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Editorial on the Research Topic

Applyingmetabolomics to questions inmarine ecology and ecophysiology
High biodiversity and deep evolutionary histories have led to the extreme

diversification of molecules in the ocean, explaining why some of humanity’s most

potent drugs have been discovered in marine organisms. Historical challenges in

sampling and extracting molecules from marine life and seawater, along with the

sparsity of molecular reference libraries, leaves much to be explored in the marine

chemosphere (Steen et al.). With the ongoing global loss of marine biodiversity due to

anthropogenic pressures (O’Hara et al., 2021), opportunities to identify new marine

molecules are declining. Here, we identify advances in metabolomics that can rapidly

generate new knowledge about the ecology and evolution of marine molecules, while

aiding the pursuit of new drugs to fight emerging diseases.
Metabolomics offers a high sensitivity tool in the
toolkit of ecologists

Apply database-adjacent and
database-independent methods

Marine metabolomes often yield extremely low molecular identification rates

(da Silva et al., 2015), routinely falling below 2% (e.g., Quinn et al., 2016; Hartmann

et al., 2017). New chemi- and bioinformatic approaches can improve annotation rates

beyond searching reference libraries, while others avoid reference libraries by
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characterizing specific aspects of molecular structures.

Bioinformatic approaches to improve the annotation of marine

molecules include in silico structure prediction tools from

tandem mass spectra, often based on fragmentation trees, such

as SIRIUS and DeepEI (Dührkop et al., 2019; Ji et al., 2020,

respectively). Despite these advances, high error rates and

uncertainty of molecular predictions remain a challenge in

the field.

Molecular networking of tandem mass spectrometry data

groups structurally related molecules with putatively similar

functions without the need for molecular identifications. These

networks expand the frame of inference from changes in

individual molecules to chemosphere-wide shifts in the marine

environment over time (Petras et al., 2021a). Networking can

also illuminate molecular modifications based on known mass

shifts between related molecules (e.g., 2.016 Da = H2). This

approach has identified specific biochemistries activated in

response to environmental change (Hartmann et al., 2017;

Quinn et al., 2020; Petras et al., 2021b; Gamba et al., 2022). Li

et al. took this approach a step further by combining hardware

modifications and new data analysis algorithms to improve the

quantification of trace metabolites in seawater and classify them

with novel elemental mass search algorithms for bound

nutrients. Their approach expands our understanding of a

large group of ecologically important molecules in the sea,

siderophores and other trace metal organic ligands produced

by marine microalgae, without the need for complete

structural elucidations.
Combine -omics

Multi-omics refers to approaches that combine -omics tools

and datasets. While metabolomics provides a desired level of

resolution—effector molecules—it rarely offers the full story due

to the lack of molecular annotations. To identify the source of

molecules and the environmental conditions that stimulate their

production, it is necessary to connect molecules back to genes or

organisms. These connections are being made with recent tools

that use co-occurrence networks, machine learning, and neural

networks (e.g., Sogin et al., 2017; Roach et al., 2020; Little et al.,

2021). For example, mmvec (Morton et al., 2019), a neural

network approach, was used to identify an association between a

specific bacterial strain and two coral molecules, demonstrating

specific links between the coral microbiome and its metabolome

(Little et al., 2021).
Use metabolomics for hypothesis testing

The application of metabolomics to hypothesis testing is

limited by inconsistent detection of target metabolites, the

inaccuracy of quantifications, and the dearth of molecular
Frontiers in Marine Science 02
annotations (Steen et al.). The approaches described above

demonstrate that expanding analyses beyond known molecules

to whole networks or shared chemical transformations (i.e., across

many molecules) can smooth out single-molecule variation,

increasing potential for hypothesis testing. As an example,

networking was used to find hydration/dehydration reactions

throughout mostly unknown molecules in coral holobionts and

demonstrated that coral mitochondria and algal symbiont cells

adjust membrane fluidity in opposite directions in response to

elevated temperatures (Gamba et al., 2022).

Apply metabolomics across
scales of biological and
environmental organization

The fundamental role of molecules in carrying out

physiological functions makes them useful across scales of

biological organization. For example, sampling organelles and

cells can be used to characterize biochemical pathways, sampling

holobionts (as individuals and host species) can be used to

profile the molecular phenotypes of individuals and species, and

sampling communities and ecosystems can quantify the

chemical diversity of entire systems. Applications of sampling

at scales reveal that distinct organelles and cell types have

disparate physiological responses to the same stimulus (Gamba

et al., 2022), individual holobionts of the same host species have

different molecular profiles (Sogin et al., 2016; Hartmann et al.,

2017; Lohr et al., 2019), and holobionts of closely related host

species show large differences in their molecular profiles and

responses to stress (Quinn et al., 2016; Sweet et al., 2021).

The application of metabolomics is particularly powerful

in microbiology. These tools can be used to identify the unique

chemicals and ecophysiologies of bacteria, such as surprisingly

high sugar production in the seagrass rhizosphere or the

production of novel bile salts that aid digestion in the

human gut (Quinn et al. , 2020; Sogin et al. , 2022,

respectively). In marine ecology, metabolites mediate

interactions between bacteria and between bacteria and

metazoans (Hay, 2009). For example, chemical signals

produced by surface-associated bacteria (e.g., on the seafloor)

attract or deter invertebrate larvae and algal spores from

settling (Hadfield and Paul, 2001). Settlement is often

accompanied by metamorphosis to an adult stage, which in

turn dictates local community composition, community

succession, and biodiversity. The chemicals that attract or

deter settlement can be leveraged for valuable applications

including ecosystem restoration and the development of

antifouling compounds. Advancements in mass spectrometry

are being used to produce two-dimensional maps of

metabolites across space, providing extremely highly resolved

chemical landscapes and pinpointing new chemical signals

with ecological functions (Watrous and Dorrestein, 2011).
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Study extracellular metabolites in
seawater to identify key
physiological processes

Marine organisms release molecules into seawater for many

reasons, including acquiring mutualistic symbionts, attracting or

killing bacteria, defending against predators and competitors, and

preying upon other organisms (Hay, 2009). The evolution of these

behaviors and associated molecules is likely influenced by the

predictable direction and protracted residence time of molecules

in seawater in contrast to air. Few of these exometabolites, or

molecules produced by organisms in the environment, have been

characterized (summarized in Kelly et al., 2021). This dissolved

organic matter can be extracted from seawater using solid phase

extraction (SPE) columns (Dittmar et al., 2008) and analyzed

using traditional tools, including approaches that overcome salt

contamination (Sogin et al., 2019). Sampling the exometabolome

is particularly informative because it isolates the molecules that

holobionts release in response to changes in their environment,

rather than all the molecules in the holobiont’s tissues. Isolating

the exometabolome thus allows researchers to identify molecular

indicators of the stress or the molecules acting against it (e.g.,

antibacterial compounds), focusing data outputs on those most

relevant to the ecological interaction being studied (Roach et al.,

2020; Kelly et al., 2021). As an example, riboflavin was enriched in

benthic seawater across numerous reefs relative to surface

seawater (Weber et al., 2020). This vitamin plays an intracellular

role in bacterial oxidative metabolism and extracellular roles in

bacterial quorum-sensing and plant-microbe interactions

(summarized in Weber et al., 2020). Finding riboflavin in the

exometabolome suggests that its extracellular roles are important

in these communities, a conclusion that would have been missed

or ambiguous had riboflavin been detected in bacterial isolates or

tissue samples, the more common sampling approach.
Summary
Fron
1. New tools that enhance or bypass reference libraries and

combine -omics approaches are enhancing our
tiers in Marine Science 03
understanding of complex marine metabolomes and

our ability to use metabolomics for hypothesis testing.

2. Metabolomics is a scalable tool that can identify the

ultimate causes of physiological changes, be they in

organelles or across ecosystems.

3. Studying the exometabolome, molecules released by

organisms into their environment, simplifies molecular

complexity to the most ecologically relevant

components of the chemosphere.
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Petras, D., Caraballo-Rodrıǵuez, A. M., Jarmusch, A. K., Molina-Santiago, C.,
Gauglitz, J. M., Gentry, E. C., et al. (2021b). Chemical proportionality within
molecular networks. Anal. Chem. 93 (38), 12833–12839. doi: 10.1021/
acs.analchem.1c01520

Petras, D., Minich, J. J., Cancelada, L. B., Torres, R. R., Kunselman, E., Wang, M.,
et al. (2021a). Non-targeted tandem mass spectrometry enables the visualization of
organic matter chemotype shifts in coastal seawater. Chemosphere 271, 129450. doi:
10.1016/j.chemosphere.2020.129450
Frontiers in Marine Science 04
Quinn, R. A., Vermeij, M. J., Hartmann, A. C., Galtier d’Auriac, A., Benler, S.,
Haas, A., et al. (2016). Metabolomics of reef benthic interactions reveals a bioactive
lipid involved in coral defence. Proceedings of the Royal Society B: Biological
Sciences 283 (1829), 20160469. doi: 10.1098/rspb.2016.0469

Quinn, R. A., Melnik, A. V., Vrbanac, A., Fu, T., Patras, K. A., Christy, M. P.,
et al. (2020). Global chemical effects of the microbiome include new bile-acid
conjugations. Nature 579 (7797), 123–129. doi: 10.1038/s41586-020-2047-9

Roach, T. N., Little, M., Arts, M. G., Huckeba, J., Haas, A. F., George, E. E., et al.
(2020). A multiomic analysis of in situ coral–turf algal interactions. Proc. Natl.
Acad. Sci. 117 (24), 13588–13595. doi: 10.1073/pnas.1915455117

Sogin, E. M., Puskás, E., Dubilier, N., and Liebeke, M. (2019). Marine
metabolomics: A method for nontargeted measurement of metabolites in
seawater by gas chromatography–mass spectrometry. Msystems 4 (6), e00638–
e00619. doi: 10.1128/mSystems.00638-19

Sogin, E. M., Putnam, H. M., Anderson, P. E., and Gates, R. D. (2016).
Metabolomic signatures of increases in temperature and ocean acidification from
the reef-building coral, Pocillopora damicornis. Metabolomics 12 (4), 1–12. doi:
10.1007/s11306-016-0987-8

Sogin, E. M., Putnam, H. M., Anderson, P. E., and Gates, R. D. (2017).
Correspondence of coral holobiont metabolome with symbiotic bacteria,archaea
and Symbiodinium communities. Environ. Microbiol. Rep. 9 (3), 310–15. doi:
10.1111/1758-2229.12541

Sogin, E. M., Michellod, D., Gruber-Vodicka, H. R., Bourceau, P., Geier, B., and
Geier, D. V. (2022). Sugars dominate the seagrass rhizosphere. Nat. Ecol. Evol. 6
(7), 866–877. doi: 10.1038/s41559-022-01740-z

Watrous, J. D., and Dorrestein, P. C. (2011). Imaging mass spectrometry in
microbiology. Nat. Rev. Microbiol. 9 (9), 683–694. doi: 10.1038/nrmicro2634
frontiersin.org

https://doi.org/10.1073/pnas.1710248114
https://doi.org/10.1073/pnas.1710248114
https://doi.org/10.1146/annurev.marine.010908.163708
https://doi.org/10.1021/acs.analchem.0c01450
https://doi.org/10.1038/s41598-019-42434-0
https://doi.org/10.1038/s41592-019-0616-3
https://doi.org/10.1126/science.abe6731
https://doi.org/10.1021/acs.analchem.1c01520
https://doi.org/10.1021/acs.analchem.1c01520
https://doi.org/10.1016/j.chemosphere.2020.129450
https://doi.org/10.1098/rspb.2016.0469
https://doi.org/10.1038/s41586-020-2047-9
https://doi.org/10.1073/pnas.1915455117
https://doi.org/10.1128/mSystems.00638-19
https://doi.org/10.1007/s11306-016-0987-8
https://doi.org/10.1111/1758-2229.12541
https://doi.org/10.1038/s41559-022-01740-z
https://doi.org/10.1038/nrmicro2634
https://doi.org/10.3389/fmars.2022.1022877
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	Editorial: Applying metabolomics to questions in marine ecology and ecophysiology
	Metabolomics offers a high sensitivity tool in the toolkit of ecologists
	Apply database-adjacent and database-independent methods
	Combine -omics
	Use metabolomics for hypothesis testing

	Apply metabolomics across scales of biological and environmental organization
	Study extracellular metabolites in seawater to identify key physiological processes
	Summary
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


