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Most biological diversity on Earth is contained within microbial communities. In
the ocean, these communities dominate processes related to carbon fixation
and nutrient recycling. Yet, specific factors that determine community
composition and metabolic activity are difficult to resolve in complex
microbial populations, complicating predictions of microbial processes in a
changing ocean. Microbial metabolism generates small organic molecules that
reflect both the biochemical and physiological diversity as well as the
taxonomic specificity of these biological processes. These small molecules
serve as the conduit for taxon-specific signaling and exchange. Here, we use
liquid chromatography-mass spectrometry (LC-MS)-based metabolomics to
taxonomically categorize 111 metabolites that include small molecules in
central and secondary metabolism across 42 taxa representing numerically
dominant and metabolically important lineages of microbial autotrophs and
heterotrophs. Patterns in metabolite presence-absence broadly reflected
taxonomic lineages. A subset of metabolites that includes osmolytes, sulfur-
containing metabolites, sugars, and amino acid derivatives provided
chemotaxonomic information among phytoplankton taxa. A variety of
phytohormones and signaling molecules were predominantly found in the
heterotrophic bacteria and archaea, expanding knowledge of metabolites
implicated in modulating interactions between microbes. This
chemotaxonomic inventory of marine microbial metabolites is a key step in
deciphering metabolic networks that influence ocean biogeochemical cycles.
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Introduction

Microbes are the major producers and consumers in the
ocean ecosystem, where they account for approximately two-
thirds of total marine biomass (Bar-On and Milo, 2019).
Microbial primary producers fix 50 Gt of carbon in the ocean
each year, nearly equivalent to their terrestrial counterparts
(Falkowski and Wilson, 1992). Heterotrophic bacteria
consume approximately half of this phytoplankton-derived
carbon through the microbial loop (Azam et al, 1983) in a
matter of weeks, accounting for the largest flux of organic carbon
in the ocean. This transformation of carbon between primary
producers and heterotrophic bacteria is a key step in
determining the fate of carbon in the ocean, where it is either
remineralized back to carbon dioxide, exported to the deep
ocean in sinking particles, or converted to refractory dissolved
organic matter (Lechtenfeld et al., 2015; Zakem et al., 2021;
Gonsior et al., 2022). The specific chemical structures produced
by members of microbial communities form feedback networks
that determine community composition and the fate of organic
matter. Improving knowledge on the diversity of microbial
chemotypes, or chemical phenotypes, is a key step in
understanding the metabolic networks they support and
predicting how changing taxonomy of primary producers will
alter the carbon cycle (Henson et al., 2021).

Given the many thousands of individual microbial species
and metabolites present in seawater communities, it has been
challenging to connect specific metabolic processes to the
microbial taxa responsible (Cavaco et al., 2022; Paoli et al,
2022). Advances in molecular and chemical tools have improved
resolution and identification of microbially cycled metabolites in
seawater communities (Moran et al., 2016; Durham, 2021; Vallet
et al., 2021; Raina et al., 2022). Genome-based studies of marine
microbial plankton have been useful in reconstructing potential
metabolisms, ecological functions, and evolutionary
relationships of taxonomic groups. Application of molecular
tools in natural field communities have established distributions
of microbial populations and co-occurrence patterns among
taxa, revealing the importance of both nutrient supply and
microbe-microbe interactions, respectively, in controlling
community composition (Gomez-Consarnau et al., 2012; Cirri
and Pohnert, 2019; Pontiller et al., 2020; Raes et al., 2021).
However, there are gaps in our ability to predict microbial
phenotype from genotype that include unrecognized or
unannotated metabolic genes and limited knowledge of how
specific taxa regulate metabolic pathways (Lewis et al., 2012).
Application of metabolomics tools to marine microbial systems
has advanced our recognition of abundant metabolites in marine
ecosystems (Llewellyn et al,, 2015; Biancarosa et al., 2018;
Johnson et al., 2020; Boysen et al., 2021; Heal et al, 2021;
Hughes et al,, 2021) as well as our understanding of how
anthropogenic contaminants impact microbial metabolism
(Gauthier et al,, 2020). Linking environmental inventories of
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microbial metabolites to regulation of ecosystem processes is a
next step in understanding and predicting ocean microbiome
function in our current and future ocean. In particular,
identifying producers and consumers of molecules that act as
substrates, or ‘currencies’ in microbial nutrient exchange is an
important regulatory component of elemental cycling
(Moran, 2015).

Chemical currencies cycled between specific marine
microbial taxa create interdependencies in the microbial food
web that influence community structure and the rate and timing
of nutrient cycling (Moran, 2015; Seymour et al., 2017). For
instance, 29 of 36 diatom-derived metabolites identified in
supporting heterotrophic bacterial growth had differential use
across bacterial taxa, illustrating that phytoplankton metabolites
support resource partitioning by microbial heterotrophs (Ferrer-
Gonzalez et al., 2021). Further, co-culture studies between
phytoplankton and bacteria have led to identification of
signaling molecules and hormones that influence growth rates
and exchange of nutrients between microbial taxa
(Seyedsayamdost et al., 2011; Amin et al., 2015; Durham et al,,
2017; Fei et al.,, 20205 Shibl et al., 2020). Omics-based analyses
that taxonomically resolve metabolic pathways using gene
expression patterns have provided an important viewpoint
into the microbial producers and/or consumers of particular
metabolites (Aylward et al., 2015; Moran et al., 2016). Detailed
studies of labile molecules like DMSP (Levine et al., 2012;
Varaljay et al, 2015), methylphosphonate (Martinez et al.,
2013), 2,3-dihydroxypropane-1-sulfonate (DHPS) (Durham
et al, 2019), glycine betaine (Boysen et al., 2022), and
trehalose (Boysen et al., 2021) have aided in resolving the
specific producers and/or consumers of these molecules in
natural microbial populations through concurrent
measurements of transcript and metabolite abundances.
Isotope-based tools like Chip-SIP have provided high-
throughput means to quantify taxon-specific incorporation of
stable isotope-labeled substrates (Mayali et al, 2012). High-
resolution metabolomics studies of cultures and field samples
have demonstrated the value of metabolic fingerprints in
distinguishing plankton (Baumeister et al., 2020) and
identified underexplored sulfur-containing metabolites gonyol,
dimethylsulfonioacetate (DMSAc), dimethylsulfoxonium
propionate (DMSOP) (Gebser and Pohnert, 2013; Thume
et al, 2018; Gebser et al., 2020) and nitrogen-containing
metabolites trigonelline and homarine (Heal et al., 2021)
implicated in metabolic exchange among microbial taxa.

Obtaining greater chemotaxonomic resolution of microbial
representatives abundant in field populations will enhance our
ability to link microbial metabolites to the taxa that produce and
transform them in the ocean. To this end, we generated a
targeted metabolomics dataset that includes inventories of 111
metabolites in 42 microbial taxa that represent numerically
abundant lineages in natural ocean communities, with a focus
on labile molecules implicated in microbial interactions and
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nutrient cycling. We explore the taxonomic distribution of
marine metabolites and identify distinguishing metabolite
classes that contribute to the chemotype of major lineages of
marine microbial autotrophs and heterotrophs.

Materials and methods
Phytoplankton culturing and collection

Phytoplankton were cultured in diurnal incubators according to
the medium, light, and temperature conditions in Table 1. All
eukaryotic phytoplankton, with the exception of the
Chrysochromulina strains, were grown in artificial seawater
medium (MilliQ water that contained 28 ppt Sigma sea salts)
amended with L1, {/2, or K nutrients based on recipes from the
National Center for Marine Algae and Microbiota (NCMA)
(Guillard, 1975; Guillard and Hargraves, 1993). Silica (+ Si) was
added to the media for diatom culturing. Prochlorococcus and
Synechococcus were grown in Pro99 (Moore et al.,, 2007) prepared
with Turks Island Salt Solution and supplemented with 6 mM
sterile sodium bicarbonate and 1 mM N-Tris(hydroxymethyl)
methyl-3-aminopropanesulfonic acid (TAPS) (Morris and Zinser,
2013). Crocosphaera was grown in YBC-II artificial seawater
medium (Chen et al., 1996) supplemented with 0.9 mM nitrate.
Nutrient stocks were stored in VWR SuperClear Ultra-High
Performance conical tubes. All media was made and stored in
combusted borosilicate glass containers. All artificial salt water was
autoclaved, and all final media was filter-sterilized using a 0.22um
PVDF membrane. Cells were collected during mid-to-late
exponential phase by gentle filtration onto 0.2um Durapore
(Millipore Co., MA, U.S.) filters using combusted borosilicate
filter towers. All filters were flash frozen in liquid nitrogen and
subsequently stored at -80°C. Cells were enumerated using flow
cytometry or microscopy. Axenic status of phytoplankton was
verified regularly using 4,6-diamidino-2-phenylindole (DAPI)-
staining and epifluorescence microscopy, SYBR-staining and flow
cytometry, along with plating on bacterial % YTSS agar. According
to this combination of microscopy, flow cytometry, and bacterial
culture tests, we did not detect contamination of phytoplankton
mono-cultures. We acknowledge that low levels of contamination
may occur below detection using these standard approaches,
though we expect minimal contribution to the overall metabolite
signal from such potential contamination.

Freshwater Chrysochromulina strains were grown in a
proprietary RAC-5 medium (Hovde et al, 2019). Marine
Chrysochromulina strains (C. acantha K-0643, C. rotalis K-
0644 and C.simplex K-0272) were cultured in natural
seawater-based L1 medium at 15°C on a 12h/12h light-dark

cycle at ~50 umol photons m™>s™". Approximately 107 cells were
collected by centrifugation and frozen at —-80°C until

metabolite extraction.
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Bacterial culturing and collection

Heterotrophic bacteria were initially grown on % YTSS agar
at 25-30°C in the dark for one to five days, after which isolated
colonies were inoculated into 20-30 mL artificial seawater
medium (MilliQ water that contained 28 ppt Sigma sea salts)
amended with L1 recipe nitrate, phosphate, and trace elements
(Guillard, 1975; Guillard and Hargraves, 1993), 5 mM acetate, 5
mM ammonium, MEM essential amino acids (Sigma M5550;
1:200 dilution), non-essential amino acids (Sigma M7145; 1:400
dilution) and Marine Basal Mineral (MBM) vitamins. Cells were
grown overnight at 30°C in the dark at 200 rpm in VWR
SuperClear Ultra-High Performance conical tubes. Overnight
cultures were diluted to ~0.01 optical density (OD) in triplicate
tubes containing 30 mL fresh medium and grown overnight
until cells reached late exponential phase (~0.2-0.4 OD). Cells
were collected by gentle filtration onto 0.2um Durapore filters
using combusted borosilicate filter towers and flash frozen in
liquid nitrogen and subsequently stored at -80°C until
metabolite extraction. Cells were enumerated by SYBR-
staining and flow cytometry.

Archaeal culturing and collection

Pure cultures of the marine ammonia-oxidizing archaeon
Nitrosopumilus maritimus strain SCM1 were grown in triplicate
in HEPE-buffered synthetic seawater medium supplemented
with 1 mM NH,CI at 30°C in the dark without shaking (Qin
et al, 2017). Growth of strain SCM1 was monitored by
measuring ammonia consumption, nitrite accumulation, and
cell density. Ammonia concentration was measured using the o-
phthaldialdehyde fluorescence method (Holmes et al., 1999),
and nitrite concentration was measured spectrophotometrically
using the Griess reagent (Grasshoff et al., 1999). Cell counts were
determined using the Moviol-SYBR Green I staining protocol as
previously reported (Qin et al., 2014) with a Zeiss
epifluorescence microscope to count 15 random fields of view
for each sample with 30 to 200 cells per field. Mid-exponential
phase cells were harvested on 0.22 um Durapore membrane
filters and stored at -80°C until metabolite extraction.

Metabolite extraction

Filtered culture media was extracted alongside culture samples
as methodological blanks. Metabolite extraction was carried out
using a modified Bligh-Dyer extraction method as described in
Boysen et al., 2018. This extraction method yields aqueous and
organic fractions. For this study, we analyzed results from the
aqueous fraction. Briefly, extraction solvents [dichloromethane
(DCM) and 1:1 methanol (MeOH) to water] were prepared the
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TABLE 1 Growth conditions for microbial cultures used in metabolomics measurements.

Name

Haptophytes
Chrysochromulina acantha

Chrysochromulina rotalis

Chrysochromulina simplex

Chrysochromulina tobinii
Cattolico

Chrysochromulina parva
Lackey

Emiliania huxleyi
Emiliania huxleyi

Diatoms

Cyclotella meneghiniana
Navicula pelliculosa
Phaeodactylum tricornutum
Pseudo-nitzschia pungens
Thalassiosira oceanica

Thalassiosira pseudonana

Dinoflagellates
Amphidinium carterae
Alexandrium tamarense
Heterocapsa triquetra
Lingulodinium polyedra
Prasinophytes
Micromonas pusilla

Ostreococcus lucimarinus

Cyanobacteria
Crocosphaera watsonii
Prochlorococcus marinus
Prochlorococcus marinus
Prochlorococcus marinus
Prochlorococcus marinus
Synechococcus sp.
Synechococcus sp.
Archaea

Nitrosopumilus maritimus
Heterotrophic Bacteria®
Croceibacter sp. (CFB)
Hyphomonas sp. (o)
Limnobacter sp. (B)
Marinobacter sp. ()
Pseudoalteromonas sp. ()
Roseobacter denitrifcans
()

Roseovarius sp. (0)
Ruegeria pomeroyi (o)

Sulfitobacter sp. (o)

Label

Chryso.Ca
Chryso.Cr

Chryso.Cs
Chryso.P3

Chryso.116

Hapto.2090
Hapto.371

Diatom.Cm
Diatom.Np
Diatom.Pt
Diatom.Pc55x
Diatom.To

Diatom.Tp
(10/28/35)

Dino.1314
Dino.1771
Dino.449

Dino.2021

Green.1545
Green.3430

Croco.8501
Pro.1314
Pro.AS9601
Pro.MED4
Pro.Natl2A
Syn.7803
Syn.8102

Archaea.SCM1

CFB.SA60
Alpha.SA36
Beta.SA59
Gamma.SA55
Gamma.SA7
Alpha.Och114

Alpha.SA33
Alpha.DSS.3
Alpha.SA11
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Strain

K-0643
K-0644

K-0272

CCMP291;
P3

UW 1161

2090
371

338
543
2561
Pc55x
1005
1335

1314
1771
449

2021

1545
3430

WHS8501
1314x
AS9601
MED4
NATL2A
7803
8102

SCM1

SA60
SA36
SA59
SA55
SA7
OCh 114

SA33
DSS-3
SA11

Media®

L1
L1

L1
RAC-5

RAC-5

L1 - Si/25
L1 - Si/25

L1 + Si
L1+Si
L1+ Si
L1 + Si
L1+ Si
L1 + Si

/2 - Si
f/2 - Si
/2 - Si
f/2 - Si

/2 - Si

50:50 f/2 -
Si:K

YBC-II + N
Pro99
Pro99
Pro99
Pro99
Pro99
Pro99

ASW + N

L1 bac
L1 bac
L1 bac
L1 bac
L1 bac
L1 bac

L1 bac
L1 bac
L1 bac

Light
(uE)

50 (16:8)
50 (16:8)

50 (16:8)

100
(12:12)

50 (12:12)

100 (16:8)
100 (16:8)

120 (16:8)
120 (16:8)
100 (16:8)
100 (16:8)
100 (16:8)
100 (16:8)

100 (16:8)
100 (16:8)
100 (16:8)
100 (16:8)

100 (16:8)
100 (16:8)

75 (12:12)
20 (16L:8)
50 (16:8)
50 (16:8)
20 (16:8)
30 (16:8)
30 (16:8)

dark

dark
dark
dark
dark
dark
dark

dark
dark
dark

04

Temp
0

15
15

15
20

20

20
20

13
13
20
13
20
20

20
20
13
20

20
20

27
20
20
20
20
20
20

30

30
30
30
30
30
30

30
30
30

Growth rate
@mn®

nd
nd

nd
nd

nd

0.7 £ 0.06
0.35 + 0.04

0.52 + 0.03
0.74 £ 0.03
0.78 £ 0.01
0.19 + 0.02
0.77 £ 0.04
0.63 + 0.05

0.52 + 0.02
0.13 £ 0.05
0.44 + 0.06
0.11 + 0.02

0.11 £ 0.02
0.42 £ 0.01

0.3 £ 0.05
0.18 £ 0.01
0.48 +0.03
0.65 + 0.08
0.24 £ 0.01
0.33 £ 0.07
0.39 + 0.06

0.68 + 0.02

nd
nd
nd
nd
nd
nd

nd
nd
nd

10.3389/fmars.2022.864796

Publication®

(Leadbeater and Manton, 1971)

(Eikrem and Throndsen, 1999; Keeling et al.,
2014)

(Estep et al., 1984)

(Hovde et al., 2015; Hovde et al., 2019;
Deodato et al., 2019)

(Deodato et al., 2019; Hovde et al., 2019)

(Read et al., 2013)
PRJNA506621

(Keeling et al., 2014)
PRJNAS517804*
(Bowler et al., 2008)
(Keeling et al., 2014)*
(Lommer et al., 2012)
(Armbrust et al., 2004)

(Keeling et al., 2014)
(Keeling et al., 2014)
(Keeling et al., 2014)*
(Keeling et al., 2014)*
(Worden et al., 2009)
(Palenik et al., 2007)

(Bench et al., 2013)
(Becker et al., 2019)
(Kettler et al., 2007)
(Rocap et al., 2003)
(Kettler et al., 2007)
Genoscope

(Palenik et al., 2003)
(Walker et al., 2010)

(Amin et al., 2015)
(Amin et al., 2015)
(Amin et al., 2015)
(Amin et al., 2015)
(Amin et al., 2015)
(Swingley et al., 2007)

(Amin et al., 2015)
(Rivers et al., 2014)
(Amin et al., 2015)

(Continued)
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TABLE 1 Continued

Name Label Strain  Media®  Light
(uE)
Sulfitobacter sp. (o) Alpha.SA16 SAl6 L1 bac dark
Sulfitobacter sp. (o) Alpha.SA30 SA30 L1 bac dark
Sulfitobacter sp. (o) Alpha.SA44 SA44 L1 bac dark
Sulfitobacter sp. (o) Alpha.SA48 SA48 L1 bac dark
Sulfitobacter sp. (o) Alpha.SA53 SA53 L1 bac dark
Thalassospira sp. (o) Alpha.SA42 SA42 L1 bac dark

10.3389/fmars.2022.864796

Temp  Growth rate Publication®
Q) @nhn®
30 nd (Amin et al., 2015)
30 nd (Amin et al., 2015)
30 nd (Amin et al., 2015)
30 nd (Amin et al., 2015)
30 nd (Amin et al., 2015)
30 nd (Amin et al., 2015)

*Media information can be found in the Methods. All organisms, with the exception of marine Chrysochromulina strains, were grown in artificial seawater medium amended with varying

nutrients according to standard recipes.

"Average and standard deviation are reported based on growth measurements of at least three biological replicates (n > 3). nd, not determined.
“Publication or NCBI BioProject where genomic and/or transcriptomic data are available. An asterisk denotes a reference that reports data on a different strain of the same species.
“YHeterotrophic bacterial lineage given in parentheses. o, alphaproteobacteria; B, betaproteobacteria; CFB, Cytophaga-Flavobacterium-Bacteroides; y, gammaproteobacteria.

day before sample extraction and stored at -20°C overnight. Bead-
beating tubes were filled with a mixture of 100 um and 400 um silica
beads, and frozen samples were placed into the tubes.
Approximately 2 mL of both extraction solvents were added with
isotope-labeled extraction internal standards. Samples were shaken
for 30 seconds, then chilled at -20°C for 15 minutes. The
homogenization step was repeated twice for a total of 30 minutes
at -20°C over three bead beating cycles. Samples were then
centrifuged to separate aqueous and organic phases. The aqueous
phase was removed from the bead beating tube, and the remaining
DCM fraction was rinsed three times with cold MeOH:H,O. The
combined aqueous phase and rinses were transferred to a clean 20
mL glass vial and dried under clean N,. The dried aqueous fraction
was re-dissolved in 380 pL of water and received a 20 uL spike of
isotope-labeled injection standards. Standards in water and
standards spiked into an aliquot of pooled sample were analyzed
to set limits on the in-house quality control retention time and ion
ratio ranges. Samples were analyzed within 12 or 72 hours of
extraction for the HILIC and RP analyses, respectively, and stored at
-80°C until analysis.

Chromatography

For reversed phase (RP) chromatography, a Waters Acquity
UPLC HSS Cyano column (1.8 pm particle size, 2.1 mm x 100
mm) equipped with a Waters Acquity UPLC HSS Cyano guard
column (1.8 pum particle size, 2.1 mm x 5 mm) was used with
0.1% formic acid in water (Solvent A) and 0.1% formic acid in
The
column was held at 5% B for 2 minutes, ramped to 100% B over
16 minutes, held at 100% B for 2 minutes, and equilibrated at 5%
B for 5 minutes (25 minutes total). The column was maintained

acetonitrile (Solvent B) at a flow rate of 0.4 mL min™.

at 35°C. The injection volume ranged from 5 to 15 uL,
depending on amount of biomass on the filter. When starting
a batch, the column was equilibrated at the starting conditions

Frontiers in Marine Science

05

for at least 10 minutes; several water blanks were run before and
throughout a batch. After a batch, the column was flushed with
100% acetonitrile for 20 to 30 minutes.

For hydrophilic interaction liquid chromatography (HILIC),
a SeQuant ZIC-pHILIC column (5 mm particle size, 2.1 mm x
150 mm, from Millipore) was used with 10 mM ammonium
carbonate in 85:15 acetonitrile to water (Solvent A) and 10 mM
ammonium carbonate in 60:40 water to acetonitrile (Solvent B)
at a flow rate of 0.15 mL min™". The column was held at 100% A
for 2 minutes, ramped to 100% B over 18 minutes, held at 100%
B for 5 minutes, and equilibrated at 100% A for 25 minutes (50
minutes total). The column was maintained at 30°C. The
injection volume was 2 pL for all samples and standard mixes.
When starting a batch, the column was equilibrated at the
starting conditions for at least 30 minutes. To improve the
performance of the HILIC column, we maintained the same
injection volume, kept the instrument running water blanks
between samples as necessary, and injected standards in a
representative matrix in addition to standards in water. After
each batch, the column was flushed with 10 mM ammonium
carbonate in 85:15 water to acetonitrile for 20 to 30 minutes.

Mass spectrometry

For targeted metabolomics, we used a Waters Xevo TQ-S
triple quadrupole (TQS) with electrospray ionization (ESI) in
selected reaction monitoring mode (SRM) with polarity
switching. SRM conditions for each compound (collision
energy, cone voltage, precursor and product ions) were
optimized by infusion of each metabolite standard. For most
metabolites, two SRM transitions were selected based on
maximum peak areas. The transitions were monitored over a
two- to three-minute window around the retention time for the
RP and a five- to ten-minute window around the retention time
for the HILIC. Scheduling was set up to ensure at least 12 data
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points per peak were collected. MS parameters were as follows:
capillary voltage of 0.5 kV for positive mode and 1.0 kV for
negative mode, source temperature of 130°C, cone gas flow at
150 L/h and desolvation gas flow at 1000 L/h for both positive
and negative modes. Desolvation temperature was 500°C or
600°C for HILIC or RP, respectively.

For untargeted metabolomics, we used a Thermo QExactive
HF (QE) with ESI. For HILIC, a full scan method with polarity
switching was used with a scan range of 80 to 900 m/z and a
resolution of 60,000. For HILIC, the capillary temperature was
320°C, the H-ESI spray voltage was 3.5 kV, and the auxiliary gas
heater temperature was 90°C. The S-lens RF level was 65. Sheath
gas, auxiliary gas, and sweep gas flow rates were maintained at
16, 3, and 1, respectively. For RP, a full scan method in positive
mode was used with a scan range of 90 to 900 m/z and a
resolution of 120,000. For RP analysis of samples, the capillary
temperature was 320°C, the H-ESI spray voltage was 3.8 kV, and
the auxiliary gas heater temperature was 90°C. The S-lens RF
level was 65. Sheath gas, auxiliary gas, and sweep gas flow rates
were maintained at 40, 10, and 1, respectively.

Data analysis

Because data were generated over the course of two years, new
standards were added into the targeted analysis over time. For a
subset of 22 standards that were sequentially added over the
course of our measurements, we mined the untargeted metabolite
data obtained on the QExactive for information about those
compounds (Supplemental Table 1). Internal standards (n=28),
metabolites added to culture media (e.g. vitamins, amino acids;
n=41), metabolites with high background levels (n=3), and
metabolites that contained missing data or were not observed
across the 42 organisms (1=85) were excluded from analyses. The
remaining 111 metabolites were used in subsequent analyses. For
each organism, samples from corresponding media blank(s),
biological replicates, and pooled mixes of replicates were treated
as a batch and processed separately. For each batch/organism, QE
data were first converted to .mzxml using MSConvert (Chambers
et al., 2012) with positive and negative scans separated for HILIC.
For MS data, each fraction [aqueous on RP, aqueous on HILIC
(positive scans), and aqueous on HILIC (negative scans)] were
processed separately through Skyline for small molecules
(MacLean et al, 2010). For quality mass features, we searched
an internal database of standards run in the exact manner on our
instruments for matches to exact m/z and retention time, yielding
an unequivocal identification. After integration, we used an in-
house quality control (QC) filter to ensure proper metabolite
identification based on retention time (RT), signal to noise ratio
(S/N), absolute peak area/height, exact mass, and fragment ion
ratio (for TQS) (Supplemental Table 2).

If a compound was present and met the QC thresholds, it
was considered present in a biological replicate sample. A
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compound was flagged if it was considered comparable to the
blank in the QC step. A compound was marked absent if it was
otherwise not present or flagged as having an incorrect RT, low
peak area, and/or poor S/N in the QC step. In the final presence/
absence table, a “1” denotes a metabolite was present in all
biological replicate samples, a “Blk” denotes a metabolite had a
comparable peak area to the blank in more than one of the
biological replicate samples, and a “0” denotes it was absent in all
samples or only observed in a single biological replicate at a level
comparable to the blank. In some cases, the presence/absence
table includes fractions rather than a 0 or 1 if the compound was
present only in some replicates. For the purposes of our analyses,
fractions >0.5 were treated as “1” while fractions <0.5 were
“0” and “Blk” was also treated as “0.” For

Chysochromulina data, we extracted approximately the same

treated as

number of cells (107) per sample. We then used the QC-
processed metabolite peak area values to compare relative
differences in metabolites of interest between strains
(Supplemental Table 3). For T. pseudonana data, we used the
total extracted cell volume to normalize QC-processed peak
areas values to compare relative differences in metabolites of
interest between salinity growth conditions (Supplemental
Table 4). In both cases, samples were processed and analyzed
in the same QC batch. Hierarchical clustering, NMDS [vegan
version 2.5-7 (Oksanen et al., 2020) and pvclust version 2.2-0
(Suzuki et al., 2019) packages], and MCA [FactoMineR version
2.4 package (Lé et al., 2008)] were performed in R (version 4.1.0).

Results

Intracellular metabolite profiles across
major marine microbial lineages

We used a combined targeted and untargeted liquid
chromatography-mass spectrometry-based metabolomics
approach (Boysen et al, 2018) to screen the intracellular
metabolite pools of 42 microbial taxa that span the three
domains of life with autotrophic and heterotrophic
representatives (Table 1). The taxa belong to major lineages in
the oceans that contribute substantially to biomass and carbon
flux in the surface ocean, many of which have publicly available
genomic resources. Organisms included 14 marine autotrophic
eukaryotes [red-lineage stramenopiles (e.g. diatoms), alveolates
(e.g. dinoflagellates), and haptophytes (e.g. coccolithophores);
green-lineage chloroplastida (e.g. prasinophytes)], seven
autotrophic bacteria (e.g. cyanobacteria), 15 heterotrophic
bacteria (e.g. alpha-, gamma-, beta-proteobacteria, and
flavobacteria), and one marine archaeon (Table 15 Figure 1A).
We cultured these thirty-seven marine organisms in mono-
culture in artificial seawater media specific to the organism
(Table 1). For Thalassiosira pseudonana, we included a salinity
experiment where the diatom was grown in 10, 28, or 35 ppt
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salinity seawater to identify potential variability in metabolites
due to growth conditions. Additionally, we included three
marine and two freshwater strains of the haptophyte
Chrysochromulina in this study. These non-coccolithophorid,
mixotrophic haptophytes were maintained as bacterized
cultures, with freshwater strains grown in an artificial medium
and marine strains in natural seawater medium. To maintain
consistency in sampling across organisms, we collected all
cultures during mid-to-late exponential growth phase and
during the light cycle for phytoplankton.

Measured metabolites represent a variety of small molecules
in central and secondary metabolism that include sugars, amino
acids, organic acids, phytohormones, and osmolytes
(Supplemental Table 1). After removal of metabolites added to
culture media and those not detected in any of the 42 organisms
(see Methods), there were 111 metabolites present in at least one
culture with 99 found in more than one organism and 91 in more
than two organisms. We did not determine absolute quantities of
metabolites because accurate cell volumes were not measured for
all organisms, and further, the differing biological matrices across
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samples cause varying ion suppression that make direct
comparison of metabolite peak areas problematic (Chamberlain
etal., 2019; Ghosson et al., 2021). In previous work, we quantified
a subset of polar metabolites in 21 of the cultures based on
measured or estimated cell volume in order to relate these data to
field-based community observations (Heal et al,, 2021). Here, to
retain the most taxonomic diversity, we use presence-absence
values based on quality-controlled peak areas in analyses
presented herein, unless noted otherwise.

Metabolites reflect broad taxonomic
groups

Hierarchical clustering and NMDS ordination of the presence-
absence dataset showed that patterns in metabolite profiles reflect
broad levels of taxonomy (Figure 1B), regardless of whether we
removed metabolites detected in cultures below or near
background levels from the clustering analysis or treated them as
absent (Supplemental Figure 1). There was a clear separation of
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bacteria and archaea from the eukaryotic phytoplankton taxa, with
the majority of heterotrophic bacteria, cyanobacteria, diatoms,
haptophytes, and dinoflagellates forming distinct clusters. Most
divergent in metabolite profile were the two green-lineage
prasinophytes. This group contained fewer representatives
compared to other taxonomic groups in the dataset, and
additional analysis is warranted to resolve their metabolic
variation given the ubiquitous contribution of this algal group to
aquatic ecosystems (Leconte et al., 2020). Notably, there was a clear
separation of the freshwater Chrysochromulina strains from the
rest of the marine phytoplankton taxa, including the marine
Chrysochromulina that clustered near Emiliania huxleyi
haptophyte relatives and dinoflagellates.

Metabolites specific to phytoplankton
and bacterial groups

Of the 111 metabolites measured (Figure 2 and
Supplemental Table 1), we observed 14 metabolites exclusively
in cyanobacteria and eukaryotic phytoplankton taxa and not in
the examined heterotrophic bacteria or archaea (Figure 3 and
Supplemental Table 5). When comparing between eukaryotic
phytoplankton and prokaryotic groups, we excluded the five
Chrysochromulina strains because they were not axenic. Of these
14 phytoplankton-derived metabolites, five were observed across
both prokaryotic and eukaryotic phytoplankton taxa and
included two sugars (sucrose, chitobiose) and three nitrogen-
containing osmolytes and amino acid derivatives
(hydroxyectoine, homarine, and trans-hydroxylproline). We
note that hydroxyectoine is a metabolite produced
conditionally in many organisms including bacteria and
archaea (Czech et al,, 2018) under high osmolarity conditions
not captured with our culture conditions. We found no
metabolites restricted to cyanobacteria, while nine of the
fifteen phytoplankton metabolites were restricted to eukaryotic
lineages. These included two nitrogen-containing carnitine
derivatives (acetyl-L-carnitine and propionyl-L-carnitine) and
seven sulfur-containing metabolites: the sulfonates 3-amino-1-
propanesulfonate (homotaurine), methyltaurine, acetyltaurine,
isethionate, and DHPS and the sulfoniums gonyol and DMSAc.

There were twenty-six metabolites observed only in
prokaryotic (heterotrophic bacteria, cyanobacteria, and
archaeal) taxa (Figure 2 and Supplemental Table 5). Again, we
excluded the Chrysochromulina strains in this analysis because
they were not axenic. A single molecule, 3-glutamic acid, was
restricted to the marine archaeon, consistent with previous
metabolomic studies (Heal et al.,, 2021), and sixteen
metabolites were found only in heterotrophic bacteria. The
most striking pattern in this subset of metabolites was the
prevalence of phytohormones and signaling molecules
(Figure 4). These included the signaling molecules p-coumaric
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acid, cytokinin kinetin, and the indole derivatives indole acetic
acid (IAA), methyl indole acetic acid, indole carboxylic acid,
methyl indole carboxylic acid, indole lactic acid, tryptamine, and
tryptophol (all restricted to the heterotrophic bacteria) as well as
indole acetamide and cytokinin 6-(y,y-dimethylallylamino)
purine (2iP) (found across bacterial and archaeal taxa).

Metabolites from the five strains of Chrysochromulina
clustered based on their marine or freshwater source
(Figures 1B, 2). The two clusters grouped with other
eukaryotic phytoplankton taxa, despite the presence of bacteria
in each of these cultures. There were 31 metabolites differentially
present between the marine and freshwater taxa (Supplemental
Table 6). We found two metabolites indole-3-carboxylic acid
and gluconic acid restricted to the freshwater strains, while the
majority (n=29) of differential metabolites were present in one or
more of the marine strains and absent from the freshwater
strains. These 29 molecules included sugars (e.g. chitobiose),
amino acid derivatives (e.g. citrulline, sarcosine, homoserine),
and several molecules with compatible solute function (e.g.
betaine, DHPS, taurine, ectoine, choline, homarine). Four of
these molecules (DHPS, propionyl-L-carnitine, chitobiose,
homarine) were constrained to phytoplankton taxa (Figure 3)
and were most likely derived from Chrysochromulina, whereas
the other molecules may represent a combined signal from the
phytoplankton and bacteria. Notably, several sulfur-containing
metabolites prevalent in marine eukaryotes were present across
both the marine and freshwater strains (e.g. DMSP, DMSAg,
gonyol, isethionate) indicating that these molecules may be
widely distributed in aquatic environments, while others were
only observed in marine Chrysochromulina strains (e.g. DHPS,
taurine). Because we analyzed all Chrysochromulina strains in
the same batch of samples and all samples contained the same
number of cells, we were able to compare normalized peak area
for metabolites of interest to determine whether their relative
abundance differed between strains (Supplemental Table 3).
Consistent with function as compatible solutes, DMSP and
DMSAc all displayed higher peak area values in the marine
strains as compared to the freshwater strains (35-840X DMSP
and 10°X DMSAc in marine versus freshwater strains). In
contrast, isethionate and gonyol had similar peak area values
across all Chrysochromulina strains.

The differential presence of compatible solutes across the
Chrysochromulina strains led us to search a set of T. pseudonana
cultures grown at three different salinities for corresponding
metabolite changes. Five metabolites (homoserine, proline
betaine, sarcosine, homarine, and betaine) were detected at 28
and 35 ppt but had signals below background levels in cells grown
at the lowest salinity (10 ppt) (Supplemental Figure 25 Supplemental
Table 4). A single metabolite, carotene, had the opposite trend and
became depleted at 35 ppt salinity. These metabolome changes in T.
pseudonana are consistent with increased compatible solute
production with increased salinity. The samples from these
salinity experiments clustered closely together and were similar to
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FIGURE 2

Distribution of 111 metabolites across 42 microbial taxa. Heatmap and hierarchical clustering dendrograms based on Jaccard distance using
presence-absence of metabolites. Metabolite presence is colored according to the taxonomic groups in the legend, with white=metabolite
absent and gray=metabolite similar to background levels. Metabolites in italics include universal electron transfer metabolites and nucleobases
and their derivatives that are expected to be present in all organisms, though in some cases were not detected. Metabolites with dark blue
boxes were restricted to heterotrophic bacteria, metabolites with brown boxes were restricted to eukaryotic phytoplankton, and one metabolite
with a yellow box was restricted to the archaeal culture; note that non-axenic Chrysochromulina strains were not considered in this labeling
scheme. Metabolites in bold were found to correspond with taxonomic groupings (see Figure 5). Organism labeling and coloring scheme are
the same as in Figure 1.
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Thirteen metabolites exclusive to cyanobacterial and eukaryotic
phytoplankton and absent in heterotrophic bacteria or archaea
Dashed blue lines: nitrogen-containing metabolites; Dashed
yellow lines: sulfur-containing metabolites. Hydroxyectoine was
also specific to phytoplankton in our analysis, but it was not
included in the figure as there is evidence that it is conditionally
produced in archaea and bacteria under high osmolarity
conditions (Czech et al.,, 2018). DHPS, 2,3-dihydroxypropane-1-
sulfonate; DMSAc, dimethylsulfonioacetate.

other diatoms (Figure 1B). Thus, presence-absence of these six
particular metabolites did not exert a strong influence on the
clustering by taxonomy, consistent with their generally broad
distribution across organisms. Proline betaine and carotene were
found in both marine and freshwater Chrysochromulina cultures,
whereas the other four metabolites (homoserine, sarcosine,
homarine, and betaine) were in common with the 29 metabolites
observed only in the marine Chrysochromulina. These results are
consistent with their direct use as compatible solutes (sarcosine,
homarine, betaine) or their function as an intermediate in
biosynthesis of compatible solutes (homoserine).

Metabolites that predict
taxonomic groups

The taxonomic patterns in the presence-absence of
metabolites suggested that differentially present metabolites
could be used to categorize taxonomic groups (archaea,
cyanobacteria, heterotrophic bacteria, diatoms, dinoflagellates,
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haptophytes, and prasinophytes). To explore associations
between specific metabolites and taxonomic groups, we
performed a multiple correspondence analysis (MCA) with the
binary metabolite data (Figure 5 and Supplemental Figure 3).
Many metabolites in our analysis are broadly present across taxa
and/or are considered universal metabolites in microbial
metabolism (Figure 2) and include electron transfer
metabolites (e.g., FAD, NAD), nucleobases and their
derivatives (e.g., AMP, ATP), and central carbon pathway
metabolites (e.g, glycolysis and TCA cycle intermediates).
Fifty-three metabolites remained after removal of these general
metabolites. Using the 53 metabolites, MCA dimension 1
explained 22.7% of variance and primarily separated
eukaryotic phytoplankton groups from bacteria and archaea,
while dimension 2 explained 10.0% of variance and primarily
separated cyanobacteria from heterotrophic bacteria and
eukaryotic lineages from one another (Figure 5A). Ordination
of these first two dimensions showed similar separation of
taxonomic groupings to the NMDS (Figure 1B), indicating
that the subset of 53 metabolites in the MCA could separate
groups in a comparable manner to the NMDS that included all
metabolites to preserve pairwise dissimilarity between samples.

We next tested whether a smaller subset of metabolites could
be used to categorize taxa by ranking metabolites based on their
correlation strength with the MCA dimension axes
(Supplemental Table 7). We incrementally removed
metabolites from the MCA that contributed least to dimension
axes, until there was a reduction in the separation of groups. This
resulted in 42 metabolites used to separate groups (Supplemental
Figure 4A), with 29 having strongest correlation values with the
first two dimensions (Supplemental Figures 4B, C; Supplemental
Table 8). These included chitobiose and glucosylglycerol, the
nitrogen-containing metabolites choline, dimethyl glycine,
sarcosine, homarine, glycerophosphocholine, trans-
hydroxylproline, carnitine and two derivatives acetyl-L-
carnitine and propionyl-L-carnitine, and the sulfur-containing
metabolites cystine, cystathionine, methionine sulfoxide, DHPS,
DMSP, gonyol, sulfolactic acid, and DMSAc associated with the
positive pole of dimension 1 that corresponded with eukaryotic
phytoplankton (Figure 5B; Supplemental Figure 3). Gonyol was
associated with the positive pole of dimension 1 and negative
pole of dimension 2, consistent with its dominance in
haptophytes and dinoflagellates. Metabolites coenzyme Q10,
TAA, and 2ip, found on the negative poles of dimensions 1
and 2, corresponded most closely with heterotrophic bacteria.
Desthiobiton, observed in a small number of diatoms and
bacteria, was associated with the positive pole of dimension 2.
With positive values in both dimensions 1 and 2, sucrose and
carotene corresponded with diatoms and cyanobacteria. With
negative values in dimension 2, taurine, proline betaine,
aminobutyric acid, and picolinic acid corresponded with
heterotrophic bacteria, dinoflagellates, and a subset of
prasinophytes and diatoms (Supplemental Table 5). Overall,
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many of the metabolites important in characterizing taxonomic
groups in the MCA contained nitrogen and/or sulfur and
overlapped with those specific to eukaryotic phytoplankton
(Figure 3) and heterotrophic bacteria (Figure 4).

Discussion

Using the metabolomes of 42 microbial taxa, we identified
groups of metabolites associated with broad levels of taxonomy.
The relationship between phylogeny and metabolome has been
demonstrated in phytoplankton using mass features from hybrid
2021;
2021) and in macroalgae using targeted

targeted/untargeted metabolomics data (Heal et al,
Hughes et al.,
metabolomics data (Hamid et al., 2019). By using a targeted
analysis of intracellular metabolites in cultured plankton, we
were able to identify specific metabolites that contribute to this
relationship between phylogeny and chemotype. We identified
13 phytoplankton-derived molecules not present in the
examined heterotrophic bacteria and archaea that include
sugars, compatible solutes, and their derivatives (Figure 3).
Conversely, we detected twenty-six prokaryotic-derived
metabolites not present in the examined eukaryotic
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phytoplankton that were dominated by signaling molecules
and hormones. Nine of the phytoplankton metabolites were
constrained to eukaryotic lineages, but we did not identify
cyanobacteria-specific metabolites. In contrast, untargeted
metabolomics work of excreted metabolites has shown both
cyanobacteria- and diatom-specific mass features (Becker et al.,
2014), indicating that we have yet to identify the full suite of
metabolites that differentiate microbial lineages. As additional
microbial metabolites are characterized, the untargeted
metabolomics dataset that we generated may serve as a
resource to resolve chemotaxonomic distribution of newly
identified plankton metabolites. While the taxa used in this
study span major lineages in the surface ocean, some had few
representatives, e.g., prasinophytes and archaea, and there are
also important groups not represented in our study, e.g., SAR11.
Still, these culture metabolomics data provide a scaffold for
discerning metabolic pathways and corresponding genes for
the transformation of metabolites of interest in field
populations. For instance, using the distribution of sulfonates
among microbial taxa in this dataset, we previously identified
putative synthesis routes for Cj-sulfonates produced by
eukaryotic phytoplankton lineages that support heterotrophic
bacterial associates (Durham et al., 2019).
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The majority of the 13 phytoplankton-derived metabolites
can act as substrates for heterotrophic bacteria, indicating that
these metabolites may be useful targets for tracking
phytoplankton-bacterial metabolite exchange. Indeed, several
of these molecules (chitobiose, DHPS, isethionate, and
acetyltaurine) have been implicated in resource partitioning
among heterotrophic bacterial associates of eukaryotic
phytoplankton (Ferrer-Gonzalez et al., 2021). Though, it is
worth noting that of the 36 diatom-derived metabolites
identified to support bacterial resource partitioning (Ferrer-
Gonzalez et al., 2021), 29 were metabolites with broad
distribution across microbial taxa such as amino acids. Thus,
taxonomy can influence the types of metabolites present as well
as the preferential exchange of those metabolites in establishing
microbial interactions. Ten of the 13 phytoplankton-derived
metabolites identified here (sucrose, DHPS, acetyltaurine,
isethionate, homotaurine, DMSAc, gonyol, acetyl-L-carnitine,
propionyl-L-carnitine) have been observed in field populations
and display differential latitudinal and/or depth distribution in
North Pacific particulate matter consistent with changes in
phytoplankton taxonomic patterns (Heal et al, 2021). This
handful of phytoplankton-derived molecules can serve as
valuable targets for tracking metabolism of primary producer
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lineages to reconstruct their distributions and functions in
the environment.

An interesting pattern within the phytoplankton metabolites
was the differential use of nitrogen and sulfur, with sulfur-
metabolites more prevalent in eukaryotic lineages and
nitrogen-metabolites spanning across cyanobacteria and
eukaryotic phytoplankton lineages (Figures 3, 5). Nitrogen-
metabolites trans-hydroxylproline and homarine were present
across eukaryotic phytoplankton (n=10/12 and 7/12,
respectively) and cyanobacterial groups (n=1/7 and 2/7,
respectively), while two carnitine derivates acetyl-L-carnitine
(n=10/12) and propionyl-L-carnitine (n=8/12) were restricted
to eukaryotes. As anticipated, we detected carnitine in the same
eukaryotic cultures as its two derivates (Supplemental Table 5),
and all three were associated with eukaryotic taxa in the MCA
(Figure 5). While carnitine is common in eukaryotes, we note its
presence in two bacterial cultures that belong to the Roseobacter
group. Metabolomics-based characterization of carnitine
metabolic pathways in soil bacteria has uncovered gene
homologs in marine bacteria predicted to encode carnitine
biosynthesis (Bazire et al., 2019), highlighting the power of
metabolomics in revealing chemical phenotypes that are
otherwise overlooked due to uncharacterized pathways. As
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additional cultures are analyzed by metabolomics approaches to
fill in such gaps in our reconstruction of microbial metabolism,
we may further constrain which metabolites are restricted to
specific taxa.

Of the seven sulfur-metabolites specific to eukaryotic
phytoplankton, three also contained a nitrogen atom
(Figure 3). The prevalence of sulfur-metabolites in linking
carbon transfer between eukaryotic phytoplankton and
heterotrophic bacteria is a growing theme in marine
biogeochemistry (Ksionzek et al., 2016; Levine, 2016; Moran
and Durham, 2019). Historically, DMSP has been the most well-
described marine sulfur-metabolite, in part, because its
metabolism can lead to release of the volatile, climate-active
gas dimethyl sulfide (DMS) (Yoch, 2002). It is an infochemical
produced in high quantities by certain eukaryotic phytoplankton
groups (Keller et al., 1989) and preferentially consumed by
marine bacteria, with turnover rates indicating that DMSP can
support over 5% of bacterial carbon demand (Kiene and Linn,
2000). We detected DMSP in 13 out of 14 eukaryotic
phytoplankton and five out of 15 bacterial cultures and found
it was a strong predictor of eukaryotic phytoplankton taxa
(Figure 5), consistent with previous literature indicating that
eukaryotic phytoplankton are major producers of DMSP in the
surface ocean (Curson et al., 2018). Recognition of additional
phytoplankton-derived sulfonium and sulfonate metabolites as
constituents of the organic sulfur pool has altered our
conceptualization of the marine sulfur cycle (Thume et al,
2018; Gebser et al., 2020; Heal et al.,, 2021). Here, we expand
the chemotaxonomic resolution for sulfur-metabolites,
particularly, those produced by eukaryotic phytoplankton
(Figure 2), with DHPS and DMSAc most strongly associated
with diatoms and haptophytes and gonyol with dinoflagellates
(Figure 5). In addition, all three sulfonium molecules (DMSP,
DMSAc, and gonyol) were present in at least one of the
freshwater Chrysochromulina strains, implicating them in
organic sulfur cycling in freshwater ecosystems. In comparing
peak area values for these metabolites of interest, gonyol
demonstrated peak areas comparable across marine and
freshwater strains, in contrast to DMSAc and DMSP that had
much lower peak areas in freshwater strains compared to
marine. In marine bacteria, gonyol is not metabolized to
volatile DMS, and it can inhibit DMS release in bacteria that
catabolize DMSP (Gebser et al,, 2020). This may indicate
pronounced interference of volatile sulfur transformations in
freshwater microbial communities, though the relevant taxa and
quantitative importance of sulfoniums to freshwater systems are
yet to be resolved.

Another striking pattern in the dataset was the wide array of
phytohormones and signaling molecules present in
heterotrophic bacteria. While most of these metabolites are
recognized in land plants, the majority are not described in
marine microbes. The few exceptions are bacterial-derived IAA
that has been shown to enhance growth rate of diatoms (Amin
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et al, 2015) and phytoplankton-derived p-coumaric acid that
acts as an infochemical for bacterial associates (Seyedsayamdost
et al., 2011). Functions for the seven additional indole derivatives
and the cytokinins kinetin and 2ip have yet to be functionally
described in marine bacteria. We note that IAA, indole-3-
acetamide, and methyl indole-3-carboxylate have been
reported in samples from the open ocean (Boysen et al., 2021),
with TAA and indole-3-acetamide displaying diel rhythmicity in
their abundance. Production of cytokinin 2ip has been reported
in planktonic bacteria isolated from a lake (Donderski and
Gluchowska, 2000). While these environmental measures
indicate active use of these metabolites in natural microbial
populations, their specific functions and potential use in
bacterial-phytoplankton interactions are unknown. In plants,
the various functional groups of indole derivatives can alter
solubility and diffusion of the molecules. For instance, methyl-
IAA is more nonpolar than IAA and can more easily diffuse
across membranes (Yang et al., 2008), enhancing transport of
TAA (in the form of methyl-TAA) to neighboring cells and more
distant targets. Such differences in hormone diffusion may be
important for phycosphere-mediated interactions that occur
within the diffusive boundary layer of planktonic cells
(Seymour et al., 2017).

It is important to note that we cultured all organisms under
optimal light, temperature, and nutrient-replete conditions, not
reflective of typical environmental conditions. We have
presented metabolite profiles based on the presence or absence
of compounds, though we recognize that many metabolites are
produced under specific conditions (Johnson et al., 2016; Heal
et al,, 2019) and/or produced at very low concentrations
potentially below our limits of detection. Indeed, both
environmental conditions and biotic interactions among
microbial taxa may alter metabolome composition (Pontiller
et al,, 2020; Boysen et al., 2021; Raina et al., 2022). For instance,
there were six metabolites differentially present between T.
pseudonana grown under three different salinities,
demonstrating that growth conditions can alter chemotype.
Nonetheless, these diatom samples clustered closely together
based on their metabolite profiles (Figures 1B, 2). In a previous
metabolomics analysis of five diatom species grown under
varying salinity and temperature conditions, metabolomes also
clustered most strongly based on species identity rather than
growth conditions (Dawson et al., 2020). In a lipidomics study of
13 diatom species, nitrogen availability affected metabolite
accumulation but did not have a major influence on species-
specific metabolite profiles (Bromke et al., 2015). Taken together,
these diatom results indicated that genotype may be stronger in
determining metabolic patterns than growth condition.
Additional metabolomes from multiple taxa grown under a
wider variety of growth conditions will help resolve which
growth condition(s), or combination of conditions, exert the
greatest influence on chemotype. We also observed clear
separation between freshwater and marine species of
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Chrysochromulina driven by differential production of
compatible solutes. With the caveats that these cultures were
not axenic and grown on different media types, this result
indicates the importance of environmental origin when
measuring chemotype. Likewise, an untargeted metabolomics
analysis of multiple strains of green alga Dunaliella tertiolecta
collected from regions with varying salinity suggested that
chemotyping may be more important than phylogenetic
identification when exploring chemical diversity (Hughes
et al., 2021).

Many of the metabolites discussed herein serve as substrates
in microbial metabolism and trophic exchange with potential for
rapid turnover rates, warranting further quantitative analyses to
determine how they may serve as biomarkers in field
populations. While some of these metabolites have reported
observations in seawater, we have yet to resolve their
distributions, functions, and cycling in natural microbial
populations. New analytical approaches including single-cell
imaging metabolomics allow resolution of metabolites
exchanged in microbial consortia (Baumeister et al.,, 2020;
Vallet et al,, 2021). Analytical methods have also recently
become available to measure polar metabolites like sulfonates,
amino acids, and sugars in the dissolved fraction of seawater
(Widner et al,, 2021), opening up new avenues to compare
concentrations of intracellular and excreted metabolites relevant
to nutrient cycling. Such tools are critical for tracking the
metabolism of ecologically relevant taxa and identifying
biomarkers for risk assessment in a changing ocean (Gauthier
et al., 2020). Through enhanced chemotaxonomic resolution of
marine metabolites presented herein, we provide a resource for
connecting microbial taxa to metabolic processes that ultimately
shape ocean biogeochemistry.
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