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Global distribution of a wild alga revealed by targeted metagenomics Alexandra Z. Worden1,*, Jan Janouskovec2, Darcy McRose1, Augustin Engman1, Rory M. Welsh1, Stephanie Malfatti3, Susannah G. Tringe3, and Patrick J. Keeling2 Eukaryotic phytoplankton play key roles in atmospheric CO2 uptake and sequestration in marine environments [1,2]. Community shifts attributed to climate change have already been reported in the Arctic ocean, where tiny, photosynthetic picoeukaryotes (≤3 µm diameter) have increased, while larger taxa have decreased [3]. Unfortunately, for vast regions of the world’s oceans, little is known about distributions of different genera and levels of genetic variation between ocean basins. This lack of baseline information makes it impossible to assess the impacts of environmental change on phytoplankton diversity, and global carbon cycling. A major knowledge impediment is that these organisms are highly diverse, and most remain uncultured [2]. Metagenomics avoids the culturing step and provides insights into genes present in the environment without some of the biases associated with conventional molecular survey methods. However, connecting metagenomic sequences to the organisms containing them is challenging. For many unicellular eukaryotes the reference genomes needed to make this connection are not available. We circumvented this problem using at-sea fluorescence activated cell sorting (FACS) to separate abundant natural populations of photosynthetic eukaryotes and sequence their DNA, generating reference genome information while eliminating the need for culturing [2]. Here, we present the complete chloroplast genome from an Atlantic picoeukaryote population and discoveries it enabled on the evolution, distribution, and potential carbon sequestration role of a tiny, wild alga.



We assembled a complete chloroplast genome from a coherent picoeukaryote population sorted from the Gulf Stream Current. The sorting step reduced bioinformatic complexity to a level where high quality de novo sequence assembly was possible. The resulting circular plastid genome was 91,306 bp, 35% G+C and encoded 106 proteins, 27 tRNAs, an rRNA operon as well as other features (Figure S1 in Supplemental Information, published with this article online). Multiple lines of evidence demonstrate this genome is from a member of the Pelagophyceae, a recently discovered phytoplankton class [4]. Complete plastid genomes are available from two cultured Pelagophyceae, the browntide forming Aureococcus anophagefferens and Aureoumbra lagunensis. Genome organization in the uncultured pelagophyte was similar to Aureococcus, and more divergent from Aureoumbra (Figure 1A), consistent with evolutionary relationships deduced from our 105 plastidprotein phylogeny (Figure S2). The uncultured pelagophyte encoded all Aureococcus genes plus one (ycf45) of Aureoumbra’s five additional proteins. All three Pelagophyceae encoded a 267 residue protein with multiple predicted transmembrane domains not seen in any other organisms based on tblastn and blastp against the full GenBank repository. Comparisons with the best-sampled protein-encoding pelagophyte plastid gene, rbcL, showed the uncultured population was most similar to Pelagomonas calceolata (99.0% nucleotide identity, ≤95.2% to other Pelagophyceae). The 16S rRNA gene, which is highly conserved across genera, had 100% identity to partial sequences available for P. calceolata. The uncultured population may therefore be P. calceolata, but based on extant sampling we call it ‘wild Pelagomonas’. With the plastid genome in hand, we addressed the distribution and ecological significance of this lineage. The complete set of coding regions from the chloroplast genome was compared with marine metagenomic samples using a cutoff of 97.0% nucleotide identity. We found that the wild Pelagomonas
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Figure 1. The wild Pelagomonas and comparisons to cultured taxa. (A) Locally collinear genome blocks show sequence divergence between the wild Pelagomonas plastid genome as compared to the only sequences available from cultured Pelagophyceae, i.e. Aureococcus and Aureoumbra. Colored blocks represent homologous sections between genomes (with regions on opposing strands shown inverted). The height of colored shading is proportional to sequence identity in the respective block. (B) Locations where sequences from the wild Pelagomonas were detected in GOS (yellow circles), Station ALOHA (yellow triangle) and Station 67-155 (yellow triangle) metagenomes. Black circles represent GOS samples where sequences were not detected. Note that GOS sampling involved pre-filtration through a 0.8 µm pore-size filter (except a few Sargasso Sea samples) [5]. While we detected eukaryotic sequences in the survey data, the filtration procedure minimized representation of eukaryotes and likely influenced taxon recovery differentially, depending on respective cell sizes and fragility, making comparisons between eukaryotic taxa unreliable. Yellow squares represent 16S rRNA gene data previously attributed to bacteria. Our data also exhibited 99–100% identity to partial rRNA sequences (yellow cross) from the southeast Pacific generated using multiple PCR primers, one of which frequently recovered pelagophyte sequences [7]. Location of FACS sort from 75 m is shown with a yellow diamond.



was broadly distributed in surface metagenomic data from the Global Ocean Survey (GOS) [5] (Figure 1B), an expedition that set out to circumnavigate the globe. By contrast, neither Aureoumbra nor the model pelagophyte Aureococcus was detected in these data [5] using the same search criteria. Surface and deep chlorophyll maximum (DCM) metagenomic data from the central North Pacific (NP) Gyre also contained sequences from the wild Pelagomonas. Likewise, sequences from the wild Pelagomonas were present at the DCM in the eastern NP Gyre (Figure 1B), at a depth similar to the Gulf Stream DCM (75 m) where the sort was performed. Our analyses



suggest future studies should incorporate balanced sampling of surface and deep sunlit waters, where eukaryotic phytoplankton are most abundant [2,6] Notably, the wild Pelagomonas was found in the majority of GOS Indian Ocean samples, a region where data on pelagophytes conflict. Pigment analyses initially indicated pelagophytes were abundant in the Indian Ocean, but few pelagophyte 18S rDNA sequences were retrieved there [6]. Pigment data are often considered indeterminate because interpretation can be confounded by the presence of similar marker pigments in multiple algal groups [2,6]. However, PCR-clone library studies



also produce conflicting information on phytoplankton community composition due to primer biases and other issues [7]. Fluorescence in situ hybridization (FISH) studies appear to corroborate pigmentbased observations. For example, FISH results show pelagophytes as a whole contribute significantly to picophytoplankton biomass in the tropical Atlantic Ocean at 5 and 20 m (deeper samples were not analyzed) [8]. Thus, the paucity of pelagophyte 18S rDNA clone library sequences in the Indian Ocean [6] may reflect biases circumvented by our metagenomic approach. Pigment analyses do not have the power to resolve which genera are present, although they indicate that in general Pelagophyceae are important marine primary producers [9] and their contributions appear to be increasing, at least in the North Atlantic [10]. The chloroplast genome sequenced here provides unprecedented taxon resolution and shows that cells with high genetic identity to the FACSsorted population are distributed across several oceans, suggesting considerable ecological importance. How important might this wild population be to export of CO2 to the deep ocean? We discovered sequences highly similar to the wild Pelagomonas in subarctic Pacific Ocean surface (e.g., accession HQ671892, 99.9% identity) and deep sea sediment (e.g., DQ513100, 99.8% identity) data previously categorized as bacterial. Presence in sediments indicates that the wild Pelagomonas may be performing a key ecosystem service by transporting atmospheric carbon it sequesters by photosynthesis to the deep ocean. The data provided here will enable focused studies on the role of pelagophytes in carbon cycling. Our results demonstrate the value of targeted population metagenomics for discovering ecologically relevant taxa and the importance of the wild pelagophyte across multiple oceans. Accession Numbers The plastid genome and annotation have been deposited under GenBank accession JX297813. Supplemental Information Supplemental information includes two figures and experimental procedures and
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