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Proteorhodopsin1, a retinal-containing integral membrane pro-
tein that functions as a light-driven proton pump, was discovered
in the genome of an uncultivated marine bacterium; however, the
prevalence, expression and genetic variability of this protein in
native marine microbial populations remain unknown. Here we
report that photoactive proteorhodopsin is present in oceanic
surface waters. We also provide evidence of an extensive family of
globally distributed proteorhodopsin variants. The protein pig-
ments comprising this rhodopsin family seem to be spectrally
tuned to different habitatsÐabsorbing light at different wave-
lengths in accordance with light available in the environment.
Together, our data suggest that proteorhodopsin-based phototro-
phy is a globally signi®cant oceanic microbial process.

Bacteriorhodopsin, a retinal-containing membrane protein that
functions as a light-driven proton pump, was discovered nearly
three decades ago in the halophile Halobacterium salinarum2. The
`purple membranes' of this archaeon contain a high concentration
of bacteriorhodopsin molecules, packed in an ordered two-dimen-
sional crystalline array3. On absorption of light, bacteriorhodopsin
undergoes a series of conformational shifts (a photocycle), causing a
proton to be transported across the membrane. The resulting
electrochemical membrane potential drives ATP synthesis, through

an H+-ATPase4. Similar rhodopsin-mediated, light-driven proton
pumping, formerly thought to exist only in halophilic archaea, has
been discovered in an uncultivated marine bacterium1 of the
`SAR86' phylogenetic group5. This ®nding suggested that a pre-
viously unrecognized phototrophic pathway may occur in the
ocean's photic zone; however, all earlier data are based solely on
recombinant DNA and in vitro biochemical analyses, and this
phenomenon has not yet been observed in the sea.

To test whether rhodopsin-like molecules form photoactive
proteins in native marine bacteria, we analysed membrane prepara-
tions of bacterioplankton collected directly from Monterey Bay
surface waters. Using laser ¯ash-photolysis techniques6, we searched
for spectroscopic evidence of proteorhodopsin-like photochemical
activity in these bacterioplankton membrane preparations. We
observed transient ¯ash-induced absorption changes attributable
to a photochemical reaction cycle of 15 ms (Fig. 1), which is
characteristic of retinylidene ion pumps7 and similar to the photo-
cycle seen with Escherichia coli membranes expressing recombinant
proteorhodopsin1.

Furthermore, 5 ms after the ¯ash the absorption difference
spectrum of the environmental sample exhibited the same shape
and same isosbestic point for the light and dark state as proteorho-
dopsin expressed in E. coli membranes. This shows that photo-
chemical reactions in native bacterioplankton cell membranes
generate a red-shifted, long-lived intermediate spectrally similar
to that of recombinantly expressed proteorhodopsin in E. coli. The
¯ash-photolysis data provide direct physical evidence for the
existence of proteorhodopsin-like transporters and endogenous
retinal molecules in the microbial fraction of these coastal surface
waters.

The photocycling pigment was bleached with hydroxylamine
and, after hydroxylamine removal, photoactivity was restored by
adding all-trans retinal (Fig. 2), showing that the photosignals do
indeed derive from retinylidene pigmentation. We conclude that
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Figure 1 Laser ¯ash-induced absorbance changes in suspensions of membranes

prepared from the prokaryotic fraction of Monterey Bay surface waters. Top, membrane

absorption was monitored at the indicated wavelengths and the ¯ash was at time 0 at

532 nm. Bottom, absorption difference spectrum at 5 ms after the ¯ash for the

environmental sample (black) and for E. coli-expressed proteorhodopsin (red).
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proteorhodopsin molecules are present in the membranes of native
marine bacterioplankton.

The ¯ash-photolysis data permit estimation of the cellular con-
centration of proteorhodopsin. Assuming (1) the ¯ash yield of the
environmental pigment is similar to that of proteorhodopsin
expressed in E. coli (that is, 10.5% absorption change at 500 nm
per absorption unit of pigment at 527 nm), we calculate 0.033
absorption units of proteorhodopsin at 527 nm (0.35 mg of pro-
teorhodopsin protein per litre of sea water). Flash spectroscopy was
necessary to detect the proteorhodopsin pigments because there is
much greater absorption in the visible range by other pigments in
the sample, which show peaks of 1.6, 1.3, 0.52 and 0.73 absorption
units, at 437, 468, 647 and 673 nm, respectively.

Assuming also (2) a molar absorption coef®cient of 50,000 M-1

cm-1 at the absorption maximum, (3) ¯uorescence in situ hybridi-
zation counts of a total of 5.6 ´ 1010 SAR86 cells in the concentrated
sample (,10% of the total bacteria; see Methods), (4) 50% recovery
of membranes from the cells, and (5) that the uncultivated SAR86
group is the principal bacterioplankton group using these pigments,
we calculate that there are 2.4 ´ 104 proteorhodopsin molecules per
SAR86 cell.

This value is on the order of the concentration of bacteriorho-
dopsin in a H. salinarum cell, in which substantial portions of the
membrane surface area of the cell consist of bacteriorhodopsin in a
tightly packed crystalline array8. For comparison, 2.4 ´ 104 bacter-
iorhodopsin molecules densely packed in the purple-membrane
lattice would cover a 0.6-mm diameter, ¯at circular area of mem-
braneÐa signi®cant portion of the surface of a single cell3. This
number of molecules is suf®cient to produce substantial amounts of
ATP under illumination9. Therefore, the high density of proteorho-
dopsin in the SAR86 membrane indicated by our calculations
strongly suggests that this protein has a signi®cant role in the

physiology of these bacteria in situ.
To explore the possible existence of other proteorhodopsins, we

screened the same mixed-population bacterial arti®cial chromo-
some (BAC) library10 in which proteorhodopsin was initially dis-
covered, with non-degenerate polymerase chain reaction (PCR)
primers1. Several additional proteorhodopsin-containing BAC
clones were found in the library. These proteorhodopsins were
similar, but did differ in their amino-acid sequences when com-
pared with the original proteorhodopsin (for example, see clones
31A8, 64A5 and 40E8; Figs 3 and 4). Using the same non-degenerate
primers, we could also amplify by PCR proteorhodopsin genes from
bacterioplankton DNA extracts, including those from Monterey Bay
(MB clones; Fig. 3), the Southern ocean (Palmer station; PAL
clones) and waters of the central North Paci®c ocean (Hawaii
Ocean Time series station11; HOT clones).

We detected 15 different variants of proteorhodopsin in the PCR-
generated Monterey Bay proteorhodopsin gene library, falling into
three clusters (Fig. 3) that share at least 97% identity over 248 amino
acids (Fig. 4) and 93% identity at the DNA level. Two proteorho-
dopsin genes from Monterey, 40E8 and 64A5, were expressed in
E. coli and produced absorption spectra very similar to the original
proteorhodopsin1 (clone 31A8) isolated from the same waters (data
not shown).

Remarkably, all the proteorhodopsin genes that were ampli®ed by
PCR from Antarctic marine bacterioplankton were different from
those of Monterey Bay (Fig. 3), sharing a maximum of 78% identity
over 248 amino acids with the Monterey clade (Fig. 4). The changes
in amino-acid sequences were not restricted to the hydrophilic
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Figure 2 Laser ¯ash-induced transients at 500 nm of a Monterey Bay bacterioplankton

membrane preparation. Top, before addition of hydroxylamine; middle, after 0.2 M

hydroxylamine treatment at pH 7.0, 18 8C, with 500-nm illumination for 30 min; bottom,

after centrifuging twice with resuspension in 100 mM phosphate buffer, pH 7.0, followed

by addition of 5 mM all-trans retinal and incubation for 1 h.

MB 0m2

MB 0m1

MB 20m2

MB 20m5

MB 40m12

MB 100m9

HOT 75m3

HOT 75m8

0.01

M
on

te
re

y 
B

ay
 a

nd
 s

ha
llo

w
 H

O
T

A
nt

ar
ct

ic
a 

an
d

 d
ee

p
 H

O
T

HOT 75m1

PAL B1

PAL B5
PAL B6

PAL E7

PAL E1
PAL B7

PAL B2
PAL B8

MB 100m10

MB 100m5

MB 100m7

MB 20m12

MB 40m1

MB 40m5
BAC 40E8

BAC 31A8

PAL E6

BAC 64A5

HOT 0m1

HOT 75m4

Figure 3 Phylogenetic analysis of the inferred amino-acid sequence of cloned

proteorhodopsin genes. Distance analysis of 220 positions was used to calculate the tree

by neighbour-joining using the PaupSearch program of the Wisconsin Package version

10.0 (Genetics Computer Group; Madison, Wisconsin). H. salinarum bacteriorhodopsin

was used as an outgroup, and is not shown. Scale bar represents number of substitutions

per site. Bold names indicate the proteorhodopsins that were spectrally characterized in

this study.
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loops but were spread over the entire protein, including changes
near the retinal-binding domain (Fig. 4). Also, there was an
insertion of one amino acid in the Antarctic proteorhodopsins,
relative to those of the Monterey clade (Fig. 4).

We expressed the palE6 proteorhodopsin gene from Antarctica in
E. coli cells. Addition of retinal to membranes of cells containing
Antarctic proteorhodopsin apoprotein produced an absorbance
peak at 490 nm (Fig. 5)Ða blue shift of 37 nm from the 527-nm
peak observed for the Monterey Bay proteorhodopsins. The Ant-
arctic proteorhodopsin spectrum exhibited vibrational ®ne struc-
ture, as observed previously in retinylidene pigments for archaeal
sensory rhodopsin II, which has a very similar blue-shifted (487-
nm) absorption maximum12. The nearly identical shapes of the
structured spectra suggest similar mechanisms of wavelength regu-
lation in the bacterial and archaeal rhodopsins. Furthermore, palE6
proteorhodopsin functions similarly to its Monterey Bay
homologues1, exhibiting light-mediated transport of protons in
right-side-out E. coli vesicles (E. N. Spudich et al., manuscript in
preparation).

We screened a fosmid library from Antarctica (E. F. DeLong,
unpublished data) with proteorhodopsin primers, and sequenced
one clone containing the gene. Preliminary sequence analyses based
on ¯anking gene order and identity indicate that, despite differences
in amino-acid sequence and absorption spectra, the Antarctic
proteorhodopsin is derived from a bacterium highly related to
the proteorhodopsin-containing SAR86 bacteria of Monterey Bay10

(O. BeÂjaÁ, unpublished data).
Thirty-two proteorhodopsin genes from the HOT station were

cloned from surface (5-m) and 75-m samples. Most proteorhodop-
sin clones (80%) from the HOT surface waters belonged to the
Monterey clade and were identical (on the amino-acid level) to the
proteorhodopsin gene from BAC 40E8. In contrast, most of the
clones from the 75-m sample (90%) fell within the Antarctic clade
(Fig. 3). Two proteorhodopsin genes from the HOT station, HOT
0m1 and HOT 75m4, were expressed in E. coli and their absorption
spectra were examined. As expected from their primary sequences,
the HOT proteorhodopsin clustering with the Antarctic clade gave
a blue (490-nm) absorption maximum, whereas the proteorhodop-
sin clustering with the Monterey clade gave a green (527-nm)
absorption maximum (Fig. 5).

In the oligotrophic waters of the central North Paci®c gyre, most
of the light energy is in the blue range, with maximal intensity near
475 nm (ref. 13). This energy peak is maintained over depth,
whereas the total energy decreases. At the surface, the energy peak
is very broad with a half bandwidth between 400 and 650 nm. In
deeper water below 50 m, the peak narrows and the half bandwidth
is restricted to between 450 and 500 nm (Fig. 5). Considering the
different wavelengths absorbed by members of the two different

proteorhodopsin clades (527 nm versus 490 nm; Fig. 5), it seems
that the blue-shifted proteorhodopsin variants are better adapted to
the light available in their environment. Notably, rod and cone
visual pigment rhodopsins from closely related ®sh species in Lake
Baikal14 also exhibit a blue shift in deeper dwelling species. In
addition, previous studies of cultivated Prochlorococcus15,16 and
Synechococcus17, as well as natural cyanobacterial communities18,
also indicate the presence of surface- and deep-water groups
adapted to different depths.

Our data now show the presence of co-existing surface- and deep-
water clades of proteorhodopsin-based phototrophs, whose energy-
generating pigments are spectrally tuned to either shallow or deeper
water light ®elds. Presumably, this provides subsets of proteorho-
dopsin genetic variants in mixed populations with a selective
advantage at different points along the depth-dependent light

Figure 4 Multiple alignment of proteorhodopsin amino-acid sequences. The secondary structure shown (boxes for transmembrane helices) is derived from hydropathy plots. Residues

predicted to form the retinal-binding pocket are marked in red.

0.06

0.05

0.04

0.03

0.02

0.01

1.0

0.8

0.6

0.4

0.2

0
350 400

75 m

5 m

Monterey
Bay

HOT 0 m

HOT 75 m

Antarctica

450 500

Wavelength (nm)

R
el

at
iv

e 
irr

ad
ia

nc
e

A
b

so
rb

an
ce

550 600 650

Figure 5 Absorption spectra of retinal-reconstituted proteorhodopsins in E. coli

membranes. All-trans retinal (2.5 mM) was added to membrane suspensions in 100 mM

phosphate buffer, pH 7.0, and absorption spectra were recorded. Top, four spectra for

palE6 (Antarctica), HOT 75m4, HOT 0m1, and BAC 31A8 (Monterey Bay) at 1 h after

retinal addition. Bottom, downwelling irradiance from HOT station measured at six

wavelengths (412, 443, 490, 510, 555 and 665 nm) and at two depths, for the same

depths and date that the HOT samples were collected (0 and 75 m). Irradiance is plotted

relative to irradiance at 490 nm.
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gradient. Of course, genetic variation other than proteorhodopsin
tuning is likely to in¯uence the ®tness of population variants along
the depth gradient. Other genetic loci may also co-vary with tuned
absorption maxima, indicating a depth-optimized adaptation for
these other traits as well. Genomic approaches should provide a
means to test such hypotheses.

Proteorhodopsin-mediated phototrophic energy generation may
have a signi®cant impact on carbon and energy ¯ux in the ocean.
Although it is not known whether proteorhodopsin-bearing bac-
teria ®x CO2, their ability to generate energy from light should
reduce overall respiratory energy requirements, as has been sug-
gested for aerobic, bacteriochlorophyll-containing marine bacteria19.
Bioenergetic calculations based on our data suggest that proteo-
rhodopsin-based phototrophy could provide a large fraction
of energy requirements for cell maintenance and reproduction.
The widespread distribution and high abundance of SAR86
bacteria5,10,20±22, combined with the biophysical and genetic data
that we report, indicate that proteorhodopsin phototrophy is
a biologically signi®cant, globally distributed marine microbial
process. M

Methods
Cell collection and membrane preparation

Antarctic coastal waters were collected off Palmer Station (64.48 S, 64.08 W), Anvers Island,
Antarctic Peninsula, in August 1996 (ref. 23). Hawaiian HOT station (22.48 N, 158.08 W)
waters were collected on 17 March 1998. Cell membranes were prepared from pico-
plankton cells concentrated from surface seawater (700 l) collected in early winter 2000,
roughly 26 miles offshore from Moss Landing, California (36.78 N, 122.48 W). Water
samples were pre®ltered through a GF/A glass-®bre ®lter (approximate particle size
, 0.6 mm) to remove the larger eukaryotic phytoplankton cells. We concentrated the
®ltrate by tangential ¯ow ®ltration10 and prepared the membranes24 as described. Aliquots
of the cell preparation were ®xed in 3.7% formalin for subsequent ¯uorescence in situ
hybridization and taxon-speci®c cell quanti®cation.

Fluorescence in situ hybridization

BAC clones 31A08 and 27G05 (ref. 10) were used as templates to generate SAR86-speci®c
polyribonucleotide probes targeted to large-subunit ribosomal RNA. We prepared
¯uorescently labelled polyribonucleotide probes that targeted a variable region of large
subunit rRNA by in vitro transcription (M. Leclerc et al., manuscript in preparation), and
carried out subsequent whole-cell hybridization assays as described25. The percentage of
SAR86-type cells relative to total 49,6-diamidino-2-phenylindole dihydrochloride
(DAPI)-stained cells was calculated as described25.

Spectroscopy

One-half of the cell-membrane suspension (corresponding to 350 l of seawater) was
suspended in 2 ml of 100 mM sodium phosphate buffer, pH 7.0. Absorption spectra were
measured on an Aminco DW2000 UV-visible absorption spectrophotometer (SLM;
Urbana, IL). Flash-induced absorption transients in the millisecond to seconds time
domain were acquired on a digital oscilloscope (Nicolet, Integra20) after a Nd-YAG laser
¯ash (532 nm, 6-ns pulse duration, 40 mJ; Continuum, Surelight I) in a laboratory-
constructed ¯ash-photolysis system as described6. Each transient was obtained by
averaging 64 acquisition sweeps collected at 30-s intervals at various wavelengths between
360 and 680 nm. We performed kinetic analyses with the program IGOR Pro, v3.1
(WaveMetrics, Lake Oswego, OR).
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The respiratory activities of plant roots, of their mycorrhizal fungi
and of the free-living microbial heterotrophs (decomposers) in
soils are signi®cant components of the global carbon balance, but
their relative contributions remain uncertain1,2. To separate
mycorrhizal root respiration from heterotrophic respiration in a

§ Present address: Department of Natural Sciences, OÈ rebro University, SE-701 82 OÈ rebro, Sweden.

© 2001 Macmillan Magazines Ltd


