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33 Abstract

34 Synechococcus are the most abundant cyanobacteria in high latitude regions and are responsible
35 for an estimated 17% of annual marine primary productivity. Despite their biogeochemical
36 importance, Synechococcus populations have been unevenly sampled across the ocean, with most
37  studies focused on low-latitude strains. In particular, the near absence of Synechococcus genomes
38  from high-latitude, High Nutrient Low Chlorophyll (HNLC) regions leaves a gap in our knowledge
39 of picocyanobacterial adaptation to iron limitation and their influence on carbon, nitrogen, and iron
40 cycles. We examined Synechococcus populations from the subarctic North Pacific, a well-
41 characterized HNLC region, with quantitative metagenomics. Assembly with short and long reads
42 produced two near complete Synechococcus metagenome-assembled genomes (MAGSs).
43 Quantitative metagenome-derived abundances of these populations matched well with flow
44  cytometry counts, and the Synechococcus MAGs were estimated to comprise >99% of the
45 Synechococcus at Station P. Whereas the Station P Synechococcus MAGs contained multiple
46  genes for adaptation to iron limitation, both genomes lacked genes for uptake and assimilation of
47 nitrate and nitrite, suggesting a dependence on ammonium, urea, and other forms of recycled
48 nitrogen leading to reduced iron requirements. A global analysis of Synechococcus nitrate
49 reductase abundance in the TARA Oceans dataset found nitrate assimilation genes are also lower
50 in other HNLC regions. We propose nitrate and nitrite assimilation gene loss in Synechococcus
51 represents an adaptation to severe iron limitation in high-latitude regions where ammonium
52 availability is higher. Our findings have implications for models that quantify the contribution of
53 cyanobacteria to primary production and subsequent carbon export.

54
55 Significance

56 The cyanobacterium Synechococcus is a major contributor to ocean primary production and
57  biogeochemistry. Here, we used quantitative metagenomics to assemble and enumerate two
58  Synechococcus genomes from an iron-limited, High Nutrient Low Chlorophyll region. We show
59 these genomes represent the majority of Synechococcus cells at the site and are the first known
60 Synechococcus unable to assimilate either nitrate or nitrite. This gene loss is likely due to the high
61 iron quota of these proteins and predominant availability of recycled forms of nitrogen.
62 Synechococcus’ loss of nitrate assimilation affects their role in elemental cycles (e.g., carbon,
63 nitrogen, and iron), limits their potential for carbon export, and enhances our understanding of
64 Synechococcus evolution in response to nutrient limitation and competition.

65
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67 Introduction

68 Prochlorococcus and Synechococcus are critical components of marine biogeochemical cycles,
69 generating ~25% of the ocean’s annual net primary production and contributing significantly to
70 carbon export (1-2). Prochlorococcus is largely restricted to equatorial and subtropical latitudes,
71 while Synechococcus dominates cooler waters in regions of equatorial upwelling and high latitudes
72 (3). Both groups exhibit high levels of strain diversification due to niche specialization arising from
73 variations in environmental conditions (light, temperature, nitrogen, phosphorus, etc.) including iron
74  availability (4-6).

75 Iron is an essential micronutrient as it is a required cofactor in photosynthetic and respiratory
76  electron transport chains (7, 8). Photosystems | and |l require 12 and 3 iron atoms per photosystem,
77 respectively, and the light-harvesting phycobilisome proteins are synthesized by iron-containing
78 enzymes (8). Iron is also required in other key metabolic functions, including nitrate and nitrite
79 assimilation, with nitrate and nitrite reductases requiring 4 and 5 iron atoms per enzyme,
80 respectively (9-11). In High Nutrient Low Chlorophyll (HNLC) regions these cellular iron demands
81 in combination with low iron bioavailability lead to iron limitation of primary production. Three major
82 ocean regions have been identified as HNLC zones: the Equatorial Pacific, the Southern Ocean,
83  and the subarctic North Pacific; together they represent roughly 30% of the world’s oceans (12).
84  These regions are characterized by low phytoplankton biomass and consistently high
85 concentrations of macronutrients in the mixed layer resulting from incomplete utilization due to
86  severe iron limitation (13, 14). Nitrate concentrations for example are in the tens of micromolar
87 range (14).

88 Synechococcus and Prochlorococcus strains have evolved diverse adaptations to iron limitation.
89 In non-HNLC regions, Prochlorococcus are enriched in iron-storing ferritin genes and iron uptake
90 regulators that enables growth at approximately ten-fold lower iron concentrations and a more rapid
91 response to iron-stress relief (15). In Synechococcus, coastal strains possess multiple iron storage,
92 stress regulation, and response genes that are intricately regulated under the dynamic iron
93 conditions of the coastal environment (16). By contrast, pelagic Synechococcus strains that grow
94 in the primarily N-limited oligotrophic gyres lack many of these iron-response genes and exhibit a
95 more limited iron regulatory response.

96 Cyanobacteria, however, are relatively under-sampled in high-latitude HNLC regions, resulting in

97 a major gap in understanding nutrient acquisition and adaptation strategies in these large,

98  biogeochemically important regions. In tropical and subtropical HNLC regions, Prochlorococcus

99  and Synechococcus have adapted to iron-limiting conditions by substituting iron requiring genes
100 such as Fe-S containing proteins with non-iron containing functional homologues (17, 18, 19).
101 Several Synechococcus strains from these regions have high ferritin gene copy numbers for
102 enhanced iron storage (18, 19). Although marker gene analysis has shown that members of the
103 CRD1 clade, a phylogenetically distinct lineage of Synechococcus found in the equatorial Pacific,
104 are also present in high-latitude HNLC waters, these regions are not well represented in current
105 bacterial metagenomic datasets, and all currently sequenced isolates, metagenome-assembled
106  genomes (MAGs), and single cell assembled genomes (SAGs) from these clades are derived from
107 low-latitude HNLC zones (19).

108 The absence of high-latitude HNLC Synechococcus genomes leaves a substantial gap in our
109  current knowledge of picocyanobacterial iron adaptation strategies and their importance to
110 biogeochemical cycling. Here, we used quantitative metagenomics and genome assembly to
111 enumerate and characterize cyanobacteria populations at Station P (Ocean Station PAPA) to
112 identify the strategies Synechococcus have evolved to succeed in iron-limited HNLC zones and
113 their impact on biogeochemical cycling and carbon export.

114
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115 Results

116 Station P is a low productivity system with high nitrate (7-15 pM) and low iron (< 100 pM)
117 concentrations characteristic of HNLC regions (13, 20, 21). Phytoplankton blooms are rare, and
118  primary production is sustained primarily by intrusion of nutrients from the shallow seasonal
119 pycnocline (22). Fitting with previous observations, phytoplankton at Station P during our sampling
120 consisted primarily of small cells (<5 um), including Synechococcus, small pennate diatoms, and
121 autotrophic flagellates, with low abundance of large (>5 um) flagellates and diatoms (Fig. 1).
122 Correspondingly, the small size fraction had the highest chlorophyll concentrations, carbon, nitrate,
123 and ammonium uptake rates, and represented 68% of total primary production (Fig. 1). The f-ratios
124  (fraction of total primary production fueled by nitrate: here nitrate uptake / [nitrate + ammonium
125 uptake]) were low for both size fractions, though the small cells had f-ratios half that of the large
126 cells (Fig. 1). Together, the relatively low primary production and f-ratios observed at Station P
127 indicate a system driven by regenerated production, particularly by small phytoplankton cells (23-
128  25).

129  The Synechococcus-dominated deep chlorophyll maximum (DCM) was located at 50-70 m, below
130 the mixed layer but well above the ferricline, which was around 200 m. Additionally, iron inputs from
131 dust deposition and mesoscale eddy events are infrequent at Station P compared to the adjacent
132 subtropical North Pacific Gyre, and surface dissolved iron concentrations were low (0.04 + 0.03 nM
133 during cruise; seasonally ~0.05 nM spring and summer, ~0.1 nM winter, 25-29). Ammonium and
134 nitrate concentrations were relatively high at all sampled depths, suggesting neither oxidized nor
135 reduced forms of nitrogen are limiting (Fig. 1 and S1).

136 We used quantitative metagenomics to enumerate Synechococcus abundance at Station P.
137 Genome equivalents were enumerated by identifying single copy recombinase A (recA) genes in a
138 metagenome sample, and then converted to volumetric abundances via recovery ratios derived
139 from internal standards added prior to extraction (30-37). A comparison between our quantitative
140 metagenome-derived Synechococcus abundances and simultaneously collected flow cytometry
141 Synechococcus cell concentrations show strong agreement (Fig. 2A), further supporting the use of
142 internal standard quantitative metagenomics for determining absolute abundances of bacterial
143 groups in situ. Synechococcus were the most abundant cyanobacteria at all depths (Fig. 2B), with
144 peak densities of 5 x 107 cells L' at 50-75 m (Fig. 2B). Taxonomic classification of the recA genes
145 revealed the Synechococcus community was dominated by two populations, Clade | and 1V, both
146 previously found to be abundant at other high-latitude sites (18, 38, 39). These two clades
147 represented >99% of the Station P Synechococcus population at all depths, with Clade IV most
148 prevalent at 50 m and Clade | at 70 m.

149  Assembly of short and long reads produced two high quality Synechococcus genomes (Syn-SP1
150 and Syn-SP2) representing the two dominant clades (Table 1). Syn-SP1 is most closely related to
151 a Single cell Amplified Genome (SAG; Synechococcus C sp003208835) collected from 65 m in the
152 subtropical North Pacific and isolates CC9902 and BL107 from Synechococcus Clade IV (40). The
153 second Synechococcus MAG (Syn-SP2) is phylogenetically distant from Syn-SP1 (77.3% ANI) and
154  a member of Clade | and is closely related to SAG Synechococcus_C sp002500205 and isolates
155 CC9311 and WH8020. Syn-SP1’s genome is similar in size to other known Clade IV members,
156  while Syn-SP2’s genome is smaller than other Clade | members (41). These MAGs are the first
157  genomes from Synechococcus clades to dominate these high-latitude regions (18, 39).

158  Absolute quantification of MAG populations. We estimated the volumetric abundances
159  (genomes L") of the Synechococcus MAG populations by deriving a coverage-based recovery ratio
160 from the internal standard genome reads. Surface concentrations of the MAG populations were 3
161 to 6 x 108 genomes L', and 2 to 4 x 107 genomes L' at the DCM (50-70 m) (Fig. 2B). Summed,
162 the two MAGs accounted for nearly all Synechococcus genome abundances, as determined by
163 either metagenome-derived recA counts (MAGs were 96% of total Synechococcus recA) or flow
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164  cytometry (97% of Synechococcus flow cytometry counts). The Syn-SP1 MAG accounted for an
165 average of 93% of the clade IV population, and the Syn-SP2 MAG accounted for an average of
166 106% of the clade | population. We further validated the dominance of the SP1 And SP2
167 populations by mapping the metagenome reads to the MAGS and found 95% of unassembled
168 Synechococcus metagenome reads mapped to the two MAGs. The MAGs thus represent the
169 dominant Synechococcus populations and their genomic composition at Station P during our
170 sampling.

171  Adaptations of Synechococcus MAGs. The Station P Synechococcus genomes encode several
172 strategies to cope with low iron availability, strategies that are well distributed across
173 Synechococcus clades (Fig. 3A and Fig. S2). For iron transport, both genomes possess NRAMP
174 Fe/Mn and idiABC iron transporters. In addition, Syn-S1 and Syn-D1 contain an operon for
175 importing iron-chelated siderophores. These siderophore transport genes have previously been
176 identified in a few Clade lll, IV, CRD2, and UC-B members (19). It is unclear whether these
177 populations synthesize their own siderophores or can obtain siderophores released by other
178 community members (42). Both Station P genomes possess a single copy of the ferritin gene for
179 iron storage and Fur iron regulatory system. Equatorial HNLC-associated Synechococcus clade
180 CRD1 possess multiple ferritin genes, potentially as an adaptation to low iron availability (19). The
181 Station P genomes encode a suite of alternative, low iron-containing proteins for core
182 photosynthesis and electron transport chain functions, in addition to their high-iron dependent
183 counterparts. This includes flavodoxin as a ferredoxin substitute and plastocyanin as a cytochrome
184 c6 substitute, and the presence of only superoxide dismutases that use copper and zinc or nickel
185 cofactors instead of iron (43-45). Overall, the Station P genomes encode multiple strategies for
186 obtaining and conserving iron, but these strategies are not unique to them, rather they are broadly
187 distributed in Synechococcus genomes obtained from both low and high iron environments.

188 The Station P Synechococcus genomes were unique in their nitrogen assimilation pathway. Within
189  a nitrogen gene cluster highly conserved among cyanobacteria, both genomes are missing genes
190 for nitrate reductase, nitrite reductase, nitrate and nitrite transporters, cyanate hydratase, and the
191 nitrate reductase cofactor molybdopterin biosynthesis genes (Fig. 3B). By contrast, the genomes
192 both contain two distinct ammonium transporters, all urease subunits, and a urea ABC transporter.
193 For the two ammonium transporters found in both Syn-SP1 and Syn-SP2, one is closely related to
194  other Synechococcus ammonium transporters, and the other is closely related to euryarchaeal and
195  Thermotogae ammonium transporters (Fig S3).

196 Support for the absence of nitrate and nitrite utilization genes from Station P Synechococcus
197 populations is provided by (1) the high quality and completeness of the MAGs from multiple
198 independent assemblies, (2) the missing nitrogen genes’ location in the interior of a contig flanked
199 by nitrogen genes with homology to taxonomically related genomes, and (3) individual long
200 Nanopore reads lacking these genes (Fig. S4). To further increase confidence that nitrate and nitrite
201 assimilation genes are absent in Station P Synechococcus populations, we determined
202 Synechococcus nitrogen gene copy numbers in the unassembled metagenomes. If the majority of
203 Station P Synechococcus genomes possess nitrate reductase (narB), then narB copies per
204  genome should be approximately one (Fig. 4). Instead, we found Synechococcus narB copy
205 numbers much less than one (range 0.04 to 0.26), supporting their depletion in Station P
206 Synechococcus populations. Nitrite reductase (nirA) gene ratios were higher (range 0.42 to 1.35),
207 though this may be due to misannotation given nirA’s high sequence similarity to sulfite reductase.
208 Copy numbers for the nitrate transporter narT and the nitrite/formate transporter focA were also
209 much lower than one, supporting depletion in the Station P Synechococcus populations. focA gene
210 abundance was approximately 25% for the Synechococcus community, so it is possible that a
211 Synechococcus variant with nitrite reductase represents a fraction of the station P population. By
212 contrast, Synechococcus ammonium transporter (amt) genome copy numbers were between two
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213 and three across all Station P samples (range 0.91 to 2.77), consistent with the two amt copies in
214 our Synechococcus genomes.

215 The Station P genomes are the first known Synechococcus to lack both nitrate and nitrite uptake
216 and utilization genes. Two previously sequenced Synechococcus genomes do not encode the
217 ability to use nitrate but are capable of nitrite assimilation: MIT S9508 isolated from an HNLC zone
218 in the Equatorial Pacific, and RS9917 isolated from the Red Sea (46-48). Both isolates were
219  obtained using media with ammonium as the nitrogen source. The loss of both nitrate and nitrite
220 assimilation therefore may be specific to high latitude HNLC Synechococcus, though more
221 metagenome sequencing and cultivation on non-traditional Synechococcus media (with ammonium
222 used as N source instead of traditionally used nitrate) is needed (49).

223 The absence of nitrate and nitrite assimilation and the enrichment of ammonium transporters
224 suggests the dominant Synechococcus populations at Station P cannot utilize nitrate or nitrite as a
225 nitrogen source and instead rely on ammonium- or other reduced forms of recycled nitrogen for
226 growth. Despite high concentrations of nitrate in this region, the benefit to losing nitrate and nitrite
227  assimilation is a decreased cellular iron and energy demand. Reduction of exogenous nitrate and
228 nitrite to ammonium requires a large quantity of iron, with nitrate reductase containing four iron
229 atoms per enzyme and nitrite reductase containing five iron atoms (11, 50). In many areas of the
230 ocean, iron stress is coupled with nitrogen stress leading cyanobacteria to maintain assimilation
231 capabilities for all sources of N, including nitrate and nitrite, and their associated high iron cost (51).
232 However, in HNLC regions such as Station P, abundant N sources, particularly ammonium and
233 urea, may drive the system more heavily towards iron limitation, resulting in evolutionary pressure
234 to prioritize iron conservation over nitrate utilization via loss of the nitrate/nitrite assimilation
235 pathway (29).

236 Global patterns in nitrate and nitrate assimilation loss. To examine whether Synechococcus
237 nitrate and nitrite assimilation loss is widespread in the global ocean, we extended the nitrogen
238  gene copy number analysis to the TARA Oceans metagenomes. TARA Oceans contigs from the
239 0.2 to 1.6 ym size fraction were annotated via a BLASTX search to identify contigs containing
240 Synechococcus nitrate reductase (narB), nitrite reductase (nirR), ammonium transporter (amt), and
241 recombinase A (recA) genes. These contigs were paired with their corresponding TARA-generated
242 gene coverage data to calculate nitrogen assimilation and utilization gene copy numbers per
243 genome equivalents. The ratios at each station were then compared to surface nitrate and
244  dissolved iron concentrations (N:Fe ratios) predicted by the PISCES global ocean biogeochemical
245 model (52, 53). Station P Synechococcus narB genome copies were depleted compared to most
246  TARA stations (Fig. 5A). Nitrite reductase (nirR) genome copy numbers were not significantly
247 different between TARA stations, though Station P samples from the DCM or lower had nirR copy
248 numbers below most TARA sites. By contrast, Synechococcus ammonium transporters (amtT)
249  were typically found at greater than one copy per genome at both Station P and TARA stations,
250 though there was a clear enrichment at Station P (Fig 5A). Based on the TARA metagenome and
251 PISCES nutrient data, nitrate reductase (narB) copy numbers are low in the HNLC regions of the
252 southeastern and equatorial Pacific that have high nitrate and low chlorophyll a concentrations (Fig.
253 5B and 5C). The lowest narB copy numbers correspond with Station P and the TARA Stations with
254 the highest N:Fe ratios, all of which are within or adjacent to HNLC regions, supporting nitrate
255 assimilation gene loss is linked to iron limitation (Fig 5C).

256 Discussion

257 Our findings show the dominant Synechococcus at Station P are incapable of assimilating either
258 nitrate or nitrite and instead rely on reduced nitrogen sources such as ammonium and urea. The
259 loss of genes for both nitrate and nitrite assimilation reduce the cellular iron demand required by
260 their respective reductases, imparting a fitness advantage in this low-iron HNLC region. The f-ratios
261 were low at Station P, particularly in small cells below the mixed layer where Synechococcus is
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262 most abundant, which can be attributed to the lack of Synechococcus nitrate and nitrite uptake
263 capabilities. In other regions, Synechococcus populations have lost nitrate assimilation while
264 retaining nitrite assimilation. The TARA Oceans nitrogen gene analysis indicates Synechococcus
265 nitrate reductases are also depleted within the equatorial and sub-tropical Southern Pacific HNLC
266 regions. The results suggest having both nitrate and nitrite assimilation capabilities or nitrite
267 assimilation alone is not a core trait of marine Synechococcus.

268 The disparate loss of nitrogen assimilation genes across the Synechococcus phylogeny suggests
269 multiple factors might be influencing their retention. If iron limitation exerts a significant selective
270  pressure for nitrogen gene loss, why have high latitude HNLC Synechococcus lost both nitrate and
271 nitrite assimilation while equatorial HNLC Synechococcus strains only abandon a portion of the
272 pathway? This may be due to dueling pressures between iron stress and competition for reduced
273 nitrogen species. Complete loss of nitrate and nitrite assimilation may only be possible at high
274 latitudes where there is reduced competition for ammonium from other cyanobacteria.
275 Prochlorococus is a major competitor for reduced nitrogen species, often relying solely on
276 ammonium as their nitrogen source. They are dominant in many low to mid latitude regions but
277 absent at high latitudes (3, 6, 11, 54), including Station P where they are undetectable by pigment
278  analysis, flow cytometry, and metagenomics. In low latitude HNLC regions, competition with
279 Prochlorococus and heterotrophic bacteria may result in Synechococcus at least maintaining nitrite
280 uptake. In high latitude HNLC regions, competition for ammonium is lower due to the absence of
281 Prochlorococcus. Further, overall community competition for ammonium is likely low at Station P
282 given the relatively high standing stocks of ammonium at the DCM; Station P’s peak ammonium
283 concentration was greater than threefold higher than those measured in equatorial HNLC sites (Fig.
284  S5).

285 The model for Prochlorococcus nitrogen gene gain and loss appears to be a close counterpart to
286 Synechococcus, where nitrogen gene retention is selected for by nitrogen competition but selected
287 against in iron- or light-limiting environments (11, 55). Low-light Prochlorococcus typically possess
288 only nitrite assimilation genes and are abundant at the subsurface nitrite maximum at the base of
289  the euphotic zone (54). Competition for ammonium near the nitrite maximum is intense due to the
290 presence of ammonia-oxidizing archaea, driving low-light Prochlorococcus to acquire nitrite
291 generated by ammonia oxidizers (56-58). Additionally, most low-light Prochlorococcus are
292 restricted to the base of the euphotic zone, where the energy required to reduce nitrate may drive
293 selection against maintaining nitrate assimilation (11, 54). High-light Prochlorococcus suffer less
294 light limitation and many strains possess both nitrate and nitrite assimilation pathways (6, 11, 59).
295 Critically, high-light Prochlorococcus clades adapted to low-iron conditions in the Equatorial Pacific
296 HNLC zone do not contain nitrate and nitrite utilization genes, reducing their iron requirements (11,
297 17, 60).

298 The inability to assimilate nitrate and nitrite by Synechococcus populations suggests a re-
299 evaluation of their role in HNLC nutrient cycles and carbon export. In these regions, iron availability
300 limits primary production and the degree to which nitrate can be utilized due to the iron requirements
301 for nitrate reduction and assimilation. New iron delivered to this region via lateral advection,
302 entrainment from subsurface waters, or from atmospheric inputs leads to pulses of nitrate-based
303 new production typically dominated by large phytoplankton (i.e., diatoms) that exceed surface
304 remineralization and can be exported (61). However, according to our findings, any new inputs of
305 iron would not stimulate nitrate utilization and subsequent growth in the dominant Synechococcus
306 population at Station P, prohibiting them from significantly contributing to organic carbon export
307 fluxes. Instead, Station P Synechococcus are confined to a tight recycling loop where they are
308 dependent on other primary producers to assimilate nitrate, which then directly or indirectly
309 regulates the subsequent availability of recycled forms of nitrogen such as ammonium or urea. The
310 directinability of Synechococcus to bloom when pulses of iron are added to the system means their
311 fixed carbon is continuously cycled in the surface ocean when grazed upon or remineralized by
312 bacterioplankton, leaving little carbon to be exported to depth. Thus, whereas small cyanobacteria
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313 such as Prochlorococcus and Synechococcus can be major contributors to ocean carbon export,
314 in the North Pacific and possibly other HNLC regions, this does not appear to be the case (1, 6, 62,
315  63).

316

317  While our analysis suggests the dominant Synechococcus populations at Station P do not contain
318 nitrate and nitrite assimilation pathways, we did detect the presence of these genes at relatively
319 low levels (< 10% of genome equivalents) in the unassembled metagenome. This suggests there
320 may be a small population of nitrate utilizing Synechococcus maintained in the community. At
321 different times of the year these populations may increase in abundance, potentially when iron is
322 pulsed into the system altering nitrogen cycles and carbon export potential. This emphasizes the
323 need for further genomic and biogeochemical investigations to model the role of cyanobacteria
324 more accurately in the Fe, N, and C cycles of HNLC zones. Further, if nitrogen assimilation
325 adaptation driven by iron limitation is prevalent within other HNLC Synechococcus populations, as
326  our TARA Oceans analysis suggests, it has significant impacts on nutrient cycling and associated
327 carbon export by the cyanobacterial community in a sizable fraction of the global ocean. Overall,
328 our results further support how iron availability affects primary productivity directly through limitation
329 but also has fundamentally shaped phytoplankton functional capabilities leading to cascading
330 effects on marine biogeochemical cycles and food webs.

331
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332 Materials and Methods

333 Samples were collected at Station P in the North Pacific in August and September 2018 as part of
334 the NASA Export Processes in the Ocean from RemoTe Sensing (EXPORTS) expedition (24). Flow
335 cytometric enumeration of Synechococcus was performed on a Becton Dickinson Influx Cell Sorter
336 (BD-ICS) flow cytometer while at sea following previously published protocols (64). For uptake
337 incubations, seawater was collected with a trace metal clean rosette, aliquoted into acid washed
338 bottles, and inoculated with NaH'3CQs isotope and Na'>NOs- isotope at 10% of ambient DIC and
339 NOsconcentrations and incubated for 24 hours. Samples were gravity filtered through pre-
340 combusted GF/F filters, dried and stored until onshore analysis at the UC Davis Stable Isotope
341 Facility (23). Ambient nutrient concentrations were collected as described in Siegel et al. (2021; ref
342 24).

343 For the metagenomes, seawater was prefiltered through a 5 um membrane filter and cells collected
344  on 0.2 um membrane filter. DNA for short read sequencing was extracted from the filters using a
345 DNeasy Powerwater kit. Internal genomic standards were added immediately before starting the
346 extraction. Metagenomes were sequenced with HiSeq 4000 as 2 x 150 bp reads. Metagenome
347 reads were annotated with a DIAMOND search against the NCBI Refseq protein database.
348 Metagenome assembled genomes (MAGS) were assembled with metaspades and then mapped
349  for read coverage with Bowtie2. Contigs were each binned by MetaBAT, MaxBin, and CONCOCT,
350 and then consolidated using DAS Tool and CheckM. Synechococcus MAG quality was increased
351 by performing several additional assemblies including Oxford nanopore long reads and manual
352 curation. DNA for long read sequencing was obtained by phenol chloroform extraction.

353 Synechococcus volumetric abundances were derived from internal standard normalized
354 metagenomes by recA recovery and internal standard genome recovery. Metagenome recA genes
355 were identified by a DIAMOND homology search against a custom RecA protein database, and the
356  resulting recA read counts were converted to volumetric abundances using the internal standards
357 recovery ratio and volume of seawater filtered. To calculate MAG population abundances, a
358 coverage-based ratio was calculated for each of the three internal standard genomes by mapping
359 metagenome reads to the internal standard reference genomes. The mean depth of coverage was
360 calculated by dividing the total number of bases mapped by the size of the genomes. This mean
361 depth of coverage represents the number of internal standard genomes recovered through
362 sequencing and was divided by the number of genome molecules added to the sample to determine
363  the recovery ratio. The Synechococcus MAG volumetric abundances was then determined by
364 mapping metagenome reads onto the Synechococcus MAG, calculating the mean depth of
365  coverage, and then dividing by the coverage-based recovery ratio and volume of seawater filtered.
366 Detailed descriptions of sample collection, processing, and analysis can be found in the
367  supplemental methods.
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540  Figures and Tables

541 Figure 1. Depth distributions of biological, nutrient, and uptake rates at Station P, September 7th
542  2018. Chl a: Chlorophyll a, '®C uptake: radiolabeled carbon uptake rates, '®NOz uptake: nitrate
543 uptake rates, NH4* uptake: ammonium uptake rates. f-ratios calculated from the upper 100m of
544  the water column for the > 5 ym (red) and < 5 uym (blue) phytoplankton fraction. Nitrate (NO3") and
545 ammonium (NH4*) concentrations. Average mixed layer depth (MLD) for the cruise (29 m +/- 4.5
546 m) is indicated in Chl-a graph.

547 Figure 2. Metagenome-derived volumetric abundances of total Synechococcus cells and
548 Synechococcus MAG populations at Station P. A. Comparison of flow cytometry versus
549  metagenome derived Synechococcus abundances. The red line is the linear regression model,
550 and the black dashed line is the 1:1 line. B. Metagenome-derived depth distributions of total
551 Synechococcus cells, the subset of Synechococcus Clade | and IV populations, and the
552 abundances of cells represented by the three different MAGs. recA abundances (solid line) and
553 MAG abundances (dashed line) are separated into total (black), Clade | (blue), Clade IV (red), and
554  Other Clades (green).

555 Figure 3: A. Phylogenomic distribution of nitrogen acquisition (blue) and selected iron requiring
556 genes (red) across Synechococcus clades. Phylogenetic relatedness was determined by multiple
557 sequence alignment of each genome’s concatenated 120 bacterial marker genes in GTDB-TK.
558 Station P Synechococcus MAGs are bolded and highlighted in gray. Numbers in a column
559 represent gene copies in a genome, with m standing for multiple copies of the ferredoxin gene, and
560 A standing for partial presence of the gene pathway. Only genomes with an estimated completeness
561 of >90% are included here (for a complete set of genomes see Supplemental Figure 3). B.
562 Distribution of nitrogen assimilation genes across select Synechococcus genomes. Station Papa
563 MAGs are labeled in blue. Light gray indicates homologous genes that are present in different order
564  within gene region. Red vertical lines indicate contig breaks.

565 Figure 4. Depth distribution of nitrogen assimilation gene prevalence in Station P unassembled
566  metagenomes. Nitrogen gene copy numbers per genome were calculated as the ratio of
567 Synechococcus nitrogen gene read abundance to Synechococcus recA read abundance, and then
568 log2 normalized. The solid vertical line is the 1:1 ratio representing a single copy of the gene per
569 recA (Synechococcus genome equivalent), with dotted lines representing other genome copy
570 numbers. *Seven samples are not included due to no nitrate transporter reads found in those
571 samples.

572 Figure 5. Global prevalence of Synechococcus select nitrogen metabolism genes in relation to iron
573  and nitrogen standing stocks. A. Synechococcus gene copy numbers for nitrate reductase, nitrite
574 reductase, and ammonium transporters for all TARA Stations and all EXPORTS Station P samples.
575 B. Global patterns of nitrate (background map), dissolved iron concentrations (outer circle of each
576  datapoint), and Synechococcus nitrate reductase genome copy numbers (inner circle of each
577  datapoint) for TARA stations and Station P (large circle). Synechococcus nitrogen copy numbers
578  were calculated using gene length normalized ratios derived from the TARA dataset. Annual nitrate
579 concentrations were derived from the WOA2018 global dataset. Dissolved iron concentrations
580  determined from the PISCES biogeochemical model and BYONIC 3R biogeochemistry dataset. C.
581 Nitrate to Iron ratio versus Synechococcus nitrate reductase gene copy number of the TARA
582 stations and EXPORTS Station P. Select stations within the Equatorial Pacific HNLC zone and the
583 Eastern Tropical Southern Pacific are labeled with their TARA ID.

584

585 Table 1. Genome characteristics of the Synechococcus Station P (Syn SP) MAGs. Clade: clade
586  of Synechococcus MAG binned to within GTDB
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MAG Source Clade Assembled Completeness Contamination #Contigs GC%
Samples Genome (%) (%)
Size (Mbp)
Syn_SP1 0-95m v 1.99 95.29 0.27 116 54.87
Syn_SP2 0-95m I 2.21 97.92 1.64 81 53.4

587
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Figure 1. Depth distributions of biological, nutrient, and uptake rates at Station P, September 2018.
Chlorophyll a, Synechococcus cell concentrations, radiolabeled carbon uptake rates, nitrate uptake
rates, ammonia uptake rates. f-ratios calculated from the upper 100 m of the water column for the
> 5 um (red) and < 5 ym (blue) phytoplankton fraction. Non-size-fractionated ammonium (NH,*)
and nitrate (NO,") concentrations. Average mixed layer depth (MLD) for the cruise (29 m +/- 4.5 m)

is indicated in chl-a graph.
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Figure 2. Metagenome-derived volumetric abundances of total Synechococcus cells and
Synechococcus MAG populations at Station P. (A) Comparison of flow cytometry versus
metagenome derived Synechococcus abundances. The red line is the linear regression model,
and the black dashed line is the 1:1 line. (B) Metagenome-derived depth distributions of total
Synechococcus cells, the subset of Synechococcus Clade | and IV populations, and the
abundances of cells represented by the three different MAGs. recA abundances

(solid line) and MAG abundances (dashed line) are separated into total (black),

Clade | (blue), Clade IV (red), and Other Clades (green).
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Figure 3: (A) Phylogenomic distribution of nitrogen (blue) and iron (red) associated genes
across the Synechococcus clade. Only genomes with completeness >90% are included

here (for an expanded set of genomes, including partial genomes, see Fig. S3).
Phylogenetic relatedness was determined by marker gene comparison using GTDB-Tk.
Station P Synechococcus MAGs are bolded and highlighted in gray. Numbers in a column
represent gene copies in a genome, with ‘m’ standing for multiple copies of the ferredoxin
gene, and V" standing for partial presence of the gene pathway. (B) Distribution of nitrogen
assimilation genes across select Synechococcus genomes. Station Papa MAGs are labeled
in blue. Light gray indicates homologous genes that are present in different order within gene
region. Red vertical lines indicate contig breaks.
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Figure 4. Depth distribution of nitrogen assimilation gene prevalence in Station P unassembled
metagenomes. Nitrogen gene copy numbers per genome were calculated as the ratio of
Synechococcus nitrogen gene read abundance to Synechococcus recA read abundance, and
then log2 normalized. The solid vertical line is the 1:1 ratio representing a single copy of the
gene per recA (Synechococcus genome equivalent), with dotted lines representing other genome
copy numbers. *Seven samples are not included due to no nitrate transporter reads found in
those samples.
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Figure 5. (A) Gene copy numbers for nitrate reductase, nitrite reductase, and ammonia
transporters at TARA Ocean and Station P sites. (B) Global patterns of nitrate (background map)
and dissolved iron concentrations (outer circle of each datapoint), and Synechococcus nitrate
reductase genome copy numbers (inner circle of each datapoint) for TARA stations and Station P
(large circle). Synechococcus nitrogen copy numbers were calculated using gene length
normalized ratios derived from the publicly available TARA dataset. Annual nitrate concentrations
were derived from the WOA2018 global dataset. Dissolved iron concentrations determined from
the PISCES biogeochemical model and BYONIC 3R biogeochemistry dataset. (C) Nutrient ratios
versus Synechococcus nitrate reductase gene copy number of the TARA stations and EXPORTS
Station P. Select stations within the equatorial Pacific HNLC zone and the Eastern Tropical

Southern Pacific are labeled with their TARA ID.
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