










use nitrate, nitrite, and ammonium, only the Pro-
chlorococcus LLI and IV and some populations of
HL clades, having acquired thenirA gene by lateral
gene transfer, are able to assimilate nitrite. In the
young ring, overrepresentation of cyanobacterial
orthologs involved in nitrite reduction could thus
have resulted from environmental pressure select-
ing LLI (87% of the nirA recruitments) and HL
populations (13%) that possessed this ability.
Because the capacity to assimilate nitrite in this
latter ecotype reflects the availability of this nu-
trient in the environment (41), these in situ ob-
servations of picocyanobacteria indicated that
the nitrogen cycle disturbance occurring in the

young ring exerts community-wide selective pres-
sure on Agulhas ring plankton.

Discussion

We found that whether or not the Agulhas choke
point is considered a barrier to plankton disper-
sal depends on the taxonomic resolution at which
the analysis is performed. At coarse taxonomic
resolution, our observations of Indo-Atlantic con-
tinuous plankton structure—from viruses to fish
larvae—suggested unlimited dispersal, consistent
with previous reports (5, 42). However, at finer
resolution, our genetic data revealed that the
Agulhas choke point strongly affects patterns

of plankton genetic diversity. As anticipated in
(5), the diversity filtering by Agulhas rings likely
escaped detection using fossil records because of
the limited taxonomic resolution afforded by fos-
sil diatommorphology (42). The community-wide
evidence presented here confirms observations on
individual living species (43, 44), suggesting that
dispersal filters mitigate the panmictic ocean hy-
pothesis for plankton above 20 mm.
The lower diversity we observed in the South At-

lanticOcean formicro- andmesoplankton (>20mm)
may be due to local abiotic/biotic pressure or to lim-
itations indispersal (33,45). Biogeographyemerging
from amodel with only neutral drift (46) predicts
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Fig. 5. Plankton diversity patterns. (A) Schematic representation of
four scenarios of diversity patterns between the Indian and South
Atlantic basins (I to IV): Plankton is transported from the Indian Ocean
(pink, right) to the South Atlantic Ocean (blue, left) through the choke
point (red, CP). The thickness of each colored section represents the
level of diversity specific to each region.The observed percentage of V9
rDNA OTUs corresponding to each scenario is indicated in the pie
charts to the left (out of 1063 OTUs of the full V9 rDNA barcode data
set). (B) V9 rDNA OTU diversity patterns for copepods and Bacillari-
ophyta. Each circle on the charts represents a V9 rDNA OTU plotted
with coordinates proportional to ribotypes specific to the Indian
Ocean (x axis) and the South Atlantic Ocean (y axis). For instance, the
copepod Acartia negligens in the top right corner of sector II corre-
sponds to the “bow tie” scenario II of (A) (i.e., a copepod with rep-
resentative V9 rDNA barcodes in both Indian and South Atlantic
Oceans, the vastmajority of which are specific to their respective ocean
basin). In contrast, the majority of barcodes for Sinocalanus sinensis in
sector III are found in both Indian and South Atlantic Oceans [cosmo-
politan OTU corresponding to the “Everything is everywhere” flat di-
versity diagram of (A), scenario III]. If more than 10 barcodes were
found in the young Agulhas ring (TARA_068), their distribution is indicated in a pie chart (colors are coded in the legend inset); otherwise, the OTU is represented
by an empty circle. Circle sizes are proportional to the number of considered barcodes for each OTU.The Bacillariophyta OTU defined as Raphid pennate sp. likely
corresponds to the Pseudo-nitzschia cells observed by light microscopy.
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basin-to-basin genetic differences that are qualita-
tively consistentwithourdata.However, the increased
proportion of ProchlorococcusHLpopulations car-
rying the nirA gene in the young Agulhas ring in-
dicates that selection is at work in Agulhas rings.
Based on our analysis of two Agulhas rings, we pro-
pose that environmental disturbances in Agulhas
rings reshape their plankton diversity as they trav-
el from the Indian Ocean to the South Atlantic
Ocean. Such selective pressure may contribute to
the South Atlantic Ocean plankton diversity shift
relative to its upstream Indo-Pacific basin. Thus,
environmental selection applied at a choke point
in ocean circulationmay constitute a barrier to dis-
persal (47, 48). Furthermore, we show that taxo-
nomic groupswere not equally affected by the ring
transport, bothwithin and between phyla, with a
noticeable effect of organism size. The differential
effects due to organism size highlight the difficulty
in generalizing ecological and evolutionary rules
from limited sampling of species or functional types.

Considering the sensitivity of Agulhas leakage
to climate change (1, 49), better understanding of
the plankton dynamics in Agulhas rings will be
required if we are to understand and predict eco-
system resilience at the planetary scale. Consid-
ering the breadth of changes already observed in
the 9-month-old Agulhas ring, it would be interest-
ing to acquire samples from specific Agulhas rings
tracked from early formation to dissipation. Final-
ly, our data suggest that the abundance of Indian
Ocean species in South Atlantic Ocean sedimentary
records, used as proxies of Agulhas leakage inten-
sity (4), may actually also depend on the physical
and biological characteristics of the Agulhas rings.

Materials and methods

Sampling

The TaraOceans sampling protocols schematized
in Karsenti et al. (9) are described in Pesant et al.
(50); specificmethods for 0.8- to 5-, 20- to 180-, and

180- to 2000-mm size fractions in de Vargas et al.
(17); for 0.2- to 3-mmsize fractions in Sunagawa et al.
(51); and for<0.2-mmsize fraction inBrum et al. (52).
Due to their fragility, 1.6-mm glass fiber filters ini-
tially used for prokaryote sampling were replaced
bymore resistant 3-mmpolycarbonate filters from
stationTARA_066onward. In thepresent text, both
0.2- to 1.6-mmand 0.2- to 3-mmprokaryote size frac-
tions are simply referred to as 0.2 to 3 mm.

Data acquisition

A range of analytical methods covering different
levels of taxonomic resolution (pigments, flow cy-
tometry, opticalmicroscopy,marker gene barcodes,
andmetagenomics)wereused to describe theplank-
tonic composition at each sampled station. Viruses
from the <0.2 mm size fraction were studied by
epifluorescencemicroscopy, by quantitative trans-
mission electron microscopy, and by sequencing
DNA as described in Brum et al. (52). Flow cy-
tometrywas used to discriminate high-DNA-content
bacteria (HNA), low-DNA-content bacteria (LNA),
Prochlorococcus andSynechococcuspicocyanobac-
teria, and two different groups (based on their
size) of photosynthetic picoeukaryotes, as described
previously (53). Pigment concentrations measured
byhigh-performance liquidchromatography (HPLC)
were used to estimate the dominant classes of phy-
toplankton using the CHEMTAX procedure (54).
Tintinnids, diatoms, and dinoflagellates were iden-
tified and countedby lightmicroscopy from the 20-
to 180-mmlugol or formaldehyde fixed-size fraction.
Zooplanktonenumerationwasperformedon formol
fixed samples using the ZOOSCANsemi-automated
classification of digital images (55). Sequencing,
clustering, and annotation of 18S-V9 rDNA bar-
codes are described in de Vargas et al. (17). Meta-
genome sequencing, assembly, and annotation
are described in Sunagawa et al. (51). NCLDV tax-
onomic assignations in the 0.2- to 3-mm samples
were carried out using 18 lineage-specific markers
asdescribed inHingamp et al. (56).Virome sequenc-
ing and annotation are described inBrum et al. (52).
Samples and their associated contextual data are
described at PANGAEA (57–59).

Data analysis

Origin of sampled Agulhas rings

Using visual and automated approaches, the ori-
gins of the TARA_068 andTARA_078 stationswere
traced back from the daily altimetric data (Fig. 1)
(21). The automated approach used either the
Lagrangian tracing of numerical particles initial-
ized in the center of a given structure and trans-
ported by the geostrophic velocity field calculated
from sea surface height gradients, or the connec-
tion in space and time of adjacent extreme values
in sea level anomaly maps.

V9 rDNA barcodes

Tonormalize for differences in sequencing effort,
V9 rDNA barcode libraries were resampled 50
times for the number of reads corresponding to
the smallest library ineach size fraction: 0.8 to 5mm,
776,358 reads; 20 to 180 mm, 1,170,592 reads; and
180 to 2000 mm, 767,940 reads. V9 rDNA barcode
countswere then converted to the average number
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Fig. 6. Modeled nitrogen stocks along Agulhas ring track. (Top) Simulated primary production (PP)
in the Agulhas system using the MIT-GCM model. The solid black line shows the average northwesterly
path of 12 distinct virtual Agulhas rings tracked over the course of the simulation.Color scale for PP is given
in the top right inset,with warmer colors indicating higher PP. (Bottom) Modeled profiles of NO3, NO2, and
NH4 along the Agulhas ring average track (x axis) presented in (A).The y axis is the depth (inmeters) in the
water column. The color scale is given in the bottom left inset, with warmer colors indicating higher
concentrations of nitrogen compounds.



of times seen in the 50 resampling events, and
barcodes with less than 10 reads were removed
as potential sequencing artifacts. We used down-
sampled barcode richness (number of distinct V9
rDNA barcodes) as a diversity descriptor because
using V9 rDNA barcode abundances to compare
plankton assemblages would likely be biased due
to (i) technical limitations described in de Vargas
et al. (17) and (ii) seasonality effects induced by the
timing of samplings (table S1). Barcode richness
was well correlated with Shannon and Simpson
indexes (0.94 and 0.78, respectively). The shared
barcode richness between each pair of samples (14)
was estimated by counting, for the three larger size
fractions (0.8 to 5, 20 to 180, and 180 to 2000 mm),
the proportion of V9 rDNA barcodes 100% iden-
tical over their whole length. V9 rDNA barcodes
were clustered into OTUs by swarm clustering
as described by de Vargas et al. (17). The sub-OTU
richness comparison between two samples s1 and
s2 (14) produces three values: the number of V9
rDNAbarcodes in common, thenumber ofV9 rDNA
barcodes unique to s1, and the number of V9 rDNA
barcodes unique to s2. These numbers can be rep-
resented directly as bar graphs (Fig. 3B) or as dot
plots of specific V9 rDNA barcode richness (Fig. 5).

Metagenomic analysis

Similarity was estimated using whole shotgun
metagenomes for all four available size fractions

(0.2 to 3, 0.8 to 5, 20 to 180, and 180 to 2000 mm).
Because pairwise comparisons of all raw meta-
genome reads are intractable given the present
data volume, we used a heuristic in which two
metagenomic 100–base pair (bp) reads were con-
sidered similar if at least two nonoverlapping
33-bp subsequences were strictly identical (Com-
pareadsmethod) (60). For prokaryotic fractions
(0.2 to 3 mm), taxonomic abundancewas estimated
using the number of 16S mitags (51). The func-
tional annotation, taxonomic assignation, and
geneabundanceestimationof thepanoceanicOcean
Microbial Reference Gene Catalog (OM-RGC) (243
samples, including all those analyzed here) gen-
erated from Tara Oceans 0.2- to 3-mm metage-
nomic reads are described in Sunagawa et al. (51).
Gene abundances were computed for the set of
genes annotated to the nitrogen metabolism KO
(61) group by counting the number of reads from
each sample that mapped to each KO-associated
gene. Abundances were normalized as reads per
kilobase per million mapped reads (RPKM). Gene
abundances were then aggregated (summed) for
each KO group. To compare abundances between
the young ring (TARA_068) and other stations, a
t test was used. KOs with a P value <0.05 and a
total abundance (over all stations) >10 were con-
sidered as significant (37). Prochlorococcus and
Synechococcus community composition was ana-
lyzed in the 0.2- to 3-mm size fraction at the clade

level by recruiting reads targeting the high-
resolutionmarker genepetB, coding for cytochrome
b6 (62). The petB reads were first extracted from
metagenomes using Basic Local Alignment Search
Tool (BLASTx+) against the petB sequences of
Synechococcus sp. WH8102 and Prochlorococcus
marinus MED4. These reads were subsequently
aligned against a reference data set of 270 petB
sequences using BLASTn (with parameters set at
-G 8 -E 6 -r 5 -q -4 -W 8 -e 1 -F “m L” -U T). petB
reads exhibiting >80% identity over >90% of se-
quence length were then taxonomically assigned
to the clade of the best BLAST hit. Read counts
per cladewere normalized based on the sequenc-
ing effort for each metagenomic sample. A simi-
lar approachwas usedwith nirA (KO 00366) and
narB genes (KO 00367), which were highlighted
in the nitrogen-related KO analysis (Fig. 7). Phylo-
genetic assignment was realized at the highest
possible taxonomic level using a reference data set
constituted of sequences retrieved from Cyanorak
v2 (www.sb-roscoff.fr/cyanorak/) and Global Ocean
Sampling (41, 63) databases.

Nitrogen cycle modeling

Numerical simulations of global ocean circula-
tion were based on the Massachusetts Institute of
Technology General CirculationModel (MIT-GCM)
(64), incorporating biogeochemical and ecologi-
cal components (65, 66). It resolved mesoscale
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Fig. 7. Nitrite anomaly in the young Agulhas ring is accompanied by shifts in nitrogen pathway–related genes.Metagenomic over- and underrepresented
nitrogen pathway genes in young Agulhas ring. Over- (red circles) and under- (green circles) represented metagenome functional annotations (KEGG Orthologs,
KO#) involved in the nitrogen pathway in the young ring compared to Indian and South Atlantic Oceans reference stations, at surface and deep chlorophyll
maximum depth. Pie charts inside circles represent the taxonomic distribution for each ortholog.
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features in the tropics and was eddy-permitting
in subpolar regions. The physical configurations
were integrated from 1992 to 1999 and constrained
to be consistent with observed hydrography and
altimetry (67). Three inorganic fixed nitrogen pools
were resolved—nitrate, nitrite, and ammonium—
as well as particulate and dissolved detrital or-
ganic nitrogen. Phytoplankton types were able
to use some or all of the fixed nitrogen pools.
Aerobic respiration and remineralization by
heterotrophic microbes was parameterized as
a simple sequence of transformations from de-
trital organic nitrogen, to ammonium, then ni-
trification tonitrite andnitrate. In accordancewith
empirical evidence (35), nitrification was assumed
to be inhibited by light. Nitrification is described in
the model by simple first-order kinetics, with
rates tuned to qualitatively capture the patterns
of nitrogen species in the Atlantic (66).

Continuous spectral analysis

A continuous flow-through system equippedwith
a high-spectral-resolution spectrophotometer (AC-S,
WETLabs, Inc.) was used for data collection during
the Tara Oceans expedition, as described previ-
ously (68). Phytoplankton pigment concentrations,
estimates of phytoplankton size g, total chlorophyll
a concentration, and particulate organic carbon

(POC) are derived from the absorption and at-
tenuation spectra (69) for the 1-km2-binned Tara
Oceans data set available at PANGAEA (http://
doi.pangaea.de/10.1594/PANGAEA.836318).
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