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Abstract

Proteorhodopsins, ubiquitous retinylidene photoactive proton pumps,

were recently found in the widespread uncultured SAR86 bacterial

group in oceanic surface waters.  To survey proteorhodopsin diversity,

new degenerate sets of proteorhodopsin primers were designed based

on a genomic proteorhodopsin gene sequence originating from an

Antarctic fosmid library.  New proteorhodopsin variants were identified

in Red Sea samples that were most similar to the original green-light

absorbing proteorhodopsins found in Monterey Bay California.  Unlike

green-absorbing proteorhodopsins however, these new variants

contained a glutamine residue at position 105, the same site recently

shown to control spectral tuning in naturally occurring

proteorhodopsins.  Different proteorhodopsin variants were also found

in the Mediterranean Sea.  These proteorhodopsins formed new and

distinctive proteorhodopsin groups.  Phylogenetic analyses show that

some of the new variants were very different from previously

characterized proteorhodopsins, and formed the deepest branching

groups found so far among marine proteorhodopsins.  The existence of

these varied proteorhodopsin sequences suggests that this class of

proteins has undergone substantial evolution. These variants could

represent functionally divergent paralogous genes, derived from the
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same or similar species, or orthologous proteorhodopsins that are

distributed amongst divergent planktonic microbial taxa.

Introduction

Proteorhodopsins (PRs) are light-driven proton pumps (Béjà et al.,

2000a; Dioumaev et al., 2002) belonging to the microbial-rhodopsin super

family (Spudich et al., 2000) that were recently identified based on

environmental genomics techniques.  The first PR identified was shown to be

associated (Béjà et al., 2000a) with the uncultured marine gamma

proteobacterial group, SAR86 (Mullins et al., 1995; Béjà et al., 2000b; Eilers

et al., 2000; Gonzalez et al., 2000; Rappé et al., 2000; Kelly and

Chistoserdov, 2001; Suzuki et al., 2001; Zubkov et al., 2001; Pernthaler et al.,

2002).  Using biophysical techniques, PR proteins were later shown to be

physically present in substantial quantities in bacterioplankton membranes

isolated from the Pacific Ocean (Béjà et al., 2001).

Two related PR subgroups, identified in the Pacific and the Southern

Oceans, were found that absorb light with different absorption maxima, λmax

525 nm (green) and λmax 490 nm (blue).  In the North Pacific subtropical gyre,

PR distribution was shown to be stratified with depth, with green-absorbing

pigments more prevalent at the surface and blue-absorbing dominant at

depth, consistent with the ambient light availability (Béjà et al., 2001).  These

PR subgroups are highly similar sharing more than 78% amino acid sequence
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identity (200 out of 247 identical amino acid residues).  The mechanism

underlying the different absorption spectra of these highly similar PRs was

recently pinpointed to one amino acid residue change (Man et al., 2003).

Amino acid substitutions at residue 105 were shown to be responsible for

changes in absorption maxima, and naturally occurring variation at that

position was found in Red Sea PR variants (Man et al., 2003).

A third PR group, based on DNA comparisons, was recently identified

in the Mediterranean Sea (see (Man et al., 2003) and group III in figure 3A).

The Mediterranean variants shared 88% DNA sequence identity with

Monterey Bay and shallow water North Pacific gyre PRs (group I in figure 3A),

and 69% with Antarctic and deep water North Pacific gyre varieties (group II

in figure 3A).  However, nearly all DNA differences between Monterey Bay PR

cluster and the Mediterranean cluster were synonymous substitutions,

showing only few differences in their predicted protein sequences (Man et al.,

2003).  This striking feature might point to the evolution mechanisms of these

two PR groups, evolution by genetic drift via geographic isolation of the two

different water bodies.  The few differences in their predicted protein

sequences lead also to the speculation that this Mediterranean PR group was

encoded by SAR86-like bacteria (Man et al., 2003).

To better understand the extent of naturally occurring PR variability, we

surveyed their sequence variation in the Mediterranean and Red Seas using

PCR primers based on the full sequence of a blue-absorbing PR gene
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discovered in an Antarctic fosmid library (5).  We present here results on the

identification and diversity of novel deep branching PR proteins based on

newly designed PR PCR primers.  The results add to the previously reported

variation in naturally occurring PRs and further imply that these widespread

pigments are important compounds in the marine environment.

Results & discussion

In our search for PR diversity, an Antarctic fosmid library was screened

(Béjà et al., 2002) for the presence of PRs using a PCR primer set used to

clone the original 31A08 PR (Béjà et al., 2000a).  A fosmid-encoded blue-

absorbing PR (fosmid 32C12) was identified and fully sequenced (de la Torre

& DeLong, in preparation).  When the region spanning the sense primer was

compared to the original 31A08 sequence, two mismatches were identified

(Fig. 1A).  A new degenerate set of PR primers was designed in order to

amplify more diverse PRs from the environment (Fig. 1B).  Beside four

mismatches change, the original primer was also shortened in its 3' end by

one nucleotide, again in order to gain more diversity.

Samples from the Red and Mediterranean Seas were screened using

the new primers in combination with primer PRrev.  New PR sequences were

identified in the Red Sea samples encoding new PR proteins (RED_29,

REDs3a7 and REDr7a1a15 in Fig. 2 and in group I in Fig. 3).  Interestingly,

these new proteins were highly similar to the original green-absorbing PRs,
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but like blue-absorbing rhodopsins contained a glutamine residue at position

105 (Fig. 2).  Position 105 has recently been shown to control spectral tuning

(shifts in absorption maxima) in environmental PRs (Man et al., 2003).

The new PR variants recovered from the Mediterranean Sea

comprised a number of new highly distinct PR groups when phylogenetic tree

topologies were compared at the DNA level (Fig. 3A).  The new groups

shared between 87% (group IV) down to 66% (group XI) identity with

previously characterized PRs (groups I-III).  The assignment of new DNA

established groups was based on identity percentage and no new group was

assigned unless it had less than 90% identity to other groups. As more PR

sequences get determined, it is possible that some of those DNA based

groups will dissolve into a continuum.

When compared at the amino acid level, the new sequences form new

PR protein groups (protein groups 4-10 in Fig. 3B) with some having as low

as 60% identity over the entire protein length to previously reported

sequences (compare to almost 80% identity between the original 31A08 clone

and the Antarctic palE6 rhodopsin).  The changes were not restricted to the

loop regions only and were spread over the entire protein including the

transmembrane helixes (Fig. 2).  In some cases, medA15_r8b9 in PR protein

group 6 for example (DNA group VI in Fig. 2), there was an addition of 6

amino acids to the loop connecting helixes B and C.
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When phylogenetic trees of the entire microbial-rhodopsin super family

proteins were constructed, some of the novel PR sequences created deep

branching nodes (medA17r8_11, medA17r8_15 and medA15r8ex4 in Fig. 5).

These new PR variants were positioned between the previously identified PR

sequences and the rest of the microbial-rhodopsin super family and represent

the most divergent PR sequences identified to date.  In fact, the average

distance along the tree between the deep branching PR sequences and the

remaining PR sequences was ~0.53 amino acid substitutions per site, a value

comparable to the divergence of Neurospora crassa and the dinoflagellate

Leptosphaeria maculans rhodopsins (~0.51).

Some bacterial cytoplasmic membrane proteins (like the major coat

protein of bacteriophage M13) require the presence of a cleavable signal

peptide in their N-terminus, in order to be correctly targeted to the membrane.

Such signal peptides have a common structure: a short, positively charged

amino-terminal region; a central hydrophobic region; and a more polar

carboxy-terminal region containing the signal peptidase cleavage site.  In the

case of the original 31A08 PR (Béjà et al., 2000a), a region in the N-terminus

was identified as a potential signal peptide.  This region was found also in PR

members from group II (palE6 in Fig. 4).  In the region of the protein signal

peptide, divergence from the original 31A08 PR sequence is seen in proteins

medA17r8_15 and medA15r8ex4 (Fig. 2).  However, as shown in their

hydropathy plots (Marck, 1988) their N-termini exhibit a pattern suggesting
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the presence of signal peptides in these new PRs as well (Fig. 4).  It is

important to note that the presence or absence of a signal peptide in any

potential bacterial rhodopsin does not necessarily affect the predicted

topology, because in most bacterial membrane proteins the topological

information is spread throughout the entire primary and secondary sequence

(Broome-Smith et al., 1994).

Phylogenetic analysis of the PR proteins revealed eleven distinct

evolutionary lineages, indicated as “Groups” in figure 3A.  Such genetically

divergent lineages are expected to correspond to a level of ecological

divergence sufficient for evolution under independent selection pressures

(Cohan, 1994a, b; Palys et al., 1997; Cohan, 2001).  Due to the low rate of

recombination in bacteria, novel mutants with adaptive value will “sweep”

through a population and purge genetic variation at all the other loci (Cohan,

1994a, b).  When lineages of bacteria are ecologically divergent (i.e.,

ecotypes), this type of selection purges only the variation within the ecotype;

hence, each selective sweep promotes further genetic divergence between

ecotypes at all loci (Cohan, 1994a, b), which leads to genetically divergent

lineages such as those found in the PR protein phylogeny.  Neutral evolution

in geographic isolation also could lead to genetically divergent lineages, even

if they are members of the same ecotype (Cohan, 2002); however, this model

is an unlikely explanation for the evolution of the major groups of PR proteins.

Divergent members of the same ecotype would come into direct competition if
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they subsequently colonized the same geographic region, leading to the

extinction of the less-adapted lineages.  Hence, highly divergent groups of PR

proteins present in the same geographic region are more likely to represent

different planktonic ecotypes.

It is possible that evolution by gene duplication also has contributed to

the diversity of PR proteins. The PR variants we report here could reflect

duplication and functional diversification within the PR gene family, producing

functionally different paralogues that occur within the same or closely related

species.  This mode of evolution is not unprecedented for rhodopsins, as

duplication of Archaeal rhodopsin may have resulted in the evolution of

bacteriorhodopsin, halorhodopsin, and several sensory rhodopsins, all of

which can be found within a single haloarchaeal species (Ihara et al., 1999;

Mukohata et al., 1999).

In contrast to the pattern of divergence between PR groups,

divergence within groups could be explained by geographical isolation.  For

instance, identical sequences were never found in different geographic

locations, and a pattern of geographic endemism was apparent within protein

Group 1.  Specifically, Group I is divided between a largely Monterey Bay

cluster and a largely Red Sea cluster (Figure 3A and 3B).  As most of the

differences between these two clusters are synonymous, it is tempting to

speculate that this case represents largely neutral divergence in isolation,

with the geographic outliers representing recent dispersals.  However, we
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cannot rule out the possibility that these synonymous changes represent

neutral variants that were linked to a series of selective sweeps for adaptive

amino acid mutations at other loci.  Moreover, it is possible that the

distributions of the relevant microbial taxa are global and that their relative

abundances change with depth and time of year at a given geographic

location.  More detailed environmental sampling is required to resolve some

of these issues.

The ecological distributions of the different variants we observed

cannot fully resolve the above alternatives, since a number of different primer

sets were used, and the relative efficiency of each in recovering different PR

variants is not well quantified.  Environmental genomic approaches have the

potential to resolve some of the above uncertainties, and should shed more

light on ecology and evolution within the PR gene family.

The new PR types reported here are derived from only one station in

the Mediterranean, using a few simple modifications of a common PCR

priming site.  Our results likely reflect only a small sampling of the true

diversity existing amongst the bacterial PR family.  Further studies using a

variety of molecular, biochemical and ecological approaches, should help

better define the functional diversity within PRs, as well as their ecological

and organismal distributions.

Regardless of their evolutionary origin and exact organismal dispersal,

the enormous PR diversity reported here suggests that PR derived energy
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mechanisms have a significant role in energy transduction to the world

oceans
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Material & Methods

Environmental DNA collection.  Red Sea samples were collected from

depths of 60 m and 150 m (fraction >0.45 µm) at a station in the northern Red

Sea near the entrance to the Gulf of Suez (27.17oN, 34.22oE) on February 1999

(Lindell and Post, 2001).  Mediterranean samples were from the Alborán Sea

(36.0oN, 4.25oW) collected on May 1998.  The Mediterranean samples were

derived from filtered size fractions, as follows: sample A15- 5 m, fraction 0.2 to 2

µm; sample A17- 50 m, fraction 0.2 to 2 µm; sample A19- 100 m, fraction 0.2 to 5

µm.  DNA was extracted from the samples according to (Massana et al., 1997).

Environmental PR PCR amplification.  PRs were amplified by PCR from

DNA extracts obtained from environmental samples using modified PR forward

primers (see Fig. 1) and the original reverse PR primer (Béjà et al., 2000a) using

independently two different high fidelity proof reading polymerase mixes (BIO-X-

ACT   from Bioline and TaKaRa Ex Taq  from Takara Shuzo Co.).  PCR

amplification was carried out in a total volume of 20 µl containing 10 ng of

template DNA, 200 µM dNTPs, 1.5 mM MgCl2, 0.2 µM primers, and 2.5 U of BIO-

X-ACT DNA polymerase or TaKaRa Ex Taq  polymerase.  The amplification

conditions comprised steps at 92°C for 4 min, and 35 cycles at 92°C for 1 min,

52°C for 1 min, and 68°C (BIO-X-ACT polymerase) or 72°C (TaKaRa Ex Taq

polymerase) for 1 min.  PCR products were cloned using the QIAGEN  PCR
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cloning kit and unique EcoRI and RsaI RFLP groups were sequenced.  All PCR

products identical to samples handled or amplified previously in the lab were

omitted from the analyses to avoid influence from possible contamination.

PR phylogenetic inference.  Sequence alignments were performed using the

Clustal X (1.81) program (Thompson et al., 1997).  Neighbour-Joining (NJ) and

maximum likelihood (ML) analyses were conducted on PR amino acid and

nucleotide datasets by using test version 4.0b10 of PAUP* (Swofford, 2002).

Default parameters were used in NJ analyses.  ML analysis for nucleotides was

conducted under the HKY85 substitution matrix (Hasegawa et al., 1985)

combined with a discrete gamma model of among sites rate variation (Yang,

1994).   Relative support for internal nodes was assessed by non-parametric

bootstrapping (Felsenstein, 1985).  Bootstrap resampling (100

pseudoreplications) of the MP, NJ, and ML trees was performed in all analyses to

provide confidence estimates for the inferred topologies.

Amino acid distance values estimated by maximum likelihood were under the

WAG substitution matrix (Whelan and Goldman, 2001) combined with empirical

estimates of amino acid frequencies and a gamma model of among sites rate

variation (Yang, 1994).   Relative support for internal nodes was assessed by

non-parametric bootstrapping (Felsenstein, 1985).
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Note that the CODEML program of the PAML package (Yang, 1997) was used to

obtain maximum likelihood estimates of the amino acid distances under the

model described above.  The CODEML program was also used to obtain the

amino acid distances for each of the 100 pseudoreplicated datasets.  Distance

matrices from the pseudoreplicated data were summarized by using PAUP*

(Swofford, 2002), which produced a bootstrap consensus tree.

Data deposition.  Sequences reported in this paper have been submitted to

GenBank under the following accession numbers: AY250714-AY250741.
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Figure Legends

Figure 1.  Alignment of PR forward primer region.  A.  Comparison of the forward

primer region of Antarctic fosmid 32C12 with the original PR clone (eBAC31A08).

Nucleotide differences between the different variants are marked in white on

black.  B.  Primers designed and used in this study.  NcoI restriction enzyme site

is underlined.

Figure 2. Analysis of PR sequences from the Red and Mediterranean Seas.

Multiple protein alignment of PRs from the different DNA based groups.  Residue

differences between the protein variants are marked in white on red.  Predicted

transmembrane helices A, B, C, D, E, F & G are marked in grey. Different DNA

group affiliations are marked on the right.  Position 105 is marked with red

number.

Figure 3.  Phylogenetic analysis of DNA and inferred amino-acid sequence of

PR variants.  A. DNA phylogenetic tree based on distance analysis of 740 nt

positions by neighbour-joining (NJ) using the uncorrected ("p") distance option of

the PAUP* program.  Maximum likelihood (ML) analysis under the HKY86

substitution matrix (Hasegawa et al., 1985) yielded a similar topology and is not

shown.  B. Neighbour-joining protein distance analysis of 220 positions.  Analysis
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of ML estimates of genetic distance under the WAG matrix (Whelan and

Goldman, 2001) yielded a similar topology and is not shown.  Bootstrap values

greater than 50% are indicated above the branches in the following order NJ/ML.

Scale bar represents number of substitutions per site.  Bold names indicate the

PRs that were identified in this study.

Figure 4.  Hydropathy plots of PRs.  Kyte-Doolittle hydropathy plots (Kyte and

Doolittle, 1982) of selected PRs were performed using the DNA strider™ 1.3f15

program (Marck, 1988).  The predicted signal-peptides are marked with a bold

line.

Figure 5.  Phylogenetic analysis of PR protein variants. Neighbour-joining

phylogenetic analysis of PRs (PR prefix) with archaeal (BR, HR, SRI and SRII

prefixes), Neurospora crassa, Nostoc and Pyrocystis lunula rhodopsins.  Newly

identified variants are marked with red.  A similar phylogeny was inferred from

ML estimates of genetic distances (Whelan and Goldman, 2001) and is not

shown.  Selected bootstrap values greater than 50% are indicated in the

following order NJ/ML.  Scale bar represents number of substitutions per site.
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