Environmental Microbiology (2019) 00(00), 00—-00

S/am

Society /
applied microbiology

doi:10.1111/1462-2920.14893

Genomic mosaicism underlies the adaptation of marine
Synechococcus ecotypes to distinct oceanic iron niches

Nathan A. Ahigren ©,'" Bernard Shafer Belisle "
and Michael D. Lee %3

'Biology Department, Clark University, 950 Main Street,
Worcester, MA, 01610, USA.

2NASA Ames Research Center, Exobiology Branch, PO
Box 1, Moffett Field, CA, 94035, USA.

3Blue Marble Space Institute of Science, Seattle, WA,
98154, USA.

Summary

Phytoplankton are limited by iron (Fe) in ~40% of the
world’s oceans including high-nutrient low-
chlorophyll (HNLC) regions. While low-Fe adaptation
has been well-studied in large eukaryotic diatoms,
less is known for small, prokaryotic marine
picocyanobacteria. This study reveals key physiolog-
ical and genomic differences underlying Fe adapta-
tion in marine picocyanobacteria. HNLC ecotype
CRD1 strains have greater physiological tolerance to
low Fe congruent with their expanded repertoire of
Fe transporter, storage and regulatory genes com-
pared to other ecotypes. From metagenomic analy-
sis, genes encoding ferritin, flavodoxin, Fe
transporters and siderophore uptake genes were
more abundant in low-Fe waters, mirroring para-
digms of low-Fe adaptation in diatoms. Distinct Fe-
related gene repertories of HNLC ecotypes CRD1 and
CRD2 also highlight how coexisting ecotypes have
evolved independent approaches to life in low-Fe
habitats. Synechococcus and Prochlorococcus HNLC
ecotypes likewise exhibit independent, genome-wide
reductions of predicted Fe-requiring genes. HNLC
ecotype CRD1 interestingly was most similar to
coastal ecotype | in Fe physiology and Fe-related
gene content, suggesting populations from these dif-
ferent biomes experience similar Fe-selective condi-
tions. This work supports an improved perspective
that phytoplankton are shaped by more nuanced Fe
niches in the oceans than previously implied from
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mostly binary comparisons of low- versus high-Fe
habitats and populations.

Introduction

Iron (Fe) is an important micronutrient for marine phyto-
plankton that requires this element for essential pro-
cesses including photosynthesis and central metabolism.
Roughly 40% of the world’s oceans are Fe-limited, includ-
ing the so-called high-nutrient low-chlorophyll (HNLC)
regions of the Equatorial and sub-Arctic Pacific and the
Southern Ocean (Moore et al., 2002; Moore and
Braucher, 2008). These regions represent productive
regions that have global significance to marine food webs
and carbon cycling, thus it is important to understand
how phytoplankton are able to grow and thrive in these
regions despite low Fe availability. Seminal work studying
low-Fe adaptation in diatoms, large eukaryotic
phytoplankton, has revealed key mechanisms by which
certain species have adapted to low-Fe conditions (see
review in Marchetti and Maldonado (2016)). In brief,
these mechanisms involve increased capacities to
acquire and store Fe and reduction of their cellular
requirements for Fe (Fe quota). Diatoms however only
represent one of the major groups of phytoplankton found
in HNLC regions, and less is known about low-Fe adap-
tation in other globally significant groups—particularly
smaller phytoplankton such as globally important marine
picocyanobacteria.

Prochlorococcus and Synechococcus, the two genera
comprising  picocyanobacteria, are abundant and
ubiquitously-distributed  marine  phytoplankton that
together contribute to ~25% of marine net primary pro-
duction (Flombaum et al., 2013). Both genera are com-
prised of multiple phylogenetic clades, most of which
represent ecotypes—evolutionarily distinct populations
adapted to distinct niches (Rocap et al., 2002; Coleman
and Chisholm, 2007; Sohm et al., 2015). It has recently
been discovered that Prochlorococcus and Syn-
echococcus each contain two ecotypes (HNLC1 and
HNLC2, CRD1 and CRD2, respectively) that are abun-
dant in low-Fe habitats such as the Equatorial Pacific,
Bengeula upwelling regions, and parts of the Indian
Ocean (Rusch et al., 2010; Sohm et al., 2015).
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Comparison of a representative coastal Synechococcus
strain, WH8020 (ecotype 1) to an open-ocean Syn-
echococcus isolate WH8102 (ecotype Ill) has revealed
distinct physiological responses to Fe-limitation across
two ecotypes; however, similar work that includes HNLC
strains is lacking. Recently, several new Synechococcus
isolates have been cultured and genomes have been
sequenced from ecotypes that occupy many diverse oce-
anic biomes, including from HNLC ecotypes CRD1 and
CRD2 (Lee et al., 2019). These provide a valuable
resource to better characterize the physiological adapta-
tion and evolutionary genomic signatures underlying low-
Fe adaptation in these phytoplankton.

In this study, we characterize the physiological
response of ecotype CRD1 strains to low-Fe conditions,
provide a comprehensive comparison of Fe-related gene
content in Synechococcus genomes, and evaluate in situ
distributions of Fe-related genes in natural populations.
Our results reveal how multiple ecotypes have evolved
similar, but distinct mechanisms to thrive in low-Fe habi-
tats, often mirroring the same types of adaptations seen
in diatoms. Furthermore, comparison across multiple eco-
types abundant in several different marine biomes pro-
vides an improved view of how diverse phytoplankton
populations have evolved to varied Fe niches in the
world’s oceans.

Results
Synechococcus ecotype biogeography

We mapped TARA Ocean (Sunagawa et al., 2015) and
equatorial Pacific metagenomes (Lee et al., 2019) to ref-
erence Synechococcus core genes (Table S1) and
detected coherent biogeographic patterns of Syn-
echococcus ecotypes (Fig. 1A) consistent with previous
studies (Zwirglmaier et al., 2008; Sohm et al., 2015;
Farrant et al., 2016; Xia et al., 2019). The most abundant
ecotypes were partitioned to three major biomes:
(i) ecotypes Il, lll, and X dominate in warm, oligotrophic
waters (ii) ecotypes | and IV coexist in cold, higher-
nutrient habitats at higher latitudes, including coastal
regions, and (iii) ecotypes CRD1 and CRD2 dominate in
low-Fe, HNLC regions. (Note that with the availability of
CRD2 SAGs we can confirm that clade uncultured eco-
type CRD2 first defined by the ITS (Saito et al., 2005) is
congruent with clade EnvB independently defined by
petB (Mazard et al., 2012; Farrant et al., 2016).) Our
analysis here further resolves that clades Ill and X
occupy distinct oceanic habitats from ecotype II: clades
Il and X co-occur and dominate in highly oligotrophic
waters (e.g. the Mediterranean Sea) that are particularly
low in phosphate (PO,~®) (Farrant et al., 2016) and in the
context of this study, higher in Fe availability (Fig. 1B,

Fig. S1) (Note that PO, 2 and Fe are inversely correlated
to one another: p = 0.02, Pearson correlation). In particu-
lar, locations with clades Ill and X present have the two
highest mean Fe concentrations in comparison to sites
where other clades are present (Fig. S1A). The ranges of
Fe concentration at which clades I, Il and X are found,
however, do overlap and their means are not significantly
different from each other. Clades Ill and X nonetheless
are the only major Synechococcus clades exhibiting sig-
nificant positive correlations with Fe concentration, and
clade Il notably does not (Fig. S1B). As such we distin-
guish ecotype Il as ’'warm, oligotrophic, midrange-Fe’
(I) and ecotypes lll and X 'warm, oligotrophic, high-Fe’.
Grouping of ecotypes according to these four niches is
further supported by non-metric multidimensional scaling
(NMDS) analysis and correlations to environmental
parameters (Fig. 1B, Fig. S1). In particular, clade IlI-
dominated communities cluster separately from clade-I|
dominated samples and lie along the axis correlated with
Fe concentration in the positive direction with respect to
clade llI-dominated samples. Also congruent with previ-
ous surveys (Farrant et al., 2016; Lee et al., 2019), these
seven ecotypes represent the most ubiquitous and promi-
nent Synechococcus populations in the global oceans.
These ecotypes comprised on average 85% of total
recovered Synechococcus populations. Here, we have
focused on the Fe ecology of these major ecotypes for
which metagenomic coverage is sufficient to study
ecogenomic trends and for which there were at least two
isolate or single cell genomes available to study gene-
content differences, with the exception of ecotype X for
which only one strain has been sequenced (Table S2).
Metagenomic analyses also confirmed fine-scale biogeo-
graphic shifts seen in ecotypes Il and CRD1 around the
Marquesas Islands consistent with patterns of Fe avail-
ability there (Caputi et al., 2019) (Fig. 1A, Fig. S2). The
waters windward (east) of the islands are dominated by
low-Fe adapted ecotype CRD1, while mixing around the
islands creates a ’naturally’ Fe-fertilized plume of water
supporting ecotype ll-dominated communities leeward
(west) of these islands.

Physiological experiments

Physiological experiments confirmed that ecotype CRD1
strains isolated from HNLC waters were more tolerant of
low-Fe conditions than ecotype Il strain WH8102. (There
are no cultured isolates from clade CRD2). When trans-
ferred from Fe replete to low-Fe media, UW179 and
GEYO strains grew for longer and at lower Fe levels with-
out signs of Fe-stress—reduced growth rate and differ-
ences in size and per cell pigment content—as
compared to ecotype Il strain WH8102, which rapidly
exhibited signs of Fe-stress at 0 and 0.3 nM free
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Fig. 1. Biogeography of Synechococcus ecotype communities across global ocean surface samples.

A, Map depicting the relative abundance of Synechococcus ecotypes for 63 surface samples based on metagenomic read mapping. The radii
indicate relative total Synechococcus abundance (the fraction of total reads recruiting to Synechococcus) and the pie sections depict the relative
abundances of Synechococcus ecotypes. Clades that did not exceed 2.5% relative abundance in any sample were not plotted (V, VI, VIII, IX

and UC-B).

B, Non-metric multidimentional scaling (NMDS) ordination of Synechococcus ecotype composition for samples in A. Environmental parameters
that significantly correlate (p < 0.05) to clustering of samples based on Synechococcus ecotype community structure are depicted as blue

arrows. dFe, dissolved Fe.

inorganic Fe (Fe’) (Fig. 2). Because axenic cultures (free
of heterotrophic bacteria) do not yet exist for UW179 and
GEYO, the WH8102 culture tested in Fig. 2 was also
non-axenic to make reasonable comparisons between
strains. Our results for non-axenic WH8102 are consis-
tent with previous experiments done on axenic WH8102
cultures (Mackey et al., 2015), which exhibited signs of
Fe stress at <0.5 nM Fe’. UW179 notably had to be trans-
ferred into secondary batch cultures with 0 nM Fe’ to
observe signs of Fe-limitation. The response of UW179
and GEYO to low Fe conditions more closely resembles
that of coastal isolate WH8020 (ecotype I) that showed
no evidence of Fe stress even under conditions with
0.004 nM Fe’ (Mackey et al., 2015). In addition, the two
CRD1 strains were smaller than WH8102 based on nor-
malized forward scatter. Smaller cell size may be advan-
tageous to clade CRD1 cells because of their higher
surface area to volume ratio, and diatoms are like-
wise known to reduce their cell size in response to Fe-
limitation (Marchetti and Cassar, 2009).

Genomic analyses

Previous studies have examined the distribution of sev-
eral Fe-related genes among Synechococcus genomes
(Palenik et al., 2006; Hopkinson and Morel, 2009; Rivers
et al., 2009; Hopkinson and Barbeau, 2012), but without
genomes of relevant HNLC ecotypes CRD1 and CRD2.
We conducted a comprehensive analysis of Fe-related
gene-content across 47 genomes spanning 16 clades

from the three major lineages of marine Synechococcus
(subclusters 5.1A, 5.1B and 5.3; Fig. 3, Fig. S1). Our
analysis included abundant ecotypes from the four major
niches to elucidate genomic signatures of Fe niche adap-
tation (Fig. 3). We initially expected to identify a suite of
Fe-related genes that were exclusive to HNLC ecotypes
CRD1 or CRD2, but instead we uncovered complex,
paraphyletic patterns of gene presence/absence for
genes well-characterized to be important in Fe adapta-
tion: Fe acquisition genes, including transporters and
siderophore uptake systems; ferritin Fe storage genes;
electron transport genes ferredoxin and flavodoxin; and
Fe regulatory genes (Fig. 3B). Despite these complex
patterns, CRD1 genomes notably had a larger collection
of Fe-related genes than other ecotypes. CRD1 genomes
have three additional types of Fe*? transporters absent
from many other ecotypes: feoA/B Fe™® transporter
genes; zupT, a Fe*?/Zn*? transporter from the ZIP family
(Zinc-regulated transporters, Fe-regulated transporter-like
Proteins) (Eide, 2005); and a Vacuolar Iron Transporter
(VIT) family Fe*2/Mn*? transporter (Kim et al., 2006)
found in two CRD1 strains. The presence of both the
FeoA/FeoB Fe*? and IdiA-C Fe*® ABC transporters in
ecotype CRD1, as well as in ecotype |, is striking given
that other marine bacteria generally only possess a sin-
gle dedicated Fe*2 or Fe*3 transporter (Hopkinson and
Barbeau, 2012). The presence of the FeoA/FeoB Fe*?
transporter is particularly interesting because it was previ-
ously thought to be largely absent in marine
picocyanobacteria (Hopkinson and Barbeau, 2012).
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Fig. 2. Response of Synechococcus strains to varying Fe availability. HNLC ecotype CRD1 strains UW179 and GEYO and oligotrophic ecotype
Il strain WH8102 were grown in Sargasso Sea water media with replete Fe (39 nM free inorganic Fe, Fe’) were washed then inoculated in media
with various concentrations of Fe. Cells were monitored with a flow cytometer for cell concentration, relative cell size (forward light scatter) and
chlorophyll fluorescence per cell (normalized to standard fluorescent beads). Points and bars represent means and standard deviations of tripli-
cate cultures. For UW179, the 0 and 39 nM Fe’ cultures were transferred into fresh media with the same respective Fe levels in order to observe

Fe-limitation in the 0 nM Fe’ condition.

Furthermore, the small fraction of uncomplexed Fe in
seawater largely exists as Fe*® (Marchetti and
Maldonado, 2016), but FeoA/FeoB may be important in a
reductive uptake pathway whereby complexed or free
Fe*3 is reduced and then transported in as Fe*? (Shaked
et al., 2005; Kranzler et al., 2011; Kranzler et al., 2014).
While many ecotypes possess a zupT gene, ecotype
CRD1, as well as ecotype |, have two copies of this gene.
It is important to note that work on ZupT in other bacteria
demonstrates that it is a general divalent metal trans-
porter and in Escherichia coli it has higher specificity for
Zn*2 than Fe*? (Grass et al., 2005; Taudte and Grass,
2010). The specificity of ZupT in cyanobacteria for differ-
ent divalent metals, however, is unknown. The two CRD2
SAGs interestingly lack the FeoA/B and VIT transporters
despite occupying the same habitats as ecotype CRD1,
but this could be a consequence of their relatively low
estimated completion (Table S2). Ecotype CRD1 curi-
ously lacks a Natural-Resistance-Associated-Macro-
Phage Protein (NRAMP) family divalent metal (including
Fe*?) transporter (Cellier et al., 2001; Makui et al., 2002)

present in most Synechococcus genomes. As with ZupT,
the specificity of NRAMP transporters for Fe*2 or other
divalent metals has not been investigated for
cyanobacteria.

While previous studies suggested that marine
picocyanobacteria largely lack siderophore synthesis or
uptake systems (Hopkinson and Barbeau, 2012), this
view has recently changed with the discovery of a TonB-
dependent siderophore-mediated Fe uptake system in
genomes of a Prochlorococcus HLII strain, MIT9202
(Hopkinson and Barbeau, 2012), and in Prochlorococcus
ecotype HNLC2 (a.k.a HLIV) (Malmstrom et al., 2013).
Hogle et al. (2018a) recently discovered the presence
these siderophore uptake genes in marine Syn-
echococcus, and we report their presence in full or in
part in SAGs from ecotypes CRD2, Ill, IV and UC-B
(Fig. 3B, Fig. S4) (Berube et al., 2018), thereby expan-
ding our view of potential siderophore use in marine cya-
nobacteria. The lack of these genes in CRD1 genomes
also demonstrates how coexisting HNLC CRD1 and
CRD2 ecotypes, possess distinct Fe-related gene
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Fig. 3. The distribution of Fe-related genes among Synechococcus genomes.

A, The tree and adjacent table summarize the evolutionary history and ecology of Synechococcus ecotypes. Core gene phylogeny was based on
n = 139 single-copy orthologs shared among all incorporated Synechococcus reference genomes; dots indicate bootstrap support (see Fig. S3 for full
tree). Subclusters 5.1A, 5.1B and 5.3 are indicated by coloured branches and vertical lines (red, blue and brown, respectively). Numbers to the right
of triangular tree tips indicate the number of analysed genomes within that clade. The horizontal boxes to the right depict the corresponding ecotype
names, a representative strain ('Represent. strain’), and the coherent niche of that ecotype if known. The horizontal boxes, and boxes in the gene
presence/absence matrix in B, are coloured according to the four primary niches of the seven most abundant ecotypes in these global ocean samples
(=5% relative abundance in =10% of samples) (Fig. 1): orange = warm, oligotrophic, midrange-Fe ecotype II; red = warm, oligotrophic, high-Fe eco-
types Il and X; blue = cold, mesotrophic/coastal ecotypes (I and IV); and purple = HNLC ecotypes CRD1 and CRD2.

B, The presence and absence of Fe-related genes (columns) among ecotypes, grouped by function: Fe*® (red) and Fe*? (blue) transporters and
TonB-dependent siderophore uptake operon (‘TonB sidero.” black); chlorophyll binding gene isiA and photosystem electron transport genes
flavodoxin and ferredoxin (green); ferritin iron-storage genes (pink); and Fe-regulation genes furA and fecR (brown). The presence/absence matrix
depicts if at least one genome in each ecotype possesses that gene or operon (filled box), and likewise the patterns of paralogous groups within
select gene families are shown below (zupT, ferredoxin, flavodoxin, ferritin and fecR). Gene cluster names (GC_XXXXX’) are listed below the
paralogous gene families (see Table S3). For ferredoxin paralogs, the groups to which they belong (fedX’) are listed below as well, according to clas-
sification from freshwater cyanobacteria.

C, Clustering analysis (Wards distance, hierarchical clustering) of ecotypes using the presence/absence of Fe-related genes (left, n = 52 clusters)
or flexible (non-core) gene content (right, n = 17,312 clusters). Fe-related content was analysed using the patterns of individual gene clusters
including distinct paralogous gene families. Numbers at the nodes depict bootstrap support (%) for 1000 replicates. Boxes around ecotype names
indicate the subcluster to which they belong (5.1A, 5.1B or 5.3) using the colour coding in A, and symbols next to the ecotype names indicate
which of the four major niches they occupy (see legend at the bottom).
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repertoires. We found no evidence of known siderophore
synthesis genes in any picocyanobacterial genomes
suggesting that strains with this uptake operon may
access Fe bound to siderophores made by other non-
picocyanobacterial cells. This could represent an exam-
ple of the Black Queen hypothesis whereby metabolic
functions are shared and distributed among diverse
coexisting populations (Morris et al., 2012).

Marine Synechococcus possess two different families
of known Fe-regulation proteins, FecR (Van Hove et al.,
1990) and FurR-like regulators (Shcolnick et al., 2009).
CRD1 strains have marginally more copies of fecR para-
logs than other ecotype strains (mean: 1.5 +1.0
vs. 0.26 +£045, £ SD; n = 4, 27; Welchs t-test:
p =0.09). This is largely because all three fecR paralogs
occur in ecotype CRD1, while they are largely absent in
most other ecotypes (Fig. S5, Table S3). Ecotype | simi-
larly possesses a second fecR paralog (GC_03711) that
is notably absent in the other globally abundant Syn-
echococcus ecotypes (Fig. 3B, Fig. S5). The FurR pro-
tein family in freshwater cyanobacteria includes genes
that respond to Fe*2, Zn*2, and peroxide—FurA, Zur, and
PerR, respectively—although PerR is also implicated in
Fe homeostasis (Shcolnick et al., 2009). Nearly all
marine Synechococcus contain a single copy of FurA,
Zur and PerR, the exceptions primarily being SAGs
(Fig. 3B, Table S3).

A striking, emergent pattern is that cold mesotrophic/
coastal ecotype | and HNLC ecotype CRD1 possess very
similar Fe-related gene content, as supported by cluster-
ing analysis (Fig. 3C) revealing a different relationship
than seen from core gene phylogeny (Fig. 3A). While this
was initially surprising since coastal habitats are typically
considered Fe-replete due to terrestrial inputs, coastal
waters can experience fluctuating Fe availability and
periods of limitation (Hutchins et al., 1995; Hutchins and
Bruland, 1998; Bruland et al., 2001; Moore and Braucher,
2008) akin to HNLC habitats. HNLC ecotype CRD2 and
coastal ecotype IV likewise are most closely related to
one another in terms of Fe-related gene content
(Fig. 3C), again distinct from their phylogenetic relation-
ship based on core genes (Fig. 3A).

Patterns of ferredoxin and flavodoxin genes further
exemplified the observation of paraphyletic, mosaic-like
distribution of Fe-related genes among Synechococcus
ecotypes (Fig. 3B). Replacement of Fe-containing ferre-
doxin with Fe-lacking flavodoxin reduces Fe quota, a
mechanism by which diatoms achieve adaptation to low-
Fe conditions (La Roche et al., 1993; Erdner et al., 1999;
Allen et al., 2008). CRD1 isolate genomes possess a
higher number of flavodoxin genes on average than other
ecotype isolates (2 + 0 vs. 0.93 +0.88; + 1 SD; n =4,
27; Welchs t-test: p < 0.01), and they differ in the particu-
lar paralogs they possess (Fig. 3B, Fig. S6). Patterns

were more complex for ferredoxin, for which we identified
16 paralogous gene families (Fig. 3B, Figs. S7 and S8).
CRD1 and non-CRD1 isolates have similar numbers of
total ferredoxin genes (9 =0 vs. 9.2 +1.3; + SD; n =4,
27; Welchs t-test: p = 0.36), but CRD1 genomes show
distinct patterns in the particular paralogs they possess
(Fig. 3B, Table S3). CRD1 strains lack two ferredoxin
paralogs present in most other ecotypes (GC_00004C
and GC_00004F) but also curiously possess a paralog
not found in other ecotypes (GC_00026B; Figs. S7 and
S8, Table S3). There were less clear patterns for ferre-
doxin and flavodoxin genes for ecotype CRD2, in part
because there are only two representative SAGs avail-
able for this ecotype.

Some diatoms can persist in low-Fe habitats by storing
Fe in the protein ferritin during replete conditions that
then can be accessed during Fe-limiting conditions
(Marchetti et al., 2009; Marchetti et al., 2017). Almost all
Synechococcus genomes have at least one copy of a
ferritin gene, the major exception being the two ecotype
Il genomes: strain WH8102 and a SAG (Fig. 3B,
Table S3). This lack of ferritin in WH8102 is consistent
with our physiological experiments (Fig. 2) and the abun-
dance of ecotype Il in highly oligotrophic but higher-Fe
habitats (Fig. 1A, Fig. S1). CRD1 strains carry more cop-
ies of ferritin than other ecotype strains (4.5 + 1.3
vs. 1.9 £13; £ SD; n =4 and 27; Welchs t-test:
p <0.02). This is due to ferritin paralogs found uniquely
(GC_00028D) or nearly exclusively (GC_00028C) in
CRD1 strains and recently duplicated copies within para-
log families (Figs. 3B, Fig. S9, Table S3). We also noted
that ecotype | on average possesses three ferritin copies,
similar to ecotype CRD1, but in contrast, ecotype IV,
which cooccurs with ecotype | in the same biome, only
carries one ferritin gene (Table S3). This is another
example of how ecotypes occupying the same broad
niche possess distinct Fe-related gene complements.

We also discovered a clear, genome-wide signature of
Fe adaption in marine Synechococcus—reduction of
predicted Fe-requiring genes in HNLC ecotypes. It was
previously observed that metagenome-assembled
genomes (MAGs) of Prochlorococcus low-Fe ecotypes,
HNLC1 and HNLC2 (a.k.a HLII and HLIV) lack several
Fe-containing proteins found in other Prochlorococcus
genomes (Rusch et al., 2010). Consistent with this pat-
tern, ecotype CRD1 and CRD2 genomes contain signifi-
cantly lower proportions of proteins that are predicted to
contain Fe-S clusters (Fig. 4). Analysis of a few recently
sequenced Prochlorococcus HNCL1 and HNLC2 SAGs,
and the HNLC MAGs, confirms this same pattern for
HNLC ecotypes in comparison to all other high-light
(HL) adapted Prochlorococcus ecotypes (Fig. 4).
Genomes from low-light (LL) adapted Prochlorococcus
ecotypes have significantly lower proportions of proteins

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology
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MetalPredator (Valasatava et al., 2016). Results are parsed for
genomes from HNLC and non-HNLC clades in Synechococcus and
Prochlorococcus: HNLC Synechococcus ecotypes (ecotypes CRD1
and CRD2; ‘Syn HNLC’), non-HNLC Synechococcus (all other eco-
types, ‘Syn non-HNLC’), Prochlorococcus non-HNLC high-light
(HL) adapted Prochlorococcus ecotypes (HL1, HL2; ‘Pro non-
HNLC’), Prochlorococcus HNLC ecotypes (HNLC1, HNLC2; ‘Pro HL
HNLC’), and non-HNLC low-light (LL) adapted clades
(LL1-LLIV; ‘Pro LL non-HNLC’). Boxes depict the first and third quar-
tiles, horizontal lines depict the median, and whiskers depict 1.5
times the interquartile range. Statistically significant differences in
means between groups are depicted with horizontal brackets with p-
values listed when is p < 0.05 (Pearsons Chi-squared test).

predicted to contain Fe than HL ecotypes, consistent
with lower availability of Fe (Sedwick et al., 2005;
Fitzsimmons et al., 2015) and evidence of persistent Fe-
limitation at deeper portions of the euphotic zone (Sunda
and Huntsman, 1997; Hogle et al. 2018b). The four HNLC
ecotypes from the two distinct genera, Synechococcus
and Prochlorococcus, therefore have undergone similar,
convergent changes in their genome evolution. Notably,
Synechococcus ecotypes CRD1 and CRD2 differ greatly
in the particular predicted Fe-S genes that they possess
(Fig. S10, Table S4). This, combined with the fact that
ecotypes CRD1 and CRD2 arose from two distinct line-
ages, subclusters 5.1A and 5.1B (Fig. 3A), confirms that
these ecotypes have arrived at markedly similar, though
distinct adaptations to life in HNLCs via independent, con-
vergent evolution. In contrast, Prochlorococcus HNLC
ecotypes cluster closest together based on their
predicted Fe-S-containing protein complements and are
phylogenetically monophyletic, thus the loss of Fe-
requiring genes likely occurred before the two ecotypes
diverged (Fig. S10).

Examination of losses of predicted Fe-S-requiring rev-
ealed one possible example of how HNLC ecotypes may
reduce their Fe quotas by replacing Fe-requiring proteins
with a homologous protein that does not require
Fe. Clades CRD1 and CRD2 genomes conspicuously
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lack two Fe-utilizing subunits of glycolate oxidase, glpC
and glpE (GC_01540 and GC_01586), and another sub-
unit glpD that does not use Fe. Glycolate is a product of
photorespiration whereby ribulose-1,5-bisphosphate car-
boxylase/oxygenase (Rubisco) reacts with O, instead of
CO, (Eisenhut et al., 2008). Photorespiration results in
inefficient carbon fixation via the Calvin cycle, but cyano-
bacteria can recover this ’lost’ carbon by converting
glycolate to glyoxylate with glycolate dehydrenase and
subsequent multiple pathways (Eisenhut et al., 2008).
We note that clades CRD1 and CRD2 genomes uniquely
possess a gene cluster (GC_02882) that based on pro-
tein domain homology appears to be a glycolate oxidase
(8.41e-153 E-value hit to domain family cd04722: homol-
ogous FMN-dependent alpha-hydroxyacid oxidizing
enzymes that includes glycolate oxidases; 1.34e-113 E-
value hit to domain family PLN02535: glycolate oxidase).
Proteins encoded by this gene cluster are not predicted
to use an Fe-S cluster and thus likely replaces the activity
of Fe-requiring Glp proteins.

Biogeography of Fe-adaptive genes

Surface water metagenomes were used to assess bio-
geographic patterns and confirm the ecological signifi-
cance of differences in Fe-related gene content identified
above. The coverage of each Fe-related gene-cluster
was normalized to Synechococcus core-gene coverage
(n =15 genes, Table S1) (herein referred to as ’abun-
dances’) and were compared between samples binned
by Fe level low (<0.3 nM), medium (0.3 to 1 nM) and high
(>1 nM)—using modelled surface water dissolved Fe
concentrations (Pasquier and Holzer, 2018). These
breakpoints represent relevant thresholds at which mar-
ked changes in physiological and protein expression pat-
terns were seen in previous Fe-limitation studies of two
marine Synechococcus isolates (Mackey et al., 2015). In
many cases, gene-cluster abundance patterns were con-
sistent with expected trends and support their ecological
importance in Fe adaptation of natural populations.
Transporter genes zupT, feoA and feoB genes and total
flavodoxin and ferritin gene abundances were signifi-
cantly more abundant in low-Fe sites (Fig. 5). The abun-
dance of the TonB-dependent siderophore uptake
operon was also higher on average in low-Fe waters,
although not significantly using this binned approach.
Regression analysis however supports that the TonB
operon is more abundant at lower Fe availability
(Fig. S11). Conversely the NRAMP transporter absent in
CRD1 genomes was significantly less abundant in low
Fe samples (Figs. S11 and 12). The Fe-S requiring ver-
sion of glycolate oxidase (g/pC-E) absent in CRD1 and
CRD2 genomes was less abundant in low Fe habitats
and conversely the potential alternative, Fe-free glycolate
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Fig. 5. Normalized abundances of Fe-related genes in global ocean surface samples. Metagenomic gene coverage of gene clusters or operons
were normalized to the coverage of 15 core genes found in all Synechococcus genomes. Samples were grouped by modelled dissolved Fe con-
centration, [dFe], (Pasquier and Holzer, 2018) at each site (n = 34, 18, 11 for <0.3, 0.3—1, and > 1 nM dFe, respectively). 'Siderophore operon’ is
the TonB-dependent siderophore uptake operon (Fig. S4). Plots with 'All’ in the title indicate gene abundance results for all paralogs in that family.
For all other plots individual gene cluster results are shown. The column of boxes in each panel indicates the presence/absence of that gene
cluster or operon among Synechococcus clades (see legend in upper right), as depicted in Fig. 3B. All data points are shown (black dots); hori-
zontal lines within boxplots depict the median; pink lines connect mean values; boxes depict the first and third quartiles; and whiskers depict 1.5
times the interquartile range. Statistically significant differences (p < 0.05, Mann-Whitney U test) when present between groups are marked with
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oxidase gene found in CRD1 and CRD2 genomes
(GC_02882) was significantly more abundant in low-Fe
waters (Figs. S11 and S12), supporting that this is one
means by which HNLC strains reduce their Fe quota.
Some gene abundance patterns were more unex-
pected, including ferredoxin (see below). One example
was the Fe-regulation gene, furA, which is present in
most Synechococcus reference genomes, and was
detected in somewhat lower levels in low-Fe samples
(Fig. S12), although the relationship was not significant
using regression analysis (Fig. S11). Another example
was bacterioferritin, a distinct family of ferritin present
only in ecotype X strain RCC307 (Fig. 3, GC_15834). In
contrast to most other ferritin paralog clusters, this gene
was more abundant in higher Fe habitats (Figs. S11 and
S12), consistent with ecotype X being generally found in
higher Fe habitats (Fig. 1, Fig. S1). The protein IsiA binds
chlorophyll and is induced under Fe stress. It was previ-
ously noted that some oceanic Synechococcus strains
lack isiA (Rivers et al., 2009; Scanlan et al., 2009), but
our updated analysis shows that most strains posses isiA

(Fig. 3). isiA in natural Synechococcus populations was
recently found to be more abundant in Fe-limited waters,
as determined by the ratio of [NOs7]:[Fe] (Li et al., 2019).
In agreement, we found that isiA gene abundance was
significantly lower in lower-Fe waters by regression anal-
ysis (Fig. S11) and by binned Fe level (Fig. S12) but not
by [NO37]:[Fe]. Since the Li et al. paper used a qPCR
approach to measure isiA abundance, primer bias may
be behind why we see conflicting results for correlation of
[NO5J[Fe] with isiA. The VIT family Fe*?/Mn*? trans-
porter found exclusively in some CRD1 genomes was
only detected in a few surface water samples (Fig. S12).
In contrast to the clear signal of high flavodoxin gene
abundance in low Fe samples, total ferredoxin abun-
dance however did not vary significantly across the three
Fe levels. The patterns of particular ferredoxin paralogs
however were varied and often consistent with their pres-
ence or absence in HNLC ecotypes. The paralogs largely
absent in CRD1 genomes (GC_00004C, GC_00004F)
were less abundant in low Fe habitats and vice versa for
paralogs found only in ecotype CRD1 (GC_00026B) or

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology



only in ecotypes CRD2 and UC-A (GC_00004G) (Fig. 5,
Figs. S11 and S12). For seven other ferredoxin paralog
families found in nearly all Synechococcus (GC_00084,
GC_00316, GC_00156, GC_00624, GC_00680,
GC_00026A and GC_00004A), four showed no signifi-
cant differences across the three Fe levels, but three
were significantly less abundant in lower Fe samples
(GC_00156, GC_00624, GC_00680; Fig. 5, Figs. S11
and S12), consistent with the model that low-Fe condi-
tions select for the loss of ferredoxin.

We also note a few other interesting examples where
Fe-related genes exhibited paralog- or ecotype-specific
patterns. Aside from the broader pattern that total ferritin
gene abundance was higher in low-Fe waters (Fig. 5), two
paralogs were more abundant in 0.3—1 or > 1 nM Fe sam-
ples: bacterioferritin in ecotype X genomes (described
above) and paralog GC_00028A found in several eco-
types (Fig. 5, Figs. S11 and S12). Likewise, the abun-
dance pattern of the three fecR paralogs differed from
each other, suggesting they may have different ecological
functions (Fig. S12). The TonB-dependent siderophore
uptake operon genes from ecotypes CRD2 were more
abundant in low-Fe waters, while conversely ecotype |l
siderophore uptake genes were more abundant in 0.3—1
and/or > 1 nM Fe samples (Figs. S11 and S12). Similarly,
an extra copy of idiA/futA present in ecotype Ill and X
genomes (GC_03030) was found to be more abundant in
high Fe waters, consistent with the prevalence of both of
these ecotypes in higher Fe waters.

Discussion

Analysis of Fe-related gene content across Syn-
echococcus ecotypes reveals an overwhelming pattern
of complex, pangenome mosaicism, a theme previously
seen for marine picocyanobacteria (Kettler et al., 2007;
Dufresne et al., 2008). This pattern is best exemplified by
ferredoxin and flavodoxin, which in sum are found in all
genomes but exhibit notable differences between HNLC
and non-HNLC ecotypes when looking at particular para-
log families. These different paralogs likely play distinct
physiological roles, such that the differential combination
of these genes helps confer adaptation to different
regimes of Fe availability. Indeed, it is known that differ-
ent ferredoxin paralogs in the freshwater cyanobacterium
Synechocystis PCC6803 have distinct physiological
roles; are expressed differently under distinct stress con-
ditions; and are in some cases dispensable (Cassier-
Chauvat and Chauvat, 2014). Mackey et al. likewise
observed that ferredoxin paralogs in both coastal and
open-ocean strains were expressed either constitutively
or only under high Fe conditions, suggesting they have
different roles in Fe homeostasis and stress (Mackey
et al., 2015). These paralogs belong to gene clusters
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GC_00026A and GC_00316, which are found in nearly
all Synechococcus reference genomes and do not
exhibit significant differences across natural samples
binned by Fe level. This highlights the importance of con-
ducting expression studies to further elucidate their physi-
ological roles (see below).

We suggest that ferritin paralogs likewise have distinct
functions such as managing intracellular, extracellular
and/or diel fluctuations in Fe levels (Botebol et al., 2015).
For example, ferritin paralog GC_00028B in coastal strain
CC9311 was recently suggested to play a novel role in
metal detoxification based on structural and biochemical
analysis (Bradley et al., 2019). Consistent with this, the
paralog was most abundant at sites with intermediate
levels of Fe (0.3—1 nM) that also likely have higher con-
centrations of other toxic metals. Differences in the abun-
dance of the various ferritin paralogs suggest they have
different ecological functions and further work is needed
to characterize these different forms.

Differential regulation of functionally distinct paralogs
can allow for more complex and physiological responses
to varied Fe conditions. This model is partially validated
with observations that coastal strain WH8020 (ecotype 1)
has a more complex and tiered regulation of Fe-related
genes than the open-ocean isolate WH8102 (ecotype Ill)
(Mackey et al., 2015). This makes sense given that eco-
type | likely experiences more fluctuations in Fe availabil-
ity, including periods of Fe-limitation, than ecotype llI
does (Mackey et al., 2015). Furthermore, Mackey et al.
found that the two FurA paralogs (isoforms) in strain
WH8020 had distinct expression patterns in low
(<0.3 nM) versus mid-range (0.3—1 nM) Fe’, likely helping
to drive the tiered regulation of Fe-adaptive genes.
Indeed, we find that distinct paralogs of Fe regulation
genes furA and fecR show different abundance patterns
in natural populations and likely are important in creating
distinct regulatory networks among ecotypes occupying
distinct Fe niches. While our gene abundance results
generally confirm the predicted ecological significance of
Fe-related genes in the oceans, expression studies and
ultimately further molecular characterization are critical
for further understanding their roles in Fe-stress
responses. In particular, we predict that HNLC ecotypes
will have more complex, tiered, Fe-responsive regulation
patterns, more similar to those of coastal ecotypes like
strain WH8020 than to oligotrophic, high-Fe ecotype Il
strain WH8102.

Analysis of Fe-related gene content and biogeography
highlight how multiple Synechococcus have evolved in
parallel to occupy similar niches in terms of Fe availabil-
ity. Ecotypes CRD1 and CRD2, and ecotypes | and IV,
clearly have each evolved independently to co-occupy
HNLC and cold, mesotrophic habitats (including coastal
waters), respectively. In addition, the cross-biome
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ecotype pairs, | with CRD1 and IV with CRD2, are intrigu-
ingly more closely related to each other in terms of Fe-
gene complements than by core-gene phylogeny. This
observation suggests that the two distinct biomes they
occupy, HNLC and coastal habitats, in fact share similar
Fe conditions, namely fluctuating Fe-availability and often
Fe-limiting conditions that have selected for similar Fe-
related gene repertoires. This conclusion is also
supported by initial physiological evidence that ecotype |
and CRD1 strains both exhibit higher tolerances for low-
Fe conditions ((Mackey et al., 2015) and Fig. 2). It is
important to note that the physiological experiments in
this study were done on non-axenic cultures, and the het-
erotrophic bacteria could potentially impact observed
physiological responses to Fe availability. However in the
case of WH8102, our results with a non-axenic culture are
consistent with previous experiments done on axenic
WH8102, indicating negligible impact on Fe physiology.
Heterotrophic bacteria could potentially enhance Fe
uptake in the CRD1 strains, for example, via side-
rophores; however, CRD1 strains UW179 and GEYO do
not encode any apparent siderophore uptake genes. Het-
erotrophic bacteria could also potentially enhance Fe
availability through remineralization from dead cells or
refractory forms of Fe, and on the other hand, they also
likely compete with Synechococcus for Fe. Efforts are
on-going to render the CRD1 strains axenic, but the avail-
able results with non-axenic cultures are consistent with
biogeographic evidence that CRD1 are more tolerant of
low-Fe conditions.

This apparent genomic and physiological similarity
between HNLC and costal ecotypes is perhaps not sur-
prising since coastal and HNLC habitats both experience
Fe-limitation (Hutchins et al., 1995; Hutchins and
Bruland, 1998; Bruland et al., 2001; Moore and Braucher,
2008; Hogle et al. 2018b) and they share overlapping
niche space in terms of macronutrient and chlorophyll
concentrations (Fig. S1). An important distinction
between the coastal and HNLC regions may be how per-
sistent and intense Fe-limitation is between them. More
time-series studies are needed in both regions to make
quantitative comparisons between them, but HNLCs
probably experience more chronic and intense (i.e. lower
levels of available Fe) limitation than coastal regions.
While HNLC genomes and samples analysed here are
mostly from low-latitude, warm HNLC habitats, there are
cold, high-latitude HNLCs (e.g. the North Pacific, North
Atlantic and Southern Ocean) and CRD1 (but not CRD2)
in fact sometimes cooccurs with ecotypes | and IV in
North Atlantic and North Pacific waters (Fig. 1, (Sohm
et al., 2015; Lee et al., 2019; Xia et al., 2019)). Ecotype
CRD1 furthermore contains subpopulations that are pref-
erentially found in low- or high-latitude HNLCs as
detected by marker gene methods (Farrant et al., 2016;

Xia et al., 2019). Sampling of high-latitude HNLCs how-
ever was not extensive enough in the metagenomic data
sets used here to resolve such CRD1 subclade differ-
ences. Additional metagenomic surveys and isolates of
high-latitude HNLC strains will be valuable to investigate
such within-ecotype subpopulations.

Sohm et al. first highlighted this pattern of prevalent
convergent evolution of Synechococcus and Prochloro-
coccus ecotypes whereby distinct lineages have come to
occupy the same niches. Our analysis here highlights
how the modes of ecotype evolution between these two
genera appear to fundamentally differ. Synechococcus is
characterized by frequent parallel evolution of multiple
ecotypes sharing similar niches, while Prochlorococcus
displays more sequential, hierarchical emergence of
major ecotypes (Coleman and Chisholm, 2007; Martiny
et al. 2009a). This is best exemplified by the parallel
evolution of Synechococcus HNLC ecotypes CRD1
and CRD2 from distinct subcluster lineages in Syn-
echococcus, while Prochlorococcus HNLC ecotypes
HNCL1 and HNLC2 (a.k.a. HLIIl and HLIV) appear to
have evolved from a recent, common ancestor (Fig. 3,
Fig. S10).

This pattern of mosaic pangenome distribution medi-
ated by HGT is a hallmark of prokaryotic populations, in
this case contributing to Synechococcus’ ability to
occupy diverse oceanic habitats. The paraphyletic distri-
bution of Fe-related genes in Synechococcus is similar
to the distribution of adaptive genes to N and P in marine
picocyanobacteria, which often show stronger correspon-
dence to the niches they occupy and population biogeog-
raphy rather than purely to core genome phylogenetic
relationships (Martiny et al., 2006; Martiny et al. 2009b;
Biller et al., 2015; Kashtan et al., 2017; Berube et al.,
2019). Here we highlight how Fe-related genes can be
combined in different ways to arrive at distinct
approaches to living in similar niches, and genomic
mosaicism is an important theme more broadly in metal
acquisition and tolerance in marine bacteria (Stuart et al.,
2009; Stuart et al., 2013; Hogle et al., 2016). On-going
work must take into consideration that currently-defined
ecotypes appear to contain multiple ecologically distinct
populations (Kashtan et al., 2014; Farrant et al., 2016;
Kent et al., 2016; Ahlgren et al., 2019), with significant
physiological and genomic variation (Kashtan et al.,
2014; Pittera et al., 2014). In particular, it will be interest-
ing to examine genomic and physiologically diversity
among CRD1 subpopulations as more genomes and iso-
lates become available.

Marine Synechococcus appear to possess similar gen-
eral mechanisms of low-Fe adaptation in comparison to
marine diatoms—reduction in Fe quota and increased
capacity for Fe uptake and storage. Thus, we observe
convergent evolution across these very divergent groups
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of eukaryotic and prokaryotic phytoplankton. In some
cases, both groups use homologous genes and mecha-
nisms to achieve these adaptations: ferritin and altering
the balance of ferredoxin and flavodoxin. At the same
time, Synechococcus uses different genes and mecha-
nisms: the prokaryotic transporter genes feoA/feoB,
bacterioferritin and siderophore uptake genes that are
generally absent in diatoms (Kazamia et al., 2018). An
abundance of Synechococcus genomes paired with
detailed knowledge of ecotype biogeography has allowed
for powerful comparisons across these closely-related
phytoplankton populations in ways not currently feasible
for diatom species. This is largely because diatoms have
much bigger, and more complicated, genomes, and as
such only a handful have been sequenced and assem-
bled. This makes it difficult to make more global compari-
sons of modes of genomic evolution between these
prokaryotic and eukaryote phytoplankton. However, given
that bacteria generally experience higher rates of hori-
zontal gene transfer than eukaryotes (Ochman et al.,
2000; Ku and Martin, 2016), we posit that a distinct fea-
ture of Fe adaptation in cyanobacteria is extreme flexibil-
ity in Fe-adaptive gene content.

Much of our previous understanding of low-Fe adapta-
tion in phytoplankton is often framed by binary compari-
sons of high-Fe, coastal versus low-Fe, open-ocean
habitats, or HNLC versus non-HNLC regions and iso-
lates. This study instead demonstrates how there are
multiple and more nuanced Fe niches to which marine
phytoplankton are adapted. We have delineated distinct
midrange- or high-Fe oligotrophic populations and found
that the seemingly disparate biomes of primarily warm
HNLCs and cold, mesotrophic waters appear to experi-
ence similar selective Fe-selective conditions. Given that
Synechococcus are easy to isolate in culture and are
found in nearly every marine habitat (Flombaum et al.,
2013), they provide an excellent model for on-going stud-
ies of how phytoplankton populations are adapted to the
full variety of Fe regimes in the oceans. We predict that
similar, complex Fe niche-differentiation occurs in other
phytoplankton groups, like diatoms, but has yet to be
uncovered. Moving forward, assessment and modelling
of Fe constraints on phytoplankton production should
take into consideration this more robust perspective on
the diverse Fe niches that occur in the oceans.

Materials and methods
Fe physiology experiments

All cultures (WH8102, MITS9220 and GEYO) used were
not axenic and contained heterotrophic bacteria from nor-
mal propagation in the lab—that is, heterotrophic bacteria
were not transplanted from one culture to another.
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Preparation and growth of cultures was done following
strict trace-metal clean protocols (use of acid-washed
bottles and tubes; Chelex-treated macronutrients; and a
trace-metal clean, HEPA-filtered, laminar hood). Cultures
were grown at 23°C under 20 umol Q m=2 s~ light (cool
white fluorescence lamps) with a 14:10 light dark cycle.
Replete Fe media consisted of Sargasso Sea water
amended with Pro99 nutrient levels (Moore et al., 2007)
with 100 pM EDTA added and the [FeCls] was changed
to 1 pM corresponding to an inorganic free Fe
(Fe’) concentration of 39 nM following the calculations
and empirical validation of (Mackey et al., 2015). The
total dissolved [Fe] in the Sargasso sea water (aged
>1 yr in an acid washed carboy) used as the media base
was 0.03nM (measured using a seawater
preconcentration system [seaFAST] with offline sector-
field inductively coupled plasma mass spectrometry [SF-
ICP-MS] (Jackson et al., 2018; Wuttig et al., 2019)) and
thus contributed negligibly (~ 1 pM) to background [Fe’].
Cultures were pelleted and washed twice in sterile Sar-
gasso Sea water and then transferred into media where
Fe’ was changed to 0 (no added Fe, ~ 0.001), 0.03, 0.3,
1, or 39 nM Fe’. Cultures were monitored on a Becton
Dickinson Accuri C6 flow cytometer to measure cell con-
centration, relative cellular chlorophyll fluorescence (exci-
tation: 488 nm, emission: >670 nm long pass filter) and
relative cell size (forward light scatter). Fluorescent beads
were added to samples to normalize the latter two param-
eters measured between sampling dates.

Sequence data curation, preparation and analysis

Genomes of marine Synechococcus cultured isolates
and single-cell amplified genomes (SAGs) with >60%
estimated genome completeness (Berube et al., 2018)
were downloaded from NCBI and were 'dereplicated” with
dRep v2.2.2 (Olm et al., 2017) with default settings other
than ’-comp 60 -nc 0.5 -sa 0.98’ resulting in 47 genomes
spanning 16 ecotypes used in subsequent analyses
(Table S2). Prochlorococcus genomes analysed included
the 52 isolate genomes from (Biller et al., 2014) and two
metagenome-assembled genomes (MAGs) HNLC1 and
HNLC2 (Malmstrom et al., 2013) (Table S5). Orthologous
clusters of genes (designated as 'GC_XXXXX’) were
determined using OrthoMCL (Li et al., 2003) within the
anvio platform v5.2 (Eren et al., 2015). Functional annota-
tions available from NCBI's Prokaryotic Genome Annota-
tion Pipeline (PGAP) (Tatusova et al., 2016) were also
downloaded, and these were supplemented with addi-
tional annotations ascribed via HMM searches (HMMERS3;
v3.2.1) (Eddy, 2011) of predicted proteins against the
Pfam database (release 32) (El-Gebali et al., 2019) and
blastp searches against the COG database (Galperin
et al., 2015). These were also done within anvi'o, using
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default settings other than specifying blastp for the COG
search. Genes involved in Fe physiology were screened
by searching gene annotations and conserved domain
(CDS) search results (i.e., to Pfam, COG databases) with
relevant terms (e.g. 'Fe’, ’iron’, ’siderophore’, 'ferredoxin’,
ferritin’, “flavodoxin’) and then inspected manually, includ-
ing blastp similarity analysis against well-characterized
Fe-related genes from freshwater and marine cyano-
bacteria. Paralogous Fe-related gene clusters (those with
more than one gene copy per genome) were further
resolved into distinct paralog families using amino acid
phylogenies  constructed using PhyML (Guindon
et al., 2010).

Metagenomic read recruitment to surface, microbial
TARA Oceans metagenomes (Sunagawa et al., 2015)
and Costa Rica Dome metagenomes (Lee et al., 2019)
(Table S6) was performed using bowtie2 v2.3.4
(Langmead and Salzberg, 2012) with default settings and
requiring that at least 50% of the reference base pairs
recruit reads for that data (genome or gene recruitment)
to be included in subsequent analyses. Recruitment to
15 orthologous, single-copy core genes found in all incor-
porated Synechococcus genomes was used to deter-
mine ecotype relative abundances (Table S1, Fig. S3).
Core gene recruitment results correlated strongly to
results using recruitment to whole genomes (Fig. S13).
Proteins predicted to require Fe were identified with
MetalPredator using the default settings (Valasatava
et al., 2016). MetalPredator searches query proteins
against libraries of Hidden Markov Model profiles for
proteins with Pfam domains or structural motifs that bind
Fe-S clusters, and the method predicted Fe-S-binding
proteins as those with resulting e-values that are below
calibrated e-value thresholds that minimize false-positive
results. We reasonably assumed that the particular
regions of the genome recovered in SAGs were random
so calculation of the fraction of genes predicted to require
Fe was the same for SAGs and complete or nearly com-
plete isolate genomes: the number of genes predicted to
contain Fe-S clusters divided by the total number of
genes in the genome. Processing code for accessing
and dereplicating genomes, mapping the TARA dataset,
and running the pangenomic workflow is available at the
following repository: https://figshare.com/projects/
Ahlgren-Belisle-Lee-EM-2019/73416.

Statistical analyses

Analyses were performed with the open-source statistical
computing language and environment R (Team, 2018).
Hierarchical clustering of ecotypes by the gene presence/
absence matrices was done using Ward distance, and
confidence in these cluster results was assessed using
bootstrap analysis with 1000 replicates. The presence of

Fe-related genes or all non-core genes was summarized
for each ecotype by assessing if at least one genome in
each ecotype possessed that gene.

Environmental data for TARA Oceans samples was
obtained from PANGAEA (Tara Oceans Consortium,
2015) (temperature, salinity, phosphate, nitrate+nitrite,
nitrite, chlorophyll a). Modelled dissolved Fe (dFe) data
were taken from (Pasquier and Holzer, 2018) or from
(Toulza et al., 2012) for Red Sea sites not predicted by
Pasquier and Holzer (2018) (Fig. S14). NMDS analysis
was performed using the R package vegan (Oksanen
et al., 2011) using Bray-Curtis distances. Significant cor-
relation of environmental parameters to ordination by
Synechococcus ecotype composition was evaluated
using the function ’envfit’ in vegan. Mann-Whitney U
tests were used to test statistically significant differences
between binned samples for Fe-related gene recruitment
values, which were normalized to Synechococcus core
gene recruitment, and Pearson correlations were tested
for gene abundances versus the log of dFe.
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