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Prochlorococcus and Synechococcus are the two most abundant
and widespread phytoplankton in the global ocean. To better under-
stand the factors controlling their biogeography, a reference database
of the high-resolution taxonomic marker petB, encoding cytochrome
b6, was used to recruit reads out of 109 metagenomes from the Tara
Oceans expedition. An unsuspected novel genetic diversity was
unveiled within both genera, even for the most abundant and
well-characterized clades, and 136 divergent petB sequences
were successfully assembled from metagenomic reads, significantly
enriching the reference database. We then defined Ecologically Sig-
nificant Taxonomic Units (ESTUs)—that is, organisms belonging
to the same clade and occupying a common oceanic niche. Three
major ESTU assemblages were identified along the cruise transect
for Prochlorococcus and eight for Synechococcus. Although
Prochlorococcus HLIIIA and HLIVA ESTUs codominated in iron-
depleted areas of the Pacific Ocean, CRD1 and the yet-to-be cul-
tured EnvB were the prevalent Synechococcus clades in this area,
with three different CRD1 and EnvB ESTUs occupying distinct eco-
logical niches with regard to iron availability and temperature.
Sharp community shifts were also observed over short geographic
distances—for example, around the Marquesas Islands or between
southern Indian and Atlantic Oceans—pointing to a tight correla-
tion between ESTU assemblages and specific physico-chemical pa-
rameters. Together, this study demonstrates that there is a
previously overlooked, ecologically meaningful, fine-scale diver-
sity within some currently defined picocyanobacterial ecotypes,
bringing novel insights into the ecology, diversity, and biology
of the two most abundant phototrophs on Earth.
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The ubiquitous marine picocyanobacteria Prochlorococcus and
Synechococcus are major contributors to global chlorophyll

biomass, together accounting for a quarter of global carbon fix-
ation in marine ecosystems, a contribution predicted to further
increase in the context of global change (1–3). Thus, determining
how environmental conditions control their global distribution
patterns, particularly at a fine taxonomic resolution (i.e., suffi-
cient to identify lineages with distinct traits), is critical for under-
standing how these organisms populate the oceans and in turn
contribute to global carbon cycling. The availability of numerous
strains in culture and sequenced genomes make picocyanobacteria
particularly well suited for cross-scale studies from genes to the
global ocean (4). Physiological studies of a range of Prochlorococcus
strains isolated from various depths and geographical regions no-
tably revealed the occurrence of genetically distinct populations
exhibiting different light or temperature growth optima and
tolerance ranges (5, 6). These observations are congruent, on the
one hand, with the well-known depth partitioning of genetically
distinct Prochlorococcus populations in the ocean, with high light-
adapted (hereafter HL) populations in the upper lit layer and low

light-adapted (hereafter LL) populations located further down the
water column, and on the other hand, with the latitudinal parti-
tioning between Prochlorococcus HLI and HLII clades that are
adapted to temperate and tropical waters, respectively (5, 7, 8).
For Synechococcus, although no clear depth partitioning (i.e.,
phototypes) has been observed so far, the occurrence of different
“thermotypes” has been clearly demonstrated among strains iso-
lated from different latitudes (9, 10). This latter finding agrees well
with biogeographical patterns of the most abundant Synecho-
coccus lineages, with members of clades I and IV restricted to cold
and temperate waters, whereas clade II populations are mostly
found in warm, (sub)tropical areas (11–13). Recently, several
studies have shown that iron could also be an important parameter
controlling the composition of picocyanobacterial community
structure, as Prochlorococcus HLIII/IV ecotypes (14, 15) and Syn-
echococcus clade CRD1 (16, 17) were shown to be dominant within
high nutrient–low chlorophyll (HLNC) areas, where iron is limiting.
Most of these studies considered members of the same clade—that
is, Prochlorococcus clades HLI–VI and LLI–VI or Synechococcus
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clades I–IX, which are congruent between different genetic markers
(13, 18–21)—as one ecotype—that is, a group of phylogenetically
related organisms sharing the same ecological niche (4, 22). However,
the use of a high taxonomic resolution marker, the core, single-copy
petB gene encoding cytochrome b6, has revealed different spatially
structured populations (subclades) within the major Synechococcus
clades that were adapted to distinct niches (12), suggesting that the
“clade” level might not be the most ecologically relevant taxonomic
unit. Moreover, the systematic use of probes and/or PCR amplifi-
cation might have led some to overlook some important genetic di-
versity, a drawback potentially resulting in a poor assessment of the
relative proportion of cooccurring populations at any given station.
In this context, the occurrence of a huge microdiversity within wild
Prochlorococcus populations was recently demonstrated by esti-
mating the genomic diversity within coexisting members of the
HLII clade using a large-scale, single-cell genomics approach
(23). Still, the congruency of phylogenies based on whole genome
and internally transcribed spacer (ITS) suggests that ITS ribotype
clusters coincide, in most cases, with distinct genomic backbones
that would have diverged at least a few million years ago and the
relative abundance of which varies through temporal and local
adjustments (23). Thus, approaches using a single marker gene
remain valid, but fine spatial, temporal, and taxonomic resolution
is required to better understand how divergent picocyanobacterial
lineages have adapted to different niches in the global ocean.

Here, we analyzed 109 metagenomic samples collected during
the 2.5-y Tara Oceans circumnavigation (24, 25), a project sur-
veying the diversity of marine plankton that produced nearly 11
times more nonredundant sequences than the previous Global
Ocean Sampling (GOS) expedition (14). To retrieve taxonomi-
cally relevant information for picocyanobacteria and to avoid
PCR-amplification biases, reads targeting the high-resolution petB
gene (12) were recruited using a miTag approach (26). Even though
this approach did not give us access to the rare biodiversity, these
analyses unveiled a previously unsuspected genetic diversity within
both Prochlorococcus and Synechococcus genera. Clustering based
on the distribution patterns of picocyanobacterial communities
allowed us to define Ecologically Significant Taxonomic Units
(ESTUs)—that is, genetically related subgroups within clades that
cooccur in the field. Analyses of the biogeography of ESTU assem-
blages showed that they were strongly correlated with specific
environmental cues, allowing us to define distinct realized en-
vironmental niches for the major ESTUs.

Results
Revealing Novel Picocyanobacterial Diversity Using petB-miTags and
Newly Assembled Sequences.To evaluate the taxonomic resolution
potential of petB miTags for assessing picocyanobacterial genetic
diversity, simulated 100-bp reads (i.e., the minimum size of the
Tara Oceans merged metagenomic reads) were generated by
fragmenting sequences from our reference database (Datasets S1
and S2). This analysis showed that petB reads can be assigned re-
liably at the finest taxonomic level—that is, subclade (12)—over
most of the gene length (Fig. S1). The petB-miTags approach was
therefore applied to the whole Tara Oceans transect (66 stations,
109 metagenomes, 20.2 ± 9.9 Gb of metagenomic data per sample).
With the exception of the Southern Ocean and its vicinity
(TARA_082 to TARA_085), for which no petB reads were
recruited, picocyanobacteria were present at all sampled Tara
Oceans stations. From 119 to 14,139 picocyanobacterial petB reads
(average: 3,309; median: 2,545) (Dataset S3) were recruited per
sample using a nonredundant reference database of 585 high-
quality petB sequences, representing most of the genetic diversity
identified so far among Prochlorococcus and Synechococcus isolates
and environmental clone libraries (Fig. 1). Interestingly, most petB
sequences in our database recruited at least one read from the Tara
Oceans metagenome as best hit, with the notable exception of
some sequences of the cold water-adapted Synechococcus clade I,
likely due to the limited sampling performed at high latitudes
during the Tara Oceans expedition (27). This suggests that most

genotypes known so far are sufficiently well represented in the
marine environment to be detected by this approach. Still, we
cannot exclude that this preliminary analysis provides a somewhat
biased picture of the diversity toward the “already known,” as most
current reference sequence databases are potentially skewed by
culture isolation and/or amplification biases.

To search for potential hidden genetic diversity within the
Tara Oceans picocyanobacterial communities, we then examined
the percent identity of recruited reads with regard to their best
hit in the petB database (Fig. 2 A and B and Fig. S2). Prochlorococcus
and Synechococcus petB sequences can be easily differentiated from
nonspecific signal by selecting reads above 80% identity to the
closest reference petB sequence. The diversity within the most
abundant Synechococcus clades (I–IV) was generally well cov-
ered by reference sequences, as most reads displayed >94%
identity to their best hit in the database, a cutoff value previously
shown to allow an optimal separation of Synechococcus lineages
displaying distinct distribution patterns (12). In contrast, for
other clades, some of the recruited reads were quite distantly
related to reference sequences (i.e., between 80% and 94%
identity), indicating that the in situ diversity of these clades was
not fully covered by the reference database (Fig. 2B, Top panels).

To have a more realistic and exhaustive view of this diversity,
we assembled 136 distinct nearly complete petB sequences from
environmental reads (121 Prochlorococcus and 15 Synechococcus),
corresponding to the most divergent genotypes present in the
whole Tara Oceans dataset. By adding these novel sequences to
the reference database (see Dataset S1 and sequences in white or
grey in Fig. 1), we significantly improved taxonomic assignments of
petB-miTags, as 80.3% of the Prochlorococcus and 90.2% of the
Synechococcus environmental petB reads were found to display >94%
identity with their best hits in the enriched reference database, an
increase of about 11% and 7% compared with our initial assess-
ment, respectively (Fig. 2B and Fig. S2). Interestingly, quite a few
highly divergent sequences from Prochlorococcus HLIII, HLIV,
and LLI as well as Synechococcus CRD1 were assembled from
TARA_052, located East of Madagascar, a station exhibiting a
picocyanobacterial community atypical for this oceanic area.
Although most of these additional sequences fell into known
phylogenetic clades, they allowed us to better assess the extent of
genetic diversity within both Prochlorococcus and Synechococcus
(Fig. 1). Although only a few petB sequences, all coming from
cultured strains, were available for the Prochlorococcus HLI and
LLI clades before this study, we added 43 HLI sequences
(within-clade nucleotide identity range: 87–99.6%), 29 LLI se-
quences (within-clade identity range: 85.5–99.6%), as well as 11
sequences of the uncultured HLIII and IV clades, some of which
form distinct monophyletic branches comprised entirely of novel
sequences (Fig. 1 and Dataset S1). Although many HLII se-
quences were recently obtained by high-throughput single-cell
genomics focused on this clade (23), assembly of Tara Oceans
reads allowed us to retrieve several divergent HLII sequences
(within-clade identity range: 86.2–99.8%) including a previously
unidentified well-supported group (corresponding to ESTU HLIIC),
located at the base of the HLII radiation. Similarly for Synechococcus,
newly assembled sequences allowed us to refine the taxonomy of
several taxa, notably for CRD1 and EnvB clades as well as sub-
cluster 5.3, three ecologically important but previously over-
looked phylogenetic lineages.

Using Global Picocyanobacterial Distribution Patterns to Define ESTUs.
As expected from previous literature (1, 2, 5, 28), Prochlorococcus
was the most abundant picocyanobacterium at the global scale,
representing ∼91% of all petB reads from the bacterial size frac-
tion, compared with 9% for Synechococcus (Fig. S3A). These
percentages compare fairly well with the global contribution of
Prochlorococcus and Synechococcus estimated from flow cytometry
data as 80.6% (2.9 ± 0.1 × 1027 cells) and 19.4% (7.0 ± 0.3 × 1026

cells), respectively (1). The apparent lower contribution of
Synechococcus in our dataset might be due to the fact that the
Tara Oceans sampling was not made at random in the ocean, as
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IIh, as previously defined by Mazard et al. (12). Thus, although
most previous field diversity studies on picocyanobacteria focused
on clades (5, 13, 17, 20, 21), which were generally considered as
distinct “ecotypes” (sensu, ref. 19), our data indicate that ESTUs
provide a finer estimate of Prochlorococcus and Synechococcus
ecotypes than do clades. These ESTUs were then used to study the
biogeography of marine picocyanobacteria by clustering together
stations exhibiting similar ESTU assemblages (Figs. 3A and 4A).

Biogeography of Prochlorococcus Reveals the Occurrence of Minor
ESTUs with Unexpected Distribution Patterns. Most major Pro-
chlorococcus clades (HLI, HLII, and LLI) could be split into
several ESTUs, although for the former two, one ESTU was
clearly predominant (Fig. 3A and Figs. S5 and S6). Only three
major ESTU assemblages were identified in surface samples:
(i) dominance of HLIA ESTU in temperate waters (above 35°N
and 32°S); (ii) dominance of HLIIA in warm and iron-replete
waters between 30°S and 30°N, with mixed HLIA–HLIIA profiles
at intermediate latitudes; and (iii) cooccurrence of HLIIIA and
IVA at a ratio of ca. 1:2.6 (±0.7) in warm, HNLC areas. The low
abundance of LLII–IV clades in the whole Tara Oceans dataset
(Fig. S3 A–C) is likely due to the fact that they usually thrive below
the deep chlorophyll maximum (DCM) (5, 29)—that is, at depths
not sampled during the expedition. In contrast, most LLI ESTUs
were very abundant in subsurface waters (Figs. S3 and S6)
and sometimes even reached the surface (e.g., at TARA_066-070;

Fig. 3A), as expected from the ability of members of the LLI clade
to tolerate a strong mixing rate and short-term exposure to high
light (5, 8, 29, 30).

HLIIIA and HLIVA ESTUs altogether contributed to 15.5%
of the Prochlorococcus community in Tara Oceans samples—that
is, about as much as HLI (17%) or LLI (15.2%) (Fig. S3A). This
value is slightly higher than the 9% previously estimated for
HLIII–IV clades from the analysis of GOS samples (11). Con-
sistent with previous studies (11, 15, 31, 32), we show here that their
distribution covers most of the warm (>25 °C), low-Fe equatorial
Pacific zone from 13°S (TARA_100) to 14°N (TARA_137), where
they constitute the vast majority of the Prochlorococcus community
in surface waters. In the Indian Ocean, we only observed them at
two stations near the northern coast of Madagascar (TARA_052
and TARA_056), in agreement with a previous report that found
them at two sites located further east (31), all these sites likely being
influenced by the Indonesian throughflow originating from the
tropical Pacific Ocean (33). Thus, HLIII/IV seemingly occurs over a
much thinner latitudinal band (centered around 15°S) in the Indian
compared with the Pacific Ocean, and they are apparently very
scarce in the part of the Atlantic Ocean explored by the Tara
schooner, even though the area around stations TARA_072 and
TARA_070 is known to be iron-depleted (see figure S1 in ref. 17).
Altogether, the distribution patterns of the dominant Prochlorococcus
HL ESTUs seem to be mainly driven by temperature and iron
availability, as confirmed by nonmetric multidimensional scaling
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Fig. 2. Percent identity of Tara Oceans petB-mitags versus sequences of the reference database and abundance at different stations along the transect of
OTUs clustered into ESTUs. (A) Distribution of the percent identity of best hits of all petB candidate reads recruited from the Tara Oceans bacterial-size
fraction metagenomes against the petB reference database. Populations 1 and 2 correspond, respectively, to genuine petB reads and to nonspecific signal,
due either to petB reads from organisms not included in the reference database or to petB-related genes. The gray part in population 1 corresponds to petB
reads attributable to photosynthetic organisms of the reference database other than Prochlorococcus and Synechococcus. The red arrow shows the 80% cutoff
used to separate the petB signal from noise. The Top and Bottom panels correspond to recruitments made before and after addition of the 136 newly assembled
environmental petB sequences, respectively. (B) Same asA but for some selected Synechococcus taxa (see Fig. S2for all other picocyanobacterial taxa). ( C) De-
termination of ESTUs based on the distribution patterns of within-clade 94% OTUs. At each station, the number of reads assigned to a given OTU is normal ized by
the total number of reads assigned to the clade in this station. Stations and OTUs are filtered based on the number of reads recruited and hierarchicall y clustered
(Bray–Curtis distance) according to distribution pattern. Only Synechococcus clades split into different ESTUs are shown (see Fig. S4 for Prochlorococcus). Stars
indicate nodes supported by a P value < 0.05 as determined using similarity profile analysis (SIMPROF; test not applicable to pair comparisons).
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(NMDS) analyses (Fig. 3C). These results are globally consistent
with previous reports that analyzed Prochlorococcus clades (5, 8,
15, 29, 31), indicating that the latter studies actually targeted the
dominant ESTUs.

In contrast, a number of minor ESTUs were found to display
distribution patterns very different from the major ESTUs of the
same clade. For instance, the relative contribution of the previ-
ously mentioned novel HLIIC ESTU was highest at the DCM in
the equatorial Indian Ocean (TARA_041-042; Fig. S6), sugges-
ting that members of this ESTU are adapted to middepth waters,
much like members of the LLI clade (5, 29). Similarly, ESTUs
HLIB and -D can sometimes take over the prevalent HLIA

populations and become abundant in surface waters at specific
locations (e.g., at TARA_093 and TARA_094, respectively). In
contrast, HLIC, which comprises a complex microdiversity (10
OTUs; Fig. S4), was found to exhibit a particularly large niche,
cooccurring with HLIA at high latitude but also being present as
the major HLI population in warm oligotrophic waters, where
HLIIA dominated the Prochlorococcus community (e.g., in the
Indian Ocean; Fig. S7A). This suggests that members of the HLIC
ESTU might have a larger tolerance to temperature than the
globally dominant HLIA. It is also worth noting that among the
four ESTUs defined within the LLI clade, LLIB, which is entirely
comprised of newly assembled petB sequences, dominates the LLI

A B

C

Fig. 3. Biogeography of Prochlorococcus ESTUs in surfaceTara Oceans metagenomes and relation to physico-chemical parameters. ( A) Histograms of the
relative abundance of Prochlorococcus ESTUs at each station sorted by similarity, as determined by hierarchical clustering (Bray –Curtis distance). Left panels
indicate seawater temperature (°C) at each station. ( B) Distribution of the ESTU assemblages, color-coded as in A, along the Tara Oceans transect. (C) NMDS
analysis of stations according to Bray –Curtis distance between Prochlorococcus assemblages, with fitted statistically significant (adjusted P value < 0.05)
physico-chemical parameters. Samples that belong to the same ESTU assemblage have been colored according to the color code defined in A, and contours of
the same color gather all samples comprised within each cluster. NMDS stress value: 0.0985.
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population in surface iron-limited HNLC areas in both the
equatorial/tropical Pacific Ocean (TARA_110 to 128) and Indian
Ocean (TARA_052) (Fig. S7B). Thus, adaptation to low iron
conditions in Prochlorococcus might not be an exclusive trait of
HLIIIA and HLIVA.

CRD1 and EnvB ESTUs Are the DominantSynechococcusLineages in the
Pacific Ocean.Synechococcus assemblages were much more diverse
than Prochlorococcus, with eight distinct ESTU clusters observed
along the Tara Oceans transect (Fig. 4 A and B). None of these
assemblages were specific to a given oceanic region, although
cluster 2 was mainly found in the Mediterranean Sea. ESTUs IA
and IVA, IVB, and/or IVC dominated at most stations within
clusters 4, 5, and 8 that were typical of cold, coastal, or mixed open
ocean waters at high latitude, in agreement with previous reports
on the distribution of clades I and IV (11–13, 17). In contrast,

ESTU IIA, dominated by a single OTU (OTU003; Fig. 2C), was
by far the major component of cluster 1, an assemblage charac-
teristic of most warm, mesotrophic, and oligotrophic iron-replete
waters that encompass the vast majority of the Atlantic and Indian
Oceans (Fig. 4B). Consistently, NMDS analysis showed that the
occurrence of clusters 4, 5, and 8, on the one hand, and cluster 1,
on the other hand, was associated with both temperature and Chl
a, but in opposite ways (Fig. 4C and Fig. S8). Interestingly, al-
though ESTU IIA was typical of warm waters, the minor ESTU
IIB was found to be restricted to fairly cold (14.1–17.5 °C), mixed
waters and to cooccur with IVA and -B (Fig. 4).

Several other salient features arose from analyses of the Tara
Oceans metagenomes. First, ESTU IIIA, the major contributor of
cluster 2, was found only in the Mediterranean Sea (TARA_007 to
030) and the Gulf of Mexico (TARA_142) (Fig. 4 A and B). Both
areas are known to be P-depleted (34, 35), suggesting that the

A B

C

Fig. 4. Same as Fig. 3 but for Synechococcus. NMDS stress value: 0.1369.

6 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1524865113 Farrant et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1524865113/-/DCSupplemental/pnas.201524865SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1524865113/-/DCSupplemental/pnas.201524865SI.pdf?targetid=nameddest=SF8


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1524865113/-/DCSupplemental/pnas.201524865SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1524865113/-/DCSupplemental/pnas.201524865SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1524865113/-/DCSupplemental/pnas.201524865SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1524865113/-/DCSupplemental/pnas.201524865SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1524865113/-/DCSupplemental/pnas.201524865SI.pdf?targetid=nameddest=SF5
www.pnas.org/cgi/doi/10.1073/pnas.1524865113


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1524865113/-/DCSupplemental/pnas.1524865113.sd01.xlsx
http://www.pangaea.de/
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1524865113/-/DCSupplemental/pnas.1524865113.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1524865113/-/DCSupplemental/pnas.1524865113.sd01.xlsx
http://itol.embl.de/


9. Mackey KR, et al. (2013) Effect of temperature on photosynthesis and growth in
marine Synechococcus spp. Plant Physiol 163(2):815–829.

10. Pittera J, et al. (2014) Connecting thermal physiology and latitudinal niche parti-
tioning in marine Synechococcus. ISME J 8(6):1221–1236.

11. Huang S, et al. (2012) Novel lineages of Prochlorococcus and Synechococcus in the
global oceans. ISME J 6(2):285–297.

12. Mazard S, Ostrowski M, Partensky F, Scanlan DJ (2012) Multi-locus sequence analysis,
taxonomic resolution and biogeography of marine Synechococcus. Environ Microbiol
14(2):372–386.

13. Zwirglmaier K, et al. (2008) Global phylogeography of marine Synechococcus and
Prochlorococcus reveals a distinct partitioning of lineages among oceanic biomes.
Environ Microbiol 10(1):147–161.

14. Rusch DB, et al. (2007) The Sorcerer II Global Ocean Sampling expedition: Northwest
Atlantic through eastern tropical Pacific. PLoS Biol 5(3):e77.

15. West NJ, Lebaron P, Strutton PG, Suzuki MT (2011) A novel clade of Prochlorococcus
found in high nutrient low chlorophyll waters in the South and Equatorial Pacific
Ocean. ISME J 5(6):933–944.

16. Ahlgren NA, et al. (2014) The unique trace metal and mixed layer conditions of the
Costa Rica upwelling dome support a distinct and dense community of Synecho-
coccus. Limnol Oceanogr 59(6):2166–2218.

17. Sohm JA, et al. (2016) Co-occurring Synechococcus ecotypes occupy four major oce-
anic regimes defined by temperature, macronutrients and iron. ISME J 10(2):333–345.

18. Kettler GC, et al. (2007) Patterns and implications of gene gain and loss in the evo-
lution of Prochlorococcus. PLoS Genet 3(12):e231.

19. Post AF, et al. (2011) Long term seasonal dynamics of synechococcus population
structure in the gulf of aqaba, northern red sea. Front Microbiol 2(2):131.

20. Ahlgren NA, Rocap G (2012) Diversity and distribution of marine Synechococcus:
Multiple gene phylogenies for consensus classification and development of qPCR
assays for sensitive measurement of clades in the ocean. Front Microbiol 3:213.

21. Biller SJ, Berube PM, Lindell D, Chisholm SW (2015) Prochlorococcus: The structure
and function of collective diversity. Nat Rev Microbiol 13(1):13–27.

22. Koeppel AF, et al. (2013) Speedy speciation in a bacterial microcosm: New species can
arise as frequently as adaptations within a species. ISME J 7(6):1080–1091.

23. Kashtan N, et al. (2014) Single-cell genomics reveals hundreds of coexisting subpop-
ulations in wild Prochlorococcus. Science 344(6182):416–420.

24. Armbrust EV, Palumbi SR (2015) Marine biology. Uncovering hidden worlds of ocean
biodiversity. Science 348(6237):865–867.

25. Karsenti E, et al.; Tara Oceans Consortium (2011) A holistic approach to marine eco-
systems biology. PLoS Biol 9(10):e1001177.

26. Logares R, et al. (2014) Metagenomic 16S rDNA Illumina tags are a powerful alter-
native to amplicon sequencing to explore diversity and structure of microbial com-
munities. Environ Microbiol 16(9):2659–2671.

27. Sunagawa S, et al.; Tara Oceans coordinators (2015) Ocean plankton. Structure and
function of the global ocean microbiome. Science 348(6237):1261359.

28. Bouman HA, et al. (2006) Oceanographic basis of the global surface distribution of
Prochlorococcus ecotypes. Science 312(5775):918–921.

29. Malmstrom RR, et al. (2010) Temporal dynamics of Prochlorococcus ecotypes in the
Atlantic and Pacific oceans. ISME J 4(10):1252–1264.

30. Partensky F, Garczarek L (2010) Prochlorococcus: Advantages and limits of minimal-
ism. Annu Rev Mar Sci 2:305–331.

31. Rusch DB, Martiny AC, Dupont CL, Halpern AL, Venter JC (2010) Characterization of
Prochlorococcus clades from iron-depleted oceanic regions. Proc Natl Acad Sci USA
107(37):16184–16189.

32. Malmstrom RR, et al. (2013) Ecology of uncultured Prochlorococcus clades revealed
through single-cell genomics and biogeographic analysis. ISME J 7(1):184–198.

33. Song Q, Gordon AL, Visbeck M (2004) Spreading of the Indonesian throughflow in the
Indian Ocean. J Phys Oceanogr 34(4):772–792.

34. Moutin T, et al. (2002) Does competition for nanomolar phosphate supply explain the
predominance of the cyanobacterium Synechococcus? Limnol Oceanogr 47(5):
1562–1567.

35. Popendorf KJ, Duhamel S (2015) Variable phosphorus uptake rates and allocation
across microbial groups in the oligotrophic Gulf of Mexico. Environ Microbiol 17(10):
3992–4006.

36. Paytan A, et al. (2009) Toxicity of atmospheric aerosols on marine phytoplankton.
Proc Natl Acad Sci USA 106(12):4601–4605.

37. Mella-Flores D, et al. (2011) Is the distribution of Prochlorococcus and Synechococcus
ecotypes in the Mediterranean Sea affected by global warming? Biogeosciences 8:
2785–2804.

38. Fuller NJ, et al. (2005) Dynamics of community structure and phosphate status of
picocyanobacterial populations in the Gulf of Aqaba, Red Sea. Limnol Oceanogr 50(1):
363–375.

39. Dufresne A, et al. (2008) Unraveling the genomic mosaic of a ubiquitous genus of
marine cyanobacteria. Genome Biol 9(5):R90.

40. Saito MA, Rocap G, Moffett JW (2005) Production of cobalt binding ligands in a
Synechococcus feature at the Costa Rica upwelling dome. Limnol Oceanogr 50(1):
279–290.

41. Gutierrez-Rodr õguez A, et al. (2014) Fine spatial structure of genetically distinct pi-
cocyanobacterial populations across environmental gradients in the Costa Rica Dome.
Limnol Oceanogr 59(3):705–723.

42. Villar E, et al.; Tara Oceans Coordinators (2015) Ocean plankton. Environmental
characteristics of Agulhas rings affect interocean plankton transport. Science
348(6237):1261447.

43. Urbach E, Chisholm SW (1998) Genetic diversity in Prochlorococcus populations flow
cytometrically sorted from the Sargasso Sea and Gulf Stream. Limnol Oceanogr 43(7):
1615–1630.

44. Fuller NJ, et al. (2003) Clade-specific 16S ribosomal DNA oligonucleotides reveal the
predominance of a single marine Synechococcus clade throughout a stratified water
column in the Red Sea. Appl Environ Microbiol 69(5):2430–2443.

45. Martiny JB, Jones SE, Lennon JT, Martiny AC (2015) Microbiomes in light of traits: A
phylogenetic perspective. Science 350(6261):aac9323.

46. Martiny AC, Huang Y, Li W (2009) Occurrence of phosphate acquisition genes
in Prochlorococcus cells from different ocean regions. Environ Microbiol 11(6):
1340–1347.

47. Martiny AC, Kathuria S, Berube PM (2009) Widespread metabolic potential for nitrite
and nitrate assimilation among Prochlorococcus ecotypes. Proc Natl Acad Sci USA
106(26):10787–10792.

48. Larkin AA, et al. (2016) Niche partitioning and biogeography of high light adapted
Prochlorococcus across taxonomic ranks in the North Pacific. ISME J, 10.1038/
ismej.2015.244.

49. Palenik B, et al. (2003) The genome of a motile marine Synechococcus. Nature
424(6952):1037–1042.

50. Scanlan DJ, et al. (2009) Ecological genomics of marine picocyanobacteria. Microbiol
Mol Biol Rev 73(2):249–299.

51. Dufresne A, Garczarek L, Partensky F (2005) Accelerated evolution associated with
genome reduction in a free-living prokaryote. Genome Biol 6(2):R14.

52. Biastoch A, Böning CW, Lutjeharms JR (2008) Agulhas leakage dynamics affects de-
cadal variability in Atlantic overturning circulation. Nature 456(7221):489–492.

53. Somerfield PJ, Clarke KR (2013) Inverse analysis in non-parametric multivariate
analyses: Distinguishing of groups of associated species which covary coherently
across samples.J Exp Mar Biol Ecol 449:261–273.

54. Malviya S, et al. (2016) Insights into global diatom distribution and diversity in the
world ’s ocean. Proc Natl Acad Sci USA 113(11):E1516–E1525.
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