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ABSTRACT 

Here, we present considerations and strategies for the use of nuclear magnetic resonance (NMR) 

spectroscopy to investigate metabolic flux in marine microorganisms. Phytoplankton perform half 

the carbon fixation and oxygen generation on Earth. A substantial fraction of fixed carbon becomes 

part of a metabolite pool of small molecules known as dissolved organic matter (DOM), which are 

taken up by marine bacteria proximate to phytoplankton. Little is known about the metabolite-

mediated, structured interactions occurring between phytoplankton and associated marine bacteria, 

in part due to challenges of studying high-salt solutions on various analytical platforms. NMR 

spectroscopy analysis is problematic due to the high-salt content of both natural seawater and 

culture media for marine microbes, which degrades the performance of the radio frequency coil, 

reduces the efficiency of some pulse sequences, limits signal-to-noise, and prolongs experimental 

time. We first describe a method to reproducibly extract low molecular weight DOM from small-

volume, high-salt cultures as a promising tool for elucidating metabolic flux and genetic screening 

between marine microorganisms. Next, we describe the utility of the method at elucidating 

differential flux between several clades of marine bacteria cocultured with phytoplankton. We end 

with our latest work observing real-time metabolic flux using continuous in vivo metabolism by 

NMR (CIVM-NMR). This method shows promise for future investigations into substrate 



 

utilization by marine bacteria and could aid in better understanding the metabolic flux crucial to 

sustaining life as we know it. 
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CHAPTER 1 

BACKGROUND 

Marine environments and carbon cycling 

Phytoplankton are photosynthetic microorganisms that generate 50% of the oxygen on 

Earth and contribute nearly half of the turnover in the global carbon cycle. Half of the carbon fixed 

by phytoplankton joins the marine food web or sinks to the deep ocean while the other half 

becomes part of a pool of small molecules known as dissolved organic matter (DOM).1,2 DOM is 

an assemblage of greater than 100,000 organic metabolites3 that play vital roles in global carbon, 

nitrogen, sulfur, and phosphorus cycles; metabolism of nutrients and xenobiotics; and marine 

biodiversity.4,5 Loosely associated marine bacteria quickly scavenge (within minutes to days) 

DOM and transform labile DOM as part of the microbial loop, cycling nutrients back into all 

trophic layers of the marine food web and contributing a crucial step in elemental cycling.1,6 The 

microhabitat including phytoplankton, released DOM, and associated bacteria is known as the 

phycosphere.7,8 

Phytoplankton densities do not exist in a steady state and instead vary temporally and/or in 

the presence of specific nutrients. Temporary, concentrated increases in phytoplankton abundance 

are known as blooms, which most commonly occur when exposure to sunlight is increased during 

the spring months or when levels of nitrogen, phosphorus, iron, and silicate produce favorable 

conditions. The bloom can last weeks to months and is followed by population collapse caused by 

nutrient constraints, viral attack, or consumption by other organisms.1 DOM can therefore be 

secreted directly by actively photosynthesizing phytoplankton or through cell death and lysis of 
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declining phytoplankton populations. A majority of secreted DOM is labile and may be a 

chemoattractant for loosely associated heterotrophic marine bacteria from Alphaproteobacteria, 

Flavobacteriia, or Gammaproteobacteria classes.1,8-10 These bacteria typically grow in direct 

proportion to phytoplankton density and can utilize chemotaxis for motility or attach directly to 

phytoplankton cells.11  

The distinction between bacterial interactions as mutualistic or pathogenic is a fine one, 

often varying with regards to timing of the bloom and bacterial species identity. Microbial 

populations within the bacterial loop can contribute metabolites including essential vitamins and 

nutrients that support phytoplankton growth, and some bacteria may act as probionts, protecting 

phytoplankton from pathogens.2 Conversely, previously mutualistic bacteria can become 

pathogenic towards phytoplankton to outcompete for scarce nutrients in the final stages of a 

bloom.1 

There are five major types of phytoplankton—cyanobacteria, dinoflagellates, green algae, 

coccolithophores, and diatoms. The focus of this thesis, diatoms, are covered in a porous silica 

shell and move on ocean currents.11 Intricate interactions between diatoms and heterotrophic 

bacteria are the result of hundreds of millions of years of evolution, with bacterial genes being 

acquired and incorporated into diatoms throughout that period. We have only begun to realize the 

dynamism of reactivity, metabolic turnover, and chemical transformation occurring between these 

microorganisms. Characterizing metabolites released by phytoplankton and transformed by 

bacteria is a crucial step toward enhancing our understanding of these processes. 

Marine exometabolome  

The phycosphere metabolome consists of the entire repertoire of metabolites produced by 

affiliated microorganisms and can be divided further into the endometabolome and 
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exometabolome. Metabolites associated with the endometabolome are contained within cells, 

while the exometabolome represents metabolites excreted from cells.12 The advantage of analyzing 

the latter is the ability to profile secreted metabolites acting as currencies in ocean carbon flux.13 

A majority of the marine microorganismal exometabolome has yet to be elucidated, and 

knowledge has previously been limited to analytical methods that require desalting, altering, or 

targeting specific groups of metabolites.14-17 This owes to the high salt content required for 

culturing marine microorganisms or present within field samples and the inhibitory effect salt has 

on direct analysis by mass spectrometry (MS) and NMR instruments.18 Both platforms experience 

signal interference from high salt samples—MS from ionization suppression or aberrant 

enhancement16 and NMR from affecting the tuning and response of the probe18,19—so salt 

elimination or inhibition is necessary.  

Another challenge is the steady state concentration of DOM, which lies in the picomolar 

to nanomolar range.17 Thus, sample concentration is required to reach detectable metabolite levels 

for NMR analysis, unfortunately further concentrating the salt. This step is typically followed by 

membrane-based or solid phase extraction (SPE) to remove salts from the solution, but SPE does 

not effectively work for the majority of DOM, which is between 250-550 Da.18 Studies employing 

SPE retain an estimated 43-62% of DOM at the exclusion of many compounds important to central 

metabolism.14 Another challenge of detecting LMW (low molecular weight, < 1 kDa) metabolites 

from seawater media is that the smallest and most polar metabolites behave like salt. They are 

often difficult to separate from the high-salt media background, particularly at such low 

concentrations.  

Chapter 2 describes a novel method developed by Holderman et al. to extract such LMW 

metabolites from the coculture exudates of bacteria Ruegeria pomeroyi and diatom Thalassiosira 
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pseudonana, two marine microorganisms commonly shown in ecological association.20 T. 

pseudonana was chosen as a model system because the diatom class of phytoplankton contributes 

approximately 20-25% of net primary production globally and 40% of marine primary 

production.1,11,21 R. pomeroyi is an Alphaproteobacteria and was the first published genome from 

the Roseobacter clade, which is among the most plentiful and ecologically significant clades of 

marine bacteria.2,22 Roseobacters are prevalent throughout the world’s oceans from polar to 

equatorial regions and are the predominate members of phytoplankton-associated bacteria.22 

These bacteria are also significant contributors to global climate regulation. 

Alphaproteobacteria (including the Roseobacter species) and a few Gammaproteobacteria are 

responsible for breaking down dimethylsulfoniopropionate (DMSP), one of the most abundant 

metabolites (from nanomolar in surface waters to micromolar during blooms) released by 

phytoplankton.23 DMSP catabolism is crucial to the global sulfur cycle as a precursor of 

dimethylsulfide (DMS), the principal contributor of naturally occurring sulfur to the atmosphere. 

DMS is oxidized (to products such as sulfate, sulfur dioxide, and methanesulfonic acid) and 

released into the atmosphere as a crucial regulator of climate.24,25 The particles significantly impact 

the amount of solar radiation reaching earth by directly scattering solar energy and functioning as 

cloud condensation nuclei upon which water droplets condense in the initial stages of cloud 

formation.25,26 Given the respective importance of diatoms and Roseobacters, T. pseudonana and 

R. pomeroyi were ideal model organisms for this research. 

 [The following indented paragraphs are an unmodified excerpt from my contribution to 

“NMR: Unique Strengths that Enhance Modern Metabolomics Research” published in Analytical 

Chemistry by the Edison Lab in 2021.] 
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R. pomeroyi + T. pseudonana cocultures demonstrate bacterial upregulation 

of several genes linked to the transport and catabolism of 

dihydroxypropanesulfonate (DHPS), a small metabolite rich in carbon and sulfur.20 

T. pseudonana releases large quantities of DHPS, a concentrated source of DOM, 

which R. pomeroyi is able to consume as a sole carbon source. Three amplified 

genes (hpsK, hpsL, and hpsM) were hypothesized to form a tripartite ATP-

independent periplasmic (TRAP) transporter for import of DHPS into the 

cytoplasm.20 

To verify that DHPS was significant to R. pomeroyi carbon exchange, 

methods were developed (Chapter 2) for extracting and analyzing 13C-labeled spent 

media from R. pomeroyi + T. pseudonana cocultures via NMR using lyophilization, 

reconstitution in DMSO-d6, and analysis in a 1.7 mm cryogenic probe at 800 MHz. 

The smaller diameter probe enhances mass sensitivity and minimizes loss due to 

salt. The group developed an R. pomeroyi transporter mutant (ΔhpsKLM) in which 

the putative transporter genes were knocked out to determine whether DHPS was 

significant to carbon exchange in an R. pomeroyi + T. pseudonana coculture. 13C-

HSQC (heteronuclear single quantum coherence spectroscopy) was used to analyze 

extracted spent media from axenic T. pseudonana, R. pomeroyi + T. pseudonana, 

and ΔhpsKLM + T. pseudonana coculture pairs. 13C-labeled DHPS was absent in 

wild-type samples, indicating the metabolite was taken up by R. pomeroyi. 13C-

labeled DHPS was present in both the axenic T. pseudonana and the ΔhpsKLM 

coculture import mutant of DHPS.  
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The extraction method was later applied (Chapter 3) to expand knowledge 

of metabolic interactions between ocean microbes across a range of bacterial taxa 

commonly associated with phytoplankton. Spent media from axenic T. pseudonana 

and coculture pairs of T. pseudonana with marine bacteria R. pomeroyi, 

Stenotrophomonas sp., and Polaribacter sp. were investigated via 2D 1H-13C-

HSQC. The 2D helped by reducing overlap and also took advantage of the uniform 

13C labeling of the cocultures. These analyses of extracted spent media 

demonstrated that metabolic interactions between phytoplankton and marine 

bacteria generate niche-specific fingerprints that differentiate cocultures, revealing 

differential patterns of uptake and enhancement of certain DOM species between 

coculture groups versus axenic T. pseudonana.27 

Chapter 4 wraps up with an exploration of continuous in vivo metabolism by NMR (CIVM-

NMR), a technique developed by the Edison lab and optimized for R. pomeroyi in this work.28 

CIVM-NMR uses high-resolution magic angle spinning (HR-MAS) NMR and enables real-time 

observation of dynamic metabolic activities within live cells. Several substrates were spiked into 

a culture of live R. pomeroyi cells and followed with consecutive NMR experiments over the 

course of hours and at a ~6-minute temporal resolution. These substrates included DMSP, acetate, 

and glucose. While several aspects of metabolic flux can often be observed in more complex 

systems such as human leukemia cells and the model organism Neurospora crassa, a filamentous 

fungus, we were ultimately limited in the detection of many lower abundance compounds. This 

chapter is therefore largely exploratory and represents an area of promise in future works. 

 

 



 

 7 

Implications of research 

Ultimately, the goal of this work is to begin addressing a critical need to enhance our 

understanding of dynamic exchanges between two microorganisms vital to elemental cycling and 

climate regulation. Anthropogenic drivers of climate change are affecting the chemical, 

phenotypic, and species composition of seawater, thus increasing the amount of atmospheric CO2 

absorbed by the ocean. This process is decreasing ocean pH and available oxygen while increasing 

water temperature at an energetic cost to some marine microbes.29 In the past century, ocean water 

temperature has increased 1-5°C30 and acidity has increased by 30%.31 These numbers are expected 

to increase by 1-10°C30 and 60-90% greater acidity31 depending on location by the year 2100.  

Warmer, more acidic waters generally cause a decrease in phytoplankton size and 

acceleration of growth rates, which results in an overall reduction in net carbon flux.32-34 In the 

past 50 years, water temperatures in the Antarctic Peninsula have increased at five times the rate 

of the global average, which has led to a 12% reduction in total phytoplankton, carbon turnover, 

and photosynthetic output.35 Thus, we face an urgent need to understand metabolic exchange 

between phytoplankton and bacteria in order to closely monitor anthropogenic effects on these 

essential marine microorganisms.  

We have begun to address that need in this work through the use of NMR as a tool to 

elucidate some of these unseen processes. First, we developed a robust method of extraction that 

mitigates the effects of salt within spent media samples for NMR. This method also helped identify 

DMSO-d6 as a solvent of particular interest in the study of high-salt biofluids, opening up a new 

avenue of research within our lab. Further, we were able to use this method to compare differential 

uptake of DOM between co-cultures of T. pseudonana and marine bacteria from ecologically 

important clades. Lastly, we have been able to optimize the CIVM-NMR protocol for use in R. 
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pomeroyi to begin the work of peering into the black box of marine bacterial metabolism in real-

time. This work is a step toward better understanding the dynamic exchanges foundational to 

supporting all life on Earth. 
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CHAPTER 2 

DISSOLVED ORGANIC METABOLITE EXTRACTION FROM HIGH SALT MEDIA1 

Chapter 2 was originally published in NMR in Biomedicine and has been reproduced with 

permission. It is reproduced as written. Nicole R. Holderman* performed the method development 

on the samples with help from John Glushka and under the advisement of Arthur S. Edison. 

Method development would not have been possible without the expertise of Frank X. Ferrer-

Gonzalez* who provided the coculture and axenic samples under the advisement of Mary Ann 

Moran. The paper was written by Nicole R. Holderman in close collaboration with John Glushka 

and Arthur S. Edison with input from all authors. 

*Co-first author 

 

 

 

 

 

 

 

 
1 Holderman NR, Ferrer-González FX, Glushka J, Moran MA, Edison AS (2023) Dissolved 

organic metabolite extraction from high-salt media. NMR Biomed. 36(4): e4797.  [Published] 
Reprinted here with permission of publisher. This is an open access article under the terms of the 

Creative Commons Attribution License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited.  
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ABSTRACT 

We describe considerations and strategies for developing a nuclear magnetic resonance 

(NMR) sample preparation method to extract low molecular weight metabolites from high-salt 

spent media in a model coculture system of phytoplankton and marine bacteria. Phytoplankton 

perform half the carbon fixation and oxygen generation on Earth. A substantial fraction of fixed 

carbon becomes part of a metabolite pool of small molecules known as dissolved organic matter 

(DOM), which are taken up by marine bacteria proximate to phytoplankton. There is an urgent 

need to elucidate these metabolic exchanges due to widespread anthropogenic 

transformations on the chemical, phenotypic, and species composition of seawater. These 

changes are increasing water temperature and the amount of CO2 absorbed by the ocean at 

energetic costs to marine microorganisms. Little is known about the metabolite-mediated, 

structured interactions occurring between phytoplankton and associated marine bacteria, in part 

because of challenges in studying high-salt solutions on various analytical platforms. NMR 

analysis is problematic due to the high-salt content of both natural seawater and culture 

media for marine microbes. High-salt concentration degrades the performance of the radio 

frequency coil, reduces the efficiency of some pulse sequences, limits signal-to-noise, and 

prolongs experimental time. The method described herein can reproducibly extract low 

molecular weight DOM from small-volume, high-salt cultures. It is a promising tool for 

elucidating metabolic flux between marine microorganisms and facilitates genetic screens of 

mutant microorganisms. 
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KEYWORDS: bacteria, carbon cycling, dissolved organic matter, extraction, high-salt, microbial 

ecology, NMR, phytoplankton 

Abbreviations used: 

CBA1, cobalamin acquisition protein; DHPS, 2,3-dihydroxypropane 1-sulfonate; DMSO-d6, 

deuterated dimethyl sulfoxide; DOM, dissolved organic matter; HMW, high molecular weight; 

HSQC, heteronuclear single quantum coherence spectroscopy; LMW, low molecular weight; MS, 

mass spectrometry; ppm, parts per million; RF, radio frequency; RT, room temperature; SPE, solid 

phase extraction; S/N, signal-to-noise; TRAP, tripartite ATP-independent periplasmic 

(transporter). 
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1 | INTRODUCTION  

1.1 | Microorganisms and the marine carbon cycle 

Phytoplankton are indispensable contributors to the biogeochemical cycles that support all 

life on Earth. Through photosynthesis, phytoplankton perform half of all carbon fixation (Figure 

1A).35 A major fraction goes on to become part of the largest pool of active carbon on Earth known 

as dissolved organic matter (DOM), which can include carbohydrates, lipids, nitrogenous 

compounds, organic acids, and growth factors.18,36 This collection of up to hundreds of thousands 

of organic metabolites plays vital roles in global carbon, nitrogen, sulfur, and phosphorus cycles; 

nutrient and xenobiotic catabolism; and ecological diversity.20,37,38  

Marine bacteria in the surface ocean scavenge, transform, and decompose DOM as part of 

the microbial loop (Figure 1A).4,39 Although ocean microorganisms would be physically distant 

from each other if evenly spaced in seawater (with a density of 104 to 106 cells per mL), 

phytoplankton and marine bacteria form concentrated spatial networks that maximize their 

interactions (Figure 1A).9,11,40 These unique exchanges between phytoplankton and bacteria 

influence the physiology and ecology of one another. The variety of DOM released by 

phytoplankton informs the community structure of bacteria, while the taxonomic identity and 

abundance of bacteria inform the concentration and variety of DOM released by phytoplankton.9,39 

Eukaryotic diatoms represent a particularly vital taxon of phytoplankton, generating 40% 

of all photosynthetic output from the ocean.11,41 Diatoms and marine bacteria share specific 

associations with interactions tracing back on an evolutionary timescale greater than 200 million 

years. There is strong evidence that hundreds of bacterial genes were incorporated into diatoms 

over that time.42 
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Further substantiation of ecological relationships is the bacterial production of essential 

vitamins required by diatoms.43 Much research has centered on cobalamin (vitamin B12), which is 

required by organisms lacking the cobalamin-independent methionine synthase gene.11,44 One such 

example is the provision of B12 to the diatom Thalassiosira pseudonana by the marine bacterium 

Ruegeria pomeroyi, representatives of two microbial taxa commonly found in close ecological 

association (Figure 1B). Vitamin B12 is an essential exogenous nutrient for T. pseudonana, which 

exhibits poor growth rates as an axenic culture in B12-null media.20 Addition of R. pomeroyi to the 

culture causes upregulation of the cobalamin acquisition protein (CBA1) gene that allows T. 

pseudonana to take up and utilize the form of B12 produced by R. pomeroyi. As a result, growth 

rates recover to that of axenic phytoplankton grown in B12-enriched media. 20   

Concurrently, in coculture with T. pseudonana, R. pomeroyi upregulates several genes 

linked to the transport and catabolism of the DOM substrate 2,3-dihydroxypropane 1-sulfonate 

(DHPS) (structure shown in Figure 1B). Thalassiosira pseudonana exudes large amounts of 

DHPS, which R. pomeroyi is able to use as a sole carbon source. Three of the upregulated genes 

(hpsKLM) were experimentally annotated as components of a tripartite ATP-independent 

periplasmic (TRAP) transporter for the import of DHPS from the extracellular environment into 

the cytoplasm of R. pomeroyi (Figure 1B). 20 45  
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FIGURE 1 Phytoplankton and marine bacteria interact specifically, playing a pivotal role in 

global oxygen production and carbon flux. (A) Atmospheric CO2 is absorbed by the ocean and 

taken up by phytoplankton, which performs photosynthesis to yield O2 and fixed carbon. 
Approximately half of the fixed carbon is released as DOM, which is scavenged by marine bacteria 

within the microbial loop. (B) In a model coculture, Thalassiosira pseudonana and Ruegeria 
pomeroyi upregulate transcription of CBA1 and hpsKLM genes, respectively. T. pseudonana (teal) 
upregulates the CBA1 gene to enhance uptake of R. pomeroyi-produced vitamin B12. 

Simultaneously, R. pomeroyi (pink, upper right) upregulates hpsKLM genes, which encode for a 
transporter to uptake DHPS into the cytoplasm of the cell. DHPS, 2,3-dihydroxypropane 1-

sulfonate; DOM, dissolved organic matter 
 

We obtained bulk quantities of 13C-labeled spent medium from axenic T. pseudonana and 

cocultures of T. pseudonana grown with either wild-type R. pomeroyi or a transporter knockout 

mutant (ΔhpsKLM). We developed and utilized a method of exometabolome footprint analysis to 

extract low molecular weight (LMW) metabolites contained within the high-salt spent media of 

marine microorganisms. Exudate is advantageous because it provides a snapshot of metabolites 

potentially participating in flux. 13C-DHPS was used as an indicator of extraction efficacy because 

it is a known metabolite that we could monitor via nuclear magnetic resonance (NMR) 

spectroscopy.  

We used the method to confirm the presence of 13C-DHPS in 13C-labeled spent media 

containing exudate from T. pseudonana cocultured with the transporter knockout mutant 

ΔhpsKLM. The metabolite footprint of the mutant coculture was compared with T. pseudonana 
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cocultured with wild-type R. pomeroyi with the rationale that 13C-DHPS should be present in the 

transporter knockout mutant due to an inability of the bacteria to uptake 13C-DHPS. Conversely, 

absence of 13C-DHPS was predicted in the wild-type cocultures, which possessed a functional 

transporter for the molecule.  

We then applied this method to further investigate the exometabolome of spent media from 

cocultures of T. pseudonana and representative marine bacteria from several taxa to explore 

differential uptake of LMW DOM by members of several bacterial clades. These data are available 

in Ferrer-González et al. (Chapter 3).27 

To our knowledge, this is the first method for extracting LMW metabolites from high-salt  

spent media for NMR analysis. In the results of this paper, we will describe our optimization 

process for these analyses, as well as the strengths and limitations of the method  for other 

applications. For clarity, the material is organized into three sections based on spent media 

preparation strategies: D2O reconstitution, methanol (MeOH) extraction, and deuterated dimethyl 

sulfoxide (DMSO-d6) extraction. We conclude by describing our optimized method of 

lyophilization, mechanical homogenization, and extraction in DMSO-d6. 

2 | EXPERIMENTAL 

2.1 | Cell culturing and isotope-labeling method  

Axenic T. pseudonana diatom cultures were acclimated for 7 days in 150 mL of Paul 

Harrison Saltwater Medium prepared with 0.47% NaH13CO3 (Cambridge Isotope Laboratories, 

Inc.; 13C, 99%) in 75 cm2 vented tissue culture flasks (Falcon; 353, 110). Experimental diatom 

cultures were transferred from the acclimated flasks and bacteria (R. pomeroyi wild type or 

ΔhpsKLM) were inoculated in the experimental replicates at 106 bacteria mL-1 and allowed to grow 

at 18 ºC for 8 h. Samples were then taken using a 0.2-μm Teflon filter membrane to separate diatom 
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and bacterial cells from spent media, which was then stored in 50 mL Falcon tubes and flash-

frozen at 80 ºC. Further details of the cell culture protocol are available in Ferrer-González et al.27 

2.2 | Extraction and preparation procedures 

2.2.1 | D2O reconstitution 

Coculture extract was prepared by SpeedVac drying or rotary evaporating 50 mL of spent 

media and dissolving into 10 mL of D2O. This suspension was centrifuged for 15 min at 22 ºC at 

5000 x g. The supernatant (600 μL) was transferred to a 5-mm NMR tube. 

2.2.2 | MeOH extraction 

Coculture extract was prepared by rotary evaporating 50 ml of spent media and dissolving 

solutes into 10 mL of MeOH. This suspension was centrifuged for 15 min at 22 ºC at 5000 x g. 

The supernatant was rotary evaporated again and resuspended in 1 mL of D2O with 5 μM 

deuterated sodium trimethylsilylpropanesulfonate (DSS-d6, Cambridge Isotope Laboratories, 

Inc.). This suspension was placed into a 1.7 mL Eppendorf tube and centrifuged for 15 min at 

room temperature (RT) at 5000 x g. The supernatant (600 μL) was transferred to a 5-mm NMR 

tube. 

2.2.3  |  DMSO-d6 extraction  

25 and 15 mL starting material 

Coculture extracts were prepared by lyophilizing 25 or 15 mL of spent media in 50 mL 

conical tubes. The resulting solid salt and DOM mixture was then manually homogenized with a 

metal spatula. The dry material was extracted with 1.5 or 1 mL of DMSO-d6 (Cambridge Isotope 

Laboratories, Inc.), respectively, containing 50 μM DSS-d6. Tubes were centrifuged for 10 min at 

22 ºC at 5000 x g. The supernatant was extracted into 1.7 mL Eppendorf tubes and centrifuged for 

15 min at RT at 5000 x g. The final supernatant (550 μL) was transferred to 5-mm NMR tubes. 
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5 mL starting material 

Coculture extracts were prepared by lyophilizing 5 mL of spent media in 15 mL conical 

tubes. The resulting solid salt and DOM mixture was then homogenized (MP Biomedicals 

FastPrep-96) to a fine powder through three 30 s cycles at 1800 rpm using 5 x 3.5-mm glass beads. 

The dry material was extracted with 200 μL of DMSO-d6 containing 50 μM DSS-d6 by further 

homogenizing with three 30 s cycles at 1800 rpm. Tubes were centrifuged for 10 min at 22 ºC at 

5000 x g. The supernatant was extracted into 1.7 mL Eppendorf tubes and centrifuged for 15 min 

at RT at 5000 x g. The final supernatant (40 μL) was transferred to 1.7-mm NMR tubes. 

2.3 | NMR analysis 

2.3.1 | 800-MHz Bruker NEO sample storage 

Samples were kept in a refrigerated sample changer (SampleJet) followed by temperature 

equilibration at 300 K for 5 min within the NMR probe head immediately prior to analysis. 

2.3.2 | Experimental parameters 

The utilized NMR experiments are summarized in Table1. 

2.3.3 | Spectral processing 

1H-13C-HSQC spectra were processed in MNOVA by applying a squared cosine 

apodization, 4K zero-filling, and Fourier transformation. Transformed spectra were auto-phased, 

baseline-corrected, and referenced along f1 and f2 to DSS-d6. 

2.4 | Extraction efficiency 

We made a 70 mM stock solution of DHPS in D2O + 1 mM DSS and added the same 

concentration of DHPS to 3 mL of blank saltwater media. The 3 mL DHPS solution was split into 

three parts, flash-frozen, lyophilized, and extracted with 600 μL of DMSO-d6 with 1 mM DSS. 
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Measurements were collected on the 1.7-mm probe on the 800-MHz Bruker NEO spectrometer 

and the percentage recovery was calculated.  

 
 

TABLE 1. NMR experiment parameters  

Abbreviations: DMSO-d6, deuterated dimethyl sulfoxide; HSQC, heteronuclear single quantum 
coherence spectroscopy; MeOH, methanol; NMR, nuclear magnetic resonance; ppm, parts per 

million; SW, spectral window. 
*indicates that standard Bruker pulse sequences were used: 1D proton-presat or noesypr1d, 1D 
carbon-zgpg, 2D HSQC- hsqcetgpsisp2.2. 

**indicates the associated probes: 600-MHz–5-mm DCH probe; 800-MHz–1.7-mm TCI; 900-
MHz–5-mm TXO. 

***parameters for 1H and 13C, respectively. 

 

2.5 | DHPS concentration 

Spent media from a 5 mL culture of axenic T. pseudonana were extracted with DMSO-d6 

as described above, yielding 200 μL of extract. A 40 μL aliquot of unaltered extract was measured 

on the 1.7-mm probe on the Bruker NEO 800-MHz spectrometer. A 1% addition of 70 mM DHPS 

stock solution was added to the remaining 160 μL of extract, and a 40 μL aliquot of this initial 

titration was measured on the 1.7-mm probe. A second 1% addition of 70 mM DHPS stock was 

added to the remaining 120 μL of sample, and a 40 μL aliquot was taken for measurement on the 

1.7-mm probe. A final addition of 1% 70 mM DHPS stock was added to the remaining 80 μL, and 

40 μL was removed and measured on the 1.7-mm probe. The integral values of peak D1 were 



 

 19 

recorded in each spectrum, and values from the titrated samples were incorporated into a titration 

curve with accompanying trendline (ADD fig). The equation for this line was utilized to calculate 

the amount of endogenous DHPS present in the axenic sample. 

3 | RESULTS 

Here, we discuss the challenges, strategies undertaken (Scheme1), and outcomes of each 

attempt to develop a method for extracting LMW metabolites from high-salt spent media. The 

large salt concentration of spent media required for successful culturing of marine microorganisms 

presents numerous technical challenges to NMR. It is well established that high-salt solutions 

affect the tuning and response of the probe, leading to poor signal response and prolonged 

experimental acquisition times.18,19 It also limits the use of more demanding NMR experiments 

that rely on multiple radio frequency (RF) pulses or high-power decoupling. 

3.1 | Limitations of existing extraction methods 

Most sample preparation for the chemical analysis of marine cultures has utilized solid 

phase extraction (SPE), diafiltration, and/or C18 silica columns to desalt spent media and extract 

DOM.46-49 These techniques typically have an approximate 1-kDa cutoff that excludes most LMW 

DOM.14 A principal challenge for the elucidation of dissolved metabolites is retaining small, polar, 

ionic DOM while separating it from the more than 20 inorganic salts present in the medium at a 

total concentration of 34 grams per kilogram! Additionally, the concentration of individual 

components of DOM in the culture medium and ocean is in the picomolar to micromolar range18 

and is often scavenged within minutes by bacteria.50 Therefore, samples must be concentrated to 

reach detectable levels for 1H NMR; this unfortunately increases the salt concentration as well. 
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3.2 | Approach to method development 

The key goals were as follows: 

•To develop a practical and reproducible high-throughput method to analyze and compare a large 

quantity of samples. 

•To extract as many small, polar compounds as possible while minimizing both salt concentration 

and sample modification. 

 

SCHEME 1 Strategies to isolate DOM from high-salt spent media. Several methods of 

dehydration, separation, homogenization, and solvent selection were employed. NMR experiment 
choice, probe type, and tube diameter were also evaluated. 
 

The results are organized into three subsections that describe the combination of 

dehydration, homogenization, and NMR techniques employed with each of the following 

extraction solvents: 

•Subsection 3.4: D2O 

•Subsection 3.5: MeOH 

•Subsection 3.7: DMSO-d6. 
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3.3 | NMR analysis: Nuclei observed, probe type, and tube size 

To develop a practical and sensitive NMR method that would enable analyses of many 

samples—for differing biological conditions as well as replicates—we considered the advantages 

of both 13C detection and small-volume cryoprobes. The 13C nucleus is less sensitive than 1H by 

several orders of magnitude due to possessing a smaller gyromagnetic ratio and a natural 

abundance of only 1.1%.51 However, isotopic labeling with 13C increases the percentage of 13C 

nuclei for detection by enhancing the effective 13C concentration of the metabolites being actively 

synthesized.51 Axenic T. pseudonana and cocultures with R. pomeroyi were thus cultured using 

media labeled with NaH13CO3. We capitalized on the unique assets of several NMR magnet 

strengths, probes, and experiments to analyze the extracted spent media. These include 600-, 800-

, and 900-MHz spectrometers, specialty cryoprobes, 13C observe direct-detection and two-

dimensional (2D)1H-13C-HSQC. We describe these and other key strategies of sample drying, 

homogenization, and solvent choice below. 

3.4 | D2O 

In an effort to modify the sample as little as possible, our investigation began by utilizing 

a simple drying method combined with D2O reconstitution. 

3.4.1 | SpeedVac drying and D2O reconstitution 

The process of sample drying can exert a powerful influence over the metabolite profiles 

determined by NMR.52 SpeedVac drying involves the concentration of a sample by using a 

centrifugal vacuum evaporator.52 This is a high throughput method of sample drying that can be 

performed with temperature control in some instruments. Salt is concentrated to the point of 

saturation, so the sample is unsuitable for later analysis in some NMR probes. Initially, to maintain 

as much material as possible, we simply added D2O as an extraction solvent for its strong polarity 
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and ability to solubilize a range of molecules. Although this only slightly diluted the salt 

concentration, we exploited the 13C enrichment in our cultures and attempted to detect 13C directly 

with a high-sensitivity carbon cryoprobe. 

3.4.2 | Direct-detection 13C-NMR and 1H-13C-HSQC 

We utilized a Bruker NEO 600-MHz NMR spectrometer equipped with a 5-mm DCH 13C 

observe cryoprobe to perform direct 13C detection on spent media concentrated to saturation with 

a SpeedVac and reconstituted in D2O. Cryoprobes have greater sensitivity than RT probes, and the 

DCH probe is optimized for the detection of 13C nuclei.53 Because of the lower frequency, this 

probe is less susceptible to interference from high-salt concentrations compared with 1H-optimized 

cryoprobes at the same field strength, which can suffer dramatic signal-to-noise (S/N) losses as 

sample conductivity increases.54  

After 16 h of acquisition, this experiment allowed us to discern several differences between 

axenic T. pseudonana and the coculture of the diatom with R. pomeroyi in the region containing 

DHPS carbons (Figure 2). Multiple peaks appeared to be drawn down by R. pomeroyi, but signal 

overlap and complicated multiplet structures made it difficult to identify the carbons of DHPS. 

Although a carbon detected 2D heteronuclear correlation (HETCOR) experiment would help with 

signal assignments, this was not attempted because of the low S/N and long acquisition time. Low-

throughput, challenging peak identification, and inadequate S/N then led us to reconsider proton 

detected 2D 1H-13C-HSQC experiments to resolve both 1H and 13C nuclei with a 5-mm CN{H} 

TXO cryoprobe on a 900-MHz Bruker NEO spectrometer.  

We analyzed samples of T. pseudonana cocultured with the R. pomeroyi transporter 

knockout mutant ΔhpsKLM. As a baseline, we first analyzed unmodified exudate to determine the 

feasibility of using 1H-13C-HSQC experiments in moderate salt concentrations. As expected, the 
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metabolites in this spectrum were too dilute to yield any usable peaks (Figure 3A). Next, we 

concentrated the exudate with rotary evaporation and reconstituted in D2O, resulting in a spectrum 

in which all three peaks of DHPS were present (Figure 3B). However, the overall spectrum had 

few peaks (Figure 3D), and the starting exudate volume was 50 mL, which was a challenge—both 

upstream and downstream—in preparing large numbers of cultures. The salt content was now very 

high, reflected by the long 1H and 13C pulse widths (26.2 and 52.42 μs, respectively), while the 

S/N was relatively low (Figure 4). We elected to continue refining the method to further reduce 

starting sample volumes, experimental times, and salt. 

3.5 | MeOH extraction 

To reduce the salt concentration in the final NMR samples, we switched to extracting rotary 

evaporated samples with MeOH, a solvent that is suitable for both polar and nonpolar molecules. 

3.5.1 | Rotary evaporation and MeOH extraction 

The sample was dehydrated using rotary evaporation and subjected to MeOH extraction. 

This extract was rotary evaporated again and re-dissolved in D2O. Rotary evaporation has several 

drawbacks. Heating samples impacts metabolite integrity55 and is low throughput for multiple 

samples and replicates. Only one sample can be dried at a time, requiring continuous observation. 

There is also inevitable sample loss from solutes adhering to the walls of the relatively large 

volume flasks. Accordingly, variability with rotary evaporation is typically higher than other 

methods. 

3.5.2 | MeOH extraction and 1H-13C-HSQC 

The MeOH extract was rotary evaporated again and reconstituted in D2O in a 3-mm NMR 

tube and analyzed on the CN{H} TXO cryoprobe (Figure 3C). In addition to the DHPS peaks, 

many other signals were faintly observed, indicating that the extraction was effective (Figure 3E). 
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The combination of lower salt and the smaller volume tube reduced the 1H and 13C pulse widths 

to 17 and 40.2 μs, respectively, and S/N was comparable, even although the starting culture volume 

was half as much (Figures 3B and 4). We aimed to further improve the method to increase S/N, 

decrease salt concentration, and decrease the volume of the coculture medium utilized.  

FIGURE 2 Direct 13C NMR analysis of spent media. Spent media of axenic T. pseudonana and 
T. pseudonana cocultured with R. pomeroyi (T. pseudonana + R. pomeroyi) were concentrated to 
saturation by speed-vacuum and observed with a 5-mm DCH 13C observe cryoprobe on a Bruker 
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NEO 600 MHz spectrometer. Peaks that differ between samples are denoted with an asterisk. The 
blank sample consisted of speed-vacuum concentrated media only. 

3.6 | Other method considerations 

Two important aspects of optimizing the method were the refinement of our drying 

technique and homogenization practices. 

3.6.1 | Lyophilization 

To achieve our goal of high-throughput sample drying, lyophilization was used instead of 

rotary evaporation. Lyophilization is the high-throughput process of removing liquid and volatile 

components from samples through freeze-drying with a vacuum 6–30 times the pressure of the 

SpeedVac.52 In this process, the solvent sublimates from the sample, going directly from the solid 

to the gas phase.52 Lyophilization has been shown to provide consistent results with strong 

reproducibility and minimal degradation of metabolites.56 We transitioned to lyophilization in the 

middle of the DMSO-d6 stage (see section 3.7) of method development. 

3.6.2 | Homogenization of solid residue 

Homogenization is a short but crucial step in sample preparation, affecting the surface area 

of the dried sample available to the solvent for extraction. Initially, dry solids in the rotary 

evaporated and lyophilized samples were manually ground using a metal spatula. The three main 

drawbacks to this method were sample loss, particle size heterogeneity, and low throughput. A 

significant portion of solid sample was unable to be scraped from the sides of the sample vessel 

and the resulting scraped solids varied greatly in size. This later impacted the reproducibility and 

extraction efficiency once solvent was added.  
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FIGURE 3 1H-13C-HSQC spectra of D2O reconstitution and MeOH extraction followed by 

reconstitution in D2O allows visualization of all DHPS peaks in the knockout mutant 

ΔhpsKLM. (A) DHPS peaks were unidentifiable in the unconcentrated exudate. (B and C) All 
DHPS peaks (Figure1B) are present in 50 ml rotary evaporated exudate reconstituted in D2O and 
25 ml rotary evaporated exudate extracted with MeOH, rotary evaporated again, and reconstituted 

in D2O in a 5- and 3-mm tube, respectively. (D) The full spectra of D2O reconstituted exudate 
contained peaks in the region shown in (B) only. (E) MeOH extraction followed by D2O 

reconstitution contained additional peaks of interest beyond what is shown in (C) in the full spectra. 
The starting exudate volume is listed in the bottom-right corner of each panel. DHPS, 2,3-
dihydroxypropane 1-sulfonate; MeOH, methanol  

 

To quantitatively and reproducibly extract the DOM, dried material must be ground to a 

fine powder. Our optimized method employed the use of a mechanical homogenizer to bead-beat 

the samples in two rounds: first dry, then again after the addition of deuterated solvent. Bead -

beating is high throughput and produces a finely powdered sample compared with manual 
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homogenization. As such, the reconstitution solvent has greater access to the entirety of the sample, 

thus extracting more efficiently. The primary disadvantage of bead-beating is that the bead friction 

can introduce heat, potentially affecting temperature-sensitive metabolites.57 

3.7 | DMSO-d6 extraction 

Based on the increased number of extracted components seen in the MeOH extract, we 

tried using DMSO-d6 as a possibly more effective solvent. DMSO is often considered a universal 

solvent and is ideal for small polar and ionic organic compounds. The drawbacks are that the high 

viscosity of DMSO-d6 can cause line broadening, and it can also be an oxidant to some 

molecules.58 If later recovery is desired, DMSO-d6 can be challenging to remove completely from 

the sample, even with the dehydration methods discussed above. Finally, DMSO-d6 has a strong 

affinity for water, which can cause broad water peaks in the spectra if the solvent is left exposed 

to air or in an unsealed vial, even for short periods of time.58 This can also make standardizing 

chemical shifts difficult as water/DMSO-d6 ratios change over time or between samples.  
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FIGURE 4 Signal-to-noise (S/N) and pulse widths are optimal when lyophilization, 

mechanical homogenization, DMSO-d6 extraction, and analysis in a small-volume cryoprobe 

are performed. Top panel: The signal to noise (S/N) of all spectra with a clearly discernable peak 

D1 was determined using MNOVA NMR tool scripts, adjusted for spent media starting volume 
and number of scans, and normalized to reflect a factor increase over the initial D2O extraction. 
D2O, MeOH + D2O, and DMSO-d6 (25 and 15 ml) spectra were collected on a 900-MHz 

spectrometer with a CN{H} TXO cryoprobe. DMSO-d6 (5 ml, both T. pseudonana + ΔhpsKLM 
and axenic) were collected on an 800-MHz spectrometer with a 1.7-mm TCI H cryoprobe. Bottom 

panel: The pulse widths are shown for 1H (solid bars) and 13C (patterned bars) nuclei in each 
extraction method. DMSO-d6 extraction results in the shortest pulse widths of any tested method. 
DMSO-d6, deuterated dimethyl sulfoxide; MeOH, methanol. 
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3.7.1 | DMSO-d6 and 1H-13C-HSQC 

Initially, rotary evaporated T. pseudonana + ΔhpsKLM coculture residue was extracted 

with a large volume of unlabeled DMSO, rotary evaporated again, then reconstituted in D2O. This 

yielded a salty sample with residual DMSO that was difficult to remove further and obscured the 

region of the spectra containing DHPS and other organic acids (data not shown).  

Using a smaller amount of deuterated DMSO for extraction and as the NMR solvent 

provided a promising spectrum. The 1H-13C-HSQC spectra of various starting volumes of exudate, 

lyophilized and extracted with DMSO-d6, are shown in Figure 5. This method addressed all three 

main problems of analyzing spent media from marine microorganisms: high-salt concentrations, 

low concentrations of DOM, and difficulty in isolating small, polar metabolites. All three peaks of 

DHPS were visible with starting volumes of 25 (Figure 5A) and 15 ml (Figure 5B) exudate. 

DMSO-d6 further reduced the 1H and13C pulse widths (to ranges of 11–13 and 20–24 μs, 

respectively) and increased S/N by a factor of 2.5–3.5 (Figure 4). 

To develop a higher throughput method for our future experimental needs of chemically 

differentiating between multiple cocultures with many replicates and monitoring cocultures grown 

under varied experimental conditions, we continued to reduce the starting volume. We utilized a 

1.7-mm cryoprobe at 800 MHz that allowed starting culture volumes of 5 mL and final NMR 

sample volumes of 35–40 μL. Small-volume probes are advantageous for increasing S/N in mass-

limited exudate samples.51 The smaller diameter of both the probe and the sample decreases the 

effects of salt and increases the amount of the sample volume observed by the RF coil due to an 

improved filling factor.59 When combined with high-temperature super conducting material, 

small-volume probes can improve mass sensitivity by up to 14 times compared with typical 5-mm 

probes.59  
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Our 800-MHz 1.7-mm cryoprobe provided high-quality, high-throughput spectra with just 

a small fraction of the starting volume of exudate and deuterated solvents required by the 5-mm 

tubes in the CN{H} TXO cryoprobe on the 900-MHz spectrometer. A 5 mL sample of exudate 

lyophilized, mechanically homogenized, and reconstituted in DMSO-d6 contained all three DHPS 

peaks (Figure 5C), had the shortest pulse widths of all tested methods, and the highest S/N factor, 

an increase of approximately six times that of the D2O reconstituted sample (Figure 4). The full 

spectrum of the lyophilized, bead-beaten, 5 mL axenic T. pseudonana exudate sample 

reconstituted in DMSO-d6 demonstrates the breadth of visible peaks in the finalized method 

(Figure 6).  

A summary of the S/N and pulse widths for each condition is shown in Figure 4. Ultimately, 

5 mL of lyophilized, bead-beaten exudate reconstituted in DMSO-d6 (Figure 4, top panel) had a 

5.5–7.5-fold increase in S/N versus the 50 mL of sample exudate dried in a SpeedVac and 

reconstituted in D2O (Figure 4, bottom panel). Initial 1H and 13C pulse widths in rotary evaporated 

exudate reconstituted in D2O were greater than 25 and 52 μs, respectively while the lyophilized, 

bead-beaten, DMSO-d6 reconstituted exudate in 1.7-mm tubes decreased the pulse widths by more 

than half.  

To calculate extraction efficiency, three 1 mL replicates with 70 mM laboratory-

synthesized DHPS dissolved in saltwater media were lyophilized and extracted using DMSO-d6 

with DSS. Measurements were collected using the 1.7-mm probe on the Bruker NEO 800 MHz 

spectrometer, and the percentage recovery was calculated. We quantified the extraction efficiency 

of the method by comparing the integral values for peak D1in the three replicates with the integral 

of a 70 mM stock solution of DHPS. The extraction efficiency was determined to be 40.3% ± 

4.8%.  
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FIGURE 5 Lyophilization, mechanical homogenization, and reconstitution in DMSO-d6 

successfully extracts the low concentrations of DHPS from a small volume of starting 

material. 1H-13C-HSQC spectra of T. pseudonana + ΔhpsKLM coculture spent media reveals 
superior peak resolution and separation in DMSO-d6 versus former methods. (A and B) DHPS 

peaks (Figure 1B) were all identifiable and resolved in 25 and 15 ml of lyophilized exudate 
reconstituted in DMSO-d6 in 5-mm tubes on a Bruker NEO 900 MHz NMR spectrometer with a 
CN{H} TXO cryoprobe. (C) All DHPS peaks are present in a lyophilized sample of 5 ml of spent 

media extracted with DMSO-d6 on a Bruker NEO 800 MHz spectrometer with a small-volume 
1.7-mm TCI cryoprobe. The starting exudate volumes are shown in the bottom right corner of each 

spectrum. DHPS, 2,3-dihydroxypropane 1-sulfonate; DMSO-d6, deuterated dimethyl sulfoxide.  
 

Spent media from a 5 mL culture of axenic T. pseudonana were extracted with DMSO-d6 

as described. Three aliquots with sequential 1% addition of 70 mM DHPS were measured using 

the 1.7-mm probe on the Bruker NEO 800-MHz spectrometer. The integral values of peak D1 

were recorded from each spectrum, and values from the titrated samples were incorporated into a 

titration curve with accompanying trendline (Figure S1). This allowed us to calculate the 

concentration of endogenous DHPS present in the axenic sample as 28.4 μM.  
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FIGURE 6 Full 1H-13C-HSQC spectra of lyophilized, mechanically homogenized, DMSO-d6 

extracted axenic T. pseudonana media contains a range of peaks. Five ml of axenic T. 
pseudonana lyophilized exudate was reconstituted in DMSO-d6 and analyzed in a 1.7-mm tube on 

an 800 MHz spectrometer with a 1.7-mm TCI H cryoprobe. The spectrum contains all DHPS 
peaks, indicating extraction efficacy in addition to other peaks of further interest. DHPS, 2,3-
dihydroxypropane 1-sulfonate; DMSO-d6, deuterated dimethyl sulfoxide 

 

We used our optimized extraction method (Figure 6) to compare three different culture 

conditions with suitable numbers of replicates: axenic T. pseudonana, T. pseudonana + wild-type 

R. pomeroyi, and T. pseudonana + ΔhpsKLM R. pomeroyi. These cocultures were a proof-of-

principle as we expected 13C-DHPS to be present in the axenic culture and the T. pseudonana 

coculture with ΔhpsKLM R. pomeroyi, which lacked the DHPS transporter. It was expected that 

DHPS would be absent in the T. pseudonana + wild-type R. pomeroyi coculture because of the 

bacteria possessing a functional DHPS transporter. Our extraction method detected the disruption 
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of DHPS uptake in the mutant coculture and supported previous experimental annotation of the 

hpsKLM genes as DHPS transporter genes45 (Figure 7). 

 

FIGURE 7 1H-13C HSQC spectra of extracted spent media reveal disruption of  13C-DHPS 

uptake in transporter knockout mutant (ΔhpsKLM) versus wild-type R. pomeroyi in 

coculture with T. pseudonana. Axenic T. pseudonana cultures (T. pseudonana axenic, left 
spectrum) have 13C-DHPS characteristic peaks. D1* is the signal for one of the 13C–1H bonds at 

the D1 carbon. It lies within t1 noise and therefore cannot be integrated. Wild-type R. pomeroyi 
cocultures with T. pseudonana (T. pseudonana + wt R. pomeroyi, middle spectra) lack 13C-DHPS 
peaks (the black boxes indicate absent peaks). Mutant ΔhpsKLM cocultures with T. pseudonana 

(T. pseudonana + ΔhpsKLM, far right spectra) have characteristic 13C-DHPS peaks, indicating 
inhibited import of 13C-DHPS. DHPS, 2,3-dihydroxypropane 1-sulfonate 

 

4 | DISCUSSION 

Through the development of this method, we addressed and resolved several key analytical 

challenges of high-salt exudates from cocultures of marine microorganisms. Our best result used 

DMSO-d6 as an extraction solvent. Samples in DMSO-d6 all had relatively short 1H and 13C 90-

degree pulse lengths, indicating that salt was not a major factor. Surprisingly, we found that those 

samples still had high-salt concentrations, because when we removed much of the DMSO-d6 and 

re-dissolved the sample in D2O, the 1H pulse width increased from 12 to more than 18 μs, 

consistent with a high-salt sample. Computational studies have found unusual electrostatic 

properties of DMSO that might account for its universal solvent properties.60 This could perhaps 

be the reason why high salt does not behave the same in DMSO-d6 NMR samples compared with 



 

 34 

D2O samples. We do not fully understand how DMSO-d6 affects the sample and consider this an 

interesting phenomenon to investigate further.  

Dispensing the sample into 1.7-mm tubes for analysis in a small-volume cryoprobe allows 

characterization of LMW DOM peaks of low con-centration via NMR spectroscopy. Ultimately, 

this method is a step forward in elucidating the metabolites present in DOM. It also provides 

additional benefits by requiring only small coculture volumes. Low culture sample volumes 

enhance the ability for high-throughput sample analysis in future experiments and conserve both 

13C label and deuterated solvents.  

In the future, we hope to further concentrate the extracts to achieve de novo metabolite 

identification and chemical analysis, but this method also has potential as a genetic screening tool 

for microorganisms cultured in high-salt media. Extracted exudate from mutant microorganisms 

can be compared with axenic and wild-type cocultures to support gene assignment, as was 

demonstrated with the R. pomeroyi ΔhpsKLM mutant (Figure 7). Additionally, this method enables 

the discovery of metabolic interaction between ocean microbes across a range of bacterial taxa 

commonly found in ecological association with phytoplankton. This extraction method has already 

been utilized to support the hypothesis that metabolic interactions between phytoplankton and 

marine bacteria generate niche-specific footprints that differentiate cocultures.27 

Extraction methods of greater complexity may be developed and optimized to extract 

metabolites in higher concentrations. One such method we explored is a two-step process 

employing lyophilization, MeOH extraction, a second round of lyophilization, and DMSO-d6 

extraction. This method resulted in good spectra, but DHPS peaks of interest were in lower 

concentrations than our optimized direct DMSO extraction (Figure S2). A drawback to multiday 

extraction methods is that they could add variation and greater potential for error.  
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The ocean absorbs approximately 26 million tons of CO2 from anthropogenic sources each 

day.61,62 As a result, oceans are acidifying and deoxygenating, causing a decrease in phytoplankton 

populations due to their sensitivity to environmental changes.35,62 This has implications for species 

diversity, distribution, phytoplankton productivity, and marine food web structure, of which 

phytoplankton form the basis.29,62 It is predicted that carbon fixation will decrease and selection 

will favor smaller over larger phytoplankton due to lower nutrient obtainability.40 Our 

understanding of the chemical ecology of phytoplankton and marine bacteria is limited, with the 

bulk of seawater metabolites yet to be chemically characterized.14 Doing so is essential for 

understanding metabolic turnover, reactivity, and chemical transformation to establish a baseline 

of carbon flux through the ocean and to monitor any changes caused by anthropogenic influences.  
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Supplementary figures: 

 

Figure S1. Titration curve of DHPS using DMSO-d6 extraction method. A 5 ml axenic sample 
of spent media from Thalassiosira pseudonana was extracted according to method described 

herein. DHPS was added in three sequential 1mM final increments, and peak integrals were 
recorded. Each point corresponds to the addition of 1mM DHPS to the endogenous sample. The 
equation for the linear portion of the calibration curve is included. 
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Figure S2. 1H-13C HSQC spectra of media subjected to MeOH extraction followed by 

DMSO-d6 extraction. Axenic Thalassiosira pseudonana cultures were extracted by lyophilizing 

5 mL of spent media, extracting with 3 ml of MeOH, lyophilizing the supernatant, and extracting 
with 200 μL DMSO-d6. Peak integral of D1 is diminished to just 0.13% of the value of D1 in the 
DMSO-d6 extraction. 
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CHAPTER 3 

RESOURCE PARTITIONING OF PHYTOPLANKTON METABOLITES THAT SUPPORT 
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ABSTRACT 

The communities of bacteria that assemble around marine microphytoplankton 

are predictably dominated by Rhodobacterales, Flavobacteriales, and families within 

the Gammaproteobacteria. Yet whether this consistent ecological pattern reflects the 

result of resource-based niche partitioning or resource competition requires better 

knowledge of the metabolites linking microbial autotrophs and heterotrophs in the surface 

ocean. We characterized molecules targeted for uptake by three heterotrophic bacteria 

individually co-cultured with a marine diatom using two strategies that vetted the 

exometabolite pool for biological relevance by means of bacterial activity assays: 

expression of diagnostic genes and net drawdown of exometabolites, the latter detected 

with mass spectrometry and nuclear magnetic resonance using novel sample preparation 

approaches. Of the more than 36 organic molecules with evidence of bacterial uptake, 53% 

contained nitrogen (including nucleosides and amino acids), 11% were organic sulfur 

compounds (including dihydroxypropanesulfonate and 

dimethysulfoniopropionate), and 28% were components of polysaccharides (including 

chrysolaminarin, chitin, and alginate). Overlap in phytoplankton-derived metabolite use by 

bacteria in the absence of competition was low, and only guanosine, proline, and N-acetyl-D-

glucosamine were predicted to be used by all three. Exometabolite uptake pattern points to a key 

role for ecological resource partitioning in the assembly marine bacterial communities 

transforming recent photosynthate. 
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1 | INTRODUCTION 

The marine dissolved organic carbon (DOC) reservoir plays two critical roles in the 

global carbon cycle. The first is as a long-term repository of carbon nearly equal in 

magnitude to the inorganic carbon stored in the atmosphere. This role is fulfilled by ~660 Pg C 

of refractory organic compounds that accumulate in seawater, some with lifetimes of many 

thousands of years63. The second is as the primary source of substrates for heterotrophic 

marine microbes. This role is fulfilled by ~0.2 Pg of highly bioreactive organic 

compounds that are rapidly cycled by bacterioplankton64, some with turnover times on the 

order of hours65-67. Recent chemical analysis of bulk marine DOC concentrated from seawater 

has shown it to be conservatively composed of tens of thousands of distinct organic 

compounds68,69. Yet chemical analysis of the bioreactive subset of marine DOC has thus far 

been dominated by targeted analysis of a limited number of core metabolites, such as amino 

acids, sugars, and select biopolymers10,70-72. Untargeted chemical approaches have lagged 

behind, plagued by low concentrations, similar physical properties of salt and polar 

metabolites, and short lifetimes of component metabolites. Thus, many critical but largely 

invisible chemical connections between marine microbes remain unstudied. 

 The primary source of labile metabolites for surface ocean bacteria is phytoplankton. It 

is estimated that these microbial autotrophs release 10–20% of net primary production (NPP) 

into 
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the marine DOC pool in coastal systems39 and up to 40% in oligotrophic systems73, although this 

percentage varies across species and growth conditions74,75. Mechanisms by which metabolites are 

released from phytoplankton cells range from passive leakage of small and uncharged molecules76, 

to active exudation related to redox balance, defense, and signaling77-79, to photosynthetic overflow 

due to stoichiometric imbalance75. Labile organic compounds also become available by 

phytoplankton cell death from processes such as viral lysis, protist grazing, and senescence80-82. 

Once metabolites are released or excreted from phytoplankton cells, heterotrophic bacteria play 

the dominant role in their transformation. 

Three marine bacterial taxa have consistently been found associated with 

microphytoplankton in natural marine environments and phytoplankton cultures, and are thought 

to dominate processing of recently-fixed carbon using genes that allow them to quickly respond to 

transient nutrient pulses1. Members of these three groups, the Rhodobacterales, 

Gammaproteobacteria, and Flavobacteriales, appear to specialize on different components of 

bioreactive DOC1,8,10,11. Rhodobacterales typically play a prominent role in processing low 

molecular weight (LMW) phytoplankton-derived metabolites83,84, Flavobacteriales largely 

transform high molecular weight carbohydrate polymers85,86, and several copiotrophic 

Gammaproteobacteria families utilize compounds from both classes87,88. Here, we address the 

ecological basis of this widespread taxonomic pattern by generating metabolite uptake profiles for 

three model bacterial species, one from each of the major phytoplankton-associated groups, when 

growing on a microphytoplankton exometabolite pool in the absence of competition from other 

bacteria. 

Pairwise co-culture systems were established with the diatom Thalassiosira pseudonana as 

the sole source of substrates for Ruegeria pomeroyi DSS-3 
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(Rhodobacterales), Stenotrophomonas sp. SKA14 (Xanthomonadales), or Polaribacter 

dokdonensis MED152 (Flavobacteriales). T. pseudonana was selected as the autotrophic member 

of the model systems because as a group, marine diatoms contribute ~20% of global NPP21. The 

heterotrophic bacterial strains were selected because they have high identity to 16S rRNA genes 

from phytoplankton cultures or flow-sorted phytoplankton cells, with percent similarities as high 

as 99.6% for R. pomeroyi 15,89-91, 98.8% for Stenotrophomonas sp. SKA1489, and 97.2% for P. 

dokdonensis90,92. To overcome some challenges of direct chemical analysis of low-concentration 

compounds in seawater, we used two biological vetting approaches that highlighted metabolites 

most likely to be important in phytoplankton-bacteria carbon exchange. In the first, expression 

patterns of bacterial transporters and catabolic genes were used to identify the cellular machinery 

for carbon acquisition activated by each strain when growing in co-culture. In the second, 

drawdown of diatom-derived exometabolites from the co-culture media was used to distinguish 

compounds decreasing in the presence of bacteria. Metabolite concentrations were measured using 

liquid chromatography-mass spectrometry (LC-MS) and heteronuclear single quantum coherence 

(HSQC) nuclear magnetic resonance (NMR) spectroscopy. Both biological vetting strategies 

relied on bacterial activity to spotlight compounds within a complex pool of dilute metabolites that 

were likely supporting bacterial heterotrophy. 

2 | METHODS 

2.1 | Cocultures 

Three bacterial strains were introduced individually into 7-day diatom co-cultures. 

Samples were collected after 8, 24, and/or 48 h and analyzed for bacterial response via 

transcriptomics (to measure regulation changes) or via mass spectrometry (MS) or NMR (to 

measure metabolite drawdown). To initiate co-cultures, T. pseudonana 1335 (National Center for 
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Marine Algae) was grown axenically in organic carbon-free medium L1 +Si93 in 1900-ml vented 

polystyrene tissue culture flasks at 18 °C under 16 h light at 160 µmol photons m−2 s−1 and 8 h dark. 

For samples used in NMR analysis, 13C bicarbonate was used to make the L1 medium. After the 

diatom cultures had been growing for 7 days, bacteria pre-grown in YTSS medium were washed 

five times in sterile L1 medium and inoculated into three replicate diatom cultures at ~106 cells 

ml−1; three flasks remained uninoculated. Following incubation in the light for 8 h, T. 

pseudonana cells were removed by pre-filtration through 2.0-µm-pore-size filters, and bacteria 

were collected on 0.2-µm-pore-size filters. Filters were immediately flash frozen in liquid nitrogen 

and stored at −80 °C until processing and the filtrate was stored frozen for subsequent chemical 

analysis. Filtrate was also obtained 24 and 48 h after bacterial inoculation for chemical analysis. 

The control for transcriptome analysis was established by growing bacteria in a defined glucose 

medium (L1 medium +Si with 2.5 mM glucose); this masked signals of glucose utilization in the 

co-cultures but provided baseline transcriptomes of actively growing bacteria. Bacterial strains 

were similarly inoculated into the control medium, collected on 0.2 pore-size filters after 8 h, and 

flash frozen. Detailed methods are given in Supplementary File 1 

2.2 | Cell counts 

Culture samples were fixed to a final concentration of 1% glutaraldehyde, incubated at 4°C 

for 20 min, and stored at −80 °C. Just prior to analysis, an internal standard of 5-μm fluorescent 

beads was added (Spherotech, Lake Forest, IL, USA), followed by staining for 15 min with SYBR 

Green I (final concentration 0.75X; Life Technologies, Waltham, MA, USA). Samples were 

analyzed on an Agilent Quanteon flow cytometer (Acea, Biosciences Inc., San Diego CA). 

Fluorescence was detected with a 405 nm laser using a 530/30 bandpass filter for SYBR Green 

(bacteria) and a 695/40 bandpass filter for chlorophyll a. There was no bacterial contamination of 

https://www.nature.com/articles/s41396-020-00811-y#MOESM1
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axenic cultures based on scattergrams from flow cytometry and aliquots from axenic cultures 

spread onto YTSS plates. 

2.3 | RNA-seq analysis 

Filters were incubated in SDS (0.6% final concentration) and proteinase K (120 ng μl–

1 final concentration). RNA was extracted from duplicates of each treatment by adding an equal 

volume of acid phenol:chloroform:isoamyl-alcohol, followed by shaking, centrifugation, 

collection of the supernatant, and addition of an equal volume of chloroform:isoamyl-alcohol. 

RNA was recovered from the supernatant, treated to remove rRNA, and sequenced on an HiSeq 

Illumina 2500. Quality control of the 207 million 50-bp reads was performed using the FASTX 

toolkit. Reads aligning to rRNA were removed and remaining reads were mapped to the bacterial 

genomes. Genes with differential expression were determined with DESeq294, and are available in 

Supplementary Tables S1, S2, and S3. The dbCAN web resource was used for identification of 

carbohydrate-active enzyme annotations95. Raw RNA-seq data are available in the NCBI SRA 

BioProject database under accession PRJNA448168. Detailed methods are given in 

Supplementary File 1. Microbial genome sequences are available at NCBI RefSeq under accession 

numbers ASM14940v2 (T. pseudonana CCMP1335), ASM1196v2 (R. pomeroyi DSS-3), 

ASM15857v1 (Stenotrophomonas sp. SKA14), and ASM15294v2 (P. dokdonensis MED152). 

2.4 | Mass spectrometry analysis 

Chemical analysis was conducted on filtered spent media from the co-cultures and 

axenic T. pseudonana culture using an uninoculated L1 as the medium blank. For MS analysis, 8, 

24, and 48 h co-culture spent media were analyzed. Metabolites were derivatized with benzoyl 

chloride96 by modification of methods from Oehlke et al.97 and Wong et al.98, extracted using a 

solid phase resin (Agilent, Bond Elut PPL), and analyzed using ultra high performance liquid 

https://www.nature.com/articles/s41396-020-00811-y#MOESM2
https://www.nature.com/articles/s41396-020-00811-y#MOESM3
https://www.nature.com/articles/s41396-020-00811-y#MOESM4
https://www.nature.com/articles/s41396-020-00811-y#MOESM1
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chromatography coupled with electrospray ionization and tandem MS with modifications to Kido 

Soule et al.99. Metabolite peak areas were selected and integrated using Skyline100,101 (Fig. S1). 

MS metabolites were evaluated statistically in MATLAB by comparing adjusted sample 

concentrations grouped across time points using a one-way ANOVA (α = 0.05). Post hoc 

Dunnett’s test was used to compare each co-culture to the axenic T. pseudonana treatment, 

and p values were adjusted for multiple comparisons. Outliers were defined as values that 

exceeded three scaled median absolute deviations and were excluded from statistical analysis. All 

MS data are available at MetaboLights under accession number MTBLS1751. Detailed methods 

are given in Supplementary File 1. 

2.5 | NMR analysis 

For NMR analysis, 5 ml of 48 h co-culture spent medium was lyophilized, homogenized 

dry using 5 × 3.5 mm glass beads, reconstituted in dimethyl-sulfoxide-d6, and re-homogenized. 

The supernatant was analyzed using two-dimensional HSQC NMR (Bruker 800 MHz NEO with 

1.7 mm cryoprobe) using acquisition parameters modified from a hsqcetgpsisp2.2 pulse program 

(TopSpin V4.0.6). The indirect 13C (f1) dimension had a spectral width of 90.0027 ppm, 128 data 

points, and a carrier frequency of 45 ppm. The direct 1H dimension (f2) had a spectral width of 

13.0255 ppm, 4166 data points, and a carrier frequency of 3.691 ppm. Spectra were processed in 

MNOVA and transformed spectra were auto-phased, baseline-corrected, and referenced along f1 

and f2 to DSS-d6 (0.0, 0.0 ppm). All peaks above noise were manually integrated (Fig. S2). A 

MATLAB workflow was used to normalize, scale, and analyze spectral features. p values were 

calculated for all peak integrals using the [ttest] function in MATLAB for sample pairs. False 

discovery rates and q values were calculated using MATLAB built-in function [mafdr]. Raw data, 

https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y#MOESM1
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peak lists, and analysis scripts are available at MetaboLights under accession MTBLS1544. 

Detailed methods are given in Supplementary File 1. 

3 | RESULTS 

Identification of ecologically relevant exometabolites was carried out in co-culture systems 

in which marine phytoplankter T. pseudonana CCMP1335 served as the sole carbon source for 

three bacterial strains. R. pomeroyi DSS-3, Stenotrophomonas sp. SKA14, and P. 

dokdonensis MED152 were individually inoculated into a T. pseudonana culture that had 

accumulated exometabolites over 7 days. Bacterial gene expression in response to compounds in 

the exometabolite pool was identified after 8 h by comparison to gene expression in a single-

substrate (glucose) control. Drawdown of T. pseudonana exometabolites in the co-culture spent 

medium was analyzed after 8, 24, and 48 h by LC-MS (Table S4)96 and after 48 h incubations by 

2D HSQC NMR (Holderman et al. in prep.). The control for the chemical analyses was spent 

medium from axenic T. pseudonana cultures. Microscopic observations did not reveal close 

physical attachment of the bacteria to diatom cells, although P. dokdonensis appeared associated 

with diatom extracellular polysaccharides after 48 h in co-culture. There was no evidence of altered 

growth rates by the diatom in the presence of the bacteria (Kruskal 

Wallis, p = 0.30, n = 3, T = 253 h; Fig. 1). 

https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y#Fig1
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Fig. 1: Cell numbers in co-culture experiments after inoculation of bacterial strains into T. 

pseudonana cultures at 168 h (day 7; gray dashed line). Top: growth of T. pseudonana under 

axenic conditions and in cultures with each bacterial strain. Bottom: growth of bacterial strains in 
co-culture with T. pseudonana. n = 3; error bars represent ±1 standard deviation. 

https://www.nature.com/articles/s41396-020-00811-y/figures/1
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3.1 | Ruegeria pomeryi DSS-3 metabolite utilization 

R. pomeroyi transporters that were enriched in the co-cultures compared to the glucose 

control included ABC and TRAP transporters, both employing dedicated solute binding proteins 

that recognize substrates with high affinity, as well as permeases that depend largely on diffusion. 

Five enriched transporters had hypothesized annotations for amino acid uptake (Fig. 2 and 

Table S5). Spent medium drawdown patterns were consistent with this, and specifically indicated 

that concentrations of arginine and the branched chain amino acids valine, leucine, and isoleucine 

were lower in co-cultures with R. pomeroyi compared to axenic T. pseudonana cultures (Fig. 3). 

Nucleoside uptake was also indicated by spent medium drawdown, with significantly lower 

concentrations of guanosine and thymidine (Figs. 3 and S1). 

 

https://www.nature.com/articles/s41396-020-00811-y#Fig2
https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y#Fig3
https://www.nature.com/articles/s41396-020-00811-y#Fig3
https://www.nature.com/articles/s41396-020-00811-y#MOESM1
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Fig. 2: Metabolites involved in autotroph-heterotroph carbon transfer for three model 

marine bacteria when co-cultured with T. pseudonana. A. Summary of results from 
exometabolite chemical analysis and bacterial gene expression. Black font indicates metabolites 

unique to a single strain; gray font indicates metabolites shared by two strains; and orange font 
indicates metabolites shared by three strains. Circles specify the detection method(s), with hatched 
symbols indicating a mismatch between expression and drawdown methods. Metabolites Ua and 

Ub are unidentified compounds detected by 13C-HSQC NMR. B Venn diagram summary of 
unique and shared metabolites. 

https://www.nature.com/articles/s41396-020-00811-y/figures/2
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Fig. 3: Bacterial drawdown of diatom exometabolites compared to axenic diatom cultures 

based on analysis of spent media by targeted LC-ESI-MS (left) and 13C-HSQC NMR (right). 

Data are Z scores of adjusted concentration (MS analysis) and scaled area (NMR analysis). 
Grouped data points indicate linked carbon atoms in NMR analysis. See Fig. S1 for time course 
of MS data and Fig. S2 for contour plots of NMR features. n = 3–7. ** = treatments significantly 

different from the axenic diatom cultures at adjusted  p ≤ 0.01; * = treatments different from the 
axenic diatom cultures at p ≤ 0.05; † = treatments different from the axenic diatom cultures 

at p < 0.10. 
 

Organic sulfur substrates indicated by transcript enrichment included 2,3,-

dihydroxypropane-1-sulfonate (DHPS) and cysteate and N-acetyltaurine each containing a 

nitrogen atom as well (Tables 1 and S5). For all of these, the transporter genes have been verified 

experimentally in R. pomeroyi (Table 1). In the case of DHPS, spent medium drawdown analysis 

further indicated bacterial consumption based on significantly lower concentrations in the co-

cultures. Drawdown analysis also indicated homoserine consumption (Fig. 3). Although the 

transporter for dimethylsulfoniopropionate (DMSP) has not yet been identified in the R. 

pomeroyi genome, enrichment of transcripts for functionally verified genes dmdA (DMSP 

demethylase)102 and acuI (acrylyl-CoA reductase)103 (Tables 1 and S5) suggested uptake of this 

organic sulfur metabolite. 

https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y#Tab1
https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y#Tab1
https://www.nature.com/articles/s41396-020-00811-y#Fig3
https://www.nature.com/articles/s41396-020-00811-y#Tab1
https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y/figures/3
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Table 1 Metabolites hypothesized to support bacterial heterotrophy in diatom co-cultures 

based on significant changes in bacterial gene expression (adjusted p < 0.05) or metabolite 

concentrations in spent media (adjusted p < 0.10) for three bacterial strains, and the 

methodological approach providing support. 
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For five enriched transporter systems, computationally inferred target substrates included 

urea, phenylacetate, mannonate, acetate, and a galactoside. Transcriptome analysis indicated 

uptake of six additional metabolites by transporters with general (e.g., sugar and dicarboxylate) or 

no substrate annotation (Fig. 2 and Table S5). Drawdown analysis revealed a lower concentration 

of one unidentified metabolite (designated Ua). In two cases there were higher concentrations of 

compounds in the co-culture spent media (phosphate-containing three carbon compound 3C-P and 

Ub; Fig. 3), suggesting either release of these unidentified metabolites by R. pomeroyi or enhanced 

export by T. pseudonana in the presence of the bacterium. Overall, the transcriptome and spent 

medium analyses of the T. pseudonana–R. pomeroyi co-culture indicated that at least 20 

components of the diatom exometabolite pool were used by this bacterium, 13 of which were 

organic nitrogen molecules and 4 of which were organic sulfur molecules. 

3.2 | Stenotrophomonas sp. SKA14 metabolite utilization 

Of the 23 organic compound transporters significantly enriched in 

the Stenotrophomonas sp. SKA14 transcriptome, six are TonB-dependent transporters (TBDTs) 

functioning in the outer membrane to bring molecules into the periplasm using energy from TonB 

proteins located in the inner membrane (Table S6); subsequent passage of substrates into the 

cytoplasm is typically carried out by permeases or other types of inner membrane transporters. 

Among the enriched TBDTs, three are annotated as cobalamin/B12 receptors and likely involved 

in vitamin acquisition. Other types of enriched transporters indicate uptake of peptides (major 

facilitator superfamily (MFS) and oligopeptide family transporters), amino acids (two permeases, 

a serine/alanine/glycine transporter), and benzoate (Fig. 2 and Table S6). However, there were no 

decreases in amino acids in the spent medium compared to the T. pseudonana axenic control. An 

actual increase in proline and phenylalanine concentrations (Fig. 3) suggested either release of 

https://www.nature.com/articles/s41396-020-00811-y#Fig2
https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y#Fig3
https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y#Fig2
https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y#Fig3
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these metabolites by Stenotrophomonas or their enhanced export by T. 

pseudonana when Stenotrophomonas was present. Transporters for purines (MFS transporter) and 

nucleosides (NupC) were upregulated in co-culture (Table 1). 

Carbohydrate utilization was important in the Stenotrophomonas co-cultures and 

accomplished largely via polysaccharide utilization loci (PULs), genomic regions that provide 

Gammaproteobacteria69 and Flavobacteriales104 with the capacity to hydrolyze polysaccharide 

structures while retaining the resulting monomers in the periplasm until passage inside the cell. 

Both TBDTs and carbohydrate degrading enzymes (CAZymes) are common in these regions. 

Among the four PULs containing enriched genes in the Stenotrophomonas co-culture 

transcriptome is a likely N-acetyl-D-glucosamine (GlcNAc) PUL (Fig. 4) containing an enriched 

glycoside hydrolase (GH) that acts on N-acetylglucosides (GH-20), a glucokinase that 

phosphorylates glucose, a sugar membrane permease, and several GlcNAc catabolic enzymes 

(such as nagA)105,106. The two chitinases also present in this PUL were not enriched, a pattern 

suggesting that Stenotrophomonas sp. SKA14 was targeting GlcNAc or chitin oligosaccharides in 

the T. pseudonana exometabolite pool. The hypothesized mannose oligosaccharide PUL system 

includes two GHs annotated as a β-mannosidase (GH2) and α-1,2-mannosidase (GH92). The 

likely N-acetyl-D-galactose PUL (GalNAc PUL) has a gene content consistent with activity 

toward galactose-containing carbohydrates107-109, and is homologous to an operon 

in Stenotrophomonas maltophilia K279a verified experimentally to catabolize N-acetyl-D-

galactosamine108. Significantly enriched genes in the co-culture transcriptome (Fig. 4) included an 

MFS transporter that brings N-acetyl-D-galactosamine through the inner membrane (AgaP), a 

tagatose-biphosphate aldolase (AgaY) that carries out the final step in N-acetyl-D-galactosamine 

catabolism, and a GH containing a carbohydrate binding module with activity against substrates 

https://www.nature.com/articles/s41396-020-00811-y#Tab1
https://www.nature.com/articles/s41396-020-00811-y#Fig4
https://www.nature.com/articles/s41396-020-00811-y#Fig4
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such as galactose oligosaccharides, galactomannans, and galactolipids (Table S6). Finally, a likely 

1,3/1,4-β-D-glucan PUL contains an upregulated exo 1,3/1,4-β-D-glucan glucohydrolase (GH3) 

predicted to hydrolyze residues of β-D-glucans110. 

 

Fig. 4: Polysaccharide utilization loci (PULs) containing genes enriched in diatom co-cultures 

relative to glucose controls. 

A Stenotrophomonas sp. SKA14. B Polaribacter dokdonensis MED152. Gene annotations and 
fold-change data are given in Tables S6 and S7. There were also seven carbohydrate-active 
enzymes located outside PUL regions among the enriched  Stenotrophomonas sp. genes 

(Table S6), two of which have computationally derived annotations for utilization of choline and 
chitin. Overall, transcriptomes and drawdown assays hypothesized at least 12 diatom metabolites 

serving as substrates for Stenotrophomonas in the co-cultures (Table 1), 7 of which contain 
nitrogen and 4 of which are carbohydrates. 
 

3.3 | Polaribacter sp. MED152 metabolite utilization 

In the co-culture transcriptomes of P. dokdonensis, components of 13 organic molecule 

transporters were significantly enriched compared to the glucose control (DeSeq2; p < 0.01) 

(Fig. 2 and Table S7). Six of these are TBDTs, most located in PULs with carbohydrate utilization 

functions but one annotated for cobalamin uptake. Of the seven other transporters, one is a general 

MFS transporter with no substrate information, and one is annotated as a putative amino acid 

transporter. Exometabolite analysis showed no evidence of amino acid drawdown in the P. 

https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y#Tab1
https://www.nature.com/articles/s41396-020-00811-y#Fig2
https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y/figures/4
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dokdonensis co-culture, but did indicate decreases in concentrations of inosine, adenosine, 

thymidine, and guanosine (Fig. 3). Peaks putatively assigned to unidentified metabolite Ub were 

also drawn down in the P. dokdonensis co-culture relative to axenic T. pseudonana. 

Carbohydrate utilization via PULs was also important in the P. dokdonensis co-cultures. 

PUL2 (designations from the CAZy database)110 (Fig. 4) is predicted to degrade chrysolaminarin, 

a glucose storage glucan synthesized by diatoms111,112 that is ubiquitous in ocean organic matter 

pools113. The enriched substrate binding proteins (susD) is an ortholog of a Flavobacterales gene 

demonstrated to bind laminarin114, a storage glucan similar to chrysolaminarin found in brown 

macroalgae. For PUL3 of P. dokdonensis (Fig. 4), we hypothesize a function in transport and 

catabolism of fucose-like or maltooligosaccharide-containing compounds based on inner 

membrane transporters (Table S7). PUL5 was the most enriched PUL in the P. 

dokdonensis transcriptome, and we predict it transports and catabolizes GlcNAc in the form of 

chitin monomers or oligomers. This PUL aligns modularly with a Bacteroidaceae PUL in a 

bacterium confirmed to grow on GlcNAc115, and the enriched MFS transporter (Table S7) is an 

ortholog of a gene in the GlcNAc PUL of a Stenotrophomonas species. Genes encoding chitin 

hydrolysis were not found in the P. dokdonensis genome, suggesting this bacterium is only able to 

use monomers and oligomers of chitin. Bacterial drawdown analysis agreed with this annotation 

by indicating significantly lower concentrations of chitobiose and chitotriose in the co-culture 

spent medium (Fig. 3), but concentrations of GlcNAc were higher. PUL6 and PUL7 are co-located 

(Fig. 4) and we predict they target glycans containing guluronic acid and mannuronic acid, the two 

primary monomers of alginate. While alginate has not been reported as a component of  T. 

pseudonana polysaccharides, guluronic acid is present in diatom cell walls116 and the P. 

dokdonensis PUL6 is highly syntenic with those of previously described alginate-catabolizing 

https://www.nature.com/articles/s41396-020-00811-y#Fig3
https://www.nature.com/articles/s41396-020-00811-y#Fig4
https://www.nature.com/articles/s41396-020-00811-y#Fig4
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https://www.nature.com/articles/s41396-020-00811-y#Fig3
https://www.nature.com/articles/s41396-020-00811-y#Fig4
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Flavobacteriales117-120. The enriched components of PUL6 and PUL7 include a poly(β-D-

mannuronate) lyase and two alginate lyases, also supporting a function for this genomic region in 

utilization of an alginate-like polysaccharide (Table S7). Nine enriched CAZymes that were not 

associated with PULs included a gene with catabolic activity against β-1,3 glucans, a gene with 

activity toward various β-1,3 and β-1,4 glucans, and an alginate lyase. A total of 14 possible 

substrates were identified for P. dokdonensis, 10 of which were organic nitrogen compounds and 

5 of which were carbohydrates (Table 1). 

4 | DISCUSSION 

Metabolites passed between marine microbes play key roles in ocean ecosystems, 

influencing bacterial community assembly and diversity120,121, mediating competition, 

antagonism, and mutualisms 11, and serving as currencies of carbon flux. The last of these roles is 

a central function in global carbon cycling by which ~50% of marine photosynthate is transferred 

from phytoplankton to heterotrophic bacteria via the labile DOC pool 63,122,123. There are two 

primary reasons why little is known about the metabolites linking marine phytoplankton and 

bacteria38. One is that the most biologically reactive components of marine DOC do not 

accumulate and therefore account for an extremely small fraction of the total reservoir63; and the 

other is that direct chemical analysis, especially in a seawater matrix, is challenging unless the 

identity of a compound is already known124. 

Our approach delineated clear differences in resource use patterns by bacteria individually 

inoculated into identical exometabolite pools formed during exponential through stationary growth 

phases of a diatom. Of the 36 molecules (Fig. 2) covering chemical classes ranging from amino 

acids to organic sulfur compounds, monosaccharides, oligosaccharides, nucleosides, and organic 

acids, 29 (80%) were targeted for uptake up by only one of the three representative bacterial strains. 

https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y#Tab1
https://www.nature.com/articles/s41396-020-00811-y#Fig2
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Rhodobacterales member R. pomeroyi was hypothesized to uniquely utilize four amino acids, the 

organic sulfur compounds DHPS, cysteate, DMSP, and N-acetyltaurine, the carboxylic acids 

acetate and phenylacetate, two carbohydrates, and urea, suggesting a substrate suite that is diverse, 

dominated by LMW compounds, and distinguished by a focus on organic sulfur metabolites. 

Gammaprotebacteria member Stenotrophomonas sp. SKA14 was hypothesized to uniquely utilize 

three carbohydrates plus benzoate, citrate, and choline. Flavobacteriales member P. 

dokdonensis uniquely utilized the chitin oligomers chitobiose and chitotriose, the carbohydrate 

storage compound chrysolaminarin, an alginate-like carbohydrate, 3′AMP, and the nucleoside 

inosine. The latter two bacteria had substrate use linked to polymeric and oligomeric carbohydrates 

that, particularly in the case of P. dokdonensis, is consistent with significant roles in aging 

blooms1,10. Low overlap in the utilization of labile organic matter has been proposed to explain the 

predictable co-occurrence of Rhodobacterales, Gammaproteobacteria, and Flavobacteriales with 

microphytoplankton in the surface ocean 1,10,84,125,126. Our analyses concur that substrate overlap is 

low among these groups when processing a natural pool of phytoplankton-derived molecules. 

Furthermore, they point to resource-based niche partitioning of the available resources, rather than 

competition for them, as the underlying ecological explanation. 

Seven of the 36 metabolites, however, were targeted for uptake by more than one bacterial 

strain: proline, GlcNAc, peptides, cobalamin, and the nucleosides adenosine, guanosine, and 

thymidine. All of these are organic nitrogen compounds and one is also a vitamin, suggesting these 

may be resources for which there is competition among the marine bacteria growing at the expense 

of diatom exometabolites. Proline, guanosine, and GlcNAc were targeted for uptake by all three 

strains, with the availability of GlcNAc possibly linked to the chitin present in diatom cell walls42. 
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Organic nitrogen compounds were also common in the non-shared metabolites, making up ~45% 

of metabolites. 

Previous studies of endometabolite composition of diatom cells reported some of the same 

compounds identified here in the T. pseudonana exometabolome (Table 1). These include the 

amino acids glutamine, arginine, valine, isoleucine, leucine, and proline127,128, the organic sulfur 

compounds DMSP and DHPS129,130, choline 127,131, galactose132, and chrysolaminarin130. Previous 

studies have also shown chemotaxis by marine bacteria to several compounds identified in the T. 

pseudonana exometabolome. These include valine, proline, DMSP, and GlcNAc7,133. Evidence 

that these compounds are present in diatom cells, function as attractants in chemotaxis, and are 

taken up differentially by heterotrophic bacteria suggests they play roles in the chemical ecology 

of bacterial community assembly. Niche dimensions unrelated to carbon and nutrient acquisition 

were not examined here, but may also influence ecological differentiation among co-existing 

bacterial species in the surface ocean; such factors include physical conditions134, growth 

kinetics135, antimicrobial defenses136, and death processes through viral and protist grazing137. 

Some metabolites had different patterns in gene expression compared to drawdown. Examples are 

the enrichment of transcripts from the experimentally verified cysteate transporter in R. 

pomeroyi (Tables 1 and S5) but no evidence of cysteate release by axenic diatoms; and enrichment 

of transcripts from possible proline transporters in both Stenotrophomonas sp. and P. 

dokdonensis (Tables 1, S6, and S7) but no evidence of proline drawdown for either (Fig. 3). 

Differential exometabolite release by the diatom in axenic versus co-culture (i.e., different 

composition or rate of exometabolite release in the presence versus absence of bacteria) could 

explain these methodological mismatches. There is growing evidence that marine phytoplankton 

can detect the presence of bacteria, including a potential recognition cascade invoked by T. 

https://www.nature.com/articles/s41396-020-00811-y#Tab1
https://www.nature.com/articles/s41396-020-00811-y#Tab1
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pseudonana when growing with R. pomeroyi 138. Other scenarios that could lead to mismatches 

between these methodological approaches include lower bacterial drawdown rates than diatom 

release rates, and bacterial metabolite release. A potential example of the last scenario is the 

accumulation of GlcNAc in the P. dokdonensis co-culture but not the axenic diatom culture. In 

this case, Polaribacter hydrolysis of chitobiose and chitotriose (Fig. 3) may be outpacing its 

uptake of the hydrolysis product GlcNAc139. 

The interpretation of gene expression patterns used here assumed that upregulation of 

transport and catabolic genes was stimulated by the availability of a substrate. This is based on the 

unfavorable energetics of across-the-board synthesis of transporter systems that may not yield 

benefits140, as well as previous observations of transporter expression changes when the substrates 

available to heterotrophic marine bacteria are manipulated 83,141,142. Other regulatory strategies are 

possible, however, such as constitutive regulation, posttranscriptional regulation, or co-regulation, 

and these may not be detected in this study or could mislead interpretation. Finally, gene 

expression interpretations assume that computationally inferred annotations of transporter and 

catabolic genes in the bacterial genomes are generally correct, which is not always the case 143. 

Across the three bacterial genomes, half the upregulated transporters have either general 

annotations or no annotations regarding their target substrates (Tables S5, S6, and S7), 

emphasizing the limitation of comparative genome analysis alone to address bacterial resource 

dimensions. 

The role of resource competition in determining bacterial community assembly has been 

explored recently both in experimental systems and metabolic models121,144-146. Yet current 

knowledge of microbial metabolites is hindered by barriers to capturing and identifying microbial 

products, and further exacerbated by the difficulty of microbial gene annotation. Thus, it is 

https://www.nature.com/articles/s41396-020-00811-y#Fig3
https://www.nature.com/articles/s41396-020-00811-y#MOESM1
https://www.nature.com/articles/s41396-020-00811-y#MOESM1
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challenging to go beyond generic products of central metabolism in addressing resource-based  

bacterial niche dimensions. Indeed, metabolites of noncore processes that are by and large missing 

from experiments and models may be the compounds most likely to support resource-based niche 

differentiation. For example, DHPS release by marine diatoms (Fig. 2) was mentioned only two 

times in the oceanographic literature147,148 before it emerged as a major resource for certain taxa 

of heterotrophic bacteria83. Two types of information are critical for improving understanding of 

bacterial resource partitioning. The first is a chemical database that captures the diversity of 

microbial metabolites. The second is experimental annotation of bacterial transporter genes that 

hold important clues about resource-based niche dimensions in the surface ocean38. 

High turnover rates and low concentrations make identification of the labile organic matter 

released by phytoplankton problematic. Here we used biological vetting based on bacterial activity 

to identify the molecules most likely to shape heterotrophic bacterial communities reliant on recent 

photosynthate. Progress in closing the knowledge gap of marine metabolites will enable new 

insights into the transfer of carbon between major ocean reservoirs. 
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5 | SUPPLEMENTARY MATERIAL 

Three bacterial strains were introduced individually into 7 d diatom co-cultures. Samples 

were collected after 8 h, 24 h, and/or 48 h and analyzed for bacterial response via transcriptomics 

(to measure regulation changes) or via MS or NMR (to measure metabolite drawdown) (Fig. 1). 



62 

Co-cultures and axenic cultures of Thalassiosira pseudonana 1335 culture (National Center for 

Marine Algae) were grown in organic-carbon free medium L1 +Si (1) in 1900 ml vented 

polystyrene tissue culture flasks at 18° C under 16 h light at 160 µmol photons m-2 s-1 and 8 h dark. 

For samples used in NMR analysis, 13C bicarbonate was used to make the L1 medium. After the 

diatom cultures had been growing for 7 d, bacteria pre-grown in YTSS medium were washed 5 

times in sterile L1 medium and inoculated into the diatom cultures at ~106 (Stenotrophomonas sp. 

and P. dokdonensis) or ~107 (R. pomeroyi) cells ml-1 . Three replicate co-cultures were established 

for each bacterial strain. After incubation in the light for 8 h, T. pseudonana cells were removed 

by pre-filtration through polycarbonate 2.0 µm pore-size filters, and bacteria were collected on 0.2 

µm pore-size Supor filters. Filters were immediately flash frozen in liquid nitrogen and stored at -

80° C until processing, and the filtrate was stored frozen for subsequent chemical analysis. Filtrate 

was also obtained 24 h and 48 h after bacterial inoculation for chemical analysis. An additional 

treatment was established in which strains were introduced individually into a defined medium 

with glucose as the carbon source (L1 medium +Si with 2.5 mM glucose), and this served as the 

control treatment for co-culture transcriptome analysis (Fig. 1). Bacterial strains were similarly 

inoculated into the medium, collected on 0.2 pore-size filters after 8 h, and flash frozen.  

Cell counts  

Culture samples were fixed to a final concentration of 1% glutaraldehyde, incubated at 4°C 

for 20 min, and stored at −80°C. Just prior to analysis, an internal standard of 5 μm fluorescent 

beads was added (Spherotech, Lake Forest, IL, USA), followed by stained for 15 min with SYBR 

Green I (final 2 concentration 0.75X; Life Technologies, Waltham., MA, USA). Samples were 

analyzed on an Agilent Quanteon flow cytometer (Acea, Biosciences Inc, San Diego CA). 

Flouorescence was detected with a 405 nm laser using a 530/30 bandpass filter for SYBR Green 
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(bacteria) a 695/40 bandpass filter for chlorophyll a. There was no bacterial contamination of 

axenic cultures based on scattergrams from flow cytometry and aliquots from axenic cultures 

spread onto YTSS plates.  

RNA-seq Analysis  

Filters were cut into pieces using sterile technique and incubated at room temperature for 

1 h in TE buffer, SDS (0.6% final concentration), and proteinase K (120 ng μl–1 final 

concentration). An equal volume of acid phenol:chloroform:isoamyl-alcohol was added and 

samples were shaken, incubated for 15 min, and centrifuged at 4°C for 15 min for collection of the 

supernatant. This process was repeated on the supernatant with addition of an equal volume of  

chloroform:isoamyl-alcohol. The resulting supernatant was mixed with 1 volume of isopropanol 

and sheared by passage through a 21 g syringe needle. Samples were incubated overnight at -20° 

C, centrifuged at 4°C for 30 min, washed twice with 75% ethanol, and dried and resuspended in 

RNAse-free water. Potential traces of DNA were removed using the Turbo DNA-free kit 

(Invitrogen, Waltham, MA, USA). Samples were tested for residual DNA by a 40-cycle PCR 

targeting the 16S rRNA gene of the bacterial strains. Duplicates of each treatment were randomly 

selected for carrying forward through rRNA depletion using the Ribo-Zero Bacteria kit (Illumina, 

San Diego, CA, USA), library preparation using the KAPA Stranded RNA-Seq Kit (Kapa 

Biosystems, Wilmington, MA, USA), and sequencing on a HiSeq Illumina 2500 at the Hudson 

Alpha Institute for Biotechnology (Huntsville, AL, USA). Raw data were deposited in the NCBI 

SRA BioProject database under accession PRJNA448168.  

Quality control was performed on 207 million 50-bp reads using the FASTX toolkit, 

imposing a minimum quality score of 20 over 80% of read length. Reads aligning to an in-house 

rRNA database were removed (blastn, score cutoff > 50). Remaining reads were mapped to the R. 
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pomeroyi, Stenotrophomonas sp. SKA14, or P. dokdonensis MED152 genomes (Bowtie 2; (2) and 

counted (HTSeq; (3), conserving strand information and removing reads that mapped to more than 

one location. Genes with differential expression were determined with DESeq2 (4). Annotations 

of the bacterial genomes were updated by comparison to closely-related genomes in the IMG (5) 

and NCBI (6, 7) databases, and to a database of TnSeq derived annotations (8). The dbCAN web 

resource was used for identification of carbohydrate-active enzyme annotations, taking into 

account results of HMMs, peptide pattern 3 recognitions, and protein alignments (9). Reciprocal 

best hit analysis was carried out against genomes of well-annotated Gammaproteobacteria 

(Stenotrophomonas maltophila K279a), and Flavobacteriia (Formosa sp. Hel_1_33_133, 

Bacteriodetes ovatus ATCC8433, Gramella forsetii KT0803, and Zobellia galactanivorans 

DsijT).  

Mass Spectrometry and NMR Analysis  

Chemical analysis was conducted on filtered spent media from the co-cultures and axenic 

T. pseudonana culture and on uninoculated L1 as the medium blank. For mass spectrometry

analysis, 8, 24, and 48 h co-culture spent media were analyzed. Metabolites were derivatized with 

benzoyl chloride (Widner et al. in prep) by modification of methods from Oehlke et al. (10) and 

Wong et al. (11), extracted using a solid phase resin (Agilent, Bond Elut PPL), and analyzed using 

ultra high performance liquid chromatography coupled with electrospray ionization and tandem 

mass spectrometry (UHPLC-ESIMSMS) with modifications to Kido Soule et al. (12). Unless 

otherwise noted, all samples and reagents for mass spectrometry analysis were stored and 

transferred with acid-washed (10% HCl), combusted (450° C for 5 hours) glassware, and all 

solvents were Thermo Fisher Optima Grade. Standards were obtained from Sigma-Aldrich at the 

highest purity available. Filtered (0.2 µm) samples were divided into two 1 mL aliquots and one 
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was spiked with a standard mix (100 ng/mL final concentration; Table S4) to correct for matrix 

effects. Each sample was combined with 300 µL sodium carbonate, 30 µL sodium hydroxide, and 

200 µL working reagent (5% benzoyl chloride in acetone V:V). After vortexing for 5 min, samples 

were acidified with concentrated phosphoric acid to pH 2-3 (15 µL). The acetone was evaporated 

using a vacufuge (Eppendorf), and an equivalent volume of Milli-Q water was added to replace 

the acetone. One mL of the aqueous phase was loaded onto solid phase extraction cartridges 

(1g/6ml, Bond Elut PPL, Agilent, conditioned according to manufacturer’s specifications). 

Samples were eluted from the cartridge with methanol (6 mL), dried down (vacufuge), 

reconstituted in 90:10 water:acetonitrile (100 µL), and stored at -20 °C until analysis.  

Mass spectrometry samples were analyzed on a Vanquish UHPLC system [Waters Acquity 

HSS T3 column (2.1 x 100 mm, 1.8 μm) with a Vanguard pre-column at 40 °C] coupled via heated 

electrospray ionization (H-ESI) to an ultrahigh resolution tribrid mass spectrometer, the Orbitrap 

Fusion Lumos (Thermo Fisher Scientific). The column was eluted with mobile phase (A) 0.1% 

formic acid in water and (B) 0.1% formic acid in acetonitrile at a flow rate of 0.5 mL min-1 . The 

gradient conditions were 0-0.5 min (1% B), 2 min (10% B), 2-5 min (10% B), 7 min (25% B), 7-

9 min (25% B), 12.5 min (50% B), 13 min (95% 4 B), 13-14.5 min (95% B). The system was then 

returned to 1% B for re-equilibration prior to the next injection (total gradient time 16 min). 

Separate injections of 5 μL each were made for positive and negative ion modes. The electrospray 

voltages were 3600 V (positive) and 2600 V (negative), and the source gases were 55 (sheath) and 

20 (auxiliary), and 1 (sweep). The capillary temperature was 350 °C and the vaporizer temperature 

was 400 °C. The Lumos was operated in full-scan MS mode with data dependent tandem mass 

spectrometry, guided by a list of user-defined parent ions with a retention time window for each 

(full MS/ddMS2 with inclusion list). In this targeted quantitation approach, data are collected in 
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full-scan mode in the Orbitrap analyzer (resolution 60,000 fwhm, at m/z 200). When any of the 

parent ions on the inclusion list are detected within the retention time window, MS/MS scans are 

automatically acquired (resolution 7,500 fwhm, at m/z) and then the instrument resumes full-scan 

operation. Data obtained in full-scan mode were used for detection and quantification, while 

MS/MS data were used for identification and confirmation. Full-scan MS data were collected 

between 170-1000 m/z, and the automatic gain control (AGC) setting was 4e5 with a max injection 

time of 50 msec. MS/MS data were collected using higher energy collisional dissociation (HCD) 

with collision energy at 35% and intensity threshold at 2e4. The MS/MS AGC target setting was 

5e4 with a max injection time of 22 msec. Parent ions were isolated within the quadrupole at an 

isolation width of 1 m/z. All data were collected in profile mode. See Table S4 for retention times 

and parent and product ion values. Standards were prepared in duplicate in L1 medium from 0.5 

to 500 ng/mL. Sample and standard peaks were integrated using Skyline (13, 14), and standard  

curves were calculated using at least 5 standards. Standard curve R squared values were required 

to be greater than 0.92 for metabolite quantification (Table S4). In preliminary experiments 

(Widner et al. in prep), we determined that the instrument response could be enhanced or 

suppressed in some spent culture media relative to the standards in L1 medium. The analytical 

recoveries were calculated as the difference between the calculated concentrations of the spiked 

sample (sample concentration + 100 ng/mL spike) and the unspiked sample divided by the spike 

concentration (100 ng/mL). The concentration of each sample was corrected for matrix effects by 

multiplying the raw concentration by the average analytical recovery for that culture media type. 

Because of these corrections, we are reporting ‘adjusted concentration’ for metabolites. Mass 

spectrometry metabolites were evaluated statistically in Matlab by comparing adjusted sample 

concentrations (from all time points) by treatment using a one-way ANOVA (α = 0.05) and post- 
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5 hoc Dunnett’s test to compare each co-culture to the axenic T. pseudonana. Outliers were defined 

as values that exceeded 3 scaled median absolute deviations and were excluded from statistical 

analysis. For NMR analysis, 5 ml of 48 h co-culture spent medium were lyophilized, homogenized 

dry (MP Biomedicals FastPrep-96) through 3 x 30 s cycles at 1800 rpm using 5 x 3.5 mm glass 

beads, reconstituted in 200 μL dimethyl-sulfoxide-d6 (DMSO-d6) with 50 μM sodium 

trimethylsilylpropanesulfonate-d6 (DSS-d6, Cambridge Isotope Laboratories, Inc.) and re-

homogenized through 3 x 30 s cycles at 1800 rpm. Following centrifugation for 10 min at 22 °C 

and 5000 x g, the supernatant was centrifuged for 15 min at 5000 x g and added in 40 μL aliquots 

to 1.7 mm NMR tubes in a 96 tube rack. Two-dimensional HSQC-NMR spectra were collected 

(Bruker 800 MHz NEO with 1.7 mm cryoprobe) with an automatic and refrigerated (279 K) sample 

changer (SampleJet) using IconNMR (V5.1). Before NMR data acquisition, samples were 

preincubated for 5 min in the probe for temperature equilibration at 300 K. 2D data were collected 

using acquisition parameters modified from a hsqcetgpsisp2.2 pulse program (TopSpin V4.0.6). 

Spectra were acquired in Echo-Antiecho acquisition mode in 3 h 58 min with presaturation of 

residual water using 64 scans and 32 dummy scans. The indirect 13C (f1) dimension had a spectral 

width of 90.0027 ppm, 128 data points, and an offset of 45 ppm. In the direct 1 H dimension (f2) 

had a spectral width of 13.0255 ppm, 4166 data points, and an offset of 3.691 ppm. Spectra were 

processed in MNOVA by applying a 90° sine square apodization, 4K zero-filling, and Fourier-

transformation. Transformed spectra were auto-phased, baseline-corrected and referenced along 

f1 and f2 to DSS-d6 (0.0, 0.0 ppm). All peaks above the noise were manually integrated. These 

peaks were divided into four sub-regions for visualization (Figure S2) and analysis using 

MATLAB. Raw data, peak lists, and analysis scripts are available on MetaboLights under 

accession MTBLS1544. The peak integral values were imported into a MATLAB workflow to 
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normalize, scale, and analyze spectral features. The peak integral table was normalized using built -

in probabilistic quotient normalization (PQN), mean-centering, and univariate scaling functions. 

The built-in MATLAB principal components analysis (PCA) function was applied to feature 

integrals across co-culture conditions, and a loadings plot along principal component 1 was 

generated to determine which peaks accounted for the largest proportion of variance among 

samples. The loadings plot informed our decision for which peaks to analyze further, and all peaks 

between the covariance threshold of -0.5 and 0.5 were omitted from 6 further analysis as they 

accounted for the least between-sample variation. From these data, P-values, false discovery rates 

(FDR), and q-values were calculated using MATLAB built-in functions.  
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Supplementary Figures: 

Figure S1. Time course of exometabolite concentrations based on targeted LC-ESI-MS 

analysis of axenic and co-culture spent media. ** = treatments significantly different from the 
axenic diatom cultures in the grouped analysis presented in Fig. 3 at p < 0.01; * = treatments 
significantly different from the axenic diatom cultures in the grouped analysis presented in Fig. 3 

at p < 0.05 in Fig. 4. Error bars indicate standard deviations.  
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Figure S2. 13C-HSQC NMR spectra of metabolite uptake in co-cultures. (A) Full 
representative spectra from T. pseudonana with insets B, C, D, and E. The structure of DHPS is 

shown with numbered peaks (D1, D2, and D3) corresponding to each C-H bond in the compound. 
(B-E) Detailed NMR signals of 18 features in axenic and co-culture spent media. Spectra from one 
of 3 replicate samples is shown. The peak labeled with an asterisk in panel C indicates a C – H 

bond in DHPS that lies within T1 noise.  
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Supplementary Tables: 

Table S1*. RNA-seq data for R. pomeroyi DSS-3. Log2 fold-differences that are negative are 

enriched in the co-culture, differences that are positive are enriched in the glucose control.  

Table S2*. RNA-seq data for Stenotrophomonas sp. SKA14. Log2 fold-differences that are 

negative are enriched in the co-culture, differences that are positive are enriched in the glucose 

control.  

Table S3*. RNA-seq data for P. dokdonensis MED152. Log2 fold-differences that are negative are 

enriched in the co-culture, differences that are positive are enriched in the glucose control.  

*Due to file size, these tables are available at: https://www.nature.com/articles/s41396-020-

00811-y#Sec13 
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Table S4. Targeted metabolites that could be quantified by mass spectrometry in culture 

media with a calibration curve R2 > 0.92. Each parent ion was fragmented into one or more 
product ions (Product 1, Product 2). N/A = absence of a product ion; # bz = number of benzoyl 

groups added to the target compound in the derivatization process; # Standards = number of 
standards in the calibration curve.  
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Table S5. Significantly enriched transporter systems and carbohydrate active enzymes in the 

transcriptome of R. pomeroyi DSS-3 in co-culture with T. pseudonana. ** p < 0.01, * = p < 

0.05, NS = not 8 significant. GH = glycoside hydrolase, AA = auxiliary activity, CE = carbohydrate 
esterase. Alternating shading highlights multi-protein transporters.  
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Table S6. Significantly enriched transporter systems and carbohydrate active enzymes in the 

transcriptome of Stenotrophomonas sp. SKA14 in co-culture with T. pseudonana and their 

location in PULs. ** p < 0.01, * = p < 0.05. GH = glycoside hydrolase, CBM = carbohydrate 

binding module, AA = auxiliary activity, CE = carbohydrate esterase, GT = glycosyl transferase.  
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Table S7. Significantly enriched transporter systems and carbohydrate active enzymes in the 

transcriptome of Polaribacter dokdonensis MED152 in co-culture with T. pseudonana and 

their location in PULs. ** p < 0.01, * = p < 0.05. GH = glycoside hydrolase, CBM = carbohydrate 
binding module, AA = auxiliary activity, CE = carbohydrate esterase, GT = glycosyl transferase.  
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CHAPTER 4 

NMR METHODS TO OBSERVE IN VIVO METABOLISM IN RUEGERIA POMEROYI1

Nicole R. Holderman, Christa Smith, Mary Ann Moran, and Arthur S. Edison1 

Chapter 4 is recent, unpublished pilot research conducted by Nicole Holderman. The CIVM-NMR 

method was originally conceptualized and published by Arthur S. Edison and Michael Judge for 

use in the filamentous fungus Neurospora crassa. Holderman optimized the method for use in R. 

pomeroyi and here reports the use of CIVM-NMR to observe substrate utilization by the bacteria. 

Mary Ann Moran, Arthur Edison, and Nicole Holderman designed the experiments. Christa Smith 

grew the R. pomeroyi cell cultures.  

1 Holderman, N., Smith, C., Moran, M. A., Edison, A. To be submitted to NMR in Biomedicine. 
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1 | INTRODUCTION 

NMR spectroscopy has played a powerful role in deciphering metabolic processes for 

more than half a century.149 The non-destructive nature of NMR makes it ideal for recording 

in vivo metabolism. One of the first studies to leverage NMR for developing our 

understanding of metabolism was conducted by Wilson, Burlingame and colleagues in 

1974.149,150 This study used 2H- and 1H-decoupled 13C-NMR to detect the in vivo effects of 

deuterated ethanol by analyzing 2H-incorporation into rat bile acids. While this was not 

authentic in vivo NMR, it set the stage for future studies that would continue to push the frontiers 

of this analytical platform. 

Magic angle spinning (MAS) originated from a novel technique developed for solid-

state NMR in 1958 when a sodium chloride crystal spun at 50 kHz exhibited narrowed spectral 

peaks versus a static crystal in 23Na NMR.151 The effects of molecular interactions between nuclei 

depend on the angle between the internuclear vector and the direction of the applied magnetic 

field. Time-averaged molecular interactions (sources of inhomogeneity that cause broad 

peaks and poor spectral resolution) disappear when the vector is a “magic angle” (54.74°) away 

from the direction of the magnetic field.152  

One of the first applications of what would later be termed “high-resolution magic angle 

spinning (HR-MAS)” NMR was described in 1996 from an analysis of intact tissues ex vivo. 

Prior 
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to the advent of HR-MAS, NMR spectra collected from tissue analysis would suffer from sample 

heterogeneity and line broadening as described above. By quickly spinning (~2 kHz) a rotor at the 

magic angle, researchers could enhance spectral resolution and decrease line width to delineate 

differences in malignant versus healthy rat lymph nodes.153 This technique was then applied to an 

analysis of human brain samples from healthy donors versus those with the neurodegenerative 

Pick disease and is the first reference to HR-MAS in the literature.154 HR-MAS has since expanded 

into a robust tool for NMR metabolomics. 

 While a majority of HR-MAS studies have centered on the versatility and success of the 

technique in biomedicine and diagnostics, recent advances have been made in recording true in 

vivo metabolism in live organisms or cells over the course of hours or days. The Edison lab first 

published on the utility of a technique termed “continuous  metabolism” by NMR (CIVM-NMR) 

in 2019.28 CIVM-NMR measurements are instrumental for observing metabolic dynamics across 

a time series. Other methods of time series sampling to ascertain changing metabolic state(s) of an 

organism can be expensive in terms of time, resources, and material. Thus, researchers often make 

compromises on numbers of replicates, experimental duration, and/or temporal resolution.28 

Preparing these samples for analysis can then introduce extraction biases155 or variability,156 

further complicating interpretation of metabolic data.  

Judge and colleagues reported on the use of CIVM-NMR to elucidate branched chain 

amino acid (BCAA) flux in myeloid leukemia cells and to study the metabolism of Neurospora 

crassa under aerobic and anerobic conditions. CIVM-NMR revealed unidirectional metabolite 

flux of the BCAA 13C-valine from isotopically labeled 13C-keto-isovalerate media, an unexpected 

but profound discovery.28,157 In N. crassa, glucose utilization in aerobic cultures caused 

concomitant acidification of the culture until substrate depletion after which point pH increased 
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slightly. The pH in anaerobic samples decreased with glucose consumption but persisted at the 

more acidic pH following glucose depletion.28  

Here, we use CIVM-NMR to demonstrate R. pomeroyi substrate utilization of acetate, 

glucose, acetate + glucose, and 2[13C-Me]-DMSP. The general procedure for this process is to 

culture R. pomeroyi, count the cells, load cells into a specialized rotor for the HR-MAS probe, spin 

at 3.5-4 kHz, collect 1D NMR data, and use a MATLAB workflow28 to create a stacked plot of 

the spectra to represent the evolution of peaks over time (Figure 1). 

DMSP catabolism is crucial to the global sulfur cycle as a precursor of dimethylsulfide 

(DMS), the primary contributor of naturally occurring sulfur to the atmosphere. The oxidation 

products of DMS (sulfate, sulfur dioxide, and methanesulfonic acid) are released into the 

atmosphere, functioning as a crucial regulator of climate.24,25 The oxidation products significantly 

impact the amount of solar radiation reaching earth by directly scattering solar energy and 

operating as cloud condensation nuclei upon which water droplets condense in the initial stages of 

cloud formation.25,26 For its ecological importance, DMSP was selected as an exemplar substrate 

to observe via CIVM-NMR. We were able to follow the utilization of 2[13C-Me]-DMSP and 

observe its conversion through putative assignment of chemical shifts (Figure 3).  
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Figure 1: CIVM Workflow. Ruegeria pomeroyi cells were grown for 18 h after which cells were 
counted, washed, and loaded into a zirconia rotor for analysis in the HR-MAS probe. The sample 

was spun at 3.5 kHz for the 2[13C-Me] DMSP substrate, and 4 kHz for acetate and glucose 
substrates. Multiple 1D NMR spectra were collected, and a MATLAB workflow was utilized to 

create a stacked spectra showing peak changes over time. 
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Acetate and glucose were of interest to us due to evidence in the literature regarding the 

differential use of both substrates for central metabolism, energy biosynthesis, and the electron 

transport chain (ETC). In a study utilizing core metabolic modeling (CMM), modeled pathways 

were mapped against pathway co-occurrence in central metabolism for a phylogenetically diverse 

collection of model microorganisms.158 Alphaproteobacteria, of which R. pomeroyi is a member, 

demonstrated full correlation between CMM predictions and acetate metabolism pathways but 

comparatively lighter correlation between CMM predictions and its ability to perform 

glycolysis.158 This indicates that acetate degradation pathways are present in all 

Alphaproteobacteria genomes but glucose degradation is not. R. pomeroyi is able to perform 

glucose and acetate degradation, but the incomplete coverage of glycolysis across all 

Alphaproteobacteria led to the hypothesis that R. pomeroyi may prefer acetate to glucose.  

2 | EXPERIMENTAL 

2.1 | Cell culture 

Ingredients for MBM (20 ppt sea salt solution, 100 μM FeEDTA, 250 mL basal medium, 

1 mL vitamin supplement, and ddH2O to 1 L) were filter-sterilized through a 0.2-micron filter and 

aliquoted into sterile 50 mL Falcon tubes. Sea salt solution (5.79 g NaCl, 0.97 g Na2SO4, 0.164 g 

KCl, 23.6 mg KBr, 6.26 mg H3BO3, 0.752 mg NaF, 47.4 mg NaHCO3, 2.62 g MgCl2•6H2O, 0.367 

g CaCl2•2H2O, 6 mg SrCl2•6H2O), basal medium (1M Tris HCl pH 7.5, 0.34 g NH4Cl, 182.98 mg 

K2HPO4, 375 mL ddH2O), and vitamin supplement (100 mL ddH2O, 2 mg biotin, 2 mg folic acid, 

10 mg pyridoxine HCl, 5 mg riboflavin, 5 mg thiamine, 5 mg nicotinic acid, 5 mg pantothenic 

acid, 0.1 mg cyanocobalamin, 5 mg p-aminobenzoic acid) ingredients were dissolved and mixed 

in glass bottles. R. pomeroyi bacteria were incubated overnight (~18 h) at 30º C with a shaking 
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speed of 180 rpm in minimal basal medium (MBM) preconditioned with 10 mM glucose as the 

sole carbon source. 

2.2 | Cell counts 

Cells were counted prior to inoculating into the HR-MAS rotor using a Thermo Scientific 

(Waltham, MA, USA) NanoDrop 2000 UV Visible spectrophotometer.  

2.3 | Preparation for HR-MAS 

10 mM 2[13C-Me]-DMSP pilot experiment 

R. pomeroyi cells were washed twice in sterile carbon-free MBM and a cell suspension (36

μL) was loaded into a clean 4 mm diameter zirconia HR-MAS rotor (Bruker BioSpin) at 5e9 total 

cells. Substrate dissolved in 100% D2O was loaded into the rotor immediately prior to analysis for 

a final D2O concentration of 10%. A spacer (Bruker BioSpin) modified with a 0.016-inch diameter 

hole drilled using a lathe159 was inserted to the top of the sample and a Kel-F rotor cap (Bruker 

BioSpin), with an o-ring for sealing and a hole to allow gas exchange, was placed on top of the 

spacer (Figure 1). The sample was inspected for any gaps between the cap and rotor, and the 

bottom edge of the rotor was marked with permanent marker before placing into the magnet bore 

with the cap pointing upwards. 

5 mM acetate, 5 mM glucose, and 5 mM acetate + 5 mM glucose 

R. pomeroyi cells were washed twice in sterile carbon-free MBM and a cell suspension (36

μL) was loaded into a clean 4 mm diameter zirconia HR-MAS rotor (Bruker BioSpin) at a density 

of 2.5e8 cells ml−1. Substrate with 1 mM DSS-d6 as an internal standard dissolved in 100% D2O 

was loaded into the rotor immediately prior to analysis for a final D2O concentration of 10%. A 

spacer (Bruker BioSpin) modified with a 0.016-inch diameter hole drilled using a lathe159 was 

inserted to the top of the sample and a Kel-F rotor cap (Bruker BioSpin), with an o-ring for sealing 
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and a hole to allow gas exchange, was placed on top of the spacer (Figure 1). The sample was 

inspected for any gaps between the cap and rotor, and the bottom edge of the rotor was marked 

with permanent marker before placing into the magnet bore with the cap pointing upwards. 

2.4 | NMR analysis 

10 mM 2[13C-Me]-DMSP pilot experiment 

 

For measurement of 13C, an hsqcetgpsisp (TopSpin) gradient heteronuclear single quantum 

coherence spectroscopy (HSQC) experiment run as a 1D experiment to visualize protons 

connected to 13C was used with the parameters shown in Table 1. 

5 mM acetate, 5 mM glucose, and 5 mM acetate + 5 mM glucose 

An lc1pnf2 experiment was run to visualize 1H and to set a secondary presaturation of the 

Tris buffer peak present in MBM. Parameters are shown in Table 1. 

Substrate Number 

of points 

Ns/time

point 

Sweep Width 

(ppm) 

Acquisition 

Time (ms) 

Temp. 

(K) 

Pulse 

width (𝛍s) 

Spin Speed 

(kHz) 

2[13C-Me] 
DMSP 

4096 128 13.02 0.52 283.0 14.72 3.5 

Acetate, 

Glucose, 
Acetate + 
Glucose 

16384 64 19 1.376 303.15 13.4 4 

Table 1: NMR experiment parameters. RG was set to 101 in both conditions. Data were 

collected on a Comprehensive Multi-Phase (CMP) HR-MAS probe installed on a 600 MHz Bruker 
NEO system 

 

2.5 | Data processing 

Batch processing for in vivo NMR was performed in NMRPipe using parameters optimized 

based on consistency between spectra from several time points for each sample. A custom bash 

script (modified from Judge et al., 2019)28 ran NMRPipe160 using the optimized parameters on all 

spectra for each sample. This script included all NMRPipe commands necessary for file 

conversions and NMR data processing including: apodization using an exponential decaying 
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window function with a line broadening of 3 Hz, Fourier transformation, 0- and 1st-order phasing, 

end removal, and baseline correction using automatic polynomial fitting.  

For each sample, scripts written in MATLAB R2017b (The MathWorks, Inc., Natick, 

Massachusetts, USA) were adapted from Judge et al., 201928 in NMRbox.160 These scripts loaded 

the processed spectra, ppm vectors, and measurement start times from ft and Bruker acqus files. 

Spectra were referenced to DSS automatically, stored as a matrix, and saved as a MATLAB 

workspace in .mat format. The matrix was normalized via a min/max normalization process to 

allow relative quantification of differences, and every eight spectra starting with the first timepoint 

were averaged as a moving average to improve signal-to-noise. All scripts are available at: 

https://github.com/artedison/Edison_Lab_Shared_ Metabolomics_UGA. 

3| RESULTS 

For the 10 mM 2[13C-Me]-DMSP pilot experiment, only one replicate was observed due 

to interest in other substrates at the time. The extracted traces for this replicate are displayed. For 

statistical significance, additional replicates must be studied. The 5 mM acetate, 5 mM glucose, 

and 5 mM acetate + 5 mM glucose experiment contained three biological replicates of each 

substrate condition with traces displayed below.  

3.1 | CIVM-NMR measurement detects metabolism of 2[13C-Me]-DMSP by cleavage 

pathway(s) 

R. pomeroyi catabolizes DMSP in three possible ways, two are via cleavage (Figure 2) and

the third is through demethylation.25 Due to the position of the 13C labels in this study, we can 

most readily observe the two cleavage pathways. In one such pathway, 2[13C-Me]-DMSP 

undergoes cleavage to form 2[13C-Me]-dimethyl sulfide (DMS) and acrylate, and, in the other, 

2[13C-Me]-DMS and 3-hydroxypropanoyl-CoA. A fourth possible fate of DMSP in this 
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experiment is the oxidation of the 2[13C-Me]-DMS product to 2[13C-Me]-dimethyl sulfoxide 

(DMSO). 

 

Figure 2: Possible fates of 2[13C-Me]-DMSP. 2[13C-Me]-DMSP can undergo one of two 
cleavage pathways to form either 2[13C-Me]-DMS and acrylate or 2[13C-Me]-DMS and 3-
hydroxypropanoyl-CoA. 2[13C-Me]-DMSO may also form as an oxidation product of 2[13C-Me]-

DMS. There also exists a demethylation pathway (not shown), for which products were unable to 
be putatively assigned. (DMSP, dimethylsulfoniopropionate; DMS, dimethyl sulfide; DMSO, 

dimethyl sulfoxide) 
 

R. pomeroyi cells were cultured as described (see Experimental section), counted, pelleted 

and washed twice in MBM. A total of 5e9 cells were resuspended in sterile carbon-free MBM, and 

a cell suspension (36 μL) was loaded into a clean 4 mm diameter zirconia HR-MAS rotor (Bruker 

BioSpin). 2[13C-Me]-DMSP dissolved in 100% D2O was loaded into the rotor (4 μL, 10 mM final 

2[13C-Me]-DMSP) immediately prior to analysis, giving a final D2O concentration of 10% for the 

NMR lock signal. A spacer (Bruker BioSpin) was inserted to the top of the sample and a Kel-F 
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rotor cap (Bruker BioSpin), with an o-ring for sealing and a hole to allow gas exchange, was placed 

on top of the spacer (Figure 1). The sample was inspected for any gaps between the cap and rotor 

and placed into the magnet. We recorded 1D HSQC spectra every 11 min while spinning at the 

magic angle (54.7°) at 3.5 kHz. A hole in the rotor cap and spacer allowed for gas exchange. 

The intensity of the 2[13C-Me]-DMSP peak at 2.729 ppm was monitored over 12 h (Figure 

3). A peak at 2.54 and 1.915 ppm were monitored as well and are putatively assigned as the 

oxidation product 2[13C-Me]-DMSO and 2[13C-Me]-DMS, respectively. Putative assignments 

were made using chemical shift distances from 2[13C-Me]-DMSP compared to literature values. 

More replicates and further peak validation need to be performed for positive peak assignment. 

 

 

Figure 3: 2[13C-Me]-DMSP utilization by R. pomeroyi in CIVM-NMR and putative cleavage 

and oxidation product formation 
Putative assignment was determined by known chemical shift differences between (DMSP and 
DMS) and (DMSP and DMSO) to those visualized on the spectra (2.729 ppm for DMSP, 2.54 ppm 

for DMSO, and 1.915 ppm for DMS). The intensity of 2[13C-Me]-DMSP decreases over time, 
2[13C-Me]-DMSO remains relatively steady, and 2[13C-Me]-DMS increases then decreases 

sharply over the 12 h. Further validation is needed for spectral assignment. Additional replicates 
are needed as well to extend this research beyond a pilot study. 
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3.2 | CIVM-NMR measurement detects differential rates of substrate utilization between 

acetate and glucose 

R. pomeroyi cells were cultured as described (see Experimental section), counted, pelleted

and washed twice in MBM. A 2.5e8 cells ml-1 were resuspended in sterile carbon-free MBM and 

a cell suspension (36 μL) was loaded into a clean 4 mm diameter zirconia HR-MAS rotor (Bruker 

BioSpin). Acetate, glucose, or acetate + glucose dissolved in 100% D2O for 5 mM final of each 

substrate was loaded into the rotor (4 μL) immediately prior to analysis, giving a final D2O 

concentration of 10% for the NMR lock signal. A spacer (Bruker BioSpin) was inserted to the top 

of the sample and a Kel-F rotor cap (Bruker BioSpin), with an o-ring for sealing, was placed on 

top of the spacer (Figure 1). A hole in the rotor cap and spacer allowed for gas exchange. The 

sample was inspected for any gaps between the cap and rotor and placed into the magnet. We 

recorded 1D 1H spectra (lc1pnf2) every 6 min while spinning at the magic angle (54.7°) at 4 kHz 

for 18 h.  
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Figure 4: Acetate and glucose utilization in R. pomeroyi by CIVM-NMR over 18 h 

T0 is the front-most trace, and time progresses as the traces advance into the page. The regions 

with asterisks are the two areas of presaturation for water and Tris buffer. Shown are stacked 
plots of (A) 5 mM acetate (B) 5 mM glucose and (C) 5 mM acetate an 5 mM glucose metabolism 

by R. pomeroyi. 
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Using MATLAB CIVM-NMR scripts, we extracted acetate and glucose peaks as regions 

of interest (ROIs) within a matrix and performed min/max normalization to obtain relative 

intensity of the substrate peaks. This was plotted as a function of time for all replicates (Figure 5). 

As anticipated, the rates of acetate utilization in both the acetate-only and acetate + glucose 

conditions were faster than rates of glucose utilization across all conditions. Acetate utilization 

was fastest when it was the sole carbon source. Likewise, when glucose was the sole carbon source, 

utilization was faster than glucose utilization in the acetate + glucose condition. 

Figure 5: Relative rates of acetate and glucose utilization by CIVM-NMR 

Normalized spectral intensity data for glucose, acetate, and acetate + glucose conditions were 

plotted, displaying all three replicates for each condition. In the left plot, the normalized relative 
intensities for the glucose peak in the 5 mM glucose condition (green) and 5 mM acetate + glucose 

condition (purple) are plotted for each replicate over 20 h. In the right plot, the normalized relative 
intensity for acetate is plotted in the 5 mM acetate condition (blue) and the 5 mM acetate + glucose 
condition (purple). 

4 | DISCUSSION 

The approach presented here allows us to monitor multiple substrates—2[13C-Me]-DMSP, 

acetate, and glucose—and their metabolism in R. pomeroyi in vivo and in real-time. This process 

circumvents other methods of metabolic monitoring that involve variability-introducing extraction 
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methods, allowing for the continuous observation of unmodified samples in as close to ecological 

conditions as possible compared to other metabolic sampling methods. 

We observed the cleavage of 2[13C-Me]-DMSP to 2[13C-Me]-DMS and oxidation to 2[13C-

Me]-DMSO, though the oxidation process cannot be positively attributed to metabolic activity by 

R. pomeroyi and could be a naturally occurring chemical process. We cannot say with certainty

which cleavage pathways were utilized in the transformation from 2[13C-Me]-DMSP to 2[13C-

Me]-DMS—it could be cleavage forming 2[13C-Me]-dimethyl sulfide (DMS) and acrylate, 2[13C-

Me]-DMS and 3-hydroxypropanoyl-CoA, or a combination of both pathways.  

We also observed differential utilization of acetate and glucose substrates—first, visually 

by CIVM-NMR and second by extracting acetate and glucose peaks as regions of interest (ROIs), 

normalizing, and comparing relative intensity for all replicates (Figure 5). Rates of acetate 

utilization in both the acetate-only and acetate + glucose conditions were faster than rates of 

glucose utilization across all conditions, as expected from predictions based on metabolic 

modeling.158 

Future studies should explore additional replicates of 2[13C-Me]-DMSP (1D-HSQC NMR 

experiment) or unlabeled DMSP (lc1pnf2 1H NMR experiment) if it is of interest to the 

community. The replicates of acetate and glucose substrate utilization may be of interest as 

complimentary research on substrate preference is currently being conducted in the Department of 

Marine Sciences at UGA.  
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CHAPTER 5 

DISCUSSION AND FUTURE DIRECTIONS 

This work has centered on the use of NMR spectroscopy to investigate metabolic flux in 

marine microorganisms. Through the development of the extraction method for high-salt samples 

(Chapter 2), we were able to elucidate differential flux of dihydroxypropanesulfonate (DHPS) 

between T. pseudonana and R. pomeroyi versus T. pseudonana and the ∆hpsKLM mutant lacking 

a functional DHPS transporter. Future work could utilize this method as a genetic screening tool 

to test DOM drawdown in other bacterial knockout mutants. 

We extended our high-salt extraction method to investigate differential carbon flux 

between marine bacteria from varying clades and T. pseudonana (Chapter 3), demonstrating the 

robustness of the extraction protocol. Future investigators could repeat this process with additional 

species of phytoplankton and marine bacterial co-cultures. Currently, the method has been 

expanded for use of DMSO-d6 in another area of research (biofluids) in the Edison lab. Our latest 

work on CIVM-NMR shows promise for future investigations into substrate utilization by R. 

pomeroyi and potentially additional marine bacteria. 

We have sought to unravel data about how carbon fluxes in the ocean. We urgently need 

to expand our knowledge on ocean carbon flux due to widespread anthropogenic changes to the 

composition of seawater on chemical, phenotypic, and species levels. One such implication of 

these changes is the increased amount of atmospheric CO2 absorbed by the ocean, decreasing 

ocean pH and increasing water temperature at an energetic cost to some phytoplankton. 

Deleterious anthropogenic changes causing an increased amount of atmospheric CO2 absorbed by 
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the ocean are impacting the fitness of phytoplankton through a reduction in available nutrients and 

oxygenated water combined with an increase in ocean temperature, acidity, and evaporation3. 

Phytoplankton are decreasing in size and accelerating in growth rates, resulting in an overall 

reduction in net carbon flux.4,5,6 In the past 50 years, water temperatures in the Antarctic Peninsula 

have increased at five times the rate of the global average, which has led to a 12% reduction in 

phytoplankton, carbon turnover, and photosynthetic output.14  

Increased water temperatures and water acidity may inhibit enzymatic reactions or denature 

critical enzymes in some microorganisms allowing others to incur fitness advantages over the more 

vulnerable species.10 Microorganisms endogenous to tropical oceans would be better suited for 

adapting to increasing ocean temperatures, dramatically altering species dynamics through the 

expansion of their geographic range. This phenomenon has already been observed in several 

species including tropical Radiolaria plankton which are now being found in Arctic waters.15 

As phytoplankton are the lynchpin of the marine food web, these effects have potential to 

cascade through the entire ocean food chain.,17 Phytoplankton provide nutrients in the form of 

DOM to symbiotic bacteria and are key food sources for herbivores such as birds, certain species 

of whales, shellfish, and small fish; the latter two which are important food sources for marine 

carnivores.16 Warming waters are also shifting the temporal pattern of phytoplankton blooms.18 

Typically, phytoplankton populations surge during warm months, and many species migrate 

through waters to feed on these blooms. One such example is the Atlantic cod, which has now 

been found more than 300 kilometers north of their typical species distribution area where 

phytoplankton have been extending due to water warming.19  

The implications for anthropogenic impacts are vast with effects so far reaching we likely 

do not yet appreciate. Thus, we face an urgent need to ascertain the current conditions of metabolic 
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exchange between phytoplankton and bacteria in order to closely monitor anthropogenic effects 

on these essential marine microorganisms. Through this work and similar, we can begin to 

accomplish this crucial research. 
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