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ABSTRACT12

Phytoplankton transform inorganic carbon into thousands of biomolecules that13

represent an important pool of fixed carbon, nitrogen, and sulfur in the surface ocean.14

Metabolite production differs between phytoplankton, and the flux of thesemolecules15

through themicrobial foodwebdepends on compound-specific bioavailability tomem-16

bers of awidermicrobial community. Yet relatively little is knownabout the diversity or17

concentration ofmetabolites withinmarine plankton. Here we compare 313 polar me-18

tabolites in 21 cultured phytoplankton species and in natural planktonic communities19

across environmental gradients to show that bulk community metabolomes reflect20

chemical composition of the phytoplankton community. We also show that groups of21

compounds have similar patterns across space and taxonomy suggesting that the con-22

centrations of these compounds in the environment are controlled by similar sources23

and sinks. We quantify several compounds in the surface ocean that represent sub-24

stantial understudied pools of labile carbon. For example, theN-containingmetabolite25

homarine was up to 3% of particulate carbon and is produced in high concentrations26

by cultured Synechococcus, and S-containing gonyol accumulated up to 2.5 nM in sur-27

face particles and likely originates from dinoflagellates. Our results show that phyto-28

plankton composition directly shapes the carbon composition of the surface ocean.29

Our findings suggest that in order to access these pools of bioavailable carbon, the30

wider microbial community must be adapted to phytoplankton community composi-31

tion.32

IMPORTANCE33

Microscopic phytoplankton transform 100 million tons of inorganic carbon into34

thousands of different organic compounds each day. The structure of each chemical35

is critical to its biological and ecosystem function, yet, the diversity of biomolecules36

produced by marine microbial communities remained mainly unexplored, especially37

small polar molecules which are often considered the currency of the microbial loop.38

Here we explore the abundance and diversity of small biomolecules in planktonic39

communities across ecological gradients in the North Pacific and within 21 cultured40

phytoplankton species. Our work demonstrates that phytoplankton diversity is an im-41

portant determinant of the chemical composition of the highly bioavailable pool of or-42

ganic carbon in the ocean, andwe highlight understudied yet abundant compounds in43
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both the environment and cultured organisms. These findings add to understanding44

of how the chemical makeup of phytoplankton shapes marine microbial communities45

where the ability to sense and use biomolecules depends on the chemical structure.46

KEYWORDS: phytoplankton, metabolomics, North Pacific, HILIC, homarine,47

trigonelline, gonyol48

INTRODUCTION49

In the ocean, the molecular makeup of organic carbon shapes its journey through the50

global carbon cycle. Phytoplankton fix approximately 100 million tons of carbon on51

a daily basis (1), roughly equivalent to half the total biomass of humans on earth (2).52

Each day, the microbial community respires about half of this carbon through the mi-53

crobial loop (3). Approaches analyzing gene expression suggest freshly fixed small54

biomolecules, or metabolites, are among the most bioavailable in the surface ocean55

and represent a substantial conduit of carbon and energy flux. Much of the chemical56

complexity in phytoplankton-derived organic matter remains poorly described both57

qualitatively and quantitatively, particularly the highly labile portion of organic mat-58

ter encompassing small polar metabolites. Here we characterize the small molecules59

within particulate organicmatter in naturalmarinemicrobial communities in theNorth60

Pacific and cultures of 21 phytoplankton species to show that the chemical character61

of the bulk carbon pool in the ocean reflects the taxonomy of the primary producers62

present.63

Small polar metabolites can be major carbon, nutrient, and/or energy sources64

for heterotrophs (4, 5) and are often considered the currency of the microbial loop65

in the ocean. Beyond this, they can maintain phytoplankton-bacterial interactions66

(6, 7), serve as micronutrients (8, 9, 10), manage redox stress (11), fuel nitrogen fix-67

ation (12), act as chemical defenses (13, 14), and more. The comprehensive analysis68

of the metabolites in a system (metabolomics) is a nascent field and analytically chal-69

lenging in environmental settings (15, 16, 17). Metabolomic studies are being used70

to investigate physiological changes in marine organisms under laboratory conditions71

(4, 18, 19, 20, 21), though the same techniques have not been widely applied to whole72

communities in natural environments. Existing community marine metabolomic stud-73

ies have employed targeted approaches in which the compounds detected are chosen74

by the analyst (5, 12, 21, 22, 23) or the analytical techniques employed preclude the75

observation of small, highly polar compounds (24, 25).76

The chemical makeup of small polar compounds in freshly fixed organic matter in-77

fluences the flux of carbon and energy through themicrobial loop in the surface ocean.78

Here, we determine themetabolite pools in natural marine communities across space79

to explore the distributions of both known and unknown compounds. We compare80

our field observations to metabolomes of cultured marine primary producers from a81

broad taxonomic range and show how primary producers play an active role in shap-82

ing the chemical environment of the surface ocean. Finally, we highlight small polar83

compounds that may serve as potentially significant conduits of energy and nutrients84

in marine systems.85

RESULTS AND DISCUSSION86

Patterns ofmetabolites across space and taxonomy. Weexplored the patterns87

of metabolite abundances in three sample sets of marine particles in the North Pacific88

Ocean: one surface meridional transect and two depth profiles (Figure 1A, Table S1).89
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In the transect sample set, seven general patterns emerged across latitude using a90

k-medoids clustering approach of 313 metabolites (Figure 1B). The most common pat-91

tern (40% of compounds) showed a modest yet robust increase in concentration with92

latitude (‘mode a’ in Figure 1B). This is likely related to the general increase in biomass93

with latitude (Figure S1 and as seen in the increase of chlorophyll in Figure 1A). Many94

compounds (30%) had their highest concentration in samples from 33 or 34◦N (Figure95

1B, ‘modes c-f ’). About 19% of metabolites did not have a clear pattern with latitude96

(Figure 1B, ‘mode b’), while 8% of the compounds were generally more abundant in97

the southern samples than the northern samples (Figure 1B, ‘mode g’).98

In a non-metric multidimensional scaling (NMDS) analysis where each metabolite99

was treated with equal weight, there was a distinct shift in metabolite patterns in the100

samples on either side of approximately 30◦N (Figure S2, ANOSIM stat = 0.316, p =101

0.005). This corresponds well with the southern boundary of the North Pacific Transi-102

tion Zone, a well described oceanographic feature which extends from Japan to North103

America and arises from large-scale ocean circulation (26, 27). The northern and south-104

ern edges of this transition zone comprise of rapid changes in thermohaline struc-105

ture and biological species composition (28, 26, 29). We saw a similar stark transition106

within the metabolite pools that reiterate the transition from the warm, oligotrophic,107

North Pacific Subtropical Gyre (NPSG) into the colder, more nutrient replete North108

Pacific Transition Zone (NPTZ) where chlorophyll concentrations, Synechococcus, and109

picoeukaryote assemblages flourish (Figures 1 and S3, Table S2 for oceanographic con-110

ditions). Interestingly, the difference between metabolite profiles within the northern111

samples encompasses amuch wider range inmultivariate space, even within samples112

collected at the same time and location (biological replicates, Figure S2). This suggests113

the NPTZ is more heterogeneous in its metabolite profiles than the NPSG, and is sup-114

ported by the observed high variability in particulate carbon (PC) at northern sampling115

sites (Figure S1).116

We performed the same clustering technique (k-medoids) on the same metabo-117

lites (when observed) within two depth profiles: one from the NPSG and one from the118

NPTZ (Figure 1A for locations). Most of the metabolite concentrations decreased with119

depth, again corresponding with a decrease of PC (Figure 1C ‘modes a–f’ and Figure 1D120

‘modes a–c’). The extent of decrease in concentrations varied among metabolites, ex-121

emplified in the NPTZ depth profile by comparing the sharply attenuating ‘mode c’ to122

the more gentle attenuation of ‘mode a’ (Figure 1C). Modes a in both NPTZ and NPSG123

depth profiles follow the PC pattern closely, but the other modes do not follow the124

same trend as bulk PC with depth (Figure 1C and D). A minority of compounds in both125

of these depth profiles either had a subsurfacemaximumor no clear relationship with126

depth (Figure 1C ‘mode g’ and Figure 1D ‘mode d’).127

Using the 313metabolites from the transect sample set as a template, we searched128

for the same compounds within metabolomes of 21 species of axenic phytoplankton129

grown under controlled conditions and analyzed on the same instrumental set up (5)130

(Tables S3 and S7). Phytoplankton are the primary source of fixed carbon to the sur-131

face ocean and our cultures were grown under conditions that support autotrophic132

growth so we could interrogate the metabolite pools these organisms produce de133

novo from inorganic components. The cultures explored here encompass a wide tax-134

onomic range from picocyanobacteria that dominate much of our transect (Figure S3)135

to members of ubiquitous eukaryotic phytoplankton lineages like diatoms and coccol-136

ithophores. The taxonomic groups were recapitulated after a multivariate analysis of137

the metabolites across this data set in a semi-quantitative manner, using both NMDS138

(Figure S4) and k-medoids clustering (Figure 2A).139
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Overall, we saw that 17% (52) of the 313 metabolites were present in most of140

the cultured organisms with 44 of the metabolites within this mode observed in over141

80% of the phytoplankton species (‘mode a’ in Figure 2A). This suggests a set of com-142

pounds observable in most phytoplankton when analyzed under our analytical condi-143

tions. We were able to identify most of these compounds (33/52, 64%) which include144

many amino acids, primary metabolites, and nucleic acids (Tables S5 and S6). The re-145

maining 36% of compounds within this mode could not be identified, demonstrating146

that even the compounds critical to the physiology and biochemistry of a broad swath147

of marine primary producers in natural systems remain elusive. Another 39% (123) of148

metabolites were seen primarily in subsets of organisms, separating into five modes149

(‘modes b–f ’ in Figure 2A). Finally, about 44% of the 313 metabolites were either rarely150

or never observed in our cultures (mode g and not observed in Figure 2A).151

The patterns of metabolites across the cultures suggest suites of compounds that152

are closely associated with taxonomic groups of organisms. Several identified metab-153

olites in these groups corroborate previous work showing that certain types of organ-154

isms produce high concentrations of particular small molecules. For instance, DHPS155

and isethionate are within the mode of metabolites associated with diatoms (‘mode156

d‘) (5, 7), taurine is associated with dinoflagellates and haptophytes (‘mode f ‘) (5), and157

glucosylglycerol is associated with cyanobacteria (‘mode c‘) (30) (Figure 2A, Table S6).158

Most of the taxon-associated metabolites (72% of metabolites in modes b–f ’ in Fig-159

ure 2A) are still unidentified and offer possible future taxon-specific biomarkers in the160

polar organic carbon pools.161

Primary producers leave a metabolite signature in the environment. Com-162

pounds with similar patterns across these data sets would suggest shared sources163

and sinks. To assess this, we tested whether each k-medoids derived mode (within164

each sample set) was enriched in metabolites from a given mode from a different165

sample set, beyond what would be expected with a random assignment (assessed by166

a Monte Carlo-based bootstrapping approach, p-value < 0.05). For example, of the 52167

metabolites that were observed inmost of our cultured phytoplankton (‘mode a’ in Fig-168

ure 2A), there was a robust enrichment of compounds from the meridional transect169

‘mode a’ (in Figure 2C, general increase with latitude, p < 0.01, Figure 2B). This may170

reflect a general increase in phytoplankton biomass with latitude as supported by the171

increase in PC and chlorophyll (Figures S1 and 1A).172

We capitalized on our results to search for enrichment between each mode in173

each sample set and visualized enriched connections among all sample sets in a net-174

work analysis where each connection is a statistically significant enrichment between175

twomodes (p < 0.05, Figure 3). This analysis revealed a fewmeta-clusters, or groups of176

compounds that have similar patterns as each other across different spatial and taxo-177

nomic ranges (Figure 3). Thesemeta-clusters suggest compounds have similar sources178

across taxonomy that persist across both latitudinal and depth gradients in the envi-179

ronment. Building on the observation of over enrichment of metabolites between180

transect data set ‘mode a’ and culture data set ‘mode a’, we also saw that thesemodes181

share metabolites well beyond random assignment with the modes of metabolites in182

both depth profiles that attenuated in close proportion to PC with depth (’modes a’183

and b NPTZ depth profile, ’mode a’ in NPSG depth profile, p < 0.05, Figure 3). Identi-184

fied compounds within this ‘core metabolome’ meta-cluster included the amino acid185

glutamic acid, the nucleoside adenosine, the amino acid precursor homoserine, and186

several other primary metabolites (Table S6).187

Beyond the ‘core metabolome’, 77% of the 30 compounds associated tightly with188

diatoms (‘mode d’ in Figure 2A) were also over-represented within the group of com-189
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pounds with a general increase with latitude (p < 0.01, Figure 2B). This pattern corre-190

sponded with an increase in fucoxanthin, a diatom biomarker observed to be increas-191

ing with latitude in a separate analysis from the same sampling period (Figure S6).192

The diatom-associated metabolites were also over-represented in the medium atten-193

uating metabolites from the NPTZ depth profiles (‘mode b’ in Figure 1C and 3). DHPS194

(a probable osmolyte produced in high concentrations by diatoms (5, 21)) and glyc-195

erophosphocholine (a headgroup of phosphatidylcholine lipids commonly produced196

by eukaryotic phytoplankon in marine systems (31)) sat within this pattern space as197

did 11 other unidentified compounds (Table S6).198

Surprisingly, compounds tightly associated with dinoflagellates (‘mode e’ in Fig-199

ure 2A) showed a significant over-representation with an environmental distribution200

showing a distinct increase in concentration at 34.5◦N (Figure 2). Metabolites display-201

ing these patterns were over-represented in the sharply attenuatingmodes in the two202

depth profiles (dinoflagellate-associated meta-cluster in Figure 3), in contrast to the203

metabolites found associated with diatoms. None of the compounds that reside in204

this interaction space could be identified, leaving room for future work to identify and205

leverage these compounds as possible biomarkers for dinoflagellates that are easily206

observable in the environment.207

Manyof the compounds observed in our environmental samples but not observed208

in our culture dataset (’not observed’ in Figure 2A) were over-represented by com-209

pounds that were more abundant in the NPSG than the NPTZ in the transect (‘mode g’210

in Figure 2C) or increased with depth in the two depth profiles (rare metabolites meta-211

cluster in Figure 3). We only analyzed phytoplankton in our initial analysis; therefore it212

is likely that a subset of these compoundswere produced de novo by organismswe did213

not survey. For instance, the compound β -glutamic acid was found to be more abun-214

dant at depth than in the surface waters in both of our depth profiles, in contrast to215

themajority of compounds observed (Figure S7) and was absent from our phytoplank-216

ton cultures (Table S5). β -glutamic acid is a major osmolyte in methanogenic archaea217

(32, 33), prompting us to search for this compound in Nitrosopumilus maritimus strain218

SCM1, a model species of Marine Group I Thaumarchaeota that are abundant in the219

ocean’s subsurface (34). We grew N. maritimus, analyzed its metabolome, and found220

β -glutamic acid as themost abundant identifiedmetabolite, present at an intracellular221

concentrations of 730 mM (Table S6).222

It is likely that some compounds in this group were not made ‘freshly’ by primary223

producers like phytoplankton or ammonia oxidizing archaea but were rather a sig-224

nature of reworked particulate matter. For example, the compound arsenobetaine,225

which we detected in all of our environmental samples and, similar to β -glutamic acid,226

generally increased with depth in the depth profiles (Figure S7). This compound is a227

byproduct of heterotrophic degradation of phytoplankton-produced arseno-metabo-228

lites (35) and would therefore necessitate a co-culture in order to be observed in a229

laboratory setting (as well as a growth media with arsenic). Finally, it is likely that the230

cultures explored herewere not producing all the compounds they are genetically able231

to produce — in previous laboratory experiments certain metabolites accumulate in232

cultures under specific environmental conditions and are not detectable under other233

environmental conditions (20, 21). If the production of certain compounds is variable234

or at rates below detection, we may not have seen them on our culture data.235

Metabolites as a quantitative component of the bulk carbon pool. We ob-236

tained absolute concentrations of the identified compounds to better understand the237

quantitative importance of these different metabolites within the particulate carbon238

landscape. The combined concentration of the identified metabolites (85 of the 313239
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total) ranged from 68–234 nM particulate carbon in the surface transect samples (Fig-240

ures S1, and S8; Table S9). This corresponds to 2.9% (± 1.0%) to 5.2% (± 1.4%) of the241

particulate carbon pool and 2.6% (± 1.0%) to 8.2% (± 2.4%) of the particulate nitro-242

gen pool across this transect (Table S9). There was no clear pattern in the percent243

of particulate carbon or nitrogen characterized by the quantifiable metabolites with244

latitude; this is likely confounded by the high variability in the particulate carbon and245

nitrogen measurements and the low geographical resolution of the metabolite sam-246

pling. In the NPTZ depth profile, we quantified 17–966 nM of particulate carbon in the247

metabolite pool, corresponding to a rough estimate of 10% of the particulate carbon248

and nitrogen pools in the surface sample (Table S9). In the NPSG profile, we quanti-249

fied approximately 3.7% of the total carbon pool in the surface sample (Table S9). The250

concentration of surface particulate metabolites was approximately two times higher251

than what we observed a year later in the NPSG (during the transect sampling, Table252

S9), likely due to the fact that the NPSG depth profile was sampled within an anticy-253

clonic eddy with high surface primary productivity and particulate carbon (36).254

Quantitatively, the environmental metabolite pools were dominated by a handful255

of abundant compounds, similar to previous work (12, 23).There were obvious differ-256

ences in metabolite composition between the three environmental samplings (Figure257

4). For example, on a molar basis, glycine betaine contributed to up to 17% of the258

quantified metabolite pool in samples below 125 m in the NPTZ, substantially more259

(on a mole fraction basis) than the other data sets. In contrast, the NPSG depth profile260

had high contributions from gonyol in the surface and guanine at depth.261

We quantified the same molecules in the 21 species of phytoplankton and one262

species of Thaumarchaeota (Table S3, Figures 5, S9). Most of the abundant compounds263

in the environment were also found in high abundance in at least some of our cul-264

tures, thoughmanyof themost abundant compoundswere not ubiquitously observed265

across the cultures (e.g., glycine betaine and sucrose; Figure S9). We estimated the con-266

tribution of each metabolite to the carbon pool within each organism and compared267

this value to the surface samples of particulate metabolites in the field (Figure S5).268

This comparison yielded a consistency suggesting most of the surface particles con-269

tain compounds that have not been heavily reworked, corroborating previous work270

looking at macromolecule pools (37), particularly in the compounds found within the271

‘core metabolome’ meta-cluster in Figure 3 (Figure S5). Comparing our environmental272

data sets to the culture data sets highlights compounds that were over-represented in273

either the culture data sets or environmental data set in a quantitative sense. For ex-274

ample, common compounds guanine and creatine and less well studied compounds275

like isethionic acid and dimethylsulfonioacetate (DMS-Ac), were all higher on a per car-276

bon basis in the environment than in any of our cultures.277

Homarine, an understudied metabolite of high abundance. The metabolite278

homarine (N-methylpicolinic acid) was present at 0.6 to 67 nM in marine particles, rep-279

resented up to 3% of the total PC pool in our transect samples, and was the most280

abundant compound measured in our data sets (Figures 4, 6, and S9; Table S10). We281

found these concentrations surprising both in their absolute abundance and when282

compared to other more commonly studied polar metabolites known to accumulate283

in marine phytoplankton. For example, other studies have shown that homarine in284

marine particles is less abundant than the compatible solute glycine betaine (GBT)285

(38, 12), contrasting our findings. Both homarine andGBT are zwitterionic nitrogenous286

betaines that likely serve (at least in part) as compatible solutes. We also detected287

trigonelline (N-methylnicotinic acid), an isomer of homarine, albeit at much lower con-288

centrations (1–300 pM in transect samples; Figures 6 and S9; Table S10). To our knowl-289
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edge, trigonelline has not been previously detected in any marine samples, though it290

has been highlighted as an important component of labile carbon in terrestrial ecosys-291

tems due to its accumulation in higher plants (39).292

In our cultured isolates, we detected homarine in both Synechococcus strains (in-293

tracellular concentration up to 400mM), four of six surveyed diatoms (0.5–57mM) and294

one strain of Emiliania huxleyi (a haptophyte, at 3.8mM, Figure 6D, Table S8). Homarine295

has been observed in diatoms and E. huxleyi in previous studies (20, 40, 41, 42, 43, 44),296

but has not been associated with the ubiquitous marine cyanobacteria Synechococcus.297

We estimated that homarine was 4.8% of the particulate carbon within Synechococ-298

cus strain WH8102. Synechococcus has been estimated to contribute 10–20% of global299

ocean net primary production at approximately 8 Gt C per year (45); by extrapolation300

this suggests up 0.5–1% global ocean net primary production could be attributed to301

this one molecule through Synechococcus, with potential for more production from di-302

atoms. A caveat to this calculation is that homarine production is not quantitatively303

consistent among different strains of Synechococcus; SynechococcusWH7803 produced304

nearly 100 times less homarine (4–5 mM) under the same growing conditions (Figure305

6, Table S8). This estimation is a first pass with the limited data at hand, and the siz-306

able standing stock of homarine in our northern samples (about 2% of the PC) far ex-307

ceeds what we would expect from the observed Synechococcus standing stock, which308

contributes less than 10% of the total PC pool (Figure S3). Homarine had a clear at-309

tenuation with depth in both of our depth profiles (within ‘mode b’ in the NPTZ and310

‘mode a’ in the NPSG in Figure 1, shown in detail in Figure 6B, C). All together, these311

data support active production and cycling of this compound in the surface ocean that312

has been previously unnoticed.313

Homarine showed a clear spatial pattern along our transect with nearly ten times314

higher abundance in the NPTZ (average 14.3 nM) than the NPSG (average 1.85 nM)315

(Figure 6A), which we hypothesize is a result of the changing phytoplankton commu-316

nity and increasing prevalence of Synechococcus around 32◦N (Figure S3) and diatoms317

further north (indicated by increasing fucoxanthin around 34◦N, Figure S6). Since Syne-318

chococcus standing stock cannot explain the observed homarine concentrations, we319

hypothesize that this compound may transfer to and accumulate in organisms be-320

yond Synechococcus, which has been observed for osmolytes in other systems (44).321

Trigonolline followed a similar pattern along the transect, but with less pronounced322

increase in concentration from the NPSG (average 0.07 nM) to the NPTZ (average 0.14323

nM) that was shifted more northward (Figure 6A). Homarine decreased sharply with324

depth in both depth profiles while trigonelline did not show appreciable attenuation325

in the NPSG profile (Figure 6B, C).326

Biochemically, the sources and sinks for homarine and trigonelline are likely dis-327

tinct. Trigonelline is produced from nicotinic acid (46), while homarine is decarboxy-328

lated from quinolinic acid, which is produced from tryptophan (47), though the ex-329

act enzyme that performs the decarboxylation has not been characterized. The first330

step of bacterial trigonelline degradation is the opening of the aromatic ring by the331

TgnA/TgnB oxygenase system (39). This enzymatic machinery is unlikely to operate on332

homarine due to steric hindrance in the ring-opening step. Supporting the differential333

catabolism of homarine and trigonelline, we saw that themodel marine heterotrophic334

bacteria Ruegeria pomeroyi DSS-3 was not able to grow on homarine as effectively as335

trigonelline (Figure S10). Without characterized biosynthetic or degradation pathways336

for homarine, it is not surprising that this metabolite has not been identified as an im-337

portant component of the labile organic carbon and nitrogen pools using gene-based338

techniques. Our spatial patterns and divergent observations of these compounds in339
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our cultured organisms (Figure 6D) support distinct biological sources for these struc-340

turally similar compounds, demonstrating the intricate networks that exist inmicrobial341

communities rooted in the substrate-matched metabolisms.342

Our observations of trigonelline and homarine were possible because of the chro-343

matography methodology we employed (hydrophilic interaction liquid chromatogra-344

phy, HILIC) — the compounds would not be resolved in time in more commonly em-345

ployed reversed phase chromatography (23, 25) due to their high polarity and same346

empirical formula (and therefore exact mass, Figure 6E). This is also true formany sets347

of isomers of known compounds (e.g., sarcosine, β -alanine, and alanine; homoserine348

and threonine; β -glutamic acid and glutamic acid) as well as unknowns (e.g., inosine349

and another unidentified metabolite with the same m/z; two metabolites with an m/z350

of 236.1492; see Table S5). We bring attention to this detail to highlight the power of351

incorporating cutting-edge analytical capabilities to studymicrobial ecology—without352

HILIC chromatography, we would not have been able to accurately measure many of353

the most abundant polar compounds.354

Organic sulfur compounds. Six of the top 30 most abundant compounds in our355

environmental samples were organic sulfur compounds. These compounds fall into356

two general categories; sulfoniums ([SR3]+) and sulfonates ([RSO3]−). We detected357

the well-studied sulfonium compound DMSP, though our methods likely underesti-358

mated the concentration due to compound instability in methanol-based extractions359

(48). Using our untargeted approach, we putatively identified two additional sulfo-360

nium compounds, dimethylsulfonioacetate (DMS-Ac) and 3-5-dimethylsulfonio-3-hy-361

droxypentanoate (gonyol), as prominent peaks in our environmental samples. We362

later obtained standards that confirmed these identifications and enabled quantifica-363

tion that revealed gonyol as among our most abundant compounds with a particu-364

larly high concentration (up to 2.5 nM) in the NPSG depth profile (Figure S11). Gonyol365

was named after the dinoflagellate Gonyaulax polyedra (49), and gonyol was present in366

high concentration in all four dinoflagellate strains (81–196 mM) and in lower concen-367

trations in the haptophytes (23–61 mM, Figures S9, S11, Table S6). The environmental368

samples contained more DMS-Ac per unit carbon than culture samples, suggesting369

a source of this compound in the environment not reflected in the cultured phyto-370

plankton (Figure S5). Both of these compounds share structural similarity with DMSP,371

and disrupt bacterial DMSP degradation pathways (50). Thus, predicting marine DMS372

production from DMSPmay be complicated by these highly abundant compounds. Al-373

though marine organic sulfur has gained much attention with regards to its massive374

inventory (51) and role in microbial processes (52), ours are the first observations of375

these understudied sulfoniums in natural marine systems.376

Remaining unidentified compounds. Many of the metabolites with interesting377

patterns across space and taxonomy could not be identified (Table S5). For example,378

the mass feature “I121.0684R10.7” has a m/z of 121.0684 and major peak in its MS2379

fragmentation spectra of m/z 63.02703 (Table S5). This metabolite likely has the em-380

pirical formula of C5H12OS and was observed in 19 of the 21 phytoplankton species,381

attenuated with depth, and had a distinct maximum from 32–34◦N in the meridional382

transect (Table S5). Unfortunately, none of the possible matches to these compounds383

have fragmentation data in the major mass spectral databases; without an identifi-384

cation, we cannot quantify this compound. It is very likely that within these uniden-385

tified compounds are more underappreciated compounds involved in the microbial386

loop — a fruitful endeavour for future oceanographers, mass spectrometrists, and387

biochemists alike.388
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Conclusions. Smallmoleculeswithinmarine particulate organicmatter contribute389

to the dissolved organic matter pool after excretion, cell lysis, or sloppy feeding. Once390

in a dissolved form, other organisms in the environmentmay be able to use these com-391

pounds as substrates as sources for carbon, nutrients, and energy (53, 54), if they have392

the required enzymatic machinery to access these resources. These small molecules393

may also act as chemical attractants or deterrents for organisms and therefore as-394

sist in shaping microbial communities. By directly observing small molecules in both395

field particulatematerial and cultured phytoplankton, we show that smallmolecules in396

natural marine systems are determined in part by the taxonomy of the phytoplankton397

community. This suggests that to access these pools of labile organic carbon the wider398

microbial community must be adapted to phytoplankton community composition. By399

quantitatively contextualizing our metabolomics data sets, we uncover a rich set of400

compounds that likely fuel the microbial loop that have been previously overlooked.401

Cycling of organic matter thus depends both on the amount of primary productivity402

and phytoplankton composition — whomatters on a chemical level.403

MATERIALS AND METHODS404

Environmental sample collection. Samples were collected for environmental405

metabolomics of particulate material at locations shown in Figure 1. Samples for the406

NPSG depth profile were collected aboard the R.V. Kilo Moana cruise KM1513 on July407

31, 2015 from four depths (15, 45, 75, and 125 m); we reported on these samples in408

a previous publication (16). Samples for the meridional transect were collected on409

cruise KOK1606 aboard the R.V. Ka’imikai-O-Kanoloa from April 20 to May 2, 2016, all410

at approximately 15 m. Samples for the NPTZ depth profile were collected during411

MGL1704 aboard the R.V. Marcus Langseth at seven depths between 30 and 250 m412

on June 3, 2017. At each sampling location and depth, single, duplicate, or triplicate413

filters were collected for environmental metabolomics, as previously described (16),414

using either niskin bottles or the uncontaminated underway seawater intake. Table415

S1 has summarized descriptions of the samples collected for metabolomics, with full416

description of each sample (including time of collection) in Table S4. In short, samples417

(4–15 L each) were collected into polycarbonate carboys, filtered onto 147 mm 0.2 µm418

PTFE filters using a peristaltic pump, flash frozen in liquid N2, and stored at -80◦C until419

extraction. In addition to our samples, we filtered duplicates of methodological blanks420

by filtering seawater through two 0.2 µm PTFE filters in series and used the second fil-421

ter as the blank. This blank is especially important to parse metabolite signals from422

contaminants as well as compounds within the residual dissolved pool and salt matrix423

adsorbed during filtration.424

Pure cultures and sampling. In addition to environmental samples, we analyzed425

metabolomes of cultured representatives of marine phytoplankton that were grown426

and analyzed on the same LC/MS system as previously presented (5). Media, light,427

and temperature were chosen for optimal growth of each species and are reported428

in (5). In short, axenic phytoplankton were cultured in controlled laboratory settings429

and harvested under exponential growth using a gentle vacuum filtration onto 47mm430

Durapore filters (pore size 0.2 µm). Samples were flash frozen in liquid N2 and stored431

at -80◦C until extraction. In addition to samples, media blanks corresponding to each432

media type were harvested and served as matrix blank to each corresponding phyto-433

plankton sample. In order to estimate intracellular concentrations of metabolites, we434

used biovolume estimates from (5).435

Wealso grewNitrosopumilusmaritimus strain SCM1andharvested under exponen-436

tial growth. Pure culture of Marine Group I Thaumarchaeota Nitrosopumilus maritimus437
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strain SCM1 was maintained in liquid mineral medium with 1 mM ammonia (55) at438

30◦C in the dark without shaking. The growth of N. maritimus was monitored by mea-439

suring nitrite production and cell abundance. Nitrite concentration was determined440

spectrophotometrically using the Griess reagent (56). Cell counts were determined441

using Moviol–SYBR Green I staining protocol as previously reported (57) with a Zeiss442

epifluorescence microscope to count 15 random fields of view for each sample with443

30 to 200 cells per field. Mid-exponential phase cells were harvested using a gentle444

vacuum filtration on 0.22 µmDurapore membrane filters (Millipore Co., MA, U.S.) and445

stored at -80◦C until metabolite extractions. These archaea have a biovolume of ap-446

proximately 0.023 µm3 (58).447

We estimated carbon contents for all the cultures from cellular volume (59), using448

an empirical relationship between flow cytometry-based cell size and PC (60), or using449

previous directmeasurements (60, 61, 62). An abbreviated sample description is given450

in Table S3; full sample descriptions are in Table S7 (including carbon estimates and451

the method used for each species).452

Additional oceanographic data. Samples for particulate carbon were sampled453

and processed as in (63). Underway flow cytometry data were acquired and processed454

as in (60). Samples for pigment analysis were filtered onto GF/F filters (Whatman),455

stored in snap-cap tubes, wrapped in aluminum foil, and flash-frozen. Samples were456

analyzed for high performance liquid chromatography (HPLC)-based measurements457

of total chlorophyll (monovinyl + divinyl), fucoxanthin and other photosynthetic and458

photoprotective pigments. These analyses were made in the Oregon State University459

HPLC facility via a Waters 996 absorbance photodiode array detector in combination460

with a Waters 2475 fluorescence detector according to the protocol of (64).461

Homarine bioavailability experiment. To test if homarine was as bioavailable462

as trigonelline in marine systems, we cultured the model marine heterotrophic bacte-463

ria Ruegeria pomeroyi DSS-3 under different primary carbon sources and observed its464

cell density. DSS-3 were streaked to isolation on 1/2 ytss agar plates (1.25g tryptone,465

2g yeast extract, 10g sea salts, 8g agar per 500 mL MQ water) from frozen glycerol466

stocks at room temperature 3 d. A single colony was inoculated into artificial L1-bac467

seawater media (described below) supplemented with acetate (final concentration of468

50 nM). This culture was grown overnight at room temperature at 200 r.p.m at 30◦C.469

Next, a 96 well plate was prepared with 90 µL of freshmedia described above (without470

additional carbon) in all wells. In 8 wells, we added 5 µL of the overnight inoculum and471

10 µL of water (no additional carbon treatment). In 8 wells, we added 15 µL of water472

and no inoculumn (negative control). In the remaining wells, we added 5 µL of the473

overnight inoculum and 10 µL of either acetate, homarine, or trigonelline (all at 100474

nM carbon, n = 8 for each, acetate serving as positive control). Plates were covered in475

a breathable sealing membrane (Breathe-Easy) and placed into a platereader (Biotek476

Synergy H1MF). Cultures were grown at 30◦C, shaken every 2 minutes for 3 seconds,477

andmonitored via absorbance at 600 nm every 2minutes (immediately after shaking).478

Artificial L1-bac seawater media was prepared using MQ water with 28 g Sigma479

sea salts, trace andmarcro nutrients based on the recipe from the National Center for480

Marine Algae and Microbiota (without silica), nitrogen, and vitamins as in (18), Sigma481

M5550 MEM essential amino acids (1:1000 dilution), SigmaM7145 MEM non-essential482

amino acids (1:2000 dilution). Salt water was autoclaved in combusted borosilicate483

glass containers and all additions were made from filter sterilized stocks. Final media484

was filter sterilized using a 0.22 µm PVDF membrane bottle top filter.485

Metabolite dataacquisition. Metaboliteswere extracted as previously described486

(16). Briefly, filters were bead-beaten three times in 30 s bursts over 30 minutes (kept487
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at -20◦C between bursts) in 1:1:2 methanol, water, dichloromethane and separated488

into two fractions: a polar aqueous extract (methanol and water extractable) and an489

organic extract (dichloromethane extractable). We used the same internal standard490

suite at the same injection concentrations as in Boysen et al. (16) to train normaliza-491

tion and monitor instrument stability. After drying under clean N2 all samples were492

reconstituted in 400 µL water.493

The polar fraction of this extract was analyzed on both reversed phase (RP) and494

hydrophilic interaction chromatography (HILIC) using the same solvents, columns, and495

gradients as previously reported (16). We diluted the KOK1606 samples (1 part sample496

to 2 parts water) and MGL1704 samples (1 part sample to 1 part water) which helped497

with signal stability over the course of the runs. Internal standards were added during498

the dilution step and were the same concentrations in all analyzed samples to aid in499

quantitative comparisons between sample sets. We injected 2 µL of sample onto the500

column for HILIC analysis, and 5 µL (for environmental samples) or 15 µL (for culture501

samples) for RP analysis .502

Both LC configurations (RP and HILIC) were analyzed on a Thermo Q-Exactive (QE)503

mass spectrometry in full scan mode for quantitative data, or data dependent acqui-504

sition (DDA) for fragmentation. Full scan analyses were conducted as in Boysen et al.505

(16); pooled samples were run in DDA mode for MS2 fragmentation as described in506

Heal et al. (20).507

Metabolomic data processing. To compare our field data with our culture data,508

we used our untargeted data from themeridional transect (36 surface samples) as our509

template to examine the other sample sets. To do this, we used an established untar-510

geted metabolomics approach (detailed below) to acquire a list of curated, derepli-511

cated, and high-quality mass features. With this curated list, we then searched for the512

same mass features in the remaining field and culture sample sets. This allowed us513

to compare relative abundances of these mass features within each sample set, with514

high confidence in the shared identity of these compounds between sample sets.515

Untargetedmetabolomics data from transect sampleswere convertedwithMSCon-516

vert (65) and processed through XMCS (66, 67, 68), using the same parameters for517

XCMS and methodological blank filtering as previously reported (20). Next, we nor-518

malized for obscuring variation (non-biological variability inherent to LC–MS analysis)519

using B-MIS normalization (16). Like in Heal et al. (2019), we disregarded peaks that520

did not demonstrate acceptable replicability in the pooled samples (coefficient of vari-521

ance > 30%); we also removed peaks that showed greater average variability between522

biological replicates than over the whole sample set as in previous work (4).523

In untargetedmetabolomics,multiplemass features can correspond to onemetabo-524

lite due to natural abundance isotopes, adducts, or multiply charged ions. Like in Heal525

et al. (2019), to avoid putting extra statistical weight on these isotopes and adducts,526

we identified mass features that were likely 13C, 15N, or 34S isotopologues of other527

mass features. We extended this search to include adducts of Na+, NH4
+, K+, (for pos-528

itive ionization) and Cl– (for negative ionization), as well as for doubly charged ions of529

mass features whoseM+H ionwas present. We performed these searches within each530

three second (for RP) or six second (for HILIC) corrected retention time window and531

discarded these mass features from downstream statistical analyses.532

For the largest 200 peaks in our HILIC analysis (positive and negative analyzed sep-533

arately) andRP analysis, we exported them/z and retention time information to Skyline534

(69) for closer inspection. XCMS peak picking algorithms assume a normal Gaussian535

shape for peaks (66, 67, 68), which often results in poor integrations for compounds536

that do not achieve this shape during chromatographic separation; these peaks are537
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often removed during our CV filter or manual peak quality verification. Therefore, we538

also imported a list of compounds we regularly target (see (16) for full list of standards)539

andmanually integrated these compounds in each of the samples (first removing com-540

pounds that were picked during the peak picking step). In Skyline (69), we integrated541

these peaks (both the untargeted and known compounds) in the transect data set542

since XCMS often results imperfect integrations that can introduce non-biological vari-543

ability to metabolite abundances (70). Next, we eliminated mass features that were544

not present in at least 50% of the transect samples and also removed peaks that were545

not (on average) three times larger than thematrix blank. These stringent filters in the546

transect data set allowed us to use a culled number of high-quality mass features that547

are common in surface seawater particles as a fingerprint of metabolite pools. In all,548

we obtained 149, 74, and 90 high-quality, manually integrated peaks in HILIC-positive549

ionization (HILICPos), HILIC-negative ionization (HILICNeg), and RP, respectively. For550

these quality mass features, we searched for corresponding MS2 scans in the data551

dependent acquisition (DDA) files and applied a filter to remove low abundance frag-552

ments in the exact manner as reported in (20).553

With this list of high-quality mass features (referred to in the text as metabolites),554

we extracted the exact masses and integrated peaks at the same retention times in555

the two other environmental data sets (NPSG and NPTZ depth profiles) and the cul-556

ture data sets. We also integrated our internal standards (in exact concentrations557

as in (16)) and performed B-MIS normalization (16) across our environmental data558

sets which minimizes the variability present during analysis (not biological variability).559

This resulted in adjusted areas of each compound in each sample that are quantita-560

tively comparable within each sample set (but not between). Since the phytoplank-561

ton data sets are not in a consistent matrix and were analyzed in several different562

batches, we did not attempt to use B-MIS to normalize across the organisms. Instead,563

we kept the raw peak area, normalized it to the biovolume analyzed, and made semi-564

quantitative comparisons on the log10 transformed biovolume-normalized peak areas.565

The log10 transformations ensures that only large differences are evaluated as con-566

tributing to variability between samples, well beyond matrix variability or instrument567

performance.568

As in (20), we used the ranking system outlined in (71), to attempt to identify the569

quality mass features present in these sample sets in an automated fashion. We570

searched an internal database of compounds with known exact m/z and retention571

time on the LC-MS configurations used in the lab (found at https://github.com/Ingalls-572

LabUW/Ingalls/Standards), publicly available MS/MS2 spectral databases (72, 73, 74,573

75, 76), and to compounds in the KEGG database (77, 78) (based only onm/z).574

Calculating concentrations. Commercially available standards were analyzed in575

the same batch as each of the three environmental data sets. For this subset of com-576

pounds, we calculated absolute concentrations, similar to previous work (21, 40, 12).577

In short, we applied the following calculation for each analyte.578

Concent r at i on = Ar ea
RF ×

V ol reconst
V olfiltered

× 1
(RF ratio)

579

Where RF is the response factor ( Ar ea
concent r at i on ) of each compound at known concen-580

tration in water. Standards are run before and after each run on each instrument,581

therefore, an RF for each compound is obtained within each batch. V ol reconst is the582

volume that the samples were reconstituted into; V ol filtered is the volume filtered in583

the field (for environmental samples) or the total estimated biovolume collected (for584

culture samples); RF ratio is the
RFmatrix
RFwater

these compounds in a matrix of marine partic-585

ulates (as described in Boysen et al. (16)), we calculated RF ratio using samples from586

the transect data set which were applied throughout. We calculated a RF ratio as in (16)587
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using a representative environmental matrix sample. Values for V ol filtered for each588

sample are reported in Tables S4 and S7;V ol reconst was 400 µL for each sample.589

Several compounds were identified in the transect data set and purchased and590

analyzed using the same LC/MS method at a later date, which we quantified using the591

same approach as in (40). Because the RF for each compound can vary substantially592

between analytical runs, we used a relative response factor (RF relative) to estimate RF593

and calculate the concentrations of these compounds in earlier runs. To calculate594

RF relative, we matched compounds with a standard that had been analyzed in all sam-595

ple sets that share the same column, ionization state, and some structural similarity596

(matched standard). For instance, for the compound DMS-Ac, we matched it to an-597

other dimethylated sulfonium zwitterion, DMSP. After the samples were analyzed, we598

analyzed these new standards and the other standards on the same LC-MS set up as599

our sample set and calculated RF relative using the following formula:600

RF relative =
RF analyte

RFmatched standard
601

Then we used this RF relative and the RFmatched standard to calculate the concentration602

of the analyte from earlier runs. For a full explanation for how each compound was603

quantified in each sample set and for the matched standard used for each compound604

(when necessary), see Table S11.605

Statistical approaches. Formultivariate statistics on environmental samples, peak606

areas (adjusted via B-MIS for instrumental variability and normalized to water volume607

filtered) were standardized to the total peak area observed for each mass feature608

across each sample set. For each mass feature in the cultured organisms, log10 trans-609

formed peak areas were standardized to the maximum log10 peak areas observed610

across all cultured organisms. We used two different multidimensional approaches611

on these data sets, both non-metric to accommodate for the high variable to sample612

ratio and non-normal distribution of peak areas in our data sets. This prevents overfit-613

ting which can be a problem in other multidimensional approaches in metabolomics614

(79). We used a non-metric dimensional scaling (NMDS) analysis (80) based on a Eu-615

clidean distancematrix of standardized peak areas to visualize overallmetabolic differ-616

ences between samples along our transect samples. We assessed dimensionality of617

the NMDS by examining a scree plot, calculated the probability with aMonte Carlo per-618

mutation which resulted in a low stress ordination. We accompanied this with an anal-619

ysis of similarities (ANOSIMS) (81) to discern differences between the oceanographic620

regimes we sampled as well as time of sampling. Data transformation, standardiza-621

tion, NMDS, and ANOSIMS statistics were performed in R using the vegdist (v2.4-2) or622

vegan (v2.4-2) packages.623

Next, we employed a k-medoids based clustering approach (82) which aggregates624

metabolites based on patterns across samples. We performed this clustering on the625

combined culture data sets and on the three environmental sample sets separately626

(four total k-medoids analyses) using the clara function in the cluster package (v2.1.0)627

in R. This non-supervised clustering technique is exclusive and non-hierarchical which628

assigns each mass feature into one cluster, or mode. The metabolites within each629

mode have similar patterns of abundance across samples. We chose the appropriate630

number of modes for each sample set by selecting the mode number that resulted in631

a local maximum average silhouette width between samples.632

Finally, we investigated whether the resulting modes of metabolites from the four633

separate k-medoids analyses shared metabolites beyond a random assignment. Es-634

sentially, we asked if the patterns in the 2016 transect samples could be explained in635

part by patterns in metabolites across the available culture data or could be recapit-636

ulated in the depth profile sample sets. To test for over-represented sharing of me-637
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tabolites between modes, we used a Monte Carlo resampling technique to simulate638

the random frequency of shared metabolites using 1000 permutations. We then com-639

pared the observed frequency of shared metabolites to the permutations to estimate640

the p-value of our observed shared metabolites.641

For all data analysis, we used R v4.0.0. Codes for figures, tables, and data anal-642

ysis are found at https://github.com/kheal/Gradients1_SemiTargeted3. Raw data for643

metabolomics samples are deposited at Metabolomics Workbench; all cultures are644

under project ID is ST001514, project IDs for environmental samples listed in Table645

S4.646

SUPPLEMENTAL MATERIAL647

Supplemental Figures S1–S10 and Tables S1–S3 supplied in a combined document648

following the references with more detailed legends. Supplemental Tables S4-S11 are649

supplied as a combined .xlsx, full legends supplied here.650

FIG S1. Particulate carbon over the April 2016 transect and total quantifiable par-651

ticulate metabolites.652

FIG S2. Nonmetric multidimensional scaling comparison of metabolite profiles on653

the KOK1606 transect.654

FIG S3. Populations of picoeukaryotes and picocyanobacteria over the transect,655

as observed via underway flow cytometry (SeaFlow).656

FIG S4. Nonmetric multidimensional scaling comparison of metabolite profiles657

among the cultured organisms.658

FIG S5. All identified and quantified compounds compared in carbon space in659

cultures and environmental samples.660

FIG S6. Concentration of the pigment fucoxanthin over latitude in transect sam-661

ples.662

FIG S7. β -glutamic acid and arsenobetaine depth profiles from the NPTZ.663

FIG S8. Most abundantmetabolites in environmental samples, presented as nmole664

carbon per L.665

FIG S9. All identified compounds, with average and standard deviation of ob-666

served concentrations in surface seawater particles or in culture samples.667

FIG S10. Growth curves of Ruegeria pomeroyi DSS-3 with three different carbon668

sources: acetate (positive control), homarine, and trigonelline, and no additional car-669

bon (negative control).670

TAB S1. Summary of samples collected and analyzed in this study.671

TAB S2. Summary of physical and chemical parameters on April 2016 cruise. Re-672

printed with permission from (27).673

TAB S3. Summary of cultured organisms analyzed in this study.674

TAB S4. Full sample descriptions for environmental samples. Binned latitude is675

the latitude used for plotting when aggregating the data. This table is supplied in a676

.xlsx file.677

TAB S5. Peak areas from environmental and culture samples. MassFeature-Col-678

umn is the identifier for each distinct mass feature (identified or not), as in all tables.679

Identification is the best identification we have for the mass feature; Confidence is680

based on (71), with 1 as unequivocal (and quantifiable); mz is mass to charge ratio ob-681

served; rt is retention time (in seconds); Column is the chromatography method used682

(HILIC or RP); z is charge state in which the mass feature was observed (1 is positive,683

-1 is negative). This table is supplied in a .xlsx file.684

TAB S6. Assignments of mass features compounds to modes and metaclusters (if685

applicable) as a result of the k-medoids clustering summarized in Figures 1, 2, and 3.686
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MassFeature_Column is the identifier for each distinct mass feature (identified or not),687

as in all tables. Identification is the best identification we have for the mass feature;688

Confidence is based on (71), with 1 as unequivocal (and quantifiable); mz is mass to689

charge ratio observed; rt is retention time (in seconds); Column is the chromatography690

method used (HILIC or RP); z is charge state in which the mass feature was observed691

(1 is positive, -1 is negative). MS2 is the MS2 spectra for the peak in a pooled sample692

from the transect sample set. This table is supplied in a .xlsx file.693

TAB S7. Full sample descriptions for culture samples. All volumes in µL. Carbon694

estimates are based on (59, 60, 61, 62), as indicated. This table is supplied in a .xlsx695

file.696

TAB S8. Quantified metabolites from all culture samples. Compound names are697

given as reported in figures and as more complete names for clarity. All values intra-698

cellular in µmol metabolite per L. Sample identifiers are elaborated in Table S7. This699

table is supplied in a .xlsx file.700

TAB S9. Total quantifiable metabolites as a fraction of the particulate carbon and701

nitrogen pools. All measurements are mean (standard deviation), except when n =702

1. Standard deviations of calculations (percentages) are propagated. Note that we703

do not have bulk particulate carbon or nitrogen measurements paired with the depth704

profiles. This table is supplied in a .xlsx file.705

TAB S10. Quantified metabolites from all environmental samples. Compound706

names are given as reported in figures and as more complete names for clarity. All707

values are µmol metabolite per L seawater. Sample identifiers are elaborated in Table708

S4. This table is supplied in a .xlsx file.709

TAB S11.Quantificationmethod for each quantifiedmetabolite in each sample set.710

Proxy compound (when applicable) is the compound by which a relative response fac-711

tor (RF) was calculated. This table is supplied in a .xlsx file.712
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FIG 1 Sampling location andmetabolite patterns. Mapof sample locations of transect samples (dot) anddepthprofiles (asterisks).
Map is overlayed with satellite-derived (MODIS-Aqua) chlorophyll at 8 day, 9 km resolution over the time period of the transect
sampling (A). Patterns of total normalized metabolite concentrations found in each environmental dataset grouped into modes
as a result of k-medoids clustering, plotted as one standard deviation around the mean (B, meridional transect; C, NPTZ depth
profile; D, NPSG depth profile). We have excluded modes with fewer than 10 compounds in each dataset. Maximum normalized
bulk PC is plotted over depth profiles, with surface PC concentration plotted to match surface total normalized metabolite peak
area in order to compare the shape of attenuation (excluded in modes that do not attenuate with depth), grey dots with error
bars (standard deviation, often smaller than markers). Number of metabolites (metabs) and percent of metabolites assigned to
each cluster is noted, as well as the number of compounds identified (IDd) in each cluster. Full results are presented in Table S5
with cluster assignments in Table S6.
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FIG 2 Relative abundance patterns in environmental and culture metabolites. Each row is a metabolite — either identified or
unknown. Left (A) is the standardized peak areas for metabolites in the culture data sets. Right (C) is the relative abundance
between samples along the meridional transect. Tile panels are grouped separately using a k-medoids clustering and reordered
within each mode for visual clarity. The middle panel (B) shows which metabolites are shared between the culture and environ-
mental k-medoids derivedmodes, with over-enriched connections betweenmodes shown in black (p < 0.05 by bootstrap test) and
remaining non-statistically significant connections shown in grey. Organisms are colored by broad taxonomic classification as
shown in inset (orange = cyanobacteria, grey = diatoms, yellow = dinoflagellates, purple = haptophytes, green = prasinophytes).
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and labeled as described in text. Edges are connections between modes that are over-enriched in the same compounds (p < 0.05).
Compound assignments to each mode and meta-cluster (if applicable) are found in Table S6.
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FIG 4 Most abundant 18 metabolites in environmental samples, presented as mole fraction of carbon of total identifiedmetabo-
lites. Meridional transect (A), with transition between NPSG to NPTZ shown as dotted line. Depth profile fromNPTZ (B), and NPSG
(C). Locations of samples are shown in Figure 1. These same data are presented as nmol C per L in Figures S8; full results in Table
S10. Note that the y axis on (A) is not in latitudinal space for easier viewing and we have excluded DMSP from this analysis.
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FIG 5 Identifiedmetabolites in culture samples, presented asmole fraction of carbon of total identifiedmetabolites, with at least
the most abundant two compounds highlighted; full results in Table S8. Organisms are colored by broad taxonomic classification
(as in Figure 2, blue = archaea, orange = cyanobacteria, grey = diatoms, yellow = dinoflagellates, purple = haptophytes, green =

prasinophytes) and full description of cultured organisms found in Tables S3 and S7, full data in Table S8. We have excluded DMSP
fromthis analysis sincewe cannot accurately quantify it usingourmethodology. Patterns are for added claritywithdifferentiating
compounds.
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FIG S1 Particulate carbon over the April 2016 transect (dots) and total quantifiable particulate metabolites (bars). Note that the
total quantifiable metabolites are scaled at x10 for visibility and dodged in latitude to show each individual replicate.
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FIG S2 Nonmetric multidimensional scaling comparison of metabolite composition on the KOK1606 transect, p < 0.01 by Monte
Carlo permutation. Colors are based on latitude of samples; biological replicates shown connected, with samples from NPSG in
circles and NPTZ in triangles. This is based on euclidean distance between standardized adjusted peak areas.
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FIG S3 Particulate carbon (total, and estimated by particular populations of phytoplankton as observed via underway flow cy-
tometry (SeaFlow). Phytoplankton carbon are binned every 0.5 degree latitude, total PC binned every 1 degree latitude. Grey
shading shows standard deviation. This is the northbound transect only.

m
Sy
st
em

s
Su
bm

is
si
on

Te
m
pl
at
e

m
Sy
st
em

s
Su
bm

is
si
on

Te
m
pl
at
e

m
Sy
st
em

s
Su
bm

is
si
on

Te
m
pl
at
e

m
Sy
st
em

s
Su
bm

is
si
on

Te
m
pl
at
e

m
Sy
st
em

s
Su
bm

is
si
on

Te
m
pl
at
e

m
Sy
st
em

s
Su
bm

is
si
on

Te
m
pl
at
e

m
Sy
st
em

s
Su
bm

is
si
on

Te
m
pl
at
e

m
Sy
st
em

s
Su
bm

is
si
on

Te
m
pl
at
e

m
Sy
st
em

s
Su
bm

is
si
on

Te
m
pl
at
e

m
Sy
st
em

s
Su
bm

is
si
on

Te
m
pl
at
e

27

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 26, 2020. ; https://doi.org/10.1101/2020.12.22.424086doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.22.424086
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heal et al.

Stress = 0.16

 p < 0.01

−2

0

2

−2.5 0.0 2.5 5.0

MDS1

M
D

S
2

Archaea

Crocosphaera

Diatom

Dinoflagellate

Haptophyte

Prasinophyte

Prochlorococcus

Synechococcus

FIG S4 Nonmetric multidimensional scaling comparison of metabolite profiles among the cultured organisms, p < 0.01 by Monte
Carlo permutation. Colors arebasedonbroad taxonomic groups; biological replicates shownconnected. This is basedoneuclidean
distance between standardized adjusted peak areas.
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FIG S5 All identified and quantified compounds. Each compound is shown as a dot with error bars, representingmedian observa-
tion and range of observations, respectively (excluding instances where we did not observe the compound), with 1:1 line plotted.
Compounds that were not detected in phytoplankton are shown as open circles (x value is arbitrary). Compounds assigned to the
"core" meta-cluster in Figure 3 are plotted in purple. Compounds are highlighted when median observation are ten times higher
in either environmental sample set or the culture sample set (in carbon space). These values are also reported in Table S10. Note
that both axes are in log10 space.
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FIG S6 Concentration of the pigment fucoxanthin over latitude in transect samples.
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FIG S7 β -glutamic acid (closed circles) and arsenobetaine (open circles) depth profiles
from the NPTZ. Note the different scales.
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FIG S8 Most abundant 18metabolites in environmental samples, presented as a nmole carbon per L. Meridional transet (A), with
transition betweenNPSG toNPTZ shown as dotted line. Depth profile fromNPTZ (B), andNPSG (C). Locations of samples are shown
in Figure 1. These same data are presented as carbon mole fraction in Figures 4; full results in Table S9.
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surface seawater particles or in culture samples (excluding instances where we did not observe the compound). Right tiled panels
shows the fraction of samples (environmental samples on the left, culture samples on the right) in which we observed these
compounds. Note that x axis is on a log scale. Full results are found in Supplemental Table S10.
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FIG S10 Growth curves of Ruegeria pomeroyi DSS-3 with three different carbon sources: acetate (positive control), homarine, and
trigonelline, and no additional carbon (negative control). Note that the initial growth of the negative control is due to carryover
of carbon from the inoculum, which had acetate as the carbon source. The same total carbon was added to each treatment.
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Cruise ID Depth (m) n Date Latitude Longitude Vol (L) Collection
method

Environmental
regime

KM1513 15.00 3 2015-07-31 24.55 -156.33 11.00 niskin NPSG
KM1513 45.00 3 2015-07-31 24.55 -156.33 9.00 niskin NPSG
KM1513 75.00 3 2015-07-31 24.55 -156.33 13.00 niskin NPSG
KM1513 125.00 3 2015-07-31 24.55 -156.33 12.00 niskin NPSG
KOK1606 15.00 2 2016-04-21 23.60 -157.96 10.00 niskin NPSG
KOK1606 15.00 3 2016-05-01 26.28 -158.00 10.00 niskin NPSG
KOK1606 15.00 5 2016-04-22 28.14 -158.00 11.00 niskin NPSG
KOK1606 15.00 2 2016-04-23 29.45 -158.04 15.00 underway NPSG
KOK1606 15.00 2 2016-05-01 29.70 -158.00 10.00 niskin NPSG
KOK1606 15.00 2 2016-04-24 30.40 -157.99 15.00 underway NPSG
KOK1606 15.00 5 2016-04-24 32.63 -158.00 11.00 niskin NPTZ
KOK1606 15.00 2 2016-04-30 33.09 -158.00 10.00 niskin NPTZ
KOK1606 15.00 2 2016-04-25 34.53 -158.00 15.00 underway NPTZ
KOK1606 15.00 2 2016-04-26 35.49 -158.01 13.00 underway NPTZ
KOK1606 15.00 2 2016-04-29 36.22 -158.00 10.00 underway NPTZ
KOK1606 15.00 2 2016-04-29 36.30 -157.99 10.00 underway NPTZ
KOK1606 15.00 2 2016-04-29 36.37 -157.97 10.00 underway NPTZ
KOK1606 15.00 2 2016-04-29 36.46 -157.96 10.00 underway NPTZ
KOK1606 15.00 2 2016-04-29 36.57 -158.00 10.00 niskin NPTZ
KOK1606 15.00 4 2016-04-27 36.57 -158.00 11.00 niskin NPTZ
KOK1606 15.00 2 2016-04-26 37.30 -158.00 10.00 niskin NPTZ
MGL1704 30.00 1 2017-06-03 41.42 -158.00 4.00 niskin NPTZ
MGL1704 40.00 1 2017-06-03 41.42 -158.00 4.00 niskin NPTZ
MGL1704 60.00 1 2017-06-03 41.42 -158.00 4.00 niskin NPTZ
MGL1704 80.00 1 2017-06-03 41.42 -158.00 4.00 niskin NPTZ
MGL1704 100.00 1 2017-06-03 41.42 -158.00 4.00 niskin NPTZ
MGL1704 120.00 1 2017-06-03 41.42 -158.00 4.00 niskin NPTZ
MGL1704 140.00 1 2017-06-03 41.42 -158.00 4.00 niskin NPTZ
MGL1704 160.00 1 2017-06-03 41.42 -158.00 4.00 niskin NPTZ
MGL1704 180.00 1 2017-06-03 41.42 -158.00 4.00 niskin NPTZ
MGL1704 250.00 1 2017-06-03 41.42 -158.00 4.00 niskin NPTZ

TABLE S1 Summary of samples collected and analyzed in this study.

Region Latitude
(◦N)

SST
(◦C)

SSS N+N
(µM)

PO4

(µM)
Chl

(mg m-3)
NPSG 23.54–29.7 19.8–24 35.1–35.3 dl–0.002 0.02–0.05 0.01–0.11
NPTZ 32.63–37.3 11.4–17.1 34.1–34.7 0.06–5.87 0.07–0.51 0.16–0.37

TABLE S2 Summary of physical and chemical parameters on April 2016 cruise. Re-
printed with permission from (27).
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Broad taxon Species Strain n Short ID
Archaea Nitrosopumilus maritimus SCM1 3 Nmar
Cyanobacteria Crocosphaera watsonii 8501 3 8501
Cyanobacteria Prochlorococcus marinus 1314 3 1314P
Cyanobacteria Prochlorococcus marinus AS9601 3 As9601
Cyanobacteria Prochlorococcus marinus MED4 3 MED4
Cyanobacteria Prochlorococcus marinus NATL2A 3 Nat
Cyanobacteria Synechococcus sp. 7803 2 7803
Cyanobacteria Synechococcus sp. 8102 2 8102
Diatom Cyclotella meneghiniana 338 3 Cy
Diatom Navicula pelliculosa 543 3 Np
Diatom Phaeodactylum tricornutum 2561 2 Pt
Diatom Pseudo-nitzschia pungens Pc55x 3 Pc55x
Diatom Thalassiosira oceanica 1005 3 To
Diatom Thalassiosira pseudonana 1335 3 Tp
Dinoflagellate Alexandrium tamarense 1771 3 1771
Dinoflagellate Amphidinium carterae 1314 3 1314
Dinoflagellate Heterocapsa triquetra 449 3 449
Dinoflagellate Lingulodinium polyedra 2021 3 2021
Haptophyte Emiliania huxleyi 2090 3 2090
Haptophyte Emiliania huxleyi 371 3 371
Prasinophyte Micromonas pusilla 1545 3 1545
Prasinophyte Ostreococcus lucimarinus 3430 3 3430

TABLE S3 Summary of cultured organisms analyzed in this study. More informa-
tion (including culturing conditions for all except the Archaea) can be found in (5).
Cyanobacteria and archaea were obtained from individual lab culture collections and
eukaryotic phytoplankton were obtained from the NCMA culture collection. More de-
tailed information are in Table S7. Short ID is how the organism is labeled throughout
the figures.
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