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Light stimulates growth of proteorhodopsin-
containing marine Flavobacteria
Laura Gómez-Consarnau1, José M. González2, Montserrat Coll-Lladó3, Pontus Gourdon4, Torbjörn Pascher5,
Richard Neutze6, Carlos Pedrós-Alió3 & Jarone Pinhassi1

Proteorhodopsins are bacterial light-dependent proton pumps.
Their discovery within genomic material from uncultivated mar-
ine bacterioplankton caused considerable excitement because it
indicated a potential phototrophic function within these organ-
isms, which had previously been considered strictly chemotro-
phic1. Subsequent studies established that sequences encoding
proteorhodopsin are broadly distributed throughout the world’s
oceans2–5. Nevertheless, the role of proteorhodopsins in native
marine bacteria is still unknown6. Here we show, from an
analysis of the complete genomes of three marine Flavobacteria,
that cultivated bacteria in the phylum Bacteroidetes, one of
the principal components of marine bacterioplankton, contain
proteorhodopsin. Moreover, growth experiments in both natural
and artificial seawater (low in labile organic matter, which is
typical of the world’s oceans) establish that exposure to light
results in a marked increase in the cell yield of one such bacterium
(Dokdonia sp. strain MED134) when compared with cells grown in
darkness. Thus, our results show that the phototrophy conferred
by proteorhodopsin can provide critical amounts of energy, not
only for respiration and maintenance but also for active growth of
marine bacterioplankton in their natural environment.

Rhodopsins are found in the domains Archaea, Bacteria and
Eukarya. Rhodopsins in Archaea function as energy-transducing
light-driven proton or chloride pumps, or as phototactic sensory
proteins. In Eukarya, rhodopsins function primarily as sensory pro-
teins and, for example, account for colour vision in the human retina.
The recent discovery of rhodopsins in Bacteria (proteorhodopsin;
PR) came after the sequence analysis of a cloned genome region from
a marine bacterium of the uncultivated SAR86 clade1. Subsequent
screening of DNA from different oceans revealed a very large divers-
ity of PR in bacteria belonging to divergent clades of the Alpha-
proteobacteria and Gammaproteobacteria classes3–8. Studies on
reconstituted PR overproduced in Escherichia coli have established
that it functions as a light-driven proton pump with the potential to
generate energy for cell growth or maintenance1,6. However, the
physiological role and benefits of PR in native Bacteria in the marine
environment have not been demonstrated.

Alphaproteobacteria and Gammaproteobacteria, together with
members of the Bacteroidetes phylum, are the most abundant groups
of heterotrophic bacteria in the sea9–12. In the present study we exam-
ined whole-genome sequences of three bacteria belonging to the class
Flavobacteria, phylum Bacteroidetes (Dokdonia sp. strain MED134,
Polaribacter sp. strain MED152 and Leeuwenhoekiella blandensis
strain MED217T). These bacteria were isolated from surface water
from the Mediterranean Sea and were successfully cultured (Fig. 1).
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Figure 1 | Images of Flavobacteria isolates. a–c, Colony morphology of
Dokdonia sp. MED134 (a), Polaribacter sp. MED152 (b) and L. blandensis
MED217T (c) growing on marine agar (Difco). d, e, Epifluorescence
microscopy images of MED134 growing in the dark (d) and in the light
(e), showing differences in cell morphology. Scale bars, 1 mm.
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Genome analysis revealed the presence of genes encoding PR in
MED134 and MED152 but not in MED217T. Furthermore, these
bacteria lacked genes for bacteriochlorophyll synthesis, reaction cen-
tres or light-harvesting complexes necessary to perform photosyn-
thesis. This indicates that, if present, phototrophy in MED134 and
MED152 must be due to the activity of PR.

Proteorhodopsin genes from MED134 and MED152 encoded pep-
tides of 247 and 243 amino acid residues, respectively, sharing a
sequence similarity of 83%. They are predicted to be heptahelical
integral membrane proteins, as are PRs from other marine bacteria
such as the SAR86 clade and ‘Pelagibacter ubique’, the first cultivated
member of the abundant SAR11 clade13 (Supplementary Fig. S1).
Phylogenetic analysis showed that PRs from MED134 and
MED152 formed a distinct cluster with two unpublished PR ortho-
logues from Flavobacteria isolates reported in GenBank and prev-
iously unclassified environmental sequences from the North Atlantic
and the Sargasso Sea5,8 (Fig. 2). The similarity between PR sequences
within this putative Bacteroidetes cluster ranged from 57% to 85%,
whereas the similarity to sequences outside this cluster ranged from
43% to 49%. Our results therefore substantiate a previous sugges-
tion5 that some PR sequences from uncultivated bacteria belong to
the phylum Bacteroidetes.

Several key amino acid positions necessary for energy generation
are conserved among rhodopsins functioning as proton or ion
pumps (Supplementary Fig. S1). Lys 216, which binds retinal to helix
G through a protonated Schiff base in bacteriorhodopsin, was con-
served as Lys 230 in MED134 and MED152. Asp 85, the proton
acceptor from the Schiff base, was conserved as Asp 97. In PR from

marine bacteria Glu 108 replaces Asp 96, which facilitates Schiff-base
reprotonation during the latter half of the bacteriorhodopsin photo-
cycle14,15. Nevertheless, experiments with SAR86 and P. ubique PRs
have demonstrated that they also function as proton pumps1,6. Thus,
the essential mechanism of light-driven proton pumping by bacter-
iorhodopsin16 seems also to apply for PR. Furthermore, laser flash
(532 nm)-induced absorbance changes (probed at 500 nm) in mem-
brane extracts from MED134 showed reaction times less than 50 ms,
consistent with the presence of PR functioning as a proton pump
(Supplementary Fig. S2).

A phototrophic role for PR implies that its absorption maximum
would be tuned to optimize the overlap with environmental light2,7.
Thus, PRs in near-surface seawater typically have leucine at amino
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Figure 2 | Phylogenetic tree of PR amino acid sequences. The position of
MED134 and MED152 (bold type) in relation to selected sequences of
tentative Bacteroidetes PRs from the Sargasso Sea and the North Atlantic as
well as Alphaproteobacteria (a) and Gammaproteobacteria (c). Squares and
circles denote sequences aligned in Supplementary Fig. S1 and included in
the gene arrangement in Supplementary Fig. S3, respectively. The numbers
at nodes are bootstrap values more than 50% after 100 replicates. The scale
bar represents substitutions per site.
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Figure 3 | Growth of MED134 in seawater cultures. a, Cultures grown in
natural sterile filtered and autoclaved seawater, exposed to light (open
circles) or in darkness (filled circles). After 120 h, duplicate cultures grown in
darkness were exposed to light (open triangles). b, Cultures exposed to white
light (open circles), blue light (blue triangles), green light (green circles) and
red light (red filled circles) and cultures maintained in the dark (black filled
circles). Inset: absorption spectrum of MED134 PR purified from
E. coli membranes (for details see Supplementary methods); the x axis shows
wavelength (nm) and the y axis absorbance (1022). c, Cell yields in artificial
seawater, incubated in the light (open circles) and in the dark (filled circles),
enriched with dissolved organic matter, in comparison with unenriched
controls (0.06 mM C) and full-strength medium (242 mM C). Columns
represent light/dark ratios of cell yield. Error bars denote s.d. for duplicate or
triplicate cultures.
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acid position 105 (eBAC31A08 numbering) and show absorption
maxima near 530 nm (green light), whereas PRs from deeper water
have glutamine at this position and absorb near 490 nm (blue
light)2,7,15. Consistent with these findings is the observation that the
near-surface Bacteroidetes PRs contained a hydrophobic side-chain
Met 105 (similar to Leu; Supplementary Fig. S1) and showed an
absorption maximum at 535 nm (Fig. 3b, inset).

Functional PR requires the covalent binding of retinal, which is
synthesized from b-carotene. MED134 and MED152 contained the
predicted genes crtEBIY (for gene arrangement see Supplementary
Fig. S3) encoding enzymes needed to synthesize b-carotene from
farnesyl diphosphate and isopentenyl diphosphate17. A gene encod-
ing a candidate for Blh, an enzyme that converts b-carotene to ret-
inal8, was found next to the gene encoding PR in the Bacteroidetes,
whereas in Proteobacteria the blh gene is next to putative genes in the
pathway for retinal synthesis6,8 (Supplementary Fig. S3).

Since its discovery in the sea by cloning environmental DNA, the
lack of cultivated bacteria that have and express PR has hampered
the determination of its physiological relevance to marine bacteria
in situ. The gene encoding PR was recently found in cultivated
P. ubique, and mass spectroscopy indicated that Pelagibacter PR
is abundant in the surface ocean6. Laboratory experiments with
P. ubique, however, showed no differences in cell yield when growing
in light or darkness despite the fact that PR was present in cell mem-
branes. The authors therefore speculated that the benefits of PR
might be more pronounced when bacterial growth is limited by
organic matter availability. We monitored the growth of MED134
in experiments with natural seawater exposed to light or darkness.
Bacteria growing in moderate light reached a maximal abundance of
3 3 105 cells ml21 after 100 h (Fig. 3a). In contrast, bacteria remained
below 0.5 3 105 cells ml21 in the dark. When dark cultures were
exposed to light after 120 h, growth was initiated and bacteria reached
2 3 105 cells ml21 within 100 h, whereas bacteria in the cultures
remaining in darkness slowly decreased in numbers. This is the first
confirmation in vivo that light has a definite positive impact on the
growth of marine bacteria possessing the gene encoding PR.

Experiments using light of different wavelengths showed that this
enhanced growth was stimulated primarily by green rather than blue
or red light (Fig. 3b). This correlated well with the measured absorp-
tion spectrum of MED134 PR (Fig. 3b, inset) and substantiates our
hypothesis that the observed growth enhancement derives from the
direct absorption of light by PR. Furthermore, analysis of the express-
ion of the gene encoding PR with the use of reverse-transcriptase-
mediated polymerase chain reaction for detecting the corresponding
mRNA showed a significant upregulation of the PR mRNA in light in
comparison with dark cultures (Fig. 4). These observations support
the notion that PR fulfils a phototrophic function in marine bacteria.

We further investigated how different concentrations of dissolved
organic matter (DOM, as peptone and yeast extract) affected the
growth of MED134 (Fig. 3c). In cultures with artificial seawater
without enrichment (0.06 mM C) little growth was observed in
either light or darkness, whereas enrichment with DOM corres-

ponding to 0.14 or 0.39 mM C (final concentration) resulted in bac-
terial cell yields about fourfold higher in light cultures. Greater
enrichment (0.74 or 1.10 mM C) gave yields about 2.5-fold higher
in the light cultures, whereas in full-strength medium (242 mM C)
similar bacterial cell yields were observed in both light and dark
conditions. In addition, cells grown in light-exposed cultures
seemed larger than those in dark cultures (Fig. 1d, e). Thus, exposure
to light confers a stronger selective advantage when MED134 grows at
low or intermediate concentrations of labile organic matter, closer to
those found in marine surface waters, than in richer media. It is
noteworthy that Dokdonia sp. MED134 thrives in conditions under
which resources are abundant, whereas P. ubique, in which PRs have
been suggested to have a subtle function6, grows only under oligo-
trophic conditions. Factors limiting its growth have yet to be iden-
tified6. These findings emphasize the need to clarify the intricate
relationships between a PR-mediated light response, and the
availability and composition of organic matter for typically oligo-
trophic bacteria, in comparison with bacteria adapted to eutrophic
environments.

Members of the Bacteroidetes phylum in general, and
Flavobacteria in particular, are important in the degradation of
organic matter during and after algal blooms in the sea18–20. Our
findings indicate that phototrophy may allow these organisms to
maintain net growth during periods when concentrations of organic
matter are declining. If this were true for other PR-bearing bacter-
ioplankton, PR-mediated photoheterotrophy would increase their
growth efficiency. An interesting consequence is that, for a given
amount of DOM, bacterial assemblages dominated by species expres-
sing genes encoding PR would produce more biomass than assem-
blages of bacteria lacking PR, making it available to higher trophic
levels in the marine microbial food web.

Phototrophism has now been found in all main microbial groups
in the sea. These include eukaryotic algae and cyanobacteria
performing chlorophyll a-driven photosynthesis, Proteobacteria
using bacteriochlorophylls for generating energy21–23, and
Proteobacteria1,3—and now also Bacteroidetes—using PR. The
phylogenetic diversification and wide geographic distribution of
genes for PR in the world’s oceans indicate that evolution has
favoured organisms with the potential to complement their chemo-
trophic life style by phototrophy3,24–26. Surface and near-surface mar-
ine microorganisms are bathed in light and it is therefore not
surprising that diverse strategies have evolved to exploit such an
abundant energy source.

METHODS
Isolation of Flavobacteria strains. Bacteria were isolated from Northwest

Mediterranean Sea surface water (0.5 m depth) collected 1 km off the Catalan

coast at the Blanes Bay Microbial Observatory (41u 409 N, 2u 489 E, Spain).

Strains MED134 and MED152 were isolated from ZoBell agar plates inoculated

on 20 March 2001, and strain MED217T on 23 May 2001.

Sequencing, annotation and phylogenetic analysis. Whole-genome sequenc-

ing was performed by the J. Craig Venter Institute through the Gordon and

Betty Moore Foundation initiative in Marine Microbiology (https://research.

venterinstitute.org/moore/). PR sequences were aligned by using ClustalW,

and a Neigbour-Joining phylogenetic tree was constructed (see Supplementary

Methods).

Seawater culture experiments. For the natural seawater experiment, water from

the North Sea was mixed with aged seawater from the North Atlantic. For the

DOM gradient experiment, artificial seawater (35 practical salinity units, pre-

pared from Sea Salts; Sigma) was enriched with peptone and yeast extract. All

cultures were enriched with N and P to avoid inorganic nutrient limitation.

Cultures were incubated under continuous light (180 mmol photons m22 s21)

or in the dark at 20 uC. Dissolved organic carbon was measured with a high-

temperature carbon analyser. Bacteria were counted by epifluorescence micro-

scopy. For details see Supplementary Methods.

Expression analysis. RNA were extracted and purified from cell pellets with

RNAqueous-4PCR Kit (Ambion Inc.). mRNA was reverse transcribed with the

two-step protocol of RETROscript Kit (Ambion Inc.) and a MED134 PR-specific

primer set. For details see Supplementary Methods.
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Figure 4 | RT–PCR analysis of PR expression in MED134 compared with
16S rRNA levels. PR was expressed preferentially in the light. Bacteria were
grown in natural sterile filtered and autoclaved seawater exposed to light or
in the dark. Numbers indicate days since inoculation; D, dark incubation; L,
light incubation. 13D 1 L denotes a sample incubated for 10 days in the dark
followed by 3 days in the light. M, DNA size marker; bp, base pairs.
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