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ambient light color (11). However, since they possess a PT 3a
mpeBA allele, reads from field WH8016- or KORDI-49-like
cells are adequately counted as PT 3a (Fig. S6K). Another CA4-
deficient strain, BIOS-E4-1 (ESTU CRDI1C), possesses mpeZ
and a 3dA mpeBA allele but lacks the CA4 regulators FciA and
FciB as well as the putative lyase MpeY and exhibits a fixed blue-
light specialist phenotype (PT 3c, Exyos.545 ~ 1.7; Fig. S6K) (11,
15). Thus, reads from such natural Synechococcus CA4-incapable
mutants in the field are counted as 3dA using the mpeBA
marker. Last, the strain MVIR-18-1 possesses a complete CA4-A
island and a 3dA mpeBA allele but lacks mpeU, a gene necessary
for blue-light acclimation (Fig. S6K) (47). While MVIR-18-
1 displays a fixed green-light phenotype, reads from such Syn-
echococcus are also erroneously counted as 3dA.

To assess the significance of these genotypes in the field, we
compared the normalized read counts obtained for 3dA with
mpeBA, fciAB, mpeZ, mpeU, and mpeY (Fig. S6 A-J). Overall,
this analysis revealed a high consistency between these differ-
ent markers (0.860 < R* < 0.986), indicating that most mpeZ-
containing populations also contained 3dA alleles for fciAB,
mpeY, mpeU, and mpeBA and are therefore likely able to per-
form CA4. However, a number of stations, all located in HNLC
areas (TARA_094, 111, and 122-128 in the Pacific Ocean and
TARA_052 located northwest of Madagascar; Fig. 2B), dis-
played more than 10-fold higher mpeBA, mpeU, and mpeZ
counts than fciAB and mpeY counts (Fig. S6 A, B, E, F, H, and I).
This indicates that a large proportion or even the whole population
(TARA_122 and 124) of 3dA in these HNLC areas is probably
lacking the FciA/B regulators and MpeY and, like strain BIOS-E4-
1 (Fig. S6K), might thus be stuck in the blue-light specialist phe-
notype (PT 3c) (11). Conversely, station TARA_067 exhibited
consistently more than twice the fciAB and mpeZ counts compared
with mpeBA, mpeY, or mpeU (Fig. S6 B-E, G, and H) and was a
clear outlier when comparing pigment type and clade composition
(Fig. S7). This suggests that the proportion of PT 3dA might have
been underestimated at this station, as a significant proportion of
this population probably corresponds to PT 3a genotypes that have
acquired a CA4-A island by lateral gene transfer, as is seemingly
the case for strains WH8016 and KORDI-49. Finally, no station
exhibited markedly lower mpeU counts compared with all other
genes, indicating that the genotype of strain MVIR-18-1 is prob-
ably rare in the oceans.

It must be noted that two out of the six sequenced CA4-B
strains (WHS8103 and WHS8109) also have a deficient CA4 phe-
notype and display a constant, intermediate Exygs.545 ratio
(0.7 and 1, respectively), despite any obvious PBS- or CA4-
related gene deletion (11). Accordingly, the plot of 3dB nor-
malized read counts obtained with mpeW vs. fciAB shows no
clear outlier (Fig. S3C).

Discussion

Marine Synechococcus display a large pigment diversity, with
different PTs preferentially harvesting distinct regions of the
light spectrum. Previous studies based on optical properties or
on a single genetic marker could not differentiate all PTs (17,
29-31), and thus neither assess their respective realized envi-
ronmental niches (43) nor the role of light quality on the relative
abundance of each PT. Here, we showed that a metagenomic
read recruitment approach combining three genetic markers can
be used to reliably predict all major PTs. Applied to the exten-
sive Tara Oceans dataset, this original approach, which avoids
PCR amplification and cloning biases, allowed us to describe the
distribution of the different Synechococcus PTs at the global
scale and to refine our understanding of their ecology.

PT 3 was found to be largely dominant over PT 1 and 2 along
the oceanic Tara Oceans transect, in agreement with the coastal-
restricted distribution of the latter PTs (18, 22, 27, 31-34, 37-39).
Biogeography and correlation analyses with environmental pa-
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rameters provided several important insights concerning niche
partitioning of PT 3 subtypes. Green- (PT 3a) and blue-light (PT
3c) specialists were both shown to dominate in warm areas but
display clearly distinct niches, with 3a dominating in Synechococcus-
rich stations located on oceanic borders, while 3¢ predominated in
purely oceanic areas where the global abundance of Synechococcus
is low. These results are in agreement with the prevailing view of an
increase in the PUB:PEB ratio from green onshore mesotrophic
waters to blue offshore oligotrophic waters (19-24, 26-29, 40, 48).
Similarly, we showed that PT 3dB, which could not be distin-
guished from PT 3c in previous studies (17, 29-31), prevails in
more coastal and/or mixed temperate waters than do 3c pop-
ulations. The realized environmental niche of the second type of
CA4 (PT 3dA) is the best defined of all PTs as it is clearly asso-
ciated with nutrient-rich waters and with the coldest stations of
our dataset, occurring at high latitude, at depth, and/or in verti-
cally mixed waters (e.g., TARA_068, 093, and 133). This result is
consistent with a recent study demonstrating the dominance of
3dA in subarctic waters of the Northwest Pacific Ocean (29),
suggesting that the prevalence of 3dA at high latitude can be
generalized. The decrease of PT 3c (blue-light specialists) with
depth is unexpected given previous reports of a constant (22, 25,
28, 49) or increasing (19, 21, 24) PUB:PEB ratio throughout the
water column. However, the high abundance of CA4 can reconcile
these observations with the decreased abundance of PT 3c, as cells
capable of CA4 likely have a blue-light phenotype at depth. Al-
together, while little was previously known about the abundance
and distribution of CA4 populations in the field, here we show
that they are ubiquitous, dominate in a wide range of niches, are
present both in coastal and oceanic mixed waters, and overall are
the most abundant Synechococcus PT.

The relationship between ESTUs and PTs shows that some
ESTUs are preferentially associated with only one PT, while
others present a much larger pigment diversity. ESTU IIA, the
most abundant and ubiquitous ESTU in the field (5, 6), displays
the widest PT diversity (Fig. 4B), a finding confirmed by clade II
isolates spanning the largest diversity of pigment content, with
representative strains of PT 2A, 3a, 3c, and 3dB within this clade
(Dataset S3) (7, 11, 50-52). This suggests that this ESTU can
colonize all light color niches, an ability that might be partially
responsible for its global ecological success. Our current results
do not support the previously observed correlation between
clade IIT and PT 3a (29) since the two ESTUs defined within this
clade (IIIA and B) were associated with PT 3c and/or 3f. This
discrepancy could be due either to the different methods used in
these studies or to the occurrence of genetically distinct clade IIT
populations in coastal areas of the northwestern Pacific Ocean
and along the Tara Oceans transect. However, the pigment
phenotype of strains isolated to date is more consistent with our
findings (Dataset S3) (16, 36).

In contrast to most other PTs, the association between PT 3dA
and ESTUs was found to be nearly exclusive in the field, as
ESTUs from clades I, IV, CRD1, and EnvA were not associated
with any other PT, and reciprocally PT 3dA is only associated
with these clades (Fig. 44). An interesting exception to this
general rule was observed in the Benguela upwelling (TARA_
067), where the dominant ESTU IA population both displays a
3a mpeBA allele and possesses fciA/B and mpeZ genes (Figs. S6K
and S7), suggesting that cells, which were initially green-light
specialists (PT 3a), have inherited a complete CA4-A island
through lateral gene transfer at this station. Interestingly, among
the seven clade I strains sequenced to date, three possess a 3a
mpeBA allele, among which WHS8016 also has a CA4-A island
but only partial (lacking mpeZ) and therefore not functional
(11). It is thus difficult to conclude whether the lateral transfer of
this island, likely a rare event since it was only observed in
populations of the Benguela upwelling, has conferred these
populations the ability to perform CA4.
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Another important result of this study was the unsuspected
importance of populations that have likely lost the ability to
chromatically acclimate, specifically in warm HNLC areas, which
cover wide expanses of the South Pacific Ocean (53). In-
terestingly, populations living in these ultra-oligotrophic envi-
ronments have a different genetic basis for their consistently
elevated PUB phenotype than do typical blue-light specialists
(i.e., PT 3c), since they have lost the CA4 regulators fciA/B and
accumulated mutations in mpeY, a yet-uncharacterized member
of the phycobilin lyase family, as observed in strain BIOS-E4-1
(Fig. S6K) (11). This finding, consistent with the previous ob-
servation that the south Pacific is dominated by high-PUB
Synechococcus (22), is further supported by the recent se-
quencing of three isolates from the Equatorial Pacific, strains
MITS9504, MITS9509 (both CRD1C), and MITS9508 (CRD1A)
(54), all of which contain, like BIOS-E4-1, a 3dA mpeBA allele, a
CA4-A island lacking fciA/B, and a partial (MITS9508) or highly
degenerated (two other MIT strains) mpeY gene sequence (Fig.
S6K). Thus, these natural CA4-A mutants seem to have adapted
to blue, ultra-oligotrophic waters by inactivating a likely ener-
getically costly acclimation mechanism (positive selection), al-
though we cannot exclude that it might be a consequence of the
lower selection efficiency associated to the reduced effective
population size of Synechococcus in such an extreme environ-
ment (genetic drift). If, as we hypothesize, all Synechococcus cells
counted as 3dA at these stations are CA4-deficient, these natural
mutants would represent about 15% of the total 3dA population.
In contrast, CRD1-A populations of the eastern border of the
Pacific Ocean (TARA_102, 109-110, 137) are likely true CA4
populations as they possess all CA4 genes (Fig. S6K).

In conclusion, our study provided insights into the distribution,
ecology, and adaptive value of all known Synechococcus PTs.
Unexpectedly, the sum of 3dA and 3dB constituted about 40% of
the total Synechococcus counts in the Tara Oceans dataset,
making chromatic acclimaters (PT 3d) the most globally abun-
dant PT, even when taking into account potential CA4-deficient
natural mutants. In addition, this PT made up 95% of the
Synechococcus population at high latitudes and was present in
every one of the five major clades in the field (I, IL, IIL, IV, and
CRD1). This suggests that chromatic acclimation likely confers a
strong adaptive advantage compared with strains with a fixed
pigmentation, particularly in vertically mixed environments and
at depth at stations with a stratified water column. The occur-
rence of natural CA4 mutants and evidence for lateral transfer of
the CA4 genomic island further support previous hypotheses
that not only temperature and nutrient availability (3, 5, 6) but
also light quality (7, 52) coexert selective pressures affecting
marine Synechococcus evolution. Thus, changes in pigment di-
versity could occur in response to changes in light niches by ac-
quisition or loss of specific PBS synthesis and/or regulation
genes, as previously observed for phosphorus and nitrogen
transport genes in Prochlorococcus (55-57). Still, the complex
interactions between PTs, vertical phylogeny, and environmental
parameters remain unclear and more work is needed to refine
our understanding of the balance between the forces shaping
community composition and Synechococcus evolution. At the
boundaries of Synechococcus environmental niche(s), where the
harshest conditions are encountered, both pigment and clade
diversity are drastically reduced, and this concomitant reduction
tends to support a coselection by light quality and other envi-
ronmental parameters. On the contrary, the diverse PTs occur-
ring within some clades, as well as the co-occurrence of different
PTs at most stations compared with more clearcut clade shifts
(e.g., in the Red Sea/Indian Ocean) might indicate that light
quality is not the strongest selective force or that light changes
are too transient to allow the dominance and fixation of a par-
ticular PT in a population. Future experimental work exploring
the fitness of distinct ESTU/PT combinations under different

Grébert et al.

controlled environmental conditions (including temperature,
nutrients, and light) might help clarifying the respective effects of
these parameters on the diversification of this ecologically im-
portant photosynthetic organism.

Materials and Methods

Metagenomic Samples. This study focused on 109 metagenomic samples
corresponding to 65 stations from the worldwide oceans collected during the
2.5-y Tara Oceans circumnavigation (2009-2011). Water sample and se-
quence processing are the same as in ref. 6. Dataset S4 describes all meta-
genomic samples with location and sequencing effort. Sequencing depths
ranged from 16 x 10° to 258 x 10° reads per sample after quality control and
paired-reads merging, and corresponding fragments lengths averaged 164 +
20 bp (median, 168 bp).

Databases: Reference and Outgroup Sequences. A reference database com-
prising the full-length gene or operon nucleotide sequences was generated
for each marker used in this study (cpcBA, mpeBA, and mpeW) based on
culture isolates with characterized pigment type (Dataset S1). These data-
bases comprised 83 cpcBA sequences (64 unique), including 18 PT 1, 5 PT 2A,
19 PT 2B, and 39 PT 3; 41 mpeBA sequences (all unique), including 11 PT 3a, 2
PT 3f, 11 PT 3dA, and 17 PT 3dB; and 5 unique mpeW sequences. For each
marker, a reference alignment was generated with MAFFT L-INS-i, version
6.953b (58), and a reference phylogenetic tree was inferred with PhyML,
version 20120412 (GTR + | + G, 10 random starting trees, best of SPR and NNI
moves, 500 bootstraps) (59); and drawn using the ETE Toolkit (60).

A database of outgroups was also built, comprising paralogous sequences
from marine Synechococcus or Prochlorococcus as well as orthologous se-
quences from other marine and freshwater organisms retrieved from public
databases. For cpcBA and mpeBA, the outgroup databases comprised apcA,
apcB, apcD, apcF, and cpeBA from marine Synechococcus, ppeBA from
Prochlorococcus, c¢pcBA and cpeBA from other nonpicocyanobacterial or-
ganisms as well as either mpeBA or cpcBA from marine Synechococcus, re-
spectively (Datasets S1 and S2). For mpeW, the outgroup database was made
of paralogous genes (mpeZ, mpeY, and cpeY) from marine Synechococcus or
Prochlorococcus, as no ortholog could be identified in public databases.
Similarly, for mpeY and mpeZ, the outgroup database comprised cpeY,
mpeW, as well as mpeZ or mpeY, respectively. The outgroup database for
mpeU comprised cpeF paralogous sequences from marine Synechococcus
and Prochlorococcus. No outgroup database was used for fciAB, as no
paralogs or other distantly related sequences were found either in marine
Synechococcus and Prochlorococcus or in public databases.

Read Assignation and Estimation of PT Abundance. Reads were preselected
using BLAST+ (61) with relaxed parameters (blastn, maximum E-value of
1e-5, minimum percent identity of 60%, minimum 75% of read length
aligned), using reference sequences as subjects; the selection was then re-
fined by a second BLAST+ round against databases of outgroups: reads with
a best hit to outgroup sequences were excluded from downstream analysis.
Selected reads were then aligned to the marker reference alignment with
MAFFT, version 7.299b (-addfragments -adjustdirectionaccurately), and
placed in the marker reference phylogenetic tree with pplacer (62). For each
read, pplacer returns a list of possible positions (referred to as placements) at
which it can be placed in the tree and their associated “likelihood weight
ratio” (LWR) (proxy for the probability of the placement; see pplacer pub-
lication and documentation for more details). Reads were then assigned to a
pigment type using a custom classifier written in Python. Briefly, internal
nodes of the reference tree were assigned a pigment type based on the
pigmentation of descending nodes (PT of child reference sequences if the
same for all of them, “unclassified” otherwise). For each read, placements
were assigned to their nearest ascending or descending node based on their
relative position on the edge, and the lowest common ancestor (LCA) of the
set of nodes for which the cumulated LWR was greater than 0.95 (LCA of
possible placements at 95% probability) was then computed. Finally, the
read was assigned to the pigment type of this LCA. Different combinations
of read assignment parameters (LCA at 90%, 95%, or 100%; assignation of
placements to the ascending, descending, or nearest node) were also
assessed, and resulted either in higher rates of unassigned reads or of
wrongly assigned reads (Fig. S2).

Read counts were normalized by adjusted marker length: for each marker
and each sequence file, counts were normalized by (L — ¢ + 1), with L, the
length of the marker gene (cpcBA mean length: 1,053.7 bp; mpeBA mean
length: 1,054.6 bp; mpeW mean length: 1,193.3 bp), and ¢, the mean length
of reads in the sequence file. Finally, the abundance of PT 1, 2A, and 2B was
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defined as the normalized ¢pcBA read counts of these PTs, the abundance of
PT 3a, 3f, and 3dA as the normalized mpeBA read counts of these PTs, 3dB as
the normalized mpeW count and 3c as the difference between the nor-
malized mpeBA (3¢ + 3dB) read count and the PT 3dB count assessed with
mpeW. The abundance of unclassified sequences was also taken into ac-
count. Detailed petB counts for clade and ESTU abundances were obtained
from ref. 6.

Read Assignment Simulations. For each marker, simulated reads were gen-
erated from one reference sequence at a time using a sliding window of 100,
125, or 150 bp (Tara Oceans mean read length, 164.2 bp; median, 169 bp)
and steps of 5 bp. Simulated reads were then assigned to a pigment type
with the aforementioned bioinformatic pipeline, using all reference se-
quences except the one used to simulate reads (“leave-one-out” cross-
validation scheme). Inferred PTs of simulated fragments were then com-
pared with known PTs of reference sequences.

Statistical Analyses. All environmental parameters used for statistical analyses
are the same as in ref. 6, except the blue to green irradiance ratio that was
modeled as described in SI Materials and Methods. Hierarchical clustering
and NMDS analyses of stations were performed using R (63) packages clus-
ter, version 1.14.4 (64) and MASS, version 7.3-29 (65), respectively. PT con-
tingency tables were filtered by considering only stations with more than 30
cpcBA reads and 30 mpeBA reads, and only PT appearing in at least two
stations and with more than 150 reads in the whole dataset. Contingency
tables were normalized using Hellinger transformation that gives lower
weights to rare PT. The Bray-Curtis distance was then used for ordination
(isoMDS function; maxit, 100; k, 2). Correlations were performed with R
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