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Assessing diversity and biogeography of aerobic anoxygenic phototrophic bacteria in surface waters of the Atlantic and Pacific Oceans using the Global Ocean Sampling expedition metagenomes

Aerobic anoxygenic photosynthetic bacteria (AAnP)

were recently proposed to be significant contributors to global oceanic carbon and energy cycles. However, AAnP abundance, spatial distribution, diversity and potential ecological importance remain poorly understood. Here we present metagenomic data from the Global Ocean Sampling expedition indicating that AAnP diversity and abundance vary in different oceanic regions. Furthermore, we show for the first time that the composition of AAnP assemblages change between different oceanic regions with specific bacterial assemblages adapted to open ocean or coastal areas respectively. Our results support the notion that marine AAnP populations are complex and dynamic and compose an important fraction of bacterioplankton assemblages in certain oceanic areas.

Introduction

Since their rediscovery in the marine environment [START_REF] Kolber | Bacterial photosynthesis in surface waters of the open ocean[END_REF]2001), aerobic anoxygenic photosynthetic bacteria (AAnP) were reported to exist in a variety of coastal and oceanic environments. These photoheterotro-phs were detected using various techniques ranging from infrared fast-repetition-rate analysis of variable bacteriochlorophyll-a (BChla) fluorescence [START_REF] Kolber | Bacterial photosynthesis in surface waters of the open ocean[END_REF]2001;[START_REF] Koblízek | Diel changes in bacteriochlorophyll a concentration suggest rapid bacterioplankton cycling in the Baltic Sea[END_REF]2006), cultivation [START_REF] Allgaier | Aerobic anoxygenic photosynthesis in Roseobacter clade bacteria from diverse marine habitats[END_REF], PCR targeting of photosynthetic reaction centre genes [START_REF] Béjà | Unsuspected diversity among marine aerobic anoxygenic phototrophs[END_REF][START_REF] Oz | Roseobacter-like bacteria in Red and Mediterranean Sea aerobic anoxygenic photosynthetic populations[END_REF]Yutin et al., 2005), real-time PCR (Schwalbach and Fuhrman, 2005;[START_REF] Du | Real-time PCR for quantification of aerobic anoxygenic phototrophic bacteria based on pufM gene in marine environment[END_REF], environmental genomics [START_REF] Béjà | Unsuspected diversity among marine aerobic anoxygenic phototrophs[END_REF][START_REF] Oz | Roseobacter-like bacteria in Red and Mediterranean Sea aerobic anoxygenic photosynthetic populations[END_REF][START_REF] Waidner | Aerobic anoxygenic photosynthesis genes and operons in uncultured bacteria in the Delaware River[END_REF]Yutin et al., 2005) and direct counts using infrared fluorescence microscopy (Schwalbach and Fuhrman, 2005;[START_REF] Cottrell | Aerobic anoxygenic phototrophic bacteria in the Mid-Atlantic Bight and the North Pacific Gyre[END_REF].

Despite these efforts, the abundance and importance of AAnPs to the flow of energy and carbon in the ocean remain poorly understood [START_REF] Goericke | Bacteriochlorophyll a in the ocean: is anoxygenic bacterial photosynthesis important?[END_REF]Schwalbach and Fuhrman, 2005;Schwalbach et al., 2005). Using epifluorescence microscopy and real-time PCR, AAnPs were reported to consist of a smaller portion (up to 5%) of the total prokaryotic cells in the Pacific Ocean [START_REF] Cottrell | Aerobic anoxygenic phototrophic bacteria in the Mid-Atlantic Bight and the North Pacific Gyre[END_REF] than originally ('at least 11%') reported [START_REF] Kolber | Contribution of aerobic photoheterotrophic bacteria to the carbon cycle in the ocean[END_REF] and to range from 2% to 16% in the Atlantic Ocean [START_REF] Cottrell | Aerobic anoxygenic phototrophic bacteria in the Mid-Atlantic Bight and the North Pacific Gyre[END_REF][START_REF] Sieracki | Distribution of planktonic aerobic anoxygenic photoheterotrophic bacteria in the northwest Atlantic[END_REF]. Furthermore, a study by [START_REF] Goericke | Bacteriochlorophyll a in the ocean: is anoxygenic bacterial photosynthesis important?[END_REF] using BChla measurements suggested that the contribution of BChladriven anoxygenic bacterial photosynthesis in the ocean to the conversion of light-energy is substantially lower than the previously suggested global average of 5-10% [START_REF] Kolber | Bacterial photosynthesis in surface waters of the open ocean[END_REF]2001). These contradictory findings have at least two explanations: (i) each technique brings a certain estimation error due to inherent features, i.e. real-time PCR studies are biased due to varying binding efficiencies of the chosen primers (Yutin et al., 2005), and epifluorescence microscopy is hampered by the low levels of BChla in cells as well as non-specific detection of picocyanobacteria; (ii) AAnP communities are dynamic and may vary between regions and seasons.

Until now, the diversity of marine AAnP has been mainly estimated by directly amplifying pufM genes, encoding the M subunit of the anoxygenic photosynthetic reaction centre from environmental samples [START_REF] Béjà | Unsuspected diversity among marine aerobic anoxygenic phototrophs[END_REF][START_REF] Oz | Roseobacter-like bacteria in Red and Mediterranean Sea aerobic anoxygenic photosynthetic populations[END_REF]Schwalbach and Fuhrman, 2005;Yutin et al., 2005;[START_REF] Du | Real-time PCR for quantification of aerobic anoxygenic phototrophic bacteria based on pufM gene in marine environment[END_REF], or by screening pufM genes in bacterial artificial chromosome (BAC) libraries (Béjà et al., [START_REF] Oz | Roseobacter-like bacteria in Red and Mediterranean Sea aerobic anoxygenic photosynthetic populations[END_REF]Yutin et al., 2005). These studies led to the discovery of novel AAnPs belonging to different groups of Alpha-and Gammaproteobacteria [START_REF] Béjà | Unsuspected diversity among marine aerobic anoxygenic phototrophs[END_REF][START_REF] Oz | Roseobacter-like bacteria in Red and Mediterranean Sea aerobic anoxygenic photosynthetic populations[END_REF]Yutin et al., 2005). However, due to PCR-and cloning biases (Yutin et al., 2005), it is difficult to estimate the proportions of different lineages within the AAnP population using these methods. In order to overcome some of the PCR-based limitations, we have used metagenomic shotgun data from the recent Global Ocean Sampling (GOS) expedition [START_REF] Rusch | The Sorcerer II Global Ocean Sampling expedition: I, The northwest Atlantic through the eastern tropical Pacific[END_REF][START_REF] Yooseph | The Sorcerer II Global Ocean Sampling expedition: expanding the universe of protein families[END_REF] to characterize the distribution, composition and abundance of marine AAnPs.
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Results and discussion

The GOS project produced a total of 7.6 million random sequence reads, yielding approximately six Gbp of assembled environmental DNA sequence from the North Atlantic Ocean, the Panama Canal, and East and central Pacific Ocean gyre (Fig. 1; see also Table S1 for sampling site locations and characteristics). In order to increase the coverage of particular genomes, sequence data from all sampling sites were combined for assembly [START_REF] Rusch | The Sorcerer II Global Ocean Sampling expedition: I, The northwest Atlantic through the eastern tropical Pacific[END_REF][START_REF] Yooseph | The Sorcerer II Global Ocean Sampling expedition: expanding the universe of protein families[END_REF].

Using the PufM protein as a probe for anoxygenic photosynthetic bacteria (see Experimental procedures), 99 singletons and scaffolds (hereafter 'scaffolds') containing pufM fragments were extracted from the GOS assembled data (Table S2). The length of these scaffolds ranged from 452 to 21 305 bp and 575 sequence reads (hereafter 'reads') were assembled in these scaffolds.

Aerobic anoxygenic photosynthetic bacteria diversity

In order to investigate the AAnP community composition, a phylogenetic tree was reconstructed from the pufM sequences found on the scaffolds. The results of the pufM phylogenetic analysis were combined with an analysis of the puf-operon structure that allowed discrimination of almost all pufM-containing scaffolds into 12 phylogroups 2 and3), and also corroborated by oligonucleotide frequency analysis (see below). The distribution of the shotgun sequence data between these phylogroups is shown in Table 1. Although all reads were pooled during the assembly, no scaffolds composed of reads from both anoxic and oxic samples were obtained. Apart from scaffolds of the single anoxic station (discussed separately below), 85 scaffolds were assembled from the remaining 356 reads (Table 1). In oxic environments, only two and four reads were found belonging to phylogroups J and L respectively, and no reads were found related to phylogroups F, H. Thus, phylogroups F, H, J and L were considered as minor groups in these oxic samples.
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The four most abundant phylogroups, A, B, C and D, have no cultured representatives. Moreover, these groups were almost completely missed by previous PCR-based surveys that used earlier versions of pufM primers [START_REF] Nagashima | Horizontal transfer of genes coding for the photosynthetic reaction centers of purple bacteria[END_REF][START_REF] Achenbach | Photosynthetic and phylogenetic primers for detection of anoxygenic phototrophs in natural environments[END_REF][START_REF] Béjà | Unsuspected diversity among marine aerobic anoxygenic phototrophs[END_REF][START_REF] Karr | Remarkable diversity of phototrophic purple bacteria in a permanently frozen Antarctic lake[END_REF][START_REF] Oz | Roseobacter-like bacteria in Red and Mediterranean Sea aerobic anoxygenic photosynthetic populations[END_REF], as several base pair mismatches exist to genes in these groups. However, more recent pufM primers (Schwalbach and Fuhrman, 2005;Yutin et al., 2005) do recognize these groups. Several unusual features have been revealed from an analysis of the puf-operons of these phylogroups (Fig. 3); (i) the absence of pufA and pufB genes (encoding proteins for light-harvesting complex 1 that usually surround the photosynthetic reaction centre) in groups A and B. This operon organization has, so far, not been observed in any cultured organism. It is important to note here that the real AAnP capacity could not be proven based on genomics alone and more research is needed to find if these operons are indeed active; (ii) the presence of the pufX gene in the puf-operons of bacteria from group A. Although until recently, the presence of the pufX gene had only been reported for the anaerobic Rhodobacter lineage, evidences of pufX have been reported for other uncultured bacteria from oxic estuarine [START_REF] Waidner | Aerobic anoxygenic photosynthesis genes and operons in uncultured bacteria in the Delaware River[END_REF] and marine (Yutin and Béjà, 2005) environments. Based on our data set, we propose that PufX-containing reaction centres are common among marine AAnP bacteria, as it was present in 35 of the 85 AAnP scaffolds described; (iii) group D bacteria have a unique order of genes encoding the reaction centre core proteins because all three subunits of the reaction centre are colocated within the same operon (pufLMH).

Based on reads proportions within a given station (Fig. 4), phylogroups A, B, C and D were estimated to be prevalent in the majority of pelagic AAnP communities (Sargasso Sea samples and almost all Pacific samples, including those off the Galapagos Islands; Fig. 4). As these groups were probably missed by most PCR-based AAnP diversity studies, the significance of AAnP bacteria in open ocean microbial communities might have been underestimated so far.

Phylogroup E contains the pufX gene and was mainly found in several stations at the North-western Atlantic coast. There is, however, a BAC clone (EBAC60D04) with 99% DNA identity to one of the phylogroup E scaffolds that has been obtained from the Pacific Ocean [START_REF] Béjà | Unsuspected diversity among marine aerobic anoxygenic phototrophs[END_REF].

Phylogroup G represents Roseobacter-like bacteria. One of the scaffolds from this group is identical to the Red Sea [START_REF] Oz | Roseobacter-like bacteria in Red and Mediterranean Sea aerobic anoxygenic photosynthetic populations[END_REF] environmental BAC clone eBACred25D05, and another one is identical to the Mediterranean Sea BAC clone BACmed 31B01 (unpublished data). Members of the Roseobacter lineage are well known to be represented across a variety of marine habitats [START_REF] Buchan | Overview of the marine Roseobacter lineage[END_REF] and our observations support this notion as group G bacteria were mainly observed at coastal and open water stations in the Pacific as well as the Atlantic Ocean.

The closest cultured relatives of group I bacteria are Betaproteobacteria HTCC528 from a freshwater lake [START_REF] Page | Representative freshwater bacterioplankton isolated from Crater Lake, Oregon[END_REF], Rhodoferax antarcticus from an Antarctic microbial mat [START_REF] Madigan | Rhodoferax antarcticus sp. nov., a moderately psychrophilic purple nonsulfur bacterium isolated from an Antarctic microbial mat[END_REF], and Rhodoferax fermentans isolated from a sewage ditch [START_REF] Hiraishi | Rhodoferax fermentans gen. nov. and sp. nov., a phototrophic purple non-sulfur bacterium previously referred to as the 'Rhodocyclus gelatinosus-like' group[END_REF]. Based on this high similarity, phylogroup I likely represents Betaproteobacteria scaffolds. Rhodoferax-related bacteria are found widely distributed in freshwater environments [START_REF] Glockner | Comparative 16S rRNA analysis of lake bacterioplankton reveals globally distributed phylogenetic clusters including an abundant group of actinobacteria[END_REF][START_REF] Page | Representative freshwater bacterioplankton isolated from Crater Lake, Oregon[END_REF] and accordingly, GOS sequences belonging to this group were only detected in estuarine or freshwater samples (Fig. 4). One estuarine fosmid clone [DelRiverFos06H03 [START_REF] Waidner | Aerobic anoxygenic photosynthesis genes and operons in uncultured bacteria in the Delaware River[END_REF]] is also affiliated with these sequences.

Phylogroup K contains Gammaproteobacteria representatives [Congregibacter litoralis KT71 [START_REF] Eilers | Isolation of novel pelagic bacteria from the german bight and their seasonal contributions to surface picoplankton[END_REF] and BAC clones EBAC65D09 and EBAC29C02 [START_REF] Béjà | Unsuspected diversity among marine aerobic anoxygenic phototrophs[END_REF]], all related to the OM60 clade [START_REF] Rappé | Phylogenetic diversity of marine coastal picoplankton 16S rRNA genes cloned from the continental shelf off Cape Hatteras, North Carolina[END_REF]. Despite their close relationships based on pufM phylogeny, AAnPs in this group possess two different types of puf-operon structures: some have pufC downstream of pufM while others have pufA and pufB (Fig. 3) indicating that this group might in fact be polyphyletic. Members of group K were found at the North-western Atlantic coast and at some stations off the Galapagos Islands.

Anaerobic photosynthetic scaffolds assembled from an anoxic sample

The single anoxic sample in this set of the GOS expedition (hypersaline lagoon, Galapagos; dissolved oxygen, 0.06 mg l -1 ), contributed 219 reads to our data set (Table 1). Half or these reads were assembled in a 21 255-bp-long scaffold (#1096627135419) belonging to group H (Fig. 2). This group represented the most abundant anoxygenic phototrophs at this station, and currently contains no known cultured relatives. The puf-operon 2. pufM phylogenetic tree. The tree is based on a Bayesian tree to which short sequences were added by ARB_PARSIMONY. Reference sequences retrieved from the GenBank are marked in bold. IBEA_CTG clones belong to the Sargasso Sea project [START_REF] Venter | Environmental genome shotgun sequencing of the Sargasso Sea[END_REF] 

U N C O R R E C T E D P R O O F Fig.
U N C O R R E C T E D P R O O F
structure of this scaffold is pufBALMC (Fig. 3). Scaffold number 1096627139036 represents the second most abundant bacterium at this station and is somewhat related to the Rhodobacter clade with a puf-operon structure identical to that of Rhodobacter species: pufQBALMX. Currently no cultured strains closely related to this phylotype exist. Other abundant pufM-containing scaffolds found at station 38 were related to Loktanella vestfoldensis (phylogroup F), Rhodovulum sulfidophilum (phylogroup G), Antarctic clones LFc1 and LFc15 [START_REF] Karr | Remarkable diversity of phototrophic purple bacteria in a permanently frozen Antarctic lake[END_REF] (phylogroup J; the sequences from these clones were short and are not shown in Fig. 2), and Lamprocystis purpurea (scaffold 1096627358409). Not surprisingly, anoxygenic phototrophs at this station were quite unique as no anoxygenic phototrophs found at this anoxic sample were observed in any of the oxic samples.

The assembly efficiency at this sample was remarkably higher than in the oxic samples. Four nearly completed genomes and the highest ratio of unassembled/ assembled in >10 000-bp-long scaffolds reads were found here [START_REF] Rusch | The Sorcerer II Global Ocean Sampling expedition: I, The northwest Atlantic through the eastern tropical Pacific[END_REF] and no singletons coming from station 38 were observed in the represented data set (Table S1). This success of assembly may be attributed to lower species richness at this station and/or to the large sequencing effort performed at this station (694 642 reads).

Oligonucleotide frequency analysis of pufM-containing scaffolds from the GOS data set

The validity of the phylogroups defined on pufM phylogenetic reconstruction and operon organization was further evaluated by genomic signature analysis. As comparative genomics has revealed in recent years, the frequencies of short oligonucleotides in genomes act like a speciesspecific fingerprint and furthermore carry a weak phylogenetic signal [START_REF] Pride | Evolutionary implications of microbial genome tetranucleotide frequency biases[END_REF]. While the analysis of such genomic signatures cannot compete with genebased phylogenetic reconstruction, regarding the sophistication of the underlying mathematics and thus resolution, it has the advantage of not being limited to genes. Instead, the entire DNA sequence can be analysed which is particularly interesting in metagenomics, 
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where frequently only short fragments or only partial genes are obtained. Due to the shortness of many of the scaffolds in this study, only di-and trinucleotide frequencies could be used because statistics on longer oligonucleotides require longer sequences. While this did not allow computing well-separated coherent de novo clusters, a cluster analysis of the data revealed striking congruities with the pufM phylogenetic reconstruction (Fig. 5). Sixty-one per cent of the scaffolds formed clusters uniquely represented by sequences from distinct phylogroups assigned by phylogenetic and operon analysis.

Aerobic anoxygenic photosynthetic bacteria biogeography

Although the occurrence of specific gene-anchored reads and scaffolds in shotgun sequence data is a likelihood event (especially for a rare gene as pufM), our analysis of AAnP community composition at different stations reveal some interesting trends (Fig. 4). The Roseobacter-related phylogroup (G) appears to be the most ubiquitous across different environments. In addition, phylogroup G constitutes a significant part of the AAnP communities at mesotrophic stations (stations 24-28 surrounding the Panama Canal; coral reef atoll at station 44; some coastal stations and some stations off the Galapagos Islands) and a minor part of oligotrophic AAnP communities (Pacific Ocean Gyre and Sargasso Sea stations). Phylogroups A and B, not previously described, are the main AAnPs in oligotrophic regions. Phylogroups E and K subsume coastal species, whereas phylogroups C and D represent mostly offshore species. Group I bacteria, attributed to a freshwater Betaproteobacteria clade, also composed a significant part of AAnPs in all estuarine samples, indicating that they might thrive in saline environments (the salinity at the station 14 was 26.5 p.p.t.).

Aerobic anoxygenic photosynthetic bacteria abundance estimation

While the GOS expedition was originally intended to the discovery of new genes and organisms, and evaluation of microbial genetic diversity [START_REF] Rusch | The Sorcerer II Global Ocean Sampling expedition: I, The northwest Atlantic through the eastern tropical Pacific[END_REF], our study was aimed to survey AAnP community compositions and to gain insights on specific AAnP abundances along the GOS transect. An important question in the study of AAnPs is what per cent of total bacteria (or total microbes) in the community AAnPs comprise. We inferred AAnP relative abundances by the relative abundances of anoxygenic photosynthetic genes in these samples using different metrics. In all anoxygenic phototrophs genomes reported to date, the pufM gene was found as a singlecopy gene and was therefore used to estimate AAnP numbers in our samples. Besides the marker for AAnP bacteria, we used the recA gene coding a critical DNA repair enzyme and considered to be a single-copy gene present in all bacterial genomes; thus, it is a suitable estimator of total bacterial genomes in the sample [START_REF] Venter | Environmental genome shotgun sequencing of the Sargasso Sea[END_REF][START_REF] Howard | Bacterial taxa that limit sulfur flux from the ocean[END_REF]. As the length of pufM and recA genes is, on average, similar, initially we assumed that the ratio between the number of pufM and recA reads reflected the ratio between AAnP and total bacteria in our samples (data not shown). These pufM and recA reads are meant as sequence reads strictly containing at least a part of the pufM or the recA genes. However, in addition, our data set was composed of scaffolds assembled from different reads from the entire data set, some containing fragments of other genes situated in certain proximity to the pufM or the recA genes. This information was used as a second metric of relative abundance, as common genomes should result in longer scaffolds. All reads (and not just those containing pufM) assembled in pufM-containing scaffolds were counted as 'pufM-associated' reads in Fig. 4. While in 18 17 14 41 40 39 37 36 35 34 33 32 31 44 43 42 29 28 27 25 24 23 22 21 20 19 16 15 8 9 13 11 10 7 6 5 4 3 2 poorly assembled scaffolds (composed of one to two reads, and comprising 69% of pufM-containing scaffolds) the number of pufM reads and pufM-associated reads are nearly equal, this is not the case in large scaffolds. For instance, the high number of pufM-associated reads at station 14 (Fig. 4) is the result of the assembly of a 17 830-bp-long scaffold, containing 36 (out of 57) reads belonging to this station (Table S2). Again, as abundant genomes should result in longer scaffolds, it was not surprising that 55% of recA-associated reads in the entire data set were assembled in only 16 of 5104 scaffolds, ranging from 1 to 10 723 reads.

A third metric was also developed as measure for approximating the total number of pufM (or recA) reads per station based on the assembled data. This measure, termed 'read equivalents' (see Experimental procedures for details), is not depended (at least, not directly) on the scaffold size, and, thus, is an estimate of total pufM reads in each of the individual stations. The read equivalent measure was developed to approximate the number of reads targeting certain genes from scaffold assembly data. It is based on the number of reads participating in a given scaffold (scaffold size), and on the ratio of scaffold length/gene length. Read equivalents are more suitable for longer scaffolds, where statistic approaches and averaging-like coverage concept are applicable. In our case, 'the end effects' are considerable (only a part of a pufM gene appears on the scaffold). Based on the calculations, short pufM end-sequences in long scaffolds underestimate read equivalents, while longer pufM endsequences in short scaffolds overestimates the measure. Assuming the proportion of these type of sequences are similar for different genes (i.e. recA), the normalization step should compensate for these errors.

Whereas 5104 scaffolds containing recA genes were found in the entire data set, only 99 scaffolds were found containing pufM. Because of this low number of scaffolds, we increased the reliability of our estimations by adding to the analysis two additional AAnP unique markers, namely the pufL gene coding for the L subunit of the anoxygenic photosynthetic reaction centre and the bchX gene coding for the X subunit of chlorophyllide reductase in the bacteriochlorophyll biosynthetic pathway. Both genes have roughly the same length as pufM and recA and, as can be seen in Fig. S1, there was a very high correlation between these three AAnP markers in most stations measured by the number of gene-associated reads, as well as read equivalents. For each sampling station, pufM, pufL and bchX read equivalents were calculated, normalized by recA read equivalents and averaged to produce the AAnP abundance evaluation shown in Fig. 6. Aerobic anoxygenic photosynthetic bacteria abundance varied between different marine stations. The highest AAnP percentages were observed at a coastal (10%; station 9, Browns Bank, Gulf of Maine) and an estuarine (5%; station 14, Newport Harbor) station. In several Pacific Ocean samples, the AAnP abundance was near 4% (see open ocean station 43 and Galapagos stations 32-35). These estimates therefore imply that AAnPs are found in relatively similar proportions in both oligotrophic and eutrophic environments and are important component of the total upper ocean microbial community.

Potential biases of sampling and metagenomics data set processing

The results reported here are for samples in the 0.1-0.8 mm size range. Aerobic anoxygenic photosynthetic bacteria have been reported to be larger than the average bacterioplankton [START_REF] Sieracki | Distribution of planktonic aerobic anoxygenic photoheterotrophic bacteria in the northwest Atlantic[END_REF] and in addition, some AAnPs might be associated with larger particles (as symbionts of eukaryotic cells, or attached to marine snow) and might produce chains as reported for Erythrobacter [START_REF] Yurkov | Aerobic anoxygenic phototrophic bacteria[END_REF]); see differences in population composition in samples 5, 6 and 7 in Fig. 4, which are different size fractions of the same station). Thus there is a possibility that our estimates of AAnP diversity and relative abundance are underestimates. On the other hand, high cell densities in some water samples may have clogged 0.8 mm filters producing a bias towards 26 18 17 14 41 40 39 37 36 35 34 33 32 31 44 43 42 29 28 27 25 24 23 22 21 20 19 16 15 8 9 13 11 10 7 6 5 4 3 2 smaller cells. Finally, besides biases introduced by sampling methods, many known biases might result from differential DNA extraction, cloning using E. coli as a host, and other common problems associated with metagenomic assembly like chimera formation and, intraspecies sequence variability.

In addition, pooling the raw sequencing results prior to assembly, applied for the first time in this data treatment, raised a new challenging statistical problem. In singlestation metagenomic assembly, scaffold length and coverage are functions of the amount of sequencing performed at the station, of the species richness, and the length and the abundance of particular genomes contributing to the scaffolds. When scaffolds are assembled from reads coming from different sampling sites, lengths and coverages depend on the same parameters, but from all sampling sites combined and thus high abundance of a genome at one of the sampling sites increased the chance of its assembly at all sampling sites. In our case, this meant an increased probability to find the same AAnPs across sampling sites. Fortunately, this did not appear to be case in our study as 72 from the 99 pufMcontaining scaffolds were assembled from reads from single stations. However, this issue remains to be resolved for larger future metagenomic data sets.

Aerobic anoxygenic photosynthetic bacteria relative abundance values calculated in this study are based on approximate relative abundances of pufM-pufL-bchXcontaining bacteria, with the assumption that these genes, as well as the recA gene, are single-copy in their genomes. In most anoxygenic phototrophs genomes reported to date, including the genome of the AAnP Roseobacter denitrificans Och 114 [START_REF] Swingley | The complete genome sequence of Roseobacter denitrificans reveals a mixotrophic as opposed to photosynthetic metabolism[END_REF], the pufM gene was found as a single-copy gene and was therefore used to estimate AAnP numbers in our samples. However, in two reported cases, Roseobacter litoralis and Staleya guttiformis, the pufM gene was also found on an extrachromosomal linear plasmids [START_REF] Pradella | Genome organization and localization of the pufLM genes of the photosynthesis reaction center in phylogenetically diverse marine Alphaproteobacteria[END_REF]. The number of copy of these linear plasmids per cell was not determined and currently it is not known how general this phenomenon is.

The recA gene was used to normalize AAnP abundance estimates because these genes are the most often employed single-copy gene normalizers [START_REF] Venter | Environmental genome shotgun sequencing of the Sargasso Sea[END_REF][START_REF] Howard | Bacterial taxa that limit sulfur flux from the ocean[END_REF]. However, other genes than the recA gene may be used for the normalization. We checked how our estimates were influenced when alternate 'single-copy protein' genes like rpoB (RNA polymerase B) and gyrA (DNA gyrase subunit A) previously used to estimate the number of genomes represented in metagenomic libraries [START_REF] Venter | Environmental genome shotgun sequencing of the Sargasso Sea[END_REF]. Aerobic anoxygenic photosynthetic bacteria abundances normalized by rpoB and gyrA genes were calculated and compared with those obtained with the recA gene (Fig. S2).

The calculations were the same as for recA, with an additional gene length normalization step, because rpoB and gyrA genes both are significantly longer than the c. 1000 bp of recA (c. 3600 and 2700 bp respectively). For most stations, values obtained were similar (within the standard deviations calculated from pufM-pufL-bchX averages using recA as normalizer).

As the algorithm for searching recA-containing contigs does not discriminate bacterial RecAs from eukaryotic and archaeal homologues (RAD family proteins), the abundances obtained represent per cents of total cells in the community rather than percents of total bacteria. However, due to the size fractionation we very likely excluded the vast majority of Eukarya from the samples, and thus these numbers are comparable to the percentages of AAnPs measured relative to total (DAPI) bacterial counts. The rpoB [START_REF] Walsh | Evolution of the RNA polymerase B′ subunit gene (rpoB′) in Halobacteriales: a complementary molecular marker to the SSU rRNA gene[END_REF][START_REF] Case | The 16S rRNA and rpoB genes as molecular markers for microbial ecology[END_REF] and gyrA [START_REF] Guipaud | Both DNA gyrase and reverse gyrase are present in the hyperthermophilic bacterium Thermotoga maritima[END_REF][START_REF] Wall | Arabidopsis thaliana DNA gyrase is targeted to chloroplasts and mitochondria[END_REF] genes may also have close analogues in archaea and plastid DNA.

Although metagenomics has been so far mostly used for culture-and PCR-independent gene discovery, recent studies have used metagenomic assembly for prediction of viral community diversity and species richness [START_REF] Angly | The marine viromes of four oceanic regions[END_REF]. We believe that our preliminary calculation raises the importance of refined models combining bacterial population structure and diversity parameters using metagenomic data.

Concluding remarks

Combining the GOS abundance results with the results accumulated using BChla-based biophysical measurements [START_REF] Kolber | Bacterial photosynthesis in surface waters of the open ocean[END_REF]2001), real-time PCR and infrared fluorescence microscopy (Schwalbach and Fuhrman, 2005;[START_REF] Cottrell | Aerobic anoxygenic phototrophic bacteria in the Mid-Atlantic Bight and the North Pacific Gyre[END_REF][START_REF] Du | Real-time PCR for quantification of aerobic anoxygenic phototrophic bacteria based on pufM gene in marine environment[END_REF], we suggest that AAnP loads vary significantly between different regions and represent a dynamic component of marine bacterioplankton. Furthermore, our results show that not only abundance but also AAnP composition varies between different oceanic regions. This is, to our knowledge, the first time that the AAnP population composition is estimated in a global biogeographical context.

Experimental procedures

Global Ocean Sampling sample collection, shotgun cloning, primary assembly and extraction of AAnP-related data

Water samples were collected from February 2003 to May 2004 along a North-South transect between 45°N in the Atlantic Ocean and 15°S in the Pacific Ocean. Samples were collected from a wide range of habitat types, including oceanic and coastal seawater, freshwater and hypersaline lakes, estuaries, and areas surrounding oceanic islands. The S1. Sampling procedures, library construction, shotgun sequencing and assembly are described in Rusch and colleagues (2007). Shotgun data used in this study were obtained mainly from 0.8 to 0.1 mm sized planktonic fractions (see Table S1 for sample fraction sizes). The assembly was performed on entire pool of GOS sequence reads, with an overlap cut-off of 98% identity, whereas minimal length of an overlap was 40 bp.

Scaffolds related to anoxygenic bacteria were extracted by a sequence recently reported similarity clustering approach [START_REF] Yooseph | The Sorcerer II Global Ocean Sampling expedition: expanding the universe of protein families[END_REF]. Briefly, protein sequences produced from the assembled scaffolds were clustered with a nonredundant set of publicly available sequences within the NCBI-nr, NCBI Prokaryotic Genomes, TIGR Gene Indices and Ensemble data sets based on pair-wise sequence similarity. Clustering was based on full-length sequences, rather than domains, and incorporated length-based thresholds to address fragmentary sequences thereby minimizing the clustering of unrelated proteins. In this way, 99 pufMcontaining scaffolds were revealed. Contributions of each sampling station to every scaffold are given in Table S2. Using the methodology, 109 pufL, 109 bchX, 5104 recA, 8392 gyrA and 10 482 rpoB gene-containing scaffolds were detected in this data set.

Phylogenetic tree reconstruction pufM phylogenetic analysis was initially performed using 36 reference sequences from cultured species and environmental genomic clones retrieved from GenBank and 46 GOS scaffolds containing significant sequence overlap (c. 750 bp) with the reference sequences [positions homologous to positions 7-736 of the Rhodobacter sphaeroides sequence (AJ010302)]. Using ARB [START_REF] Ludwig | ARB: a software environment for sequence data[END_REF], the GOS scaffold nucleotide sequences were imported into a previously described pufM database (Yutin et al., 2005), translated into amino acids and aligned. Thereafter, the alignment was manually corrected. The resulting protein alignment was used to realign (back-translate) nucleotide sequences in ARB, and this nucleotide alignment was used in all subsequent phylogenetic analyses. Aligned nucleotide sequences were exported using a filter that excluded positions where gaps outnumbered characters, and kept the nucleotides in frame (720 total nucleotide positions). From this filtered alignment a phylogenetic tree was reconstructed by Bayesian inference using the MrBayes 3.0 program [START_REF] Ronquist | MrBayes 3: Bayesian phylogenetic inference under mixed models[END_REF] with the General Time Reversible model and rates varying according to codon positions. Four parallel chains of 1 million generations were run, trees were sampled every 100 generations, and 600 'burnin' trees were excluded from the consensus tree. This consensus tree was imported into ARB and 53 shorter nucleotide sequences were aligned as above and added to the Bayesian tree using the ADD_BY_PARSI-MONY algorithm and the same filter.

Calculating AAnP abundances along the GOS transect pufM read equivalents at all sampling sites were calculated as described below.

For each (ith) scaffold, its coverage is expressed as:

a N L S i i i = ⋅ (1)
where Ni is the total number of reads in the ith scaffold, L is the mean read length (842 bp) in the entire data set, and Si is the ith scaffold length. The total number of bp associated with the pufM sequence at the ith scaffold was defined as:

B g a i i i = ⋅ (2)*
where gi is the length of the pufM fragment on the ith scaffold. The contribution of jth station reads to the ith scaffold:

m n N ij ij i = ( 3 
)
where nij is the number of reads from the jth station participating in the ith scaffold; N n i j ij = Σ . For each (jth) station, the number of bp associated with a given (ith) pufM fragment is calculated as:

b B m ij i ij = ⋅ (4)
pufM read equivalents (r) were defined as:

r b L ij ij = (5) 
The read equivalents approximate the number of reads containing ith pufM fragment at the jth station. From Eqs 1-5,

r ij = nij •gi /Si.
The total number of pufM read equivalents at the jth station: R r j i j i

= ∑

An example of pufM read equivalent calculation for one of the sampling sites is shown in Supplementary materials.

Total numbers of read equivalents for recA and all other normalizer genes were calculated. The pufM-based AAnP abundance at each station was estimated as: 

Genome signature analysis

The DNA sequences of the 99 scaffolds and the 36 reference sequences used in this study were imported into TETRA [START_REF] Teeling | TETRA: a web-service and a stand-alone program for the analysis and comparison of tetranucleotide usage patterns in DNA sequences[END_REF] where four length-independent parameters were computed: relative dinucleotide and trinucleotide frequencies, dinucleotide relative abundances and Markov model-based trinucleotide z-scores. These data were exported and imported into Aabel (Gigawiz), where an unweighted hierarchical cluster analysis with the Euclidian distance as distance measure was computed for all 160 data columns. 
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Fig. 1 .

 1 Fig. 1. The GOS transect map. The sites are numbered according to Table S1 (GOS sampling site descriptions). Different colours are used to indicate different types of environments.
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Fig. 3 .

 3 Fig. 3. Diversity of photosynthetic operonal organization revealed in the GOS data set. puf-operons are shown in red. Z, chlorophyllide reductase Z subunit, is marked in green. 641, deoxyxylulose-5-phosphate synthase (orf 641). Other genes are labelled in white.

Fig. 4 .Fig. 5 .

 45 Fig. 4. AAnP population compositions along the GOS transect. Colours used to represent different types of environments are the same as in Fig. 1, and colours representing the eight major phylogroups are according to those used in Fig. 2. pufM-associated reads are reads included in pufM-containing scaffolds. Note that samples 5, 6 and 7 are different size fractions from the same station: sample 5, 20-3 mm; sample 6, 3-0.8 mm; sample 7, 0.8-0.1 mm.

Fig. 6 .

 6 Fig. 6. Estimated AAnP abundances along the GOS transect.
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  containing fragments of pufL and bchX genes were extracted from the GOS data set. pufL and bchX read equivalents were calculated; pufL and bchX-based AAnP abundances at each station were estimated as:

longus Porphyrobacter tepidarius Blastomonas natatoria Sphingomonas sp. PB180 1096627640487

  whose sequence data were included in GOS assembly. Branches found on the initial Bayesian tree are shown in bold lines. The numbers on nodes represent branch confidence values. Asterisks indicate scaffolds assembled by reads from the anoxic sample. Coloured boxes mark the 12 phylogroups defined in this study.
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Table 1 .

 1 Summary of pufM-associated data extracted from the GOS data set.

		Total		Oxic		Anoxic	
	Phylogroup	Reads	Scaffolds	Reads	Scaffolds	Reads	Scaffolds
	A	7 8	3 0	7 8	3 0	0	0
	B	47	9	47	9	0	0
	C	3 6	1 2	3 6	1 2	0	0
	D	29	4	29	4	0	0
	E	61	3	61	3	0	0
	F	9	2	0	0	9	2
	G	6 3	1 4	5 3	1 0	1 0	4
	H	107	2	0	0	107	2
	I	14	5	14	5	0	0
	J	18	4	2	1	16	3
	K	26	6	26	6	0	0
	L	4	2	4	2	0	0
	Others	83	6	6	3	77	3
	Sum	575	99	356	85	219	14

© 2007 The Authors Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology Colour Figure

emi_1265 10 N. Yutin et al. © 2007 The Authors Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology

6 emi_1265 Diversity and biogeography of AAnPs 11 © 2007 The Authors Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology

Acknowledgements

We would like to thank B. Fuchs for providing unpublished genome sequences and M. Shmoish for fruitful discussions. This work was supported in part by grant from the Israel Science Foundation, a grant from the Israeli Ministry of Science and Technology and an EMBO YIP award (O.B.), NSF Grant OCE-0550547 (M.T.S.) and by the U.S. Department of Energy Office of Science's Biological and Environmental Research Program grant and the Gordon and Betty Moore Foundation (J. Craig Venter Institute). We thank the Governments of Canada, Mexico, Honduras, Costa Rica, Panama, Ecuador and French Polynesia/France for facilitating sampling activities. All sequencing data collected from waters of the above named countries remain part of the genetic patrimony of the country from which they were obtained.

Environment Sequence 1093024000646 Marine bacterium BS110 Environment Sequence 1095469468330 Environment Sequence 1093012001355 Roseobacter sp. S03 Environment Sequence 1093012038261 Environment Sequence 1091141140636 Environment Sequence 1096626067753 Environment Sequence 1091141659054 Environment Sequence 2006184 Environment Sequence 1096520956233 Environment Sequence 1092301049452 Environment Sequence 1092256245493 Environment Sequence 74622 Environment Sequence 964973 Environment Sequence 1096626130439 Environmental sequence IBEA_CTG_SKBBG42TR Environment Sequence 1096528117785 Environment Sequence 1096520936644 Environment Sequence 1096520939962 Uncultured bacterium clone BACmed31B01 Citromicrobium sp. CV44 Environment Sequence 1096528033967 Environment Sequence 1096528137865 Environment Sequence 1096520935755 Environment Sequence 1096628084772 Environment Sequence 1096627303438 Environment Sequence 1096520846384 Environment Sequence 1096528567777 Environment Sequence 1096528601418 Environment Sequence 1096520719496 Environment Sequence 1096627448040 Rhodoplanes elegans Environment Sequence 1096627640487 Environment Sequence 1096528172827 Environment Sequence 1096628389906 Environment Sequence 1096528256251 Porphyrobacter tepidarius MBIC3363 Environment Sequence 1096528517450 Environment Sequence 1096627832347 Uncultured proteobacterium clone S06P2 Environment Sequence 1096528198792 Sphingomonas sp. PB180 Rhodoferax fermentans Thiocapsa roseopersicina Environment Sequence 1096628130006 Environment Sequence 1096627895014 Environment Sequence 1096528493301 Environment Sequence 1096520873235 Environment Sequence 1096520652708 Environment Sequence 1096628097126 Environment Sequence 1096627909085 Environment Sequence 1096627212902 Environment Sequence 1096627285981 Environment Sequence 1096528191656 Environment Sequence 1096627953139 Environment Sequence 1096627151008 Environment Sequence 1096520629014 Environment Sequence 1096528407201 Environment Sequence 1096528631383 Environment Sequence 1096520593404 Environment Sequence 1096628254795 Environment Sequence 1096628390397 Environment Sequence 1096627792256 Environment Sequence 1096628168768 Environment Sequence 1096627998895 Environment Sequence 1096627339390 Environment Sequence 1096627095754 Environment Sequence 1096627798181 Environment Sequence 1096627785928 Environment Sequence 1096627133664 Environment Sequence 1096627613705 Environment Sequence 1096627787532 Environment Sequence 1096628268952 Environment Sequence 1096626980840 Environment Sequence 1096628050513 Sphingomonas natatoria Environment Sequence 1096627096066 Environment Sequence 1096627168456 Environment Sequence 1096627125741 Environment Sequence 1096627381957 Environment Sequence 1096627358018 Environmental sequence IBEA_CTG_2073229 Environment Sequence 1096627142787 Environment Sequence 1096627372144 Environment Sequence 1096627146695 Environment Sequence 1096627337740 Environment Sequence 1096627331478 Environmental sequence IBEA_CTG_2058454 Environment Sequence 1096627148623 Environment Sequence 1096627297850 Environment Sequence 1096627064779 Environment Sequence 1096627101356 Acidiphilium cryptum JF-5 ctg85 Environment Sequence 1096627356465 Environment Sequence 1096626853482 Environment Sequence 1096627281330 Environment Sequence 1096627153653 Environment Sequence 1096626853965 Environment Sequence 1096626901636 Chromatium vinosum Environment Sequence 1096627105318 Environment Sequence 1096626931991 Environment Sequence 1096627034791 Environment Sequence 1096627358409 Environment Sequence 1096627243626 Environment Sequence 1096627081642 Rhodovulum sulfidophilum Environment Sequence 1096627329181 Erythrobacter longus Environment Sequence 1096627139036 Environment Sequence 1096627148176 Environment Sequence 1096627380823 Lamprocystis purpurea Roseateles depolymerans Environment Sequence 1096627293995 Environment Sequence 1096627135419

Supplementary material

The following supplementary material is available for this article online: Fig. S1. Comparisons between pufM, pufL and bchX GOS data.

A. The reads associated with pufM (orange), pufL (blue) and bchX (green) genes. B. pufM (orange), pufL (blue) and bchX (green) read equivalents. X-axes represent sampling site numbers in the same order as at Figs 4 and6. Fig. S2. The use of gyrA and rpoB genes as alternative bacteria identifiers. Aerobic anoxygenic photosynthetic bacteria abundances normalized by recA (orange), gyrA (blue) and rpoB (green). X-axis represents sampling site numbers in the same order as at Figs 4 and6. Table S1. GOS sampling site descriptions.