodopsin (Pr)-containing bacterial isolates. The 
growth rate of sAr11 and sAr92 isolates grown in the light versus the dark is shown. c | summary of 
light preference for the growth of putatively identified bacteria across 3 independent mesocosm 
experiments from ocean samples that were incubated in light or dark conditions over 5–10 days39. 
Although several OTUs (operational taxonomic units; identified by amplified ribosomal intergenic 
spacer analysis genetic fingerprinting) were more abundant in the light treatments (green bars) com-
pared with dark controls (blue bars), most significant differences suggested that continual darkness 
was preferred by more OTUs compared with light treatments. importantly, cyanobacteria and plastids 
(that is, chloroplasts, which represent eukaryotic phytoplankton) responded as expected for pho-
totrophic organisms, in contrast to other groups, such as sAr11, the members of which have been 
reported to have Pr genes. The mechanisms that underlie these patterns remain to be further explored, 
ideally by combining in vitro laboratory and field studies. Panel b (top graph) reproduced, with permis-
sion, from Nature Ref. 10  (2005) Macmillan Publishers Ltd. Panel b (middle graph) reproduced,  
with permission, from Ref.13  (2007) American society for Microbiology. Panel b (bottom graph)  
reproduced, with permission, from Nature Ref.15  (2007) Macmillan Publishers Ltd.
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what about the hypothesis of an 
increased benefit of PR under oligotrophic 
conditions? The culture and field measure-
ments that have been reported to date do not 
consistently support this hypothesis. Rather, 
the disparity in the responses between 
organisms that express the ‘same’ gene 
suggests the possibility of multiple PR func-
tions in these bacteria, which could include 
novel physiological uses. Although certain 
PR types might be more common in low-
chlorophyll regions22,24, overall there is little 
correlation of PR incidence with chlorophyll 
(fIG. 1). As the PR gene is so common, this 
hypothesis should be better tested by gather-
ing information on PR expression rather 
than gene presence, but such comparative 
studies have yet to be done.

Ecological value
Rhodopsin-based phototrophy partly resem-
bles chlorophyll-a-based photosynthesis, as 
both light reactions yield energy that can be 
converted into ATP. However, in contrast to 
oxygenic photosynthesis, rhodopsin-based 
systems do not directly provide a cell with 
reducing power (for example, NADH). It 
is currently unknown if carbon dioxide is 
fixed during marine PR-based phototrophy. 
However, this would require an electron 
donor, such as reduced forms of sulphur, 
nitrogen, iron or manganese, none of which 
are currently known to be available at 
substantial concentrations in typical oxygen-
ated marine environments. Interestingly, 
a marine BAC clone contained PR and a 
reverse sulphite reductase gene25, which 
might produce reducing equivalents for use 
in photosynthesis. Aside from this intrigu-
ing possibility, marine rhodopsin-based 
phototrophy, to our knowledge, needs to be 
associated with photoheterotrophy, in which 
light provides ATP but the carbon source is 
organic matter.

Nearly all hypotheses to explain the eco-
logical value of PR invoke arguments of  
growth-efficiency gains during periods of 
carbon starvation3,11,15,35,44–46. Following on 
from this, PR activity would be most advan-
tageous (and detectable) during periods of 
carbon limitation, but are such conditions 
common? There is some evidence to suggest 
that carbon limitation occurs in parts of the 
ocean, such as the subarctic and Antarctic 
Pacific47,48 and the California upwelling 
region49; as might be expected, these regions 
have comparatively high concentrations 
of inorganic nutrients. However, there are 
probably numerous places where marine 
bacteria are limited by elements other than 
carbon, including: nitrogen, for example in 

the South Pacific Gyre50; phosphorus, such 
as in the Gulf of Mexico51, the Mediterranean 
Sea52,53 and the Sargasso Sea54; and iron, such 
as in the Southern Ocean48,55 or eastern equa-
torial Pacific56. In such locales, the ecological 
values of PRs remain unexplored. Given that 
energy is needed for organisms to seek out 
and take up nitrogen, phosphorus and iron, 
it is possible that having an extra energy 
source might benefit cells. This would still 
be viewed as energy limitation, however, 
in classical experiments in which energy-
yielding substrates are added and growth is 
observed, even if additions of nitrogen, phos-
phorus and iron alone stimulate growth. 
Both mesocosm studies of native marine 
bacterioplankton39 and experimental studies 
of rhodopsin-containing isolates10,13,15 suggest 
that some light-stimulated growth of some 
organisms does occur, but only under spe-
cific conditions (fIG. 2). Understanding when 
and where these conditions are likely to 
occur in situ, and which organisms exhibit 
which responses, will give a much more 
accurate picture of the scope and eco-
logical importance of marine rhodopsin 
proteins.

 Although increased growth (reproduc-
tive success) is the ultimate measure of 
the ‘value’ of a gene in any organism, it is 
possible that the benefit from PR might not 
always be evident during typical growth 
conditions. Rather, PR might be used by 
some organisms mainly as a mechanism 
of survival under harsh conditions, which 
would not be readily demonstrable in the 
laboratory. For example, during starvation, 
PR might help maintain a minimal ATP 
content to power crucial functions (for 
example, DNA repair) or might simply 
maintain the electrical gradient across the 
membrane (as long as there is sufficient 
light). By providing a daily energy boost, 
PR could extend the time that a cell can 
survive in a dormant state until it recovers 
when conditions improve, which would 
indeed boost long-term reproductive 
success. Hence, PR might be particularly 
advantageous under stressful conditions, 
which could be common in oligotrophic 
environments where carbon starvation 
might be frequent. Future laboratory 
experiments might be able to address 
this hypothesis. However, it should be 
noted that in halophilic archaea, such as 
Halobacterium salinarum, that contain 
proton-pumping rhodopsins, cells do not 
grow faster in the light compared with the 
dark under aerobic conditions, but growth 
is obligately phototrophic under anaerobic 
conditions57.

Dependence on PR?
Do any completely light-dependent hetero-
trophic bacteria exist? Results from field 
studies39 suggest it is unlikely, as any cell that 
completely depends on rhodopsins for an 
essential function would die in the dark. This 
is what happens to many phytoplankton, 
which die or drop into survival mode (cysts) 
if caught in the extended darkness of deep 
water or polar winter58. It is of interest to 
ask if any rhodopsin-containing bacterial 
or archaeal cells lack the backup of essential 
functions that rhodopsins provide. Perhaps 
the cultured Dokdonia sp., which grows well 
in light, but not in darkness, under some 
conditions (fIG. 2b), might be like this? Does it 
happen much in nature? The typical natural 
habitat of the Dokdonia genus is unknown, 
and although a Dokdonia sp. was isolated 
from Mediterranean near-surface seawater, 
its growth characteristics suggested it prefers 
enriched microenvironments rather than 
an oligotrophic planktonic existence15. 
Individuals from the same phylum are found 
in seawater at typically 10–15% of the total 
bacteria22, and it will be interesting to see how 
many other members also have PR genes.

outlook
The amino acid sequence diversity within 
the marine PRs alone is comparable to that 
of proton-pumping and sensory rhodopsins 
in archaea22, and therefore it would not be 
surprising if PRs have multiple functions. 
PR-containing cultures provide excellent 
opportunities to learn about the regulation 
and functions of this protein, but only a  
few of these exist. Additional field measure-
ments of the abundance and expression of 
various rhodopsin genes, conducted over 
a range of temporal and spatial scales, are 
warranted to understand when and where 
rhodopsin-based photosystems are most 
prevalent and provide greater insight into 
their ecological impacts. Although tran-
scriptomics and proteomics could provide 
insight into when and where PRs are present 
and expressed, questions still remain as to 
the protein’s ecological functions. Some of 
the issues that surround the function of PRs 
are general, such as understanding what 
it means to find a gene by metagenomics. 
Metagenomics relies on identifying genes 
by their similarity to those that have been 
previously characterized. But for PR and 
other genes, observing a particular function 
in E. coli might not provide a true picture of 
the gene function in situ. Of the four cultures 
that contain PR, three do not grow faster 
in the light under the conditions tested and 
one does grow faster in the light, but only 
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under some conditions. Understanding the 
roles of PR better might help us to predict 
some potentially important and imminent 
impacts of global change on marine commu-
nities. For example, ocean acidification59 in 
response to increasing atmospheric carbon 
dioxide can differentially inhibit organisms 
that use PR to generate a proton gradient60. 
There is clearly much to be done to resolve 
the functions of these fascinating proteins 
and their roles in ecosystems.
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