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Microorganisms control the flux of energy, stored as organic matter, into the ocean through
the cumulative effects of individual metabolisms and community interactions. Metabolites
are the currency of microbial metabolism, are carefully regulated to meet the metabolic de-
mands of organisms living in dynamic environments, and reflect cellular status and metabolic
strategies for nutrient acquisition, energy storage, redox maintenance, and more. This disser-
tation focuses on developing metabolomics techniques for the marine environment and using
them to study microbial dynamics over time and space to identify compounds that are key
microbial currencies. In order to study natural populations of marine microbes, I developed
a method for targeted and untargeted metabolomics data acquisition and analysis with the
unique challenges of marine samples in mind (Chapter 2). I use this method to study the in-
fluence of the diel cycle on the marine microbial community at Station ALOHA in the North
Pacific Subtropical Gyre, ultimately showing synchrony of daytime anabolism and nighttime
catabolism as seen through diel oscillations of ubiquitous metabolites including cofactors and
vitamins. Through pairing metabolite and gene expression data, I demonstrate the strategies
that specific photoautotrophs use to manage the daily fluctuations in solar energy (Chapter
3). To examine how microorganisms respond to other environmental forcings, I investigate
the metabolism of microbial communities across the North Pacific Transition Zone and iden-

tify metabolic currencies used by those communities to adapt to varying nutrient supply



(Chapter 4). Nutrient amendment experiments show the dominance of nitrogen limitation
throughout this region and the potential for iron-nitrogen co-limitation near the subtropical
chlorophyll front. Finally, in order to explore the potential for metabolites to be nutrient
sources to the microbial community, I investigate the ability of natural microbial communi-
ties to use the abundant osmolyte glycine betaine. I determine the kinetics of uptake and
identify the metabolic uses of glycine betaine in two different natural microbial communities
and show that its use as a nutrient differs depending on DIN availability (Chapter 5). In
full, this dissertation provides some of the first metabolomics measurements in the natural
marine environment and identifies and explores the roles of key organic molecules in shaping

the microbial community structure and function.
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Chapter 1
INTRODUCTION

As humans flood our atmosphere with carbon dioxide, the earth responds. The terres-
trial biosphere is responsible for taking up approximately one third of the anthropogenically
emitted carbon dioxide, and the ocean sequesters another third [1, 2]. The ocean’s capacity
for carbon sequestration depends on physical properties, such as temperature and the solu-
bility of carbon dioxide in seawater, but it also depends critically on the microbial life within
the ocean. Photosynthetic microorganisms, or phytoplankton, fix approximately 100 million
tons of carbon every day [3], well over the biomass of all humans on earth (~60 million tons
[4]). The amount of organic carbon that is produced by phytoplankton, the amount that is
returned to carbon dioxide through respiration and the microbial loop, and the amount that
is exported out of the surface ocean as part of the biological carbon pump are all influenced
by what organisms are producing the organic matter and what kind organic matter they
produce [5, 6, 7]. Understanding the dynamics of the microbial community responsible for
producing and processing organic carbon in the surface ocean is thus critically important to
our understanding of the marine carbon cycle and the earth climate system. One window
we can use to gaze into the microbial world and better understand its players and processes
is that of metabolomics, the study of all metabolites in a system. In this dissertation I use
metabolomics to identify compounds that are key microbial currencies and show how these
molecules connect with other measures of microbial diversity and activity.

Metabolites are the small (<800 dalton) organic molecules produced and used by all living
cells during cellular metabolism. They are thus a snapshot or readout of the instantaneous
metabolic state of an organism or community of organisms [8]. Metabolomics studies are

complementary to other analyses using genomics, transcriptomics, and proteomics [9]. Genes



represent the possibilities of what an organism or community can do, transcripts represent
the plan of what may happen, proteins represent what should happen, and metabolites reflect
what is happening. Metabolites are involved in all cellular processes, from maintaining redox
balance to synthesizing macromolecules to providing short term energy storage. Metabolites
are also a primary form of communication and currency between microbes when exchanged
through the dissolved labile organic pool [10, 11, 12, 13]. Individual metabolites and specific
classes of metabolites have been measured in the ocean and in model marine microbes for
many decades (for example [14, 15, 16, 17, 18, 19]). These studies have been possible because
they rely on analyses specific to compounds with particular chemistries. The attempt to
measure metabolites in a more comprehensive manner, using the tools of metabolomics, is
newer to environmental science, delayed by the analytical challenges of measuring chemically

diverse compounds in a quantitative way.
1.1 Challenges of marine metabolomics

Advances in analytical techniques in the last two decades have allowed for the rapid prolifera-
tion of metabolomics analyses, which are now commonly used in disease diagnosis, toxicology,
and other medical sciences. Metabolomics primarily relies on two tools: nuclear magnetic
resonance and mass spectrometry [20]. Coupling mass spectrometry with chromatography
adds a dimension of time to the analyses, separating compounds based on polarity and allow-
ing distinct detection of multiple metabolites with the same exact mass. In recent decades,
liquid chromatography mass spectrometry (LCMS) has become particularly powerful due to
its ability to separate a wide range of compounds with different sizes and polarities without
chemical alteration (derivatization) necessary for gas chromatography. Electrospray ioniza-
tion allows molecules to be ionized and detected in their intact form, again increasing the
number of compounds within our analytical window.

Metabolomics studies typically take two forms, targeted and untargeted metabolomics.
Targeted metabolomics focuses on quantifying metabolites that we know we are interested

in a priori and that we can synthesize or purchase authentic standards of, so that their



identity can be fully confirmed. Untargeted metabolomics measures all molecules detectable
by the method of choice, regardless of whether we know their identity or not. Untargeted
metabolomics requires high-resolution mass spectrometry that can resolve the many thou-
sands of potential metabolites in a given biological or environmental sample. Metabolites
measured with untargeted methods can be identified using mass to charge ratios (m/z),
retention time, and fragmentation patterns (MSMS spectra), however they cannot be abso-
lutely quantified without an authentic standard to determine the instrument response.
Regardless of which metabolomics approach is being used, there are inherent challenges
to LCMS-based metabolomics sample handling, data acquisition, and data processing. In
particular, metabolomics analyses on environmental and marine samples are challenging
because of unknown sample size, causing unpredictable matrix effects [21], and the high
concentration of salt. In this dissertation I measure particulate metabolite concentrations
and thus benefit from the ability of microorganisms to concentrate metabolites within their
cells. Measuring the metabolites within that particulate matter is still no small feat, and the
second chapter of this dissertation focuses on overcoming methodological challenges so that
we can make high quality measurements of known and unknown metabolites [22]. With this
tool in hand, we can then investigate the metabolisms of microbes in culture, in incubation

experiments, and in the natural marine environment.
1.2 Diel cycles of microbial activity in the stratified surface ocean

Daily cycles of light and dark are a natural perturbation that organisms and communities
have adapted to over evolutionary time, making these cycles an ideal framework for probing
natural ecosystem dynamics. Diel cycles of marine microbial activity have been studied
in the environment by measuring gene expression [23, 24, 25, 26], cell division [27], gross
primary production, and net community production [28]. These studies suggest that diverse
organisms partition their metabolism strategically over the diel cycle, however the chemicals
that underlie those biochemical processes have not been measured in situ. Metabolites with

diel oscillations provide clues into how organisms succeed in the environment by adapting



their metabolism to the oscillating energy availability.

In Chapter 3, I study diel cycles of microbial activity near the long term study site Sta-
tion ALOHA (22 °45’N, 158 *W) using targeted metabolomics. Station ALOHA is a highly
stratified environment, ideal for studying diel cycles of globally important organisms such
as Prochlorococcus; a diverse suite of picoeukaryotes; the nitrogen fixing organisms Cro-
cosphaera, UCYN-A, and diatom-diazotroph associations; and many diverse heterotrophic
bacteria [29]. Interpreting metabolite data alongside gene expression data and other measures
of microbial activity such as cell counts and biomass allows insights into organism-specific

and whole-community activities that occur with diel rhythms [30, 31, 32]
1.3 Nutrient limitation across the North Pacific transition zone

Nutrient limitation and co-limitation are fundamental controls on marine productivity and
marine microbial community structure [33]. There is a natural gradient of temperature,
nutrients, and microbial community structure in the transition between the North Pacific
subtropical gyre, a warm oligotrophic, nitrogen (N) limited regime, and the North Pacific
subpolar gyre, a cold, iron (Fe) limited regime [34]. Across this gradient, chlorophyll con-
centrations, dominant primary producers, and net community productivity all change[34].
The ratio of Fe:N has been shown to be a key controlling factor of community diversity and
productivity at ocean gyre boundaries [34, 35]. The North Pacific transition zone region pro-
vides a testing ground to determine how adaptation to particular environmental conditions
influences organisms’ metabolic responses to changes in nutrient availability.

In Chapter 4, I conduct nutrient incubation experiments along the natural gradient of the
North Pacific transition zone. Measuring metabolites, chlorophyll, nutrients, and community
composition allows me to show that organisms are dominantly nitrogen limited across this re-
gion, but that specific organisms respond to nutrient amendments differently. I hypothesize
that several classes of metabolites, including mycosporine-like amino acids and carnities,
are indicators of nitrogen-stress alleviation in specific organisms. These metabolites were

putatively identified using untargeted metabolomics and are key targets for future investi-



gations as important players in microbial physiological adaptation and potential currencies

of microbial interaction.
1.4 Dissolved metabolites as resources for the microbial community

The metabolites that accumulate inside cells unavoidably become part of the dissolved or-
ganic matter pool due to active excretion or cell death. These compounds then become part
of the rapidly cycling labile dissolved organic matter pool and can provide resources such
as carbon, nitrogen, phosphorus, reduced sulfur, or energy to organisms that can take up
and metabolize them [36, 37, 38]. Though the standing stock of these dissolved metabo-
lites is likely low, the flux may be high [39, 40]. The compounds that are available in this
pool depends on the microbial community that is present [41]. The diversity of dissolved
organic species likely contributes to the diversity of marine microbes, presenting more po-
tential nutrient and energy niche spaces in which to specialize than the inorganic nutrients
traditionally thought of as the drivers of community structure [40]. Both autotrophic and
heterotrophic organisms have the capacity to take up small organic molecules [42, 43, 40].
This capacity can provide an energetic and nutritional advantage by reducing the need to
synthesize compounds and use valuable nutrients.

In order to explore these processes, in Chapter 5, I examine the influence of microbial
community structure and environmental conditions on the uptake kinetics and metabolic
use of the common osmolyte glycine betaine. Cyanobacteria, heterotrophic bacteria, and
eukaryotic algae all have a variety of abilities to synthesize and metabolize GBT [41, 44].
Some microbes, including the ubiquitous SAR11 clade, can produce energy by oxidizing
the methyl groups from GBT to CO, [45], and other marine organisms have the ability
to convert it to glycine and use it as a source of carbon and nitrogen or protein synthesis
(39, 46]. I show that the uptake kinetics of glycine betaine were different in two different
microbial communities in the North Pacific transition zone. Using stable-isotope-tracing
metabolomics, I find that these communities retained different amounts of untransformed

GBT and had different primary pathways of GBT metabolism. Ultimately, the uptake and



metabolic fate of this labile dissolved organic nitrogen compound depended on the microbial
community composition and the availability of inorganic nitrogen. This work emphasizes
that microbial loop processes that ultimately control C and N remineralization are nuanced
and spatially heterogeneous.

In sum, I present a dissertation focused on making high quality measurements of small
molecules in marine microorganisms in order open a new window into the marine carbon
cycle. Small scale processes happening within microbial cells ultimately influence global
scale biogeochemical processes. The observations I have made are part of a small but rapidly
growing collection of measurements of polar metabolites in natural marine environments,

and each of these measurements allows another inference into the microbial world.



Chapter 2

BEST-MATCHED INTERNAL STANDARD
NORMALIZATION IN LIQUID CHROMATOGRAPHY-MASS
SPECTROMETRY METABOLOMICS APPLIED TO
ENVIRONMENTAL SAMPLES.

2.1 Abstract

!The goal of metabolomics is to measure the entire range of small organic molecules in biolog-
ical samples. In liquid chromatography-mass spectrometry-based metabolomics, formidable
analytical challenges remain in removing the non-biological factors that affect chromato-
graphic peak areas. These factors include sample matrix-induced ion suppression, chro-
matographic quality, and analytical drift. The combination of these factors is referred to
as obscuring variation. Some metabolomics samples can exhibit intense obscuring varia-
tion due to matrix-induced ion suppression, rendering large amounts of data unreliable and
difficult to interpret. Existing normalization techniques have limited applicability to these
sample types. Here we present a data normalization method to minimize the effects of ob-
scuring variation. We normalize peak areas using a batch-specific normalization process,
which matches measured metabolites with isotope-labeled internal standards that behave
similarly during the analysis. This method, called best-matched internal standard (B-MIS)
normalization, can be applied to targeted or untargeted metabolomics datasets and yields
relative concentrations. We evaluate and demonstrate the utility of B-MIS normalization
using marine environmental samples and laboratory grown cultures of phytoplankton. In

untargeted analyses, B-MIS normalization allowed for inclusion of mass features in down-

LA version of this chapter has been published as A.K. Boysen, K.R. Heal, L.T. Carlson, and A.E.
Ingalls. Best-Matched Internal Standard Normalization in Liquid Chromatography-Mass Spectrometry
Metabolomics Applied to Environmental Samples. Analytical Chemistry, 90(2), 2018.



stream analyses that would have been considered unreliable without normalization due to
obscuring variation. B-MIS normalization for targeted or untargeted metabolomics is freely

available at https://github.com/IngallsLabUW /B-MIS-normalization.

2.2 Introduction

Liquid chromatography-mass spectrometry (LC-MS)-based metabolomics has emerged as an
important scientific tool over the last decade, with the potential to identify and quantify
thousands of compounds resulting from cellular activity [47, 48, 8]. Quantification relies on
an analyte’s concentration being proportional to its peak area. However, independent of
analyte concentration, peak areas can be affected by sample-matrix-induced ion suppression,
injection volume, chromatographic quality, or analytical drift over time; the overall effects
of these non-biological factors are referred to here as obscuring variation since they may
mask biological differences of interest [49]. Performing metabolomics analyses on environ-
mental samples is especially challenging because complex matrices such as natural seawater
or culture media introduce variability in ionization efficiency, but there are no universally
accepted normalization techniques for minimizing obscuring variation in environmental sam-
ples. Here we present a normalization method that addresses this outstanding challenge in
LC-MS-based metabolomics.

In biomedical metabolomics, there are several approaches to minimize obscuring variation
that rely on pre- or post-acquisition normalization. However, application of these approaches
to environmental metabolomics is limited, and little attention has been given to removing
obscuring variation in environmental samples[50, 51, 52, 53, 8, 54, 55, 56, 57]. Pre-acquisition
normalization approaches ensure that samples are at similar concentrations before analysis
to minimize the effect of matrix-induced ion suppression. Post-acquisition normalization
techniques fall into two general categories, those that use a quality control sample injected
several times over the course of a run to correct for analytical drift, and those that employ
isotope-labeled internal standards.

Analytical drift over time can be normalized post-acquisition by applying a quality



control-based locally weighted scatterplot smoothing (LOESS) [58, 59] or vector regression
[60]; these approaches attempt to minimize one aspect of obscuring variation (analytical
drift) and assume that the sample-matrix induced ion suppression is consistent between
samples. This approach may be appropriate in biomedical studies when pre-normalization
can be carefully applied (for instance, by adjusting sample concentration or injection volume
so that there is a consistent amount of creatinine in each sample, as done routinely in urine
metabolomics [61, 62]). For complex matrices, pre-normalization is often impossible due
to the variability in matrix among samples or lack of information about sample size. For
instance, if cell density is not known until after sample collection, extracting a consistent
amount of biomass is not possible. Furthermore, these approaches require large sample sets
and tens of injections of a pooled sample as a quality control, which is not always possible
in metabolomics studies with limited sample size and few samples to compare.

Other post-acquisition strategies use isotope-labeled internal standards to minimize ob-
scuring variation. Some studies normalize each metabolite peak area to a single isotope-
labeled internal standard [63]. This approach is very sensitive to the internal standard used
for normalization and assumes that all compounds experience the same obscuring varia-
tion as the internal standard; these caveats make this approach limited in utility. Other
studies use multiple internal standards, applying each to analytes that elute within a pre-
scribed retention time window [64, 65]. Although this may be an improvement over a single
internal standard, these approaches do not consider the fact that obscuring variation is
not fully described by retention time. Our group has previously used a hybrid approach
that matches isotope-labeled internal standards to analytes for which commercially available
isotope-labeled internal standards are unavailable [66, 67], but this has not been applied to
full-scale metabolomics analyses.

In laboratory studies, growing an organism on a 3C-labeled substrate can yield a valuable
13C-labeled stock used to calculate accurate concentrations of both targeted and untargeted
metabolites and aid in metabolite identification,[68, 54] but this approach cannot be applied

to studies of mixed communities in the environment. More sophisticated approaches attempt
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to model the variability of each peak by a combination of internal standards [49, 69]. These
methods require tens of injections of a pooled sample to obtain sufficient data for model
training and make use of logarithmic transformations, which may limit quantitative com-
parison and hinder intuitive interpretation. To our knowledge, these methods have not been
applied to targeted metabolomic analyses.

Given the paucity of normalization approaches that are appropriate for minimizing ob-
scuring variation in samples with a high degree of complexity in both analytes and matrices,
we present a method called best-matched internal standard (B-MIS) normalization. This
method has the following advantages over existing techniques: 1) B-MIS normalization can
be applied to targeted and untargeted metabolomics studies with sample sets of any size or
nature. 2) B-MIS normalization can be customized to accommodate any number and variety
of internal standards of the user’s choice. 3) B-MIS normalization does not assume a uniform
matrix effect among samples and minimizes obscuring variation induced by sample-specific
matrix-induced ionization. 4) B-MIS normalization is independent of and can be paired with
other sample normalization pre- or post-acquisition. 5) B-MIS normalization is simple to
apply, intuitive to interpret, and open source.

To demonstrate both the need for this method and its functionality, we used two sample
sets: marine environmental samples and laboratory cultures of marine phytoplankton. We
analyzed these samples on two mass spectrometers: a Waters Xevo TQ-S triple quadrupole,
for targeted analyses, and a Thermo QExactive HF, for untargeted analyses, using both
reversed phase (RP) and hydrophilic interaction liquid chromatography (HILIC). A compar-
ative analysis of these platforms revealed the strengths of each and highlighted the need for

careful normalization and application of B-MIS normalization regardless of platform.
2.3 Experimental Section

The workflow for sample analysis and data processing is shown in Figure 2.1. Additional
details on sample preparation, chromatography, mass spectrometry, and quality control pa-

rameters are described in supplemental methods.
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2.3.1 Sample Preparation

We evaluated two sets of complex samples in triplicate: cultures of one species of diatom
grown under four experimental conditions (salinity of 32 g/kg at both -1°C and 4°C, salinity
of 41 g/kg at both -1°C and 4°C), and a natural marine microbial community at four depths
in the North Pacific subtropical gyre (24° 33.284" N, 156° 19.790” W; samples collected at
15, 45, 75, and 125 m, all with salinities of 35 g/kg). Polar and non-polar metabolites were
extracted using a modified Bligh-Dyer extraction [70, 71] using 1:1 methanol:water (aqueous
phase) and dichloromethane (organic phase). Methodological blanks were extracted and
analyzed along with each sample set. Isotope-labeled internal standards were added either
before or after the extraction to all samples, blanks, and pooled samples (Table 2.1). To
evaluate the effect of obscuring variation due to different matrix strengths and analytical
drift, pooled samples were run at both full and half concentration (diluted with water) at

least three times throughout a sample set.

2.3.2  Liquid Chromatography

As in previous metabolomic studies [48], we paired RP with HILIC (with separate injections)
to maximize the number of compounds we were able to detect since many compounds that
eluted early on the RP column were better retained and provided higher quality peaks on the
HILIC column (Figures 2.6 and 2.7). All chromatographic separations were carried out on a
Waters Acquity [-Class UPLC (Waters Corporation, Milford, MA). For targeted analysis, we
monitored 105 analytes with RP and 126 analytes with HILIC, according to which column
demonstrated better retention; 11 analytes were monitored on both columns to compare the

performance of RP and HILIC chromatography in complex matrices (Table 2.2).

2.3.8 Mass Spectrometry

For targeted metabolomics, we used a Waters Xevo TQ-S triple quadrupole (TQS) with

electrospray ionization (ESI) in selected reaction monitoring mode (SRM) with polarity
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switching. SRM conditions for each compound (collision energy, cone voltage, precursor and
product ions, Table 2.2) were optimized by infusion of each metabolite standard. For most
metabolites, two SRM transitions were selected based on maximum peak areas.

We used a Thermo QExactive HF (QE) with ESI for untargeted analyses. For HILIC,
a full scan method with polarity switching was used. For RP, positive ionization mode
was chosen over positive/negative switching because few of the compounds in our targeted

method ionized in the negative mode and using a single mode enabled higher resolution.

2.3.4  Data Processing

For targeted analysis, we integrated peaks using Skyline for small molecules [72]. After
integration, we passed the data through an in-house quality control (QC) filter to ensure
proper metabolite identification as described in the supplemental methods.

For untargeted metabolomics data, we converted Thermo .RAW files to .mzxml using
MSConvert [73], and processed each data set using XCMS [74, 75, 76] (using parameters
obtained via an Isotopologue Parameter Optimization [77]), yielding retention-time corrected
mass features. We processed both datasets in separate XCMS runs according to injection and
polarity (RP-aqueous, RP-organic, HILIC-aqueous (positive polarity), and HILIC-aqueous
(negative polarity)). Data were quality controlled, as described in the supplemental methods,

prior to normalization.

2.8.5 B-MIS Normalization

The best normalization for each analyte was determined using repeat injections of a quality
control sample to search for an isotope-labeled internal standard whose obscuring variation
matched the observed obscuring variation of the analyte, as shown in Figure 2.1. For our
sample sets, multiple injections of the pooled sample at full and half strength were used in
order to capture the obscuring variation due to variable matrix strength. After correcting for
dilution, if the relative standard deviation (RSD) of an analyte’s peak area in these repeat

injections was less than 10%, the raw data were used. Otherwise, each analyte-internal
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standard pair was evaluated. An internal standard was deemed an acceptable match for
an analyte if the analyte’s RSD improved by 40% over the raw RSD, as discussed in the
following section. If multiple internal standards were acceptable for normalization of a single
analyte, the one which minimized the RSD was selected. When a B-MIS was chosen, the
peak area was divided by the ratio of the peak area of the B-MIS to the average peak area of
the B-MIS across the whole sample set—resulting in an adjusted peak area for the analyte.
This adjusted peak area served as a relative quantification across samples in the sample set.
If the goal of an analysis is absolute quantification and standards are available, analytes
can be quantified via standard addition in a subset of samples and then applied across the
sample set using the relative quantification of the B-MIS adjusted peaks.

For internal standards with only one or two labeled atoms in the compound, we exam-
ined the methodological blank to ensure the signal was comparable to that in the samples,
indicating that there was not significant contribution from naturally occurring isotopologues.
For future users, we suggest choosing isotope-labeled internal standards with at least a 42
amu label to avoid any naturally occurring isotopologue contamination. In the sample sets
analyzed here, the isotope-labeled internal standards were significantly more abundant that

naturally occurring isotopologues, so contamination was negligible.

2.4 Results and Discussion

2.4.1 FEvaluation of data quality and instrument performance

As in other studies [78, 79, 80], we found the HILIC column produced more variable chro-
matography than the RP column (higher median RSD of peak area, Figure 2.2A, see the
example of choline in Figure 2.6, full results in Table 2.3). Despite lower chromatographic
reproducibility, compounds analyzed on the HILIC column generally exhibited less ion sup-
pression than those analyzed on the RP column. RP chromatography displayed a bimodal
distribution of response factor ratios (Figure 2.2B), demonstrating significant ion suppres-

sion for many analytes (response factor ratio < 1). Ion suppression was especially dramatic
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for polar compounds that elute early in RP but were retained on the HILIC column (Fig-
ures 2.6 and 2.7). The range of ion suppression and RSD for a given LC-MS configuration
indicated that careful selection of a normalization technique was necessary to account for
obscuring variation. This is particularly important when comparing samples in complex
matrices such as the environmental matrix highlighted in Figure 2.2. Furthermore, the wide
ranges in response factor ratios and RSD of peak areas for different analytes in the same
matrix demonstrated that normalizing all compounds to a single internal standard [65, 63]

would likely introduce more obscuring variation than it removed.

2.4.2  FEvaluating B-MI1S Normalization

Most environmental metabolomics analyses do not attempt to remove variability introduced
during analysis [50, 51, 81, 53]. B-MIS normalization was designed to minimize obscuring
variation in order to allow robust comparisons within and between sample sets. We evaluate
B-MIS normalization by a) demonstrating that lowering the RSD of multiple injections of
a pooled sample improves data precision and arriving at a cut-off value at which to apply
normalization, b) comparing the results from B-MIS normalization with the ’gold standard’
of correcting with an isotopologue for each analyte of interest, and c) assessing the selection
of internal standards used for normalization.

To demonstrate the fundamental principle and evaluate the effectiveness of B-MIS nor-
malization, we applied the technique to the internal standards themselves. In other words,
we evaluated how well the internal standards’ variabilities were matched with each of the
other internal standards. Figure 2.3 is an example of this application, where each point is the
resulting RSD of Ds-alanine in replicate injections of the pooled sample (x-axis) and across
all samples in the environmental sample set (y-axis) after normalization to each possible
internal standard; since we add the same amount of the internal standard to each sample,
both of these values should be near zero. Figure 2.3 highlights that internal standards that
reduced RSD of the pooled generally resulted in a reduced RSD across samples (towards zero

in both the x- and y-axes). However, in this example case there were two instances where
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a reduction in RSD of pooled sample injections increased the RSD of the samples (marked
on Figure 2.3 with an asterisk); this introduction of variability can be avoided by applying
normalization only if the pooled RSD was improved beyond a cut-off value.

Our goal was to maximize the number of compounds that can be improved by B-MIS
normalization while minimizing the likelihood of introducing error. After assessing all in-
ternal standards, we determined that requiring a 40% improvement of pooled RSD (that is,
(RSDgpal - RSDyaw) / RSDyayw) avoided the majority of situations where using an internal
standard would result in an increase of sample variability (Figures 2.3 and 2.8, Table 2.6).
Therefore, we chose this cut-off as the criteria to apply B-MIS normalization (see Figure 2.1).
Additionally, we do not normalize any compounds or mass features which had a raw pooled
RSD of below 10% because the chances of significant improvement are low. Before applying
B-MIS normalization, we suggest users perform a similar sensitivity analysis to determine
an appropriate cut-off on a representative sample set given the internal standard suite they
plan on using; tools for this analysis are available with B-MIS.

The gold standard for absolute quantitation is an isotopologue of each analyte, but
isotope-labeled internal standards are costly, consume duty time on the MS (in targeted
analyses), and are not commercially available for many compounds. In our targeted analy-
ses, analytes with corresponding isotope-labeled internal standards were normalized to those
internal standards (see Figure 2.1). If this was not prescribed, the algorithm occasionally
selected a different internal standard, though the lowered RSD was often similar to that
of the prescribed B-MIS. For example, in the environmental dataset, the amino acid va-
line could have selected the D;—proline internal standard based on the RSD reduction (raw
peak area RSD was 30.8%, which was minimized to 3.5% with normalization to D;—proline).
However, the ’gold standard’ internal standard, Dg—valine, reduced the RSD to a similar
4.8%, indicating proline and valine experienced nearly identical obscuring variation in this
matrix. For the other analytes that have an isotope-labeled internal standard, the majority
included their corresponding internal standard as an acceptable BMIS (>60% in both data

sets, Table 2.5). Most cases where the corresponding internal standard was not considered
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acceptable were due to the stringency of the 40% improvement cut-off. Nearly all of the ana-
lytes with an isotope-labeled internal standard were less variable after normalization to their
corresponding internal standard, with one exception in each dataset (pyridoxal in the envi-
ronmental dataset, cysteic acid in the culture dataset; these exceptions were both improved
by normalization in the other datasets).

The success of B-MIS normalization relies heavily on having an appropriate suite of inter-
nal standards. However, if a mass feature does not match well with any internal standard,
B-MIS normalization defaults to using the raw data, which a user can choose to include
in subsequent analysis. Increasing the number and chemical variety of internal standards
results in fewer features whose obscuring variation are not improved by B-MIS normaliza-
tion (Figure 2.9). In our two data sets, the B-MIS for the targeted analytes were typically
close in retention time (in RP, Figure 2.10) or similar in chemistry (in HILIC). For instance,
amino acids generally matched with an isotope-labeled amino acid B-MIS while sulfonates
generally matched with a sulfonate B-MIS (Table 2.5). Figure 2.9 shows that the internal
standards used in HILIC chromatography covered a wide enough range of chemical diversity
to effectively reduce obscuring variation in the majority of analytes detected under these
conditions.

The specific choice of internal standards used in B-MIS normalization is not prescribed
and can vary from user to user; we suggest a selection of internal standards that spans reten-
tion time, m/z, and functional groups of interest. Before analyzing a full sample set, users
should analyze how many of the mass features (in an untargeted analysis) are ”acceptable”
and "best” matches with each internal standard by running a pooled or representative sam-
ple at different dilutions. This will reveal which, if any, internal standards are matching
with a large number of mass features and may indicate that more internal standards with
similar chemical diversity could be beneficial (see Table 2.4). For example, in our untargeted
diatom culture data '*C3—Vitamin B; (thiamine) was selected as acceptable for nearly 10%
of mass features detected in the aqueous fraction analyzed with RP chromatography, and it

was selected as the B-MIS for all of these features. It is likely that normalization of these
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compounds could improve if we included more internal standards similar to 1*Cs—Vitamin B;.
Some internal standards were infrequently selected as appropriate (such as N-isoleucine),
while others were appropriate for many and only the best for a few (such as D;—proline),
indicating sufficient coverage to effectively normalize compounds that experienced similar

obscuring variation.

2.4.3 Application of B-MIS Normalization

B-MIS normalization only adjusts areas of metabolite peaks with high obscuring variation if
normalization improves the technical reproducibility above a specified cut-off (in our case, a
40% improvement over the raw technical reproducibility), therefore a subset of analytes are
not normalized. Figure 2.4 shows an example of two analytes (taurine and tyrosine) detected
in the pooled diatom-culture sample whose RSD were improved by B-MIS normalization.
For the sample sets analyzed here, 54% (diatom samples) and 79% (environmental samples)
of analytes in the targeted data selected an internal standard for normalization (Table 2.5,
Figure 2.10).

For each compound, the RSD of the pooled injections depends on the sample matrix,
though the sample sets showed a similar range of RSD after B-MIS normalization (Figure
2.11). Of the 25 targeted analytes that were measured in both sample sets and that found
acceptable internal standards for normalization, 20 shared acceptable internal standards,
while five analytes did not (Table 2.5, Figure 2.11). The compounds which did not improve
with B-MIS normalization were not always consistent from environmental to culture sample
sets. For example, there were 18 compounds that did not pick a B-MIS in the targeted
environmental sample set. In the culture sample set, 6 of these compounds selected a B-
MIS, 4 did not select a B-MIS, and the remaining 8 were not detected (Table 2.5). These
differences between sample sets demonstrate that while fundamental chemistry has some
predictive capacity to describe obscuring variation, the complexity of the sample matrix
makes definitive prediction unrealistic.

In untargeted metabolomics, it is common to remove any mass features that do not ex-
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hibit reliable data [82]. One way this is achieved is by calculating the RSD of each mass
feature in a multiply-injected pooled sample and removing features that have a RSD greater
than 20% [82, 58]. In the case of our untargeted data, B-MIS normalization increased the
number of mass features that passed this RSD filter from 3,836 to 5,028 (in the diatom sam-
ples) and from 5,568 to 9,372 (in the environmental samples), preserving many high-quality
peaks that would have been otherwise discarded (Figure 2.12). In our environmental untar-
geted analysis, 54% and 53% of the mass features detected on the HILIC and RP columns,
respectively, matched with an acceptable internal standard and showed decreased variability
with a B-MIS (Figure 2.9). In this dataset, a third of the most abundant and significantly
different mass features would have been excluded if this RSD filtering had been performed
prior to B-MIS normalization (Figure 2.5). Seven of the ten mass features most enriched in
the sample collected at 125 m compared to the sample collected at 15 m would have been
excluded without B-MIS normalization before filtering (Figure 2.5). This comparison high-
lights that meaningful biological interpretation of the differences between samples hinges
on proper normalization. We therefore recommend applying B-MIS normalization before

filtering out mass features based on RSD.
2.5 Conclusions

Published environmental metabolomics analyses have not attempted to minimize the obscur-
ing variation inherent to LC-MS-based data acquisition. In both targeted and untargeted
environmental samples, we demonstrate the need for careful normalization due to matrix-
induced ion suppression and analytical drift. This manuscript introduces, evaluates, and
applies a batch-specific, simple, and customizable normalization process: Best-Matched In-
ternal Standard (B-MIS) normalization. By applying B-MIS normalization, we are able to
retain many more LC-MS mass features during untargeted RSD filtering. For future users, we
have made the tools to customize, apply, and evaluate B-MIS normalization freely available

at https://github.com/IngallsLabUW /B-MIS-normalization.
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Figure 2.1: Overview of data acquisition and processing. After extraction, aqueous fractions
were run on both RP and HILIC, while organic fractions were run only on RP. These fractions
were run on both the TQS and QE. Skyline [72] was used for integrations for targeted anal-
yses. XCMS|[74, 75, 76] was used for peak-picking and integrations for untargeted analyses.
Data were subjected to quality control filtering as described in the text. For each compound
detected, the B-MIS was chosen via the steps shown. RSD = relative standard deviation.
*Only applicable in targeted analyses. **This cut-off is user defined; in our analyses, an
internal standard was considered acceptable if it decreased the RSD of the pooled injections
by 40%.
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Figure 2.2: Box-and-whisker plots of (A) relative standard deviation (RSD) of peak areas and
(B) response factor ratio on four LC-MS configurations, with individual dots representing
single compounds (expanded horizontally for visualization of data density, n = 101 analytes
in RP, 110 in HILIC). Response factor ratio is the ratio of the intensity of a standard injected
in environmental matrix (less the ambient matrix signal, if applicable) to the intensity of the
standard injected in water. Response factor ratio < 1 indicates ion suppression, response
factor ratio > 1 indicates ion enhancement.
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Figure 2.3: RSD of Ds-alanine in replicate injections of the pooled sample (x-axis) and
across all samples in the environmental sample set (y-axis) after normalization to all possible
internal standards. The black point represents the RSD of raw peak areas. The point at the
origin is Ds-alanine normalized to itself. Filled points show the normalization results with an
acceptable matched internal standard according to our cut-off of 40% RSD improvement (left
of dotted line); open points show normalization results using unacceptable internal standards
(right of dotted line, Figure 2.1). Results from other internal standards are in Figure 2.8.



24

A Raw area B Adjusted area

*
@ 1E7 1 F 2.5E8
= * z
T, 8E6 * % 3k Kk 3k Kfors @
-Do * ©® ° ° b
% 5% ° [ ) ° " 5
y OE6 e i ® F15E8
£ 2
5 A A =
E 4E6 A A ®
S a H1E8

A

g N A A A A A
< 2E6 1

r r r F 5E7

2 4 6 2 4 6

Order of injection
* D,-Taurine A Tyrosine raw or B-MIS (D,-Taurine) normalized
® Taurine Tyrosine normalized to "*C -sulfoacetic acid

Figure 2.4: Example of B-MIS normalization for taurine and tyrosine in the diatom sample
set. (A) Areas of Dy-taurine, taurine, and tyrosine in pooled samples after adjusting for
dilution, in order of injection. (B) After normalization, areas are adjusted, with the B-MIS
normalization reducing the RSD of taurine from 19% to 5%, while the RSD tyrosine decreases
from 27% to 12% (black triangles). Normalizing to an unacceptable internal standard (**C,-
sulfoacetic acid - grey triangles) did not reduce the RSD of tyrosine as effectively.
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Figure 2.5: Logs fold change between surface (15 m) and deep (125 m) environmental samples
for the 500 most abundant mass features in each sample type that were significantly different
between depths (false discovery rate [83] adjusted p-values < 0.05, Student’s t-test). A
positive fold change indicates enrichment in the 125 m samples. Many mass features (292 of
the 883 shown here) may not have been considered reliable peaks (RSD > 20%) due to high
obscuring variation which was minimized through B-MIS normalization; these mass features

are highlighted in red.
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2.8 Supplemental Files

e Supplemental Tables 2.2, 2.3, 2.4, 2.5, 2.6 (XLSX)

e Scripts: R-based code for quality control (https://github.com/IngallsLabUW /QualityControl)
and B-MIS normalization (https://github.com/IngallsLabUW /B-MIS-normalization)

2.9 Supplementary Methods

2.9.1 Chromatography

For reversed phase (RP) chromatography, a Waters Acquity UPLC HSS Cyano column (1.8
pum particle size, 2.1 mm x 100 mm) equipped with a Waters Acquity UPLC HSS Cyano
guard column (1.8 um particle size, 2.1 mm x 5 mm) was used with 0.1% formic acid in water
(Solvent A) and 0.1% formic acid in acetonitrile (Solvent B) at a flow rate of 0.4 mL/min.
The HSS Cyano column has previously been used for analysis of compounds in complex
marine samples with robust reproducibility of peak size and shape.[66, 67]. The column was
held at 5% B for 2 minutes, ramped to 100% B over 16 minutes, held at 100% B for 2 minutes,
and equilibrated at 5% B for 5 minutes (25 minutes total). The column was maintained at
35°C. The injection volume was 15 pul.. When starting a batch, the column was equilibrated
at the starting conditions for at least 10 minutes; several water blanks were run before and
throughout a batch. After a batch, the column was flushed with 100% acetonitrile for 20 to
30 minutes.

For HILIC chromatography, a SeQuant ZIC-pHILIC column (5 mm particle size, 2.1 mm
x 150 mm, from Millipore) was used with 10 mM ammonium carbonate in 85:15 acetonitrile
to water (Solvent A) and 10 mM ammonium carbonate in 60:40 water to acetonitrile (Solvent
B) at a flow rate of 0.15 mL/min. This column was compared with a Waters UPLC BEH
amide and a Millipore cHILIC column; the pHILIC showed superior reproducibility and peak
shapes. The column was held at 100% A for 2 minutes, ramped to 100% B over 18 minutes,
held at 100% B for 5 minutes, and equilibrated at 100% A for 25 minutes (50 minutes total).
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In marine samples, a major salt peak elutes at approximately 23 minutes (Figure 2.7A). The
column was maintained at 30°C. The injection volume was 2 ul. for samples and standard
mixes. When starting a batch, the column was equilibrated at the starting conditions for at
least 30 minutes. To improve the performance of the HILIC column, we maintained the same
injection volume, kept the instrument running water blanks between samples as necessary,
and injected standards in a representative matrix in addition to standards in water. After
each batch, the column was flushed with 10 mM ammonium carbonate in 85:15 water to

acetonitrile for 20 to 30 minutes.

2.9.2  Mass Spectrometry

For targeted metabolomics on the Waters Xevo TQ-S triple quadrupole (TQS) with electro-
spray ionization (ESI), the selected reaction monitoring (SRM) transitions were monitored
over a two to three minute window around the retention time for the RP and a five to ten
minute window around the retention time for the HILIC. For most metabolites, two SRM
transitions were monitored, one for quantification and an additional for compound confir-
mation. Scheduling was set up to ensure at least 12 data points per peak were collected.
MS parameters were as follows: capillary voltage of 0.5 kV for positive mode and 1.0 kV for
negative mode, source temperature of 130°C, cone gas flow at 150 L/h and desolvation gas
flow at 1000 L/h for both positive and negative modes. Desolvation temperature was 500°C
or 600°C for HILIC and RP, respectively.

For untargeted analyses with HILIC, the capillary temperature was 320°C, the H-ESI
spray voltage was 3.3 kV, and the auxiliary gas heater temperature was 100°C. The S-lens
RF level was 65. Sheath gas, auxiliary gas, and sweep gas flow rates were maintained at 8,
3, and 0, respectively. Polarity switching was used with a scan range of 80 to 900 m/z and a
resolution of 60,000. For RP analysis of samples, the capillary temperature was 320°C, the
H-ESI spray voltage was 3.8 kV, and the auxiliary gas heater temperature was 100°C. The
S-lens RF level was 65. Sheath gas, auxiliary gas, and sweep gas flow rates were maintained

at 40, 10, and 1, respectively. For RP, a full scan method was used with a scan range of 90
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to 900 m/z and a resolution of 120,000 in positive mode.

2.9.8  Sensitivity Analysis

We performed a sensitivity analysis to evaluate the differences in instrument performance
between the QE and TQS, which emphasized the need for careful normalization (Table 2.3).
We determined the limit of detection (LOD) and linear range for each compound on column,
and ion suppression in matrix for both of our MS platforms. To do this we injected mixes
of standards at 0.05, 0.5, 5, 50, 250, 500, and 1000 nM (for compounds monitored by RP)
or 5, 10, 50, 250, 500, and 5000 nM (for compounds monitored by HILIC) at least three
times. LOD was determined as the concentration at which a peak was observed in all three
replicate injections after passing quality control (see section on quality control parameters).
Five replicate injections of standards spiked in a matrix representative of a marine micro-
bial community (our environmental samples pooled together, see next section) were used
to calculate the relative standard deviation (RSD) of compound peak areas measured on
both RP and HILIC columns on the TQS and QE platforms. To assess ion suppression, we
injected standards in water, standards in the pooled environmental samples, and the pooled

environmental samples without standards five times.

2.9.4 Sample Preparation
Diatom Cultures

Axenic cultures of the sea ice diatom Nitzschia lecointer were grown in 35 mL borosilicate
tubes and artificial seawater media (Instant Ocean salts in 1 L MilliQ water with f/2 nutri-
ents added) with a 12 hr light:dark cycle. Triplicate cultures were grown at the following
conditions: -1°C and salinity of 32 g/kg, -1°C and salinity of 41 g/kg, 4°C and salinity of
32 g/kg, and 4°C and salinity of 41 g/kg. Cultures were monitored by fluorescence and
harvested during exponential growth by gentle vacuum filtration onto 47 mm 0.2 ym PTFE

filters. Filters were stored at -80°C until extraction.
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Environmental Samples

Environmental samples for metabolite analysis were collected at four depths (15, 45, 75, and
125 meters) north of the Hawaiian Islands at 24° 33.284" N, 156° 19.790" W on July 31,
2015. Water was sampled from Niskin bottles into acid-washed 20 L carboys. All samples
were filtered onto 142 mm 0.2 um Durapore filters using peristaltic pumps, polycarbonate
filter holders, and Masterflex PharMed BPT tubing (Cole-Parmer). Filters were quenched
in liquid nitrogen immediately after filtration and stored at -80°C until extraction. Each
sample was 30-40 L filtered seawater; each filter was split into three equal parts for triplicate

extractions.

2.9.5 Metabolite Extraction

All solvents were Fisher LC-MS Optima grade. Work was done on combusted aluminum
foil whenever possible; tweezers and dissecting scissors used to cut filters were rinsed with
water in 10% formic acid, methanol, and dichloromethane before use and between samples;
glassware (including Pasteur pipettes) was combusted before use. A blank PTFE filter was
extracted alongside environmental and diatom samples as a methodological blank.

We tested four extraction procedures on marine microbial samples: boiling ethanol, hot
water, cold acetonitrile:methanol:water (as described in detail in Canelas et al. 2009), and
modified Bligh-Dyer extraction [70, 71]. We found that the boiling ethanol method resulted
in an overall lower yield, the acetonitrile:methanol:water extraction yielded smaller peaks
for the phosphorylated compounds, and the boiling water method would not extract more
lipid-like compounds. Therefore, we decided to use the modified Bligh-Dyer as described
below.

Extraction solvents (dichloromethane (DCM) and 1:1 methanol (MeOH) to water) were
prepared the day before and stored at -20°C overnight. Bead beating tubes (15 mL, PTFE
Jensen Inert Products) were filled with approximately 3 mL of a mixture of 100 ym and 400

pm silica beads and samples were placed into tubes. Approximately 2 mL of both extraction
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solvents were added with isotope-labeled extraction internal standards (Table 2.1). The
samples were shaken on a FastPrep-24 Homogenizer (MP Biomedicals) for 30 seconds, then
chilled at -20°C for 15 minutes. The homogenization step was repeated twice for a total of
30 minutes at -20°C over three bead beating cycles. The samples were centrifuged at 4,300
rpm for 2 minutes at 4°C to separate the aqueous and organic phases.

The aqueous phase was removed from the bead beating tube using a glass Pasteur pipette
and transferred to a 50 mL glass centrifuge tube. The remaining DCM fraction was rinsed
3 times with ~2 mL of cold MeOH:H,O with a bead beating and centrifuge step after each
rinse. Cold DCM (~2 mL) was added to the centrifuge tubes containing the combined
aqueous rinses. The tubes were shaken by hand, and centrifuged at 1,800 rpm for 5 minutes
at 4°C. The aqueous phase was removed and transferred to a clean 20 mL glass vial and
dried under clean Ns.

DCM remaining in the bead beating tubes was transferred to the glass centrifuge tubes
and rinsed twice with 2 mL of DCM, vortexing for 10 seconds after each rinse. The glass
centrifuge tubes containing the combined organic rinses were spun at 1,800 rpm for 5 minutes
at 4°C. The organic phase was transferred to a clean 20 mL glass vial, and dried under clean
Ns.

The dried aqueous fractions were re-dissolved in 380 uL. of water; the dried organic frac-
tions were re-dissolved in 380 uL of 1:1 water:acetonitrile. Both received a 20 ul. spike of
isotope-labeled injection standards (Table 2.1). Isotope-labeled internal standards added be-
fore extraction yielded information about extraction efficiency and phase separation, while
internal standards added after extraction monitored for injection errors. In the samples dis-
cussed here, and in other cases with high extraction reproducibility, these internal standards
were interchangeable during B-MIS normalization because they both experienced obscuring
variation.

Pooled samples were run multiple times throughout a sample run, at least three times at
full strength and three times at half strength (diluted 1:1 with pure water) to train B-MIS

normalization, as described in the main text. Standards in water and standards spiked into
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an aliquot of the pooled sample were analyzed at the beginning and end of each sample run to
set limits on the in-house quality control retention time and ion ratio ranges. Samples were
analyzed within 12 or 72 hours of extraction for the HILIC and RP analyses, respectively,

and stored at -80°C until analysis.

2.9.6 Standards

Most metabolite standards (isotope-labeled and unlabeled) were purchased from Sigma
Aldrich, Santa Cruz Biotechnology, Millennium Enterprises, American Custom Chemical
Corporation, and Cambridge Isotope Laboratories. Cinnamoyl-HSL was provided by the C.
Harwood laboratory (University of Washington, Seattle, WA ); DHPS (2,3-Dihydroxypropane-
1-sulfonate) was provided by A. Bourdon and S. Champagna (University of Tennessee,
Knoxville); N-acetyltaurine was provided by A. Cook and K. Denger (University of Kon-
stanz, Germany); DMSP (Dimethylsulfoniopropionate) was provided by W. Whitman and
M. Moran (University of Georgia). Full information about providers are included in Table
2.1.

Internal standard peaks in both targeted and untargeted data were integrated using Sky-
line for small molecules [72]. We inspected the peak shape and intensity of the internal
standards and determined whether the signal was reliable and should be used for normal-
ization. In the untargeted HILIC data for the environmental samples, D,-succinic acid and
13C5-acetyl CoA were removed because of these reasons. Thus these internal standards are

not included for the environmental data in Tables 2.4 and 2.6 or Figure 2.8.

2.9.7  Quality control of integrated peaks

After integrations, we use an in-house quality control (QC) filter to ensure proper metabolite
identification based on retention time, signal to noise ratio (> 4), absolute peak height, exact
mass (< b ppm, for QE), and fragment ion ratio (for TQS). Acceptable retention times and
ion ratios of a compound were set by the retention time of the standards (deviation < 0.2

minutes of the standard run for RP, < 0.4 minutes for HILIC). If the peak area of an analyte
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in a sample was not more than three times the peak area in the methodological blank, the
data for that analyte were not used. Finally, peak height was used to flag peaks that were
overloaded and thus not acceptable for relative quantitation. To filter low quality LC-MS
features (pairs of m/z and retention time) in untargeted analyses, we discarded features from
the first 0.5 minutes, after 17.8 minutes (RP), or after 25 minutes (HILIC) because features
that elute at these times exhibit severe ion suppression. We applied additional filters to
remove features that were detected in less than one quarter of the samples, and those with

an average pooled signal less than three times the average methodological blank signal.
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Standard Fraction Column z InjConc (nM) Extracted m/z
Extraction Standards Indole 3 Acetic Acid, Dy Aqueous RP +1 5000 181.1021
Arachidonic Acid, Dg Organic RP +1 20000 313.2977
Tryptamine, Dy Aqueous RP +1 2500 164.1246
L-Cysteic Acid, D3 Aqueous HILIC -1 1000 171.0161
Sulfolactic Acid, '*C, Aqueous HILIC -1 1000 171.9913
Sulfoacetic Acid, "°C, Aqueous HILIC -1 2500 140.9774
Isethionic Acid, "*C, Aqueous HILIC -1 500 126.9981
Taurine, Dy Aqueous HILIC -1 1000 128.0325
Injection Standards L-Phenylalanine, Dg Aqueous RP +1 100 174.1365
Riboflavin-dioxopyrimidine (Vitamin By), '*C,, ®°N  Aqueous RP +1 100 383.1531
L-Tryptophan, D3 Aqueous RP +1 100 208.1161
Pyridoxal, D3 Aqueous RP +1 200 171.0843
Thiamine, "*Cs Aqueous RP +1 200 269.1252
Alpha-Tocopherol, Dg Organic RP +1 5000 436.4182
Docosahexaenoic Acid (DHA), D5 Organic RP +1 2000 334.2789
Eicosapentaenoic Acid (EPA), D5 Organic RP +1 5000 308.2632
DL-Proline, D, Aqueous HILIC  +1 1000 123.1145
DL-Valine, Dg Aqueous HILIC  +1 1000 126.1365
L-Methionine, D Aqueous HILIC  +1 1000 153.0722
DL-Histidine, "°N Aqueous HILIC  +1 2500 157.0738
DL-Alanine, D3 Aqueous HILIC  +1 5000 93.0738
L-Isoleucine, °N Aqueous HILIC  +1 500 133.0989
Acetyl CoA, "°C, Aqueous HILIC -1 1000 810.1252
Succinic Acid, D4 Agueous HILIC -1 10000 121.0444
Guanosine Monophosphate, '°Ng Aqueous HILIC -1 2000 367.0359
Adenosine Monophosphate, °Nj Aqueous HILIC A 5000 351.0411

Table 2.1: Isotope-labeled internal standards used in this study. The column, ion mode (z),
injection concentration, and fraction used for analysis for each standard are provided. Note
that the group of standards used for B-MIS normalization can be customized to suit the
needs of individual studies; this is just an example set.
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Table 2.2: MS and LC conditions for each analyte in our targeted method. Column (RP
or HILIC) and retention times (RT) for each compound, with extracted m/z (for QE) and
transitions monitored (for TQS). Collision energy (CE) and cone voltage (CV) were tuned
for the SRM analysis only, MS conditions for high-resolution reported in text. We did not
run RP-QE under negative polarity, thus we did not collect high-resolution data for a few
compounds, noted as nd in the m/z column. Compounds listed in bold are used as internal
standards. Compounds with a { at the end of their name are monitored on both HILIC and
RP columns. Compounds with a { were added to our method after the sensitivity analysis
was conducted, thus we report their MS and LC conditions here but they are not included
in Table 2.3. This table is provided as a separate file.

Table 2.3: Full results from sensitivity analysis. Linear range is reported for compounds in
water as fmol on column with the lower limit being the LOD (described in text) using raw
areas. Relative standard deviation (RSD) calculated over 5 injections of the standard in
representative matrix, reported as %. R? is the average R? of the 3 standard curves of each
compound within the reported linear range. We did not run the RP—QE under negative
polarity (noted as nd in the Lin Range, RF ratio, RSD, and R? columns). Occasionally,
compounds exhibited ion suppression so intensely that we were no longer able to detect the
compound in matrix (noted as dl). A number of compounds were added after the initial
linear range analysis (noted as #x); for these compounds we do not report the linear range
or R, but do supply an RF ratio and RSD. Compounds in Table 2.2 marked with a I are
not included in this table since they were added to the method after the sensitivity analysis
was completed. This table is provided as a separate file.

Table 2.4: Results of B-MIS normalization of the untargeted dataset, summarized by internal
standard. Fraction of A-MIS (acceptable-matched internal standard) is the fraction of quality
mass features of the technical replicates that may have used each internal standard, while
the fraction of B-MIS is the fraction of quality mass features that choose each internal
standard. If the fraction of A-MIS is equal to the fraction of B-MIS, then every time the
internal standard was considered acceptable, it is chosen. Users should consider adding more
internal standards that are similar in chemistry to internal standards where the fraction of
A-MIS is ~ fraction of B-MIS. This table is provided as a separate file.
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Table 2.5: RSD of targeted analytes before and after B-MIS normalization in our two example
sample sets (environmental and diatom cultures). For each analyte in each sample set, we
have listed the acceptable internal standards for normalization. The best option (B-MIS)
is listed first with other internal standards that meet the cut-off rules listed after. The
'Matched?’ column is true if there is an acceptable internal standard in common between
the sample sets. Analytes that were not detected or were overloaded are noted as: not
detected in pooled. This table is provided as a separate file.

Table 2.6: Results from evaluating internal standards as analytes for the untargeted HILIC
data from the environmental samples. ’RSD of Pooled Sample’ is the RSD of multiple
injections of the pooled sample at full and half strength normalized to the internal standard
given in the ’Internal Standard used for Normalizing’” column. 'RSD of Samples’ is the RSD
of the internal standard across the whole sample set, normalized to the internal standard
given in the ’'Internal Standard used for Normalizing” column. 'RSD of pooled with no
normalization’ is the same value as the injection volume normalized value in the 'RSD of
Pooled Sample’ column; this is used to calculate the 'percent change from raw’ value. The
"acceptable normalization?’ column is true if 'percent change from raw’ is above 0.4 (see text
for discussion of this cutoff value). Data are plotted in Figures 2.3 and 2.8.
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Figure 2.6: Ion suppression of polar analytes via RP or HILIC chromatography. Example
chromatograms of standards of three compounds (choline (A, B), dimethylglycine (C, D),
and glutathione (E, F)) run in water (solid line) or representative matrix (dashed line), on
two different LC systems (RP (A, C, E) and HILIC (B, D, F)). These data were acquired on
the triple quadrupole mass spectrometer.
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Figure 2.7: Total ion chromatograms from the QE for the aqueous fraction of four treatments
of the diatoms and a methodological blank (offset on the y-axis by 1.25x10%), run on the
HILIC column (top), and on the RP column (bottom).
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Figure 2.8: Results from evaluating internal standards as analytes for the untargeted HILIC
data from the environmental sample set. Colors and lines are as in Figure 2.3. Note that
Valine, Dg had an original RSD < 0.1, therefore B-MIS was not applied (Figure 2.1, all
points white).
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Figure 2.9: Number of internal standards included during B-MIS normalization vs the frac-
tion of analytes (in targeted analyses, left) or mass features (in untargeted analyses, right)
whose obscuring variation did not match with an acceptable internal standard. For each
value along the x-axis, normalization was done either with all possible combinations of inter-
nal standards or with 50 possible combinations of internal standards (if there were more than
50 possible combinations). Each combination is represented in a small point; the median
of the iterations is shown in large circle. The data used here are from the environmental
HILIC samples. Only quality mass features (final RSD of the pooled < 0.2 after normaliza-
tion by all included internal standards) were used in the untargeted analysis. Dashed lines
indicate the 5% and 15% of mass features that had an original RSD of < 0.1 in targeted
and untargeted analyses, respectively; B-MIS normalization does not attempt to normalize
these mass features. For this untargeted data, 13 internal standards are used for B-MIS
normalization because Dy-succinic acid and *Cs-acetyl CoA do not ionize well enough at
the concentrations injected in this matrix for robust detection with the QE. With all internal
standards, over 54% of mass features in the untargeted data and 83% of compounds in the
targeted data matched with an internal standard for normalization.
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Figure 2.10: Retention time vs m/z of the measured analytes in the targeted environmental
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was not improved by normalizing to any internal standard. Full results are given in Table

2.5.
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Figure 2.11: RSD of raw and B-MIS adjusted areas of replicate injections of pooled samples
in the two matrices used in the targeted analysis of this study. The lines connect the same
compound between both sample sets, demonstrating that the obscuring variation of each
analyte changes with matrix type, but not in a predictable manner. Open circles are analytes
that did not find an acceptable matched internal standard and are therefore not normalized
(see Figure 2.1), while closed circles are analytes that did use B-MIS normalization. After
B-MIS normalization, the range of RSD is similar between the sample sets. Full results are
given in Table 2.5.
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Figure 2.12: Extracted ion chromatograms of repeat injections of the pooled environmental
sample acquired during the untargeted analysis of environmental samples. Two example mass
features (from HILIC (left) and RP chromatography (right)) showed significant obscuring
variation that could be minimized by B-MIS. Both of these mass features would have been
excluded from downstream data analysis without B-MIS normalization if applying an RSD
filter. XCMS peak integration shown in violet, methodological blank shown as dashed line.
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Chapter 3

PARTICULATE METABOLITES AND TRANSCRIPTS
REFLECT DIEL OSCILLATIONS OF MICROBIAL ACTIVITY
IN THE SURFACE OCEAN

3.1 Abstract

Light is the primary input of energy into the sunlit ocean. This solar forcing fuels pho-
tosynthesis and organic matter production by primary producers and drives oscillations in
the expression of genes throughout the microbial community, yet in situ measurements of
metabolites, the products of gene expression, over the diel cycle are lacking. We evalu-
ated community-level biochemical consequences of oscillations of light in the North Pacific
Subtropical Gyre by quantifying 79 metabolites in particulate organic matter in surface wa-
ters every four hours over eight days. Total particulate metabolite concentration peaked at
dusk, including when calculated relative to biomass estimates. The concentrations of 55/79
(70%) individual metabolites exhibited statistically significant 24-hour periodicity. Paired
metatranscriptome analysis revealed the taxa involved in production and consumption of a
subset of metabolites. Primary metabolites involved in anabolism and redox maintenance
had significant 24-hour periodicity and diverse organisms exhibited diel periodicity in tran-
script abundance associated with these metabolites. Osmolytes were among the compounds
with the largest oscillations in concentration, implying rapid turnover and supporting prior
evidence of functions beyond cell turgor maintenance. For example, the large daily concen-
tration changes of the osmolyte trehalose paired with transcript and culture data showed
that trehalose is produced by the nitrogen-fixing cyanobacterium Crocosphaera, likely as a

way to store energy to drive nighttime metabolism. Together, paired measurements of par-

LA version of this chapter is in revisions for the journal mSystems
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ticulate metabolites and transcripts resolve strategies microbes use to manage daily energy
and redox oscillations and highlight dynamic metabolites that should be studied further to

elucidate their roles in marine microbial ecosystems.

3.1.1 Importance

Fueled by light, phytoplankton produce the organic matter that supports ocean ecosystems
and carbon sequestration. Ocean change impacts microbial metabolism with repercussions
for biogeochemical cycling. However, much of what is known about the relationship between
microbial metabolism and environmental conditions is based on laboratory studies of cul-
tures that do not realistically capture the natural environment. The small molecule products
of cellular metabolism, metabolites change rapidly in response to environmental conditions
and form the basis of energy and nutrient management and storage within cells. By pairing
measurements of metabolites and gene expression in the stratified surface ocean we reveal
strategies of microbial energy management over the day-night cycle and hypothesize that os-
cillating metabolites are important substrates for dark respiration by phytoplankton. These
first diel measurements of in situ metabolite concentrations form the basis for future work

into the specific roles these compounds play in marine microbial communities.
3.2 Introduction

Light is a powerful forcing on metabolism in the surface ocean, acting at the molecular level
to drive global biogeochemical cycles[84]. The diel oscillation of light fuels phytoplankton
photosynthesis and organic matter production that supports ocean ecosystems and carbon
sequestration. In surface waters, the direct or indirect consequences of this diel forcing can
be seen in daily oscillations in cell division[27], gross primary production, net community
production|28], grazing[85], viral infection[86], and nitrogen fixation[26]. Genes associated
with a wide variety of cellular processes also exhibit diel oscillations in transcript abundance,
reflecting the capture of light energy and its conversion to chemical energy during daylight, a

process that fuels metabolism over a 24 hour period[87, 24, 23, 88, 89]. Temporal partitioning
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of anabolism and catabolism creates diel patterns in total particulate organic carbon (POC)
and the macromolecular composition of POCI[89, 90, 91, 31, 92].

Though POC in the surface ocean is primarily macromolecules [93, 94], a suite of small
molecules (metabolites less than around 800 Da) produced within cells helps shape the in-
ternal and external chemical environment of the plankton community, with implications for
dependencies among different taxa. Yet an inventory of these compounds and the plasticity
of their concentrations remain largely unknown [10]. Measurements of the chemical diversity
and concentration of metabolites present in marine microbial communities are scarce, and the
suite of compounds detected is strongly biased by the methods employed [22]. Small polar
molecules, in particular, are rarely measured although they are the main component of the
aqueous cytosol [95]. Intracellular metabolite profiles of model marine microbes are taxon-
specific and respond to environmental perturbations, including diel oscillations in available
light [96]. Measurements of many of these metabolites have not yet been conducted for
natural plankton communities and some metabolites are without annotated biosynthetic or
catabolic pathways [97, 98, 51, 99, 100, 42, 32]. Thus, an in situ inventory of intracellu-
lar metabolites will facilitate a deeper understanding of marine microbial physiology and
interactions that drive ecosystem diversity and activity [8, 101].

Here we measured particulate metabolite concentrations in samples collected from surface
waters near Station ALOHA (A Long-Term Oligotrophic Habitat Assessment; 22.75 °N, 158
°W) in the North Pacific Subtropical Gyre (NPSG) during eight diel cycles. These data
provide an inventory of metabolites in the oligotrophic surface ocean over the diel cycle.
We paired metabolite concentrations with observations of gene expression, POC, particulate
nitrogen (PN), and flow cytometry (FCM) cell counts.

We find that the molar concentration of 70% of our targeted metabolites oscillated with
24-hour periodicity, reflecting large scale community synchrony to the daily cycle of light.
Our analysis identifies diel oscillations in compounds that play important roles in managing
light-induced redox reactions and biosynthesis of building blocks and energy stores. These

compounds are ultimately conduits of energy and nutrients through the microbial ecosystem



45

as they are exchanged between diverse organisms, with repercussions for community diversity
and function [11, 12, 38]. Our metabolite data reveal the chemical environment within
natural populations of marine plankton. Paired with metatranscriptomes, these data point

to potential metabolic strategies that organisms deploy to cope with an oscillating energy

supply.

3.3 Results

3.3.1 Oscillatory dynamics of the phytoplankton community

Our sampling targeted an anticyclonic eddy and followed two drifters to facilitate Lagrangian
sampling of surface ocean water with minimal mixing or forcing other than the day-night
cycle. Samples were collected for two multi-day sampling periods in summer 2015 (period
one: July 26, 6:00 — July 30, 6:00; period two: July 31 18:00 — August 3, 18:00). The eddy
was characterized by warm, nutrient-deplete surface waters typical of the persistently olig-
otrophic NPSG [85, 29] (Table 3.1). Photosynthetic picoeukaryotes, Prochlorococcus, and
Crocosphaera contributed substantially to phytoplankton biomass[26] (Figure 3.1). POC,
which includes bulk community biomass, and phytoplankton-specific biomass oscillated with
significant 24-hour periodicity (Figure 3.1). Cell abundances and total biomass of Prochloro-
coccus and Crocosphaera populations increased between the first and second sampling periods
(Table 3.1). Wind speed also increased between the first and second sampling periods, re-
sulting in an increase in the mixed layer depth from 21 + 5 to 36 £ 6 m. Additionally,
we observed a decrease in the number of significantly diel metabolite oscillations during the
second sampling interval, from 55 to 9 (Supplemental Table 3.2). This change may be related
to deepening of the mixed layer, causing individual plankton in the mixed layer to experience
more variable light energy with a lower average light level and resulting in less pronounced
peaks in metabolites. However, we have insufficient evidence to investigate this hypothesis
further. We therefore focus our analysis on data collected during the first sampling period

where metabolite oscillations were more pronounced.
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3.3.2  Metabolite Inventory

A total of 79 targeted metabolites were detected across samples (Supplemental Table 3.2).
Total particulate metabolite concentration (as molar concentration and as a % of POC or
PN) increased during the day and decreased at night (Figure 2). The most abundant com-
pounds were osmolytes, including glycine betaine (GBT), homarine, 2,3-dihydroxypropane-1-
sulfonate (DHPS), and dimethylsulfoniopropionate (DMSP); nucleobases (particularly gua-
nine); and amino acids related to nitrogen metabolism, such as glutamic acid and glutamine
(Supplemental Tables 3.2, 3.3, Figure 3.2). At dusk, quantified metabolites totaled 1.7 +
0.2% of POC and 3.1 £ 0.6% of PN (Figure 2), with free nucleobases and amino acids com-
prising most of the metabolite derived nitrogen (2.5 + 1.1% of PN at dusk, Supplemental
Table 3.3).

Multivariate analyses were used to determine if time of day influenced the community
metabolome. NMDS analysis shows that samples collected at different times were different
(ANOSIM, R = 0.19, p = 0.001). Samples collected near sunrise (6:00) were more similar
to one another than those collected at other times of day and are most dissimilar to samples

collected near sunset (Figure 3.7, Supplemental Table 3.4).

3.3.83  Metabolite diel periodicity

To determine whether metabolite oscillations were driven by changes in biomass or by chang-
ing cell physiology resulting in changes in the intracellular concentration, we calculated
metabolite concentrations relative to water volume filtered, resulting in values of molar con-
centration (nmol L', Supplemental Table 3.7), and to POC, resulting in values of nmol per
pmol POC. Bulk and individual metabolite concentrations oscillated in both molar concen-
tration and relative to POC (Figures 3.2, 3.3A, B). The molar concentration (nmol L) of 55
metabolites (70%) had significant 24-hour oscillations, with 26 reaching a maxima in concen-
tration within two hours of 18:00 and 20 reaching their peak concentration within 2 hours of

14:00 (Figure 3.3A,B, Supplemental Table 3.2). When relative to POC (nmol gmol POC-1),
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37 compounds (47%) showed diel oscillations (Supplemental Table 3.2), and the mean time
of peak concentration shifted to earlier in the afternoon (Figure 3.3A). POC reflects total
community biomass and detritus, so to avoid assumptions of metabolite source, we present
molar concentrations throughout except where metabolite source can be constrained to a
specific phytoplankton, in which case we present metabolite concentration relative to the
cell number or biomass of the source organism.

Metabolites with significant oscillations (Figure 3.3C) had daily fold changes ranging
from 2 to 12.8, all of which exceeded the 1.2- and 1.8-fold changes of POC and the sum
of FCM-derived phytoplankton biomass, respectively (Figure 3.4). These compounds main
functions are in cell turgor, anabolism, energy storage, and redox balance. The disaccharides
trehalose and sucrose displayed the most robust oscillations (p-value < 1x107'3, Figures 3.4,
3.5). Trehalose and sucrose are known osmolytes, and nearly all other identified osmolytes
(9/10) showed diel oscillations (Figures 3.4, 3.6A, Supplemental Table 3.2). Glutamic acid
is the only known osmolyte that did not have a significant oscillation in molar concentration
(Supplemental Table 3.2).

Significantly diel metabolites involved in cell growth include the three methionine-cycle
compounds that were detected, S-adenosyl methionine (SAM), S-adenosyl homocysteine
(SAH), and methionine. 5’-Methylthioadenosine (MTA) is produced from SAM during
polyamine synthesis and had a temporal pattern that closely matched SAM (Figures 3.3C,
3.6A), such that SAM/MTA remained relatively constant. The cofactor pantothenate (Vita-
min B5) was one of the few compounds that peaked in the morning (Figure 3.3C). Cofactors
riboflavin and niacin (Vitamins B2 and B3) oscillated with maxima near dusk. Reduced

glutathione oscillated with an afternoon peak (Figure 3.3C).

3.3.4  Connections between metabolites and transcripts

To investigate the relationships between gene expression and metabolite concentration we
used the Kyoto Encyclopedia of Genes and Genomes (KEGG) database to connect metabo-

lites with transcripts annotated as encoding proteins that directly produce or degrade each
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metabolite. All but four of the diel metabolites were linked to at least one annotated prokary-
otic or eukaryotic transcript (Figure 3.8). Glucosylglycerol, ergosterol, and isethionic acid
are in the KEGG database but no transcripts were annotated in our dataset as directly
producing or degrading them, while homarine is not included in the KEGG database.

Although the number of transcripts associated with each metabolite is inherently biased
by the databases used and the depth of sequencing, transcripts provide insight into the num-
ber and identity of organisms and pathways that may be responsible for the metabolite’s
synthesis and degradation. The orders containing Crocosphaera, Prochlorococcus, Pelagibac-
ter ubique, and other unclassified alphaproteobacteria comprised 50% of all prokaryotic
transcripts that could be linked to metabolites (Supplemental Table 3.8). Dinoflagellates
(Dinophyceae), non-diatom stramenopiles (Stramenopiles), haptophytes (Haptophyceae),
non-metazoa opistokonts (Opisthokonta), and diatoms (Bacillariophyta) comprised 70%
of eukaryotic transcripts linked with metabolites (Supplemental Table 3.9).

Adenosine monophosphate (AMP), SAM, and SAH stand out as the diel metabolites
with the largest number of associated diel transcripts, with 181, 124, and 113 transcripts
respectively (Figure 3.6B, 3.8). Most diel SAM and SAH transcripts were methyltransferases
that use SAM and produce SAH (Figure 3.6, (Supplemental Tables 3.8, 3.8)). In most other
cases, there were few diel transcripts associated with a metabolite (e.g. only 6 diel transcripts
were associated with trehalose, Figures 3.6B, 3.8).

As a first step to investigate the temporal relationship between gene expression and
metabolite concentration, we estimated the lag-time between peaks in metabolites and tran-
scripts that exhibited significant diel periodicity in abundance. This analysis showed a broad
distribution in the lag-times between metabolites and transcripts (Figure 3.9), with no sig-
nificant relationship between the peak time of prokaryotic or eukaryotic transcripts and their

associated metabolites (Pearson correlation p-value > 0.05).
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3.3.5  Disaccharide osmolytes can be attributed to cyanobacteria

We observed trehalose-related transcripts from eukaryotic phytoplankton and Crocosphaera
(Figure 3.6B). Using published Ostreococcus cellular trehalose concentrations [96] and pi-
coeukaryote cell counts, we estimated that picoeukaryote contribution to trehalose was
0.2-3.0 pmol L', a small fraction of environmental trehalose (up to 627 pmol L'). The
abundance of Crocosphaera (Table 3.1, Figure 3.1) and diel oscillations in the Crocosphaera
transcript for trehalose 6-phosphate synthase/phosphatase (Figure 3.6, Supplemental Table
3.8) suggest Crocosphaera as the main contributor of trehalose during this field study. To
test this hypothesis, we grew Crocosphaera watsonic WH8501 under a 12:12 light:dark cycle
and measured 0.8 and 0.07 fmol trehalose cell* at the end of the light and dark periods,
respectively (Figure 3.5, Figure 3.10). Given the Crocosphaera abundance during our sam-
pling and assuming similar intracellular concentration, this accounts for 1.8-670 pmol L*
particulate trehalose, comparable to total particulate trehalose during our sampling (2.8-627
pmol L' across both sampling periods, Figure 3.5).

Multiple taxa expressed transcripts related to production and degradation of sucrose, in-
cluding Prochlorococcus (Figure 3.6). To assess the potential contribution of Prochlorococcus
to environmental sucrose concentrations, we measured the cellular sucrose quota in a culture
of Prochlorococcus MIT1314 harvested midday during exponential growth. Using the cellular
quota of sucrose in these cultures (range in biological triplicates: 1.4-2.1 amol cell’!) and the
abundance of Prochlorococcus during the environmental sampling, it is possible that all the

observed sucrose could have been in Prochlorococcus during this study (Figure 3.5).
3.4 Discussion

As a whole, the metabolites we measured comprise up to 2% of POC and 3% of PN in our
samples (Figure 3.2B, C). This is a reasonable value given 80% of surface POC is com-
prised of lipid, carbohydrate, and protein macromolecules [93, 94], and DNA, RNA, and

pigments contribute several percent of the dry weight of actively growing microalgae [102].
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Metabolite pools are dynamic, and an increase in the concentration of a given metabolite
over time suggests that sources of that compound (anabolism, regeneration, uptake from
dissolved pools, or polymer disassembly) are greater than sinks (catabolism, use, exudation,
cell death, or polymer assembly). All else being equal, higher substrate concentrations lead
to higher enzyme reaction rate, thus elevated metabolite pool size favors the maintenance
of high cellular activity. In our study the highest metabolite concentrations corresponded
with the daily peak in biomass near the end of the light period. The prevalence and am-
plitude of diel oscillations in metabolite concentrations reflect that many members of the
surface microbial community near Station ALOHA were synchronized to diel light period-
icity. Diverse organisms (including heterotrophs and autotrophs) expressed diel cycles in
transcripts related to the production and degradation of these compounds, but the timing
of diel transcripts did not prove to be a reliable indicator of metabolite levels, consistent
with previous work showing that diel protein abundances and transcripts were not closely
linked[88]. Nevertheless, the pairing of diel measurements of metabolites and transcripts
allows investigation of how many and which organisms and processes may be responsible for

the accumulation and depletion of a given compound.

3.4.1 Diel partitioning of anabolism, catabolism, and redox maintenance

The diel oscillations in POC and FCM-resolvable phytoplankton biomass reflect the al-
ternation of carbon fixation, anabolism, and growth during daylight hours and respira-
tion, catabolism, and mortality during the night (Figure 3.1)[27, 90, 85]. The community
metabolome reflects these patterns with an overall increase in concentration throughout the
day while cells are growing and a consistent morning phenotype (Figure 3.2, Figure 3.7A, B),
reflecting nighttime use of energy stores and recovery from daytime oxidative stress [103].
Nearly half of the diel metabolites (26/55) had peak molar concentrations near dusk (Figure
3.3), corresponding with a peak in carbon biomass. However, for most (46/55) diel metabo-
lites, the daily enrichment of a metabolite exceeded that of POC or total FCM-resolvable

phytoplankton biomass, which had daily fold changes of 1.2 and 1.8, respectively (Figure
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3.4). This suggests these metabolites likely had oscillations in intracellular concentration, as
previously observed for many primary metabolites in non-marine cyanobacteria [104].

Primary metabolites are particularly powerful indicators of biochemical activity on the
community scale. SAM, SAH, and AMP are compounds involved in biosynthesis and growth
that had diel oscillations with daytime increases (Figures 3.3, 3.6). Individual transcripts
associated with these molecules had diel patterns that peaked at all times of day, across a
myriad of pathways and microbial taxa (Figure 3.6, Figure 3.8). Despite this diversity in
use, the sum of community activity was reflected in diel oscillations of metabolite concen-
trations, which were synchronized with daytime biomass accumulation. Further evidence
of this daytime community-scale anabolism is the diel oscillation of pantothenate (Vitamin
B5), a component of Coenzyme A as well as Acyl Carrier Protein. Pantothenate peaked
in the morning (Figure 3.3), suggesting that the community was poised to assemble these
cofactors for daytime biosynthesis.

SAM is a ubiquitous methyl donor used by all living cells. During methylation, SAM is
converted to SAH, which is then regenerated back to SAM via methionine. In addition to
its role in methylation, SAM is essential for polyamine synthesis and is the most common
riboswitch effector in prokaryotes [105]. SAM riboswitches have been observed in native
Station ALOHA bacterioplankton populations [106]. SAH had an afternoon peak time, such
that the SAM/SAH ratio was at a minimum during the day (Figure 3.6). This ratio reflects
methylation potential, suggesting that the demand for methylation outstripped the supply of
SAM in the light despite rising intracellular concentrations of SAM during the day that likely
aid in maintaining high reaction rates. Over the dark period, SAM/SAH ratios recovered,
suggesting that catabolic processes dominated and the need for SAM was diminished. Many
cells require cobalamin (vitamin Bis) to catalyze the reactions that regenerate methionine,
and SAH is elevated relative to SAM during cobalamin stress as cells struggle to complete
the cycle [100]. Thus, it is possible that the lower SAM/SAH ratio additionally reflects a
daytime increase in cobalamin demand among auxotrophic community members.

All living cells produce reactive oxygen species, and redox homeostasis is a critical part
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of maintaining cellular function. Reactive oxygen species produced during photosynthesis
accumulate over the day and present a continuing challenge for cells at night [107]. Strategies
for managing oxidative stress range from the acute reactions that detoxify reactive oxygen
species to mitigation and avoidance strategies, such as accumulating glycogen to assimilate
excess reducing power in high-light conditions and avoid dangerous levels of membrane redox
potential [103]. Reduced glutathione is the active form of a key component of the reactive
oxygen species detoxification system and peaked during the afternoon (Figure 3.3B), as
has been observed in cultures and field studies [108]. The daytime peak possibly reflects
production to compensate for increased oxidative stress during the day and a subsequent
decrease in production and oxidation of the residual pool overnight.

Riboflavin and niacin (vitamins By and Bs) both accumulate during daytime (Figure 3.3,
Supplemental Table 3.2). These are precursors to cofactors FMN/FAD and NAD/NADP,
respectively. These cofactors are involved in electron transport chains for photosynthesis
and respiration and are therefore key components of redox processes within cells. The day-
time accumulation of riboflavin and niacin underscore that the community-wide processes
of growth metabolism and redox maintenance occur in step with the diel cycle. During the
day, photosynthesis produces NADPH and ATP and the requirements of carbon fixation
result in an excess of NADPH. This NADPH is used to reduce oxidized species and biosyn-
thesize reduced organic matter as a sink for electrons from photosynthesis. Cyanobacteria,
for example, manage excess energy during the day by storing glycogen and producing small
molecules that can either be stored or excreted [103, 107, 109, 110, 111]. At night, glycogen is
catabolized via hydrolysis followed by glycolysis or the oxidative pentose phosphate pathway
(OPPP), producing the reductant sources NADH and NADPH. Gluconic acid accumulation
during the day (Figures 3.3, 3.4) may reflect less flux through OPPP during the day, while
photosynthesis produces NADPH, followed by a switch towards OPPP at night [103].
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3.4.2  Diel oscillations in osmolyte concentrations reveal their function diversity

Metabolites with osmolyte properties are among the most abundant compounds within ma-
rine microbial cells [95, 32, 43, 112, 113, 114] and exhibited diel oscillations (Figures 3.5,
3.6). One exception to this observation was glutamic acid, which plays other critical roles
as a component of protein and in regulating nitrogen assimilation in addition to its osmotic
properties [43]. In the absence of fluctuations in salinity or temperature, oscillations in os-
molyte concentrations occurred in excess of or out of sync with biomass oscillations and point
to alternative roles for this compound group such as previously hypothesized roles in short
term energy and nutrient storage [43] (Figure 3.4, Supplemental Table 3.2). Intracellular ac-
cumulation of osmolytes occurred predominantly during the day when electron flow through
the photosystems and the Calvin Cycle exceeds that required to maintain maximum division
rates. The resulting need to dissipate reductant is typically channeled into the production of
carbohydrates like glycogen[87, 103, 111], exopolymeric substances [115, 116], or into storage
lipids[89, 117]. These energy stores are used to fuel cellular respiration and other activities
at night, such as protein synthesis and preparing cells for photosynthesis[89, 103, 111, 117].
Unlike starch and storage lipids, osmolytes do not necessarily need to go through hydrolysis,
[-oxidation, or glycolysis prior to entering the TCA cycle, and could be used as readily
available substrates for energy production and as biosynthetic intermediates while macro-
molecular pools are being mobilized by the cell [109].

Trehalose was the most prominent diurnally oscillating compound (Figures 3.4, 3.5).
Trehalose is an osmolyte produced by the unicellular diazotroph Crocosphaera [114, 118],
some heterotrophic bacteria, and some phytoplanktonic picoeukaryotes, including Ostreo-
coccus [96]. Transcriptomic evidence motivated us to measure trehalose in cultures of Cro-
cosphaera, which was more concentrated at the end of the day than at the beginning of the
day, similar to what we saw in the environment. Assuming trehalose in the environment is
produced primarily by Crocosphaera, our results strongly suggest that intracellular trehalose

concentrations have diel oscillations in the field (Figure 3.5).
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Crocosphaera temporally separate photosynthesis and nitrogen fixation to protect ni-
trogenase from oxygen [119, 120, 121], they therefore need energy at night to draw down
cellular oxygen and fuel nitrogen fixation [122, 123]. Crocosphaera has at least one gene
encoding a protein homologous to glycoside hydrolases, family 15 [124], which contains en-
zymes that hydrolyze a variety of glycosidic bonds, including trehalose. Thus, it is possible
that Crocosphaera use trehalose as a fuel for generating the electrons and ATP required
for nitrogen fixation. Using the stoichiometry of these reactions [122, 125], we estimated
that trehalose catabolism could have fueled 9-28% of the nighttime nitrogen fixation during
this expedition[26] (calculation in Supplemental material). As much as 60% of total dark
respiration by Crocosphaera is used to draw down cellular oxygen rather than to directly
fuel nitrogen fixation [122], and, if we adjust our calculation accordingly, trehalose can pro-
duce 3.6-11% of the required respiratory substrates needed for Crocosphaera to effectively
fix nitrogen at the rates measured[26].

The flux of carbon through trehalose may be an indicator of the accumulation and degra-
dation of a larger glycogen pool that accumulates during the day and is used at night [126].
Shi et al. (2010) suggest that Crocosphaera cells are depleted of storage compounds at night,
since prolonged dark does not result in increased nitrogen fixation [127]. If this hypothesis
is correct, the total amount of nitrogen fixation possible is limited by the amount of energy
stored in substrates such as trehalose and glycogen during daytime, and the ability to accu-
mulate and use these compounds could have impacts on the nitrogen budget of the microbial
community.

Another disaccharide osmolyte, sucrose, displayed an oscillation with a maximum daily
concentration at 22:00. Sucrose is the major compatible solute in high-light Prochlorococcus
[113], and the observed environmental variation may reflect the in situ accumulation and use
of glycogen by Prochlorococcus. Though other organisms also expressed sucrose related genes
(Figure 3.6), Prochlorococcus was the numerically dominant sucrose-producing organism de-
tected in these populations (Table 1) and is known to accumulate polysaccharides during the

day, particularly under nitrogen limitation [128]. If we assume that cellular quotas of sucrose
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in Prochlorococcus grown in culture are like those in the environment, Prochlorococcus alone
could explain the sucrose concentrations seen in the environment (Figure 3.5). Sucrose had
a diel oscillation when calculated relative to Prochlorococcus cell counts and biomass (Fig-
ure 3.5, Figure 3.11). These potential intracellular oscillations lead us to hypothesize that
Prochlorococcus uses sucrose for energy storage and not only as a compatible solute, as has
been observed in non-marine cyanobacteria [104, 109].

Homarine and DMSP are known eukaryotic osmolytes [95, 43, 112, 129]. The amplitude
and timing of the diel oscillations in these two compounds differ from those observed in
phytoplankton picoeukaryote biomass (Figure 3.4), again suggesting that these compatible
solutes play multiple roles within the microbes that use them as osmolytes. This diversity of
functions is well established for DMSP, which influences grazing behaviors and can function
as an antioxidant [95, 130]. DMSP is also a carbon and reduced sulfur source in the microbial
community, with uptake and assimilation both tied to light availability [131, 132]. In our
analysis, the only transcript related to DMSP encodes a SAR11 DMSP demethylase required
for DMSP degradation (Figure 3.6). A dearth of data on the roles of homarine in marine
microbes and a lack of genetic information about homarine synthesis and degradation limit
our ability to infer the sources and sinks for this abundant compound. The high concentration
and diel dynamics of homarine call for further investigation.

Both isethionic acid and DHPS are associated with fast growing eukaryotes that need
to mobilize cellular machinery to transport materials into the mitochondria for respiration
[32, 133], and recent work has suggested that DHPS has potential osmotic capabilities [32].
These two metabolites had large diel oscillations implicating them as temporary stores of
energy or intermediates that can be mobilized quickly. Our data implicate SAR11 and
Rhodobacteraceae as likely DHPS degraders at Station ALOHA (Figure 3.6), although genes
for the production of DHPS are not in the KEGG database and thus were not identified
by our analyses. If production and degradation of these compounds are separated along
phylogenic lines [12] then these compounds are likely excreted into the dissolved phase by

eukaryotes and subsequently available for use by bacteria, as suggested in Durham et al.
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(2019). This may explain the midday maximal expression of a hpsN-like Rhodobacteraceae
DHPS degradation gene (Figure 6).

Glycine betaine is a osmolyte found within many marine microorganisms, and can play
many cellular roles including modulating buoyancy, acting as a methyl donor, and providing
a nitrogen source [95, 43, 134]. Glycine betaine had a significant diel oscillation with an
evening peak and similar fold change to the total FCM-quantifiable biomass (Figure 3.4).
Chlorophyta, Dinophyceae, and diatoms expressed glycine betaine synthesis genes with diel
periodicity while many more groups expressed related genes that lacked diel periodicity
(Figure 3.6). It is possible that osmotic balance is maintained in certain phytoplankton by
the relatively stable intracellular concentration of glycine betaine while other osmolytes are

more dynamic pools with higher daily fold change.

3.4.83  Metabolites as fuel for the microbial loop

Although our data suggests that over diel cycles many metabolites are respired directly by
the phytoplankton that produce them, many metabolites quantified here are known to fuel
heterotrophic bacterial growth in marine ecosystems [132, 135, 136, 36, 137]. DMSP, for
example, can support up to 9.5% of the bacterial carbon demand at Station ALOHA [131].
Additionally, glycine betaine can support heterotrophic bacterial growth, and both natural
marine populations and isolated bacteria are known to have high affinity transporters for
this compound [46, 138, 139]. The oscillations of particulate metabolite concentrations ob-
served in this study call for further investigation into the hypothesis that these compounds
are important substrates for community interactions and resources for the microbial loop.
For compounds that exhibited diel oscillations, the difference between the daily maximum
and minimum values provides a daily net production and degradation rate. We estimated
a total net turnover rate of over 27 nmol C L' d! from our targeted metabolites, with
several metabolites exhibiting individual turnover rates of over 1 nmol C L' d!, including
arachidonic acid, trehalose, homarine, sucrose, glycine betaine, glucosylglycerol, and DHPS

(Supplemental Table 3.2). These are conservative estimates since the instantaneous flux may



57

be much higher than the daily net change and we did not measure excretion of metabolites
into the dissolved pool. For example, dissolved DMSP has a turnover time of 4.5 hours
at Station ALOHA [131] and has been shown to be produced at night and during the day
[140], both observations would substantially increase the baseline estimate of DMSP pro-
duction which does not account for rapid turnover and only includes a daytime increase in
intracellular concentration. While the fate of the metabolites measured here remain unclear,
conservative estimates of carbon and nitrogen flux through these small pools was large, com-
prising around 2% of the *C based estimates of primary productivity during this study[89].
These compounds are potentially used for cellular requirements by the organisms synthesiz-
ing them, as discussed above, or released into the labile dissolved pool. When they enter
the dissolved pool through excretion or cell lysis, these compounds are important compo-
nents of the labile dissolved organic matter pool [36] and play a role in organism interactions

(141, 142].
3.5 Conclusions

The light-dark cycle plays a dominant role in structuring marine microbial activity. Pre-
vious work has shown diel oscillations of community processes, such as daily accumulation
and depletion of POC[90], and diel oscillations of transcriptional activity, which have pro-
vided new information on temporal dynamics and raise hypotheses about the activity of
individual taxa[24, 23]. Measurements of in situ metabolites in native planktonic microbial
populations reported here support the hypotheses that diverse microbial taxa in the NPSG
are synchronized to daily oscillations of light energy and photosynthesis, with metabolites
accumulated during the day and depleted at night. The diel oscillations of ubiquitously used
primary metabolites shows the extent to which photoautotrophic organisms dominate the
community and drive anabolic processes during the day and catabolic processes at night. The
combination of transcript abundances, metabolite concentrations, and taxa-specific biomass
in the field and in culture allows us to postulate that Crocosphaera uses trehalose as a short-

term energy source to drive nighttime nitrogen fixation. Trehalose and the other osmolytes
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we measured are highly abundant in cells and, in addition to playing multiple roles within
producers, likely fuel respiration in heterotrophic bacteria. Metabolite concentrations cannot
be predicted from transcripts in a single organism in pure culture, let alone in a complex
natural community. Pairing quantitative measurements of particulate metabolites with tran-
scriptomes is a key step toward understanding how regularly oscillating gene expression in
microbial communities is reflected in the net community processes we observe and further

elucidates the currencies of the microbial community.

3.6 DMaterials and Methods

3.6.1 Sample Collection

Samples were collected on the R/V Kilo Moana in the NPSG (near 24.5 °N, 156.5 *W) every
four hours for two sampling periods in summer 2015 (period one: July 26, 6:00 — July 30,
6:00; period two: July 31 18:00 — August 3, 18:00). To limit variability unrelated to solar
forcing, we conducted Lagrangian sampling following two drifters in an anticyclonic eddy|[26].
Samples for particulate metabolites and transcripts were collected from 15 m water depth
using Niskin bottles attached to a conductivity, temperature, depth array (CTD). Ancillary
measurements for nutrients and heterotrophic bacterial abundance (reported in Wilson et.
al. 2017) were collected and analyzed with standard Hawaii Ocean Time-series protocols

(http://hahana.soest.hawaii.edu/index.html).

3.6.2 Bulk and taza-specific carbon biomass

POC concentrations were derived from particulate beam attenuation at 660 nm measured
via a hyperspectral absorbance and attenuation meter (ac-s, Wetlabs, as published in White
et al.[90]). Particle attenuation at 660 nm (c, 660, m™) was calibrated against discrete POC
samples taken near dawn and dusk (n = 30; r of a type II regression = 0.78). Discrete POC
and PN samples were collected by filtration of the ship’s underway flow through seawater

onto combusted GFF filters. Analysis is further described in the supplemental methods.
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Continuous underway flow cytometry (SeaFlow) [143] was used to count Prochlorococcus,
Synechococcus, picoeukaryotes (eukaryotic phytoplankton 2—4 pm in size), and Crocosphaera.
These data were supplemented with discrete flow cytometry sample analysis as in Wilson et
al.[26]. Cell diameters of individual cells were estimated from light scatter by the application
of Mie theory [144] to a simplified optical model and converted to carbon quotas assuming
spherical particles, as described in Ribalet et al. [145]. Carbon biomass was estimated by

multiplying cell abundance by carbon quotas.

3.6.3 Metabolite extraction, data acquisition, and processing

Metabolite samples were collected in triplicate at each time point by filtering 3.5 L of seawater
onto a 47 mm 0.2 yum PTFE (Omnipore) filter using a peristaltic pump, polycarbonate
filter holder, and Masterflex PharMed BPT tubing (Cole-Parmer). Filters were frozen in
liquid nitrogen immediately after filtration and stored at -80 °C. Metabolite extractions
employed a modified Bligh-Dyer method [22, 32, 70], resulting in aqueous and organic soluble
metabolites with heavy stable isotope-labeled extraction and injection internal standards
added to both fractions (Supplemental Table 3.5, Supplemental Methods). Unused filters
served as methodological extraction blanks.

Metabolomics data were collected by paired liquid-chromatography mass-spectrometry
(LC-MS) using both hydrophilic liquid interaction chromatography and reversed phase chro-
matography with a Waters Acquity I-Class UPLC and a Waters Xevo TQ-S triple quadrupole
with electrospray ionization in selected reaction monitoring mode with polarity switching,
targeting over 200 compounds [22]. The software Skyline was used to integrate LC-MS peaks
[72] and resulting peak areas were normalized to the peak area of internal standards using
best-matched internal standard normalization to reduce variability introduced through the
extraction and analysis process [22]. A subset of these data are presented in Durham et al.
and Muratore et al.[31, 32].

Metabolites with isotopologue internal standards were quantified in all samples (Sup-

plemental Table 3.5). Trehalose, sucrose, and 2,3-dihydroxypropane-1-sulfonate (DHPS)
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were quantified with standard additions. For all other metabolites (Supplemental Table
3.2), concentration (pmol L') was calculated from injections of known concentrations of
authentic standards in both water and a representative matrix to correct for ion suppres-
sion. Dimethylsulfoniopropionate (DMSP) loss is known to occur during methanol-based
extractions so concentrations are considered a minimum estimate [146]. Details are in the
supplemental methods. The amount of each metabolite in each sample is presented in units
of metabolite concentration where the amount is normalized to liters of water filtered (nmol
metabolite/L) and % POC or % PN where the amount is normalized to POC or PN (%
POC and % PN calculated as mol C or N in metabolite/mol C or N in POC or PN x100).

3.6.4 Metatranscriptome data acquisition and processing

Whole community transcript data are referred to here as prokaryotic transcript data, as
they were enriched in bacterial and archaeal RNA. These metatranscriptome samples were
collected on 0.2 pum filters simultaneously with the metabolomic data reported here, and
the sample collection and processing has been described in Wilson et al.[26] and Aylward
et al.[86]. Briefly, the metatranscriptome sequence reads were quality trimmed, end-joined,
mapped, and quantified with molecular standards. Metatranscriptome sequence reads were
aligned to the ALOHA gene catalog [147] using LAST v 959 [148]. Sequence reads were
quantified using transcript count normalization, leveraging molecular standards as described
in Gifford et al. [149]. Sequence reads were summed if assigned to the same taxonomic order
and Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologue [150].

Poly-A+ selected transcript data (referred to here as eukaryotic transcript data) are
from the metatranscriptomes presented in Durham et al.[32]. These samples were collected
on 0.2 pm filters concurrently with the metabolomic samples and include only the first
sampling period. Quality-controlled short reads were assembled using Trinity de novo tran-
scriptome assembler version 2.3.2 [151] on the Pittsburgh Supercomputing Center’s Bridges
Large Memory system. Parameters include using in-silico normalization, a minimum k-mer

coverage of 2, and a minimum contig length of 300. The raw assemblies were quality con-
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trolled with Transrate v1.0.3 [152]. To eliminate redundancy and duplication, the assemblies
were merged and clustered at the 99% amino-acid identity threshold level with linclust in
the MMseqs2 package [153]. Using DIAMOND v 0.9.18 [154], translated eukaryotic contigs
were aligned to a reference sequence database of marine organisms that includes peptide se-
quences from hundreds of marine eukaryotic transcriptomes (MarineReflI reference database,
http://roseobase.org/data/, with additions listed in Supplemental Table 3.6). Taxonomy was
assigned with DTAMOND by using the top 10% of hits with e-value scores below 10-5 to
estimate the Lowest Common Ancestor of each contig. We assigned putative function using
hmmsearch (from HMMER 3.1b2 [155], minimum bitscore 30) to find the best-scoring KEGG
gene family from KOfam, and linked the specific KO term associated with the KOfam to
the contig (ver. 2019-03-20) [156]. Contig abundances were quantified by pseudoalignment
of the paired reads to the assemblies with kallisto [157] and normalized to the total number
of assigned reads for a taxonomic group. Sequence reads assigned to the same taxonomic
group and KEGG ortholog were summed.

Metabolites and transcripts were associated with one another using the KEGG database
as a scaffold to match metabolites with transcripts coding for enzymes that directly use or
produce those metabolites. The R package KEGGREST [158] was used to access the KEGG

database followed by manual curation of these matches.

3.6.5 Detecting Periodicity

Diel periodicity was evaluated for all signals using Rhythmicity Analysis Incorporating Non-
parametric Methods (RAIN)[86, 159, 26]. Metabolites and transcripts were considered sig-
nificantly periodic if they had a false discovery rate (fdr) [83] corrected p-value | 0.05. For
each significantly oscillating signal, the time of peak abundance was estimated by fitting a
periodic function (supplemental methods), recognizing that the precision of these peak times
is limited by sampling resolution. Diel periodicity in metabolites was identified for the two

different sampling periods independently and jointly.
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3.6.6  Phytoplankton culture conditions

Cultures of phytoplankton were grown in combusted borosilicate tubes in diurnal incubators
with a 12:12 light:dark cycle. Crocosphaera watsonii strain WH8501 was grown at 27 °C with
50 pmol photons m™ st in YBC-II artificial seawater medium [160] supplemented with 0.9
mM nitrate; exponentially growing cells were collected just before the lights turned on and
just after the lights turned off. Cells were enumerated via a Beckman Z2 Coulter Counter.
Prochlorococcus MIT1314 (HLII clade [161]) were grown at 20 °C with 20 pmol photons m™ s
in Pro99 media [162] prepared with Turks Island Salt Solution and supplemented with 6 mM
sterile sodium bicarbonate and 1 mM N-Tris(hydroxymethyl)methyl-3-aminopropanesulfonic
acid [163]. Prochlorococcus cells were collected 6 hours into the light period during expo-
nential phase and enumerated using the flow cytometer BD Influx cell sorter. Axenicity
of Prochlorococcus cultures was verified regularly with SYBR-staining and flow cytometry
(FCM) and plating on bacterial 1/2 YTSS agar. Samples for metabolomics were collected
by gentle filtration onto 0.2 pm hydrophilic polyvinylidene fluoride (Durapore) filters using

combusted borosilicate filter towers.
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3.8 Data availability

Information for the KM1513/HOE Legacy II cruise can be found online at

http: //hahana.soest.hawaii.edu/hoelegacy /hoelegacy.html. Raw sequence data for the
diel eukaryotic metatranscriptomes are available in the NCBI Sequence Read Archive under
BioProject ID PRJNA492142. Raw sequence data for the prokaryotic metatranscriptomes
are available in the NCBI Sequence Read Archive under BioProject ID PRINA358725. Raw
and processed metabolomics data are available in Metabolomics Workbench under Project

ID PRO00926.



3.9 Tables and Figures
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First Sampling period | Second Sampling period

Average = SD (n) Average = SD (n)
Wind speed (kts) 10.59 +1.97 (83) 15.15+1.76 (72)
Mixed layer depth (m) 20.92 +£5.20 (25) 36.12+ 6.42 (19)
Salinity 35.38 £ 0.01 (62) 35.39+0.00 (33)

Temperature (°C)

26.81 +0.10 (268)

26.86 + 0.07 (80)

Nitrate + Nitrite (nM)

3.02+0.90 (19)

3.34 % 1.65 (9)

Dissolved oxygen (umol/kg)

205.74 £ 0.70 (63)

205.62 = 0.43 (39)

Particulate organic carbon (ug C 1'")

42.28 +2.72 (94)

40.70 + 3.83 (73)

Particulate Nitrogen (umol N I')

0.44 £ 0.04 (18)

0.40 + 0.03 (12)

Heterotrophic bacteria abundance (10°
cells I'")

508.3 +27.3 (22)

534.1 + 30.8 (47)

Prochlorococcus abundance (108 cells 1)

161.23 + 11.75 (98)

196.38 + 15.37 (55)

Synechococcus abundance (10° cells ')

0.85+0.07 (98)

0.89 + 0.06 (55)

Photosynthetic picoeukaryote abundance
(10°cells 1)

0.97 £0.11 (98)

1.10 + 0.33 (55)

Crocosphaera abundance (10° cells 1)

0.16 = 0.06 (98)

0.31 £ 0.07 (55)
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Table 3.1: Wind speed and surface mixed layer physical and biological variables over the two
sampling periods. Salinity, temperature, and dissolved oxygen (corrected with bottle mea-

surements) are from the CTD between 13-17 m. N+N and heterotrophic bacteria abundance
are measured from discrete samples at 15 m. Particulate organic carbon (from underway

beam attenuation), particulate nitrogen, Prochlorococcus, Synechococcus, photosynthetic pi-
coeukaryotes, and Crocosphaera are measured from the ship-underway water intake near 7

m.
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Figure 3.1: Top: Hourly averages of POC from beam attenuation (black line, RAIN fdr-
corrected p < 0.001), total phytoplankton carbon biomass from flow cytometry (small phy-
toplankton biomass, navy line, RAIN fdr-corrected p < 0.001), and the difference between
the two (grey line, RAIN fdr-corrected p > 0.05). Bottom: Hourly averages of population
specific carbon biomass of Prochlorococcus, Synechococcus, Crocosphaera, and photosynthetic
picoeukaryotes (defined here as 2-4 pm) from flow cytometry, with shaded area representing
the 95% confidence interval RAIN fdr-corrected p < 0.001 for all four populations), note the
log10-scaled y-axis. Breaks in the lines are due to short periods of instrument malfunction.
The two sampling periods referred to in the text are indicated above the figure.
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Figure 3.2: Average targeted metabolite composition at dawn (06:00) and dusk (18:00) from
July 26th — July 28th (n = 9 for each time point), shown as the estimated particulate
metabolite concentration (A), the percent of particulate organic carbon (B), and the percent
of the particulate nitrogen (C). “Other” contains the sum of the rest of the metabolites (64
compounds). Osmolytes are in bold. Metabolites are arranged according to their average
molar concentration at 6:00. Note the different y-axis scales.
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Figure 3.3: Time of day that significantly diel compounds peak in the first sampling period
(A). Surface light (photosynthetically active radiation, PAR, x10 nmol photon m-2 s-1) (B).
Heat map showing the z-score standardized concentrations of POC and of metabolites (nmol
L-1) determined to be significantly diel in the first sampling period, arranged by time of
peak concentration (C).
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Figure 3.4: Peak time vs average daily fold change for each metabolite (circles, nmol L-1),
POC from beam attenuation and phytoplankton biomass from flow cytometry (squares, pg
C L-1). Grey color indicates the level of significance (fdr corrected p-value) of the 24-hour
oscillation. Red outlines indicate that the compound is an osmolyte. Select compounds
and all biomass estimates are labeled (croco = Crocosphaera, synecho = Synechococcus,
prochloro = Prochlorococcus, picoeuks = photosynthetic picoeukaryotes, total phytos = total
phytoplankton biomass from underway flow cytometry). Dashed line is at a 2-fold change,
which is above that for POC and total picophytoplankton biomass. The inset shows the
distribution of fold-change in non-significant compounds. These compounds have variability
even though they do not have 24-hour periodicity.
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Figure 3.5: Particulate sucrose (left) and trehalose (right) measured as pmol L-1 in seawater
(top), fmol cell-1 (middle) of Crocosphaera and Procholorococcus for trehalose and sucrose,
respectively, and mg g-1 cell carbon (bottom) of Crocosphaera and Procholorococcus for
trehalose and sucrose, respectively. The light grey vertical shading represents nighttime. The
green box in the middle-left panel indicates the range of cellular sucrose quotas measured
in Procholorococcus MIT1314 harvested mid-day in exponential growth. The blue points in
the middle-right panel indicate the dawn and dusk values measured for trehalose quotas in
Crocosphaera watsonii WH8501. In the top panels, the error bars represent one standard
deviation around the mean value, including uncertainty from the quantification regression.
The error bars in the middle panels represent one standard deviation around the mean. The
error bars in the bottom panels represent the 95% confidence interval given the confidence
in the biomass quantification from underway flow cytometry.
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Figure 3.6: A) Diel metabolite concentrations (peak area L-1, proportional to nmol L-1) of
methionine cycle compounds, methylthioadenosine, and osmolytes. Error bars are the stan-
dard deviation of biological triplicates. The light grey vertical shading represents nighttime.
B) Left: Time of peak abundance of diel transcripts related to the production or use of
select diel osmolytes and primary metabolites. Fill color indicates the phylogenetic lineage
of the transcript; outline color indicates whether the transcript is associated with production
or consumption of the metabolite. Time of metabolite peak concentration (nmol L-1) is in
black. Right: Proportion of all transcripts and diel transcripts belonging to each taxon. *
= does not include select subgroups shown otherwise.
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3.10 Supplemental Methods

3.10.1 Metabolite sample extraction

Metabolites were extracted as in as in Boysen et al.[22]. Briefly, frozen filters were cut into
small pieces and put into bead beating tubes with silica beads, heavy isotope-labeled internal
standards (Supplemental Table 3.5), and cold aqueous (50:50 methanol:water) and organic
solvents (dichloromethane). The samples were shaken on a FastPrep-24 Homogenizer for 30
seconds and chilled in a -20 °C freezer, repeated for three cycles. The organic and aqueous
layers were separated by spinning samples in a microcentrifuge at 5,000 rpm for 90 seconds
at 4 °C. The aqueous layer was removed to a new combusted glass centrifuge tube. The
remaining organic fraction was rinsed three times with 50:50 methanol:water. All aqueous
rinses were combined with the original aqueous extract and dried down under N2 gas. The
remaining organic layer was transferred into a clean glass centrifuge tube and the bead
beating tube was rinsed two more times with cold organic solvent. The combined organic
rinses were centrifuged, transferred to a new tube, and dried under N2 gas. Dried aqueous
and organic fractions were re-dissolved in 400 uL of water and 400 nL of 1:1 water:acetonitrile,
respectively. Isotope-labeled injection standards were added to both fractions (Supplemental

Table 3.5).

3.10.2 Metabolite data acquisition

LC-MS parameters were as in Boysen et al.[22]. Data for most compounds were collected on
a Waters Xevo TQ-S triple quadrupole (TQS), but for compounds outside the linear range or
which were originally detected in sub-optimal polarity, a Thermo QExactive HF (QE) mass
spectrometer with ESI was used. Chromatography and mass spectrometry methods follow
those reported in Boysen et al.[22]. The organic fraction was analyzed using reversed phase
chromatography (Waters Acquity UPLC HSS Cyano column, 1.8 pm particle size, 2.1 mm
x 5 mm) and the aqueous fraction was analyzed with both reversed phase and hydrophilic

liquid interaction chromatography (HILIC - SeQuant ZIC-pHILIC column, 5 mm particle
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size, 2.1 mm x 150 mm, from Millipore). We monitored 101 compounds with reversed phase
and 110 compounds with HILIC.

Data collected on a Thermo QExactive HF (QE) with ESI was used for nucleic acids and
nucleosides (adenine, guanine, thymine, cytosine, adenosine, guanosine, thymidine, cytidine)
and compounds which were overloaded on the triple quadrupole (glycine betaine, homarine,
phenylalanine, DMSP) but which were within the linear range on the QE. On the QE, for
HILIC, a full scan method with polarity switching was used with 60,000 resolution. For
RP, positive ionization mode was used with a resolution of 120,000. For the QE data, pro-
teowizard was used to convert .raw files to .mzxml [73]. Peak integrations were performed
using Skyline for small molecules [72]. Isoleucine and leucine did not always chromatograph-
ically separate and were treated as a single metabolite, (iso)leucine. Data were subjected to
in-house quality control (QC) that removed misidentified compounds, removed compounds
with a low signal to noise ratio (S/N < 4), and flagged compounds that were detected in
the blanks (signal intensity in the sample must be greater than 3 times that in the blank).
Compounds which were below the level of the blank in greater than 30% of samples (40 out
of 132) were discarded. Compounds which did not pass the QC for 6 or more samples were
discarded. For compounds which had fewer than 6 samples fail the QC, if the compound
was detected in a sample but comparable to the blank, that data was retained. If the signal
in a sample was less than the signal in the blank, a value equal to half the average blank

value was filled back in to reflect the limit of detection.

3.10.3 Metabolite data curation

The normalization procedure for metabolomics data follows the Best-Matched Internal Stan-
dard method described in Boysen et al.[22]. Pooled samples at full and half strength (diluted
1:1 with water, for the aqueous fraction, or solvent, for the organic fraction) were run after
the samples were run in order to train the normalization algorithm. Normalization to inter-
nal standards was only used when it resulted in an improvement (decrease) of 10% in the

relative standard deviation (RSD) of the compound peak area across multiple injections of
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the pooled sample. Compounds with a raw RSD of less than 0.01 in the pooled sample were
not normalized because the chances of noise reduction were outweighed by the likelihood
of introducing unwanted variability. The low cutoff was used to encourage normalization
because the data were collected over a period of five weeks of instrument time; normalizing
to an internal standard is an improvement over the instrument variability that we expect
to influence mass spectral measurements over this time period. All QE Orbitrap data were
either used as raw data (no normalization) or, in the case of phenylalanine, normalized to
its isotopologue internal standard, as the high resolution instrumentation experiences less
ion suppression compared to that on the TQ-S instrument(1). Prior to normalization, the
peak areas of the internal standards in each sample were assessed to detect run quality
and extraction efficiency. This assessment showed that a number of samples, mostly those
collected as part of the second sampling period, clearly had half or twice the appropriate
standard concentration added. (samples with internal standards adjusted in the 1st sampling
period: 5R1, 6R1, second sampling period: 26R2, 26R3, 27R1, 27R2, 27R3, 28R1, 28R3,
29R2, 30R1, 31R1, 32R3, 34R1, 34R3, 35R1, 35R2, 37R1, 39R1). Peak arecas were adjusted
according to these observations as well as laboratory notebook records for the samples which
had incorrect concentrations. The periodicity analysis was done both with and without
these replicates and the results are robust to this change. Additionally, samples collected be-
tween July 29th 14:00 and July 30th 02:00 did not have some of the standards added during
sample processing. Data from the effected compounds were removed for those samples as
normalization was not possible (as indicated in Supplemental Table 3.2). Euclidean distance
of samples based on z-score standardized metabolite profiles showed that single replicates
from two different samples (31R2, 41R1) in the second sampling period were outliers (> 3
standard deviations away from the mean average distance), so these samples were removed

prior to further analysis.
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3.10.4 Quantification of select metabolites

Metabolites with isotope-labeled authentic standards (see list in Table 3) were quantified

using the following formula:

(Mlow = (gt Sl

‘/Uial
sz'ltered

(3.1)

where M indicates metabolite, V' indicates volume, 1.5 indicates internal standard, SW
indicates seawater, and PkA is the integrated LC-MS peak area.

Isotope-labeled standards for trehalose and sucrose were purchased after the full sample
set had been processed. A subset of samples (n = 19) was spiked with the internal standards
and re-analyzed on the LC-TQS-MS, concentrations were determined as above, and a linear
regression relating peak area to trehalose and sucrose concentration was fitted according to
the formula:

[M]yiat = A x (Normalized Pk A) (3.2)

where A is a constant. This regression was used to calculate the concentrations of trehalose
and sucrose in the rest of the samples that were not reanalyzed.

An authentic standard for 2,3-dihydroxypropane-1-sulfonate (DHPS) was obtained after
the full sample set had been processed and the quantification of this compound using standard

additions is described in Durham et al. [32].

3.10.5 FEstimated Concentrations of Metabolites

Approximate concentrations correcting for ionization efficiency and ion suppression were

calculated using the equation:

Area i} Viial . 1
IE vfiltered RFTatZ'O

Concentration = (3.3)
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where I F is the ionization efficiency, calculated by taking the average peak area of a standard
injected in water divided by the concentration of the standard. RF,., is the response factor
ratio published in Boysen and Heal et al. [22], calculated by taking the ratio of the peak area
of a standard injected in environmental matrix (less the ambient matrix signal, if applicable)
to the peak area of the standard injected in water. Published values were used with the
exceptions of taurine, chitobiose, and for nucleosides and nucleotides where we used values
calculated from a different sample set also from near Station ALOHA, so with similar matrix
effects.

We did not make estimates of concentration for five compounds: methylthioadenosine
(MTA) in the aqueous fraction because we didn’t have appropriate standards at the time of
sample analysis, EPA, DHA, ergosterol, and trans retinal because insufficient isotope labeled

internal standards were used for the lipid fraction.

3.10.6 Particulate carbon and particulate nitrogen discrete sample analysis

Samples for particulate nitrogen and particulate carbon were collected form the ship’s un-
derway flow through seawater, which sits at ~7 m water depth. Samples were collected onto
combusted GFF filters. Filters were folded and stored in combusted aluminum foil at -80 °C
until analysis, when they were thawed and dried overnight at 60 °C, balled into Ag and Sn
boats, and analyzed using high-temperature combustion (1020 °C) on a ThermoQuest NC

2500 elemental analyzer.

3.10.7 FEukaryotic metatranscriptome reference database

We supplemented the curated MarineReflI reference database (http://roseobase.org/data/)
with additional representatives of marine animal, fungal, protist and viral reference sequences

(Supplemental Table 3.6), totaling 641 marine eukaryotes and prokaryotes.
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3.10.8 Detecting periodicity and estimating time of peak concentration/abundance

When conducting the RAIN analysis outliers removed during quality control were filled back
in by taking an average of the other two replicates collected at that time point. The time of
peak concentration for each oscillating metabolite and peak abundance for each oscillating

transcript was calculated by fitting a periodic oscillator according to the function:
2m .27
[M] = Ax 003(2—4 « HourCollected) + B x sm(ﬂ x HourCollected) (3.4)

as in Ottesen et al. [23]. The lag time between metabolites and transcripts coding for
proteins that use or produce them was estimated simply by taking the difference between

the two peak times, in hours.

3.10.9 Multivariate analysis

Metabolite concentrations were standardized using z-scoring by subtraction the mean and
dividing by the standard deviation of each metabolite across all samples, having a mean
of zero and standard deviation of one. Samples and metabolites were clustered based on
Euclidean distances with the vegdist and metaMDS functions from the vegan R package
(version 2.5-6)[164]. Average-linkage clustering was calculated using the hclust function
from the stats R package (version 3.6.1).

We used nonmetric multidimensional scaling (NMDS) to explore differences in samples
based on their metabolite profiles. NMDS is an ordination technique that uses rank-order
similarity between samples rather than absolute differences between samples to reduce di-
mensionality in the data [165]. NMDS using a Euclidean distance matrix was chosen rather
than principal components analysis (PCA) because NMDS relaxes the assumption that there
are fewer variables than samples, which is not the case in metabolomics where data on the
abundance of hundreds of compounds is collected for each sample. Additionally, NMDS
avoids the assumption of linear relationships among variables.

NMDS was run with two ordination axes and 100 random starts. Significance of the stress
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value was tested with a Monte Carlo randomization test. Goodness of fit was assessed by
correlating NMDS ordination results and Euclidean distances using both a non-metric and
linear fit. Analysis of Group Similarities (ANOSIM) was used to test differences between the
times of day that samples were collected as well as differences between the days of collection.
ANOSIM was conducted on a Euclidean distance matrix with 1000 permutations. Pairwise

ANOSIM was conducted to further clarify which times were significantly different.

3.10.10  Phytoplankton culture growth conditions

Cultures of Crocosphaera watsonit WH8501 were obtained from the Zehr lab at the University
of California, Santa Cruz. They were grown with a square 12:12 light:dark cycle with 50 gmol
photons m™ s, at 26 °C, and had an average growth rate of 0.17 d!. Cells were collected
in mid-to-late exponential phase by gentle vacuum filtration onto 0.2 pm Omnipore filters
using combusted borosilicate filter towers. Cells were enumerated using a Beckman coulter

counter.

3.10.11 Muxed layer depth

Mixed layer depth was calculated from CTD profiles and is defined by a 0.03 kg/m?® density
offset from 10 db.

3.10.12  Supplemental calculation: Trehalose fueling nitrogen fization

To convert half a mol Ny to one mol NH3 requires 3 mol electrons and 8 mol ATP[125]. One
mol glucose can provide 24 mol electrons or 30-36 mol ATP, leading to a stoichiometry of
between 2.08-2.35 moles CH50 to produce sufficient ATP and electrons to produce one mole
of fixed NH3 [122]. From Wilson and Aylward et al. Crocosphaera is responsible for 7.3
nmol N I't d! [26], which therefore requires between 15.2 and 17.2 nM of respired carbon.
Our data has a range of 1.6 to 4.3 nM C in the form of trehalose drawn down every night,

with a mean drawdown of 3.2 nM C in the form of trehalose. Using this range of required
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carbon and trehalose drawn down, we estimate that trehalose catabolism could fuel between

9% and 28% of N2 fixation, with a mean value of 20%.
3.11 Supplemental Results and Discussion

3.11.1 Multivariate Analysis

NMDS analysis of the samples produced a low stress value of 0.18 which was significant (p <
0.01), indicating that the sample scores are robust. The fit between the ordination distance
and Euclidean distance had a non-metric R? value of 0.97 and a linear fit R? value of 0.88.
NMDS analysis of the samples from the second sampling period (Supplemental Figure 3.7)
produced a low stress value of 0.17 which was significant (p < 0.01), indicating that the
sample scores are robust. The fit between the ordination distance and Euclidean distance
had a non-metric R? value of 0.97 and a linear fit R? value of 0.89. The overall similarity
observed at 6:00 during the first collection period is not seen during the second collection
period. NMDS and ANOSIM analysis of the samples from the second collection period
and full dataset are unable to discriminate between samples collected at different times of
day (Supplemental Figure 3.7), providing additional evidence that community synchrony, as

illustrated by overall metabolite composition, weakened as sampling progressed.

3.11.2  Metabolites lose diel periodicity in second sampling period

Fewer metabolites had diel periodicity in the second sampling period (Supplemental Figure
3.12), with 9 and 23 compounds exhibiting diel periodicity when analyzed as molar concen-
trations (nmol L) and normalized to POC (nmol gmol POC™), respectively (Supplemental
Table 3.3, Supplemental Figure 3.12). The reduction of diel oscillation in the second sam-
pling period is seen in multivariate analyses as well, where in the second sampling period no
sampling times clustered significantly (Supplemental Figure 3.7).

Because these samples were processed over several weeks, it is possible that methodolog-

ical issues arose and masked the diel oscillations during the second half of the sample set.
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We deem this unlikely because we still measure strong diel oscillations in some compounds
over the course of the whole sample period. Overall there was not a drop in signal intensity
from the instruments over the sample processing, and the increase in Prochlorococcus con-
centrations shows, if anything, that there would be more biomass rather than less biomass

to produce a robust signal for the latter half of the data (Figure 3.1).



3.12 Supplemental Files

e Supplemental Tables 3.2, 3.3, 3.4, 3.5, 3.6, 3.7, 3.8, 3.9. (XLSX).
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3.13 Supplemental Tables

Table 3.2: Metabolites measured in this analysis. The average fold change from peak to
trough, the maximum and minimum estimated or absolutely quantified values (pmol L),
and whether the compound oscillates with 24-hour periodicity when calculated as molar
concentration in seawater (water), when calculated relative to POC (POC), both (Both),
or neither (None) for the first sampling period analyzed independently, second sampling
period analyzed independently, and full dataset. The time of peak concentration for these
concentration values in the different time periods are provided in the final columns, rounded
to the nearest hour. The net flux through the particulate pool calculated by the mean daily
swing from max to minimum. * indicates metabolites for which samples 21-24 are removed
and for which 6 samples in the second diel sampling period maybe affected by internal
standard adjustments. + indicates metabolites for which 4 samples in the second sampling
period might affected by IS adjustments. { notes that concentrations for DMSP are likely
underestimates, as described in the methods.

Table 3.3: Average and standard deviation of targeted metabolite composition at dawn
(06:00) and dusk (18:00) from July 26th — July 28th (n = 9 for each time point), as the
estimated particulate metabolite concentration, the percent of particulate organic carbon,
and the percent of the particulate nitrogen.

Table 3.4: Pairwise comparisons of samples collected at different time points from the mul-
tivariate analyses of particulate metabolite concentration during the first sampling period.
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Table 3.5: Internal Standards added before extraction (Exr Standard) or before injection
(Inj Standard).

Table 3.6: Transcriptomes used to supplement the MarineRefIl reference database
(http://roseobase.org/data/).

Table 3.7: Particulate metabolite concentrations in normalized peak area per L of seawater
filtered. Across a single metabolite these values are proportional to molar concentration.
Values should not be quantitatively compared between two metabolites, since the ionization
efficiency and matrix effects influence different metabolites differently such that the same
concentration can result in difference in peak area.

Table 3.8: Prokaryotic transcripts that matched metabolites identified by organism taxa and
KEGG ortholog. If the transcript is significantly diel (RAIN fdr-corrected p-value < 0.05)
the time of peak transcript abundance is provided (0/24 is midnight, 12 is noon).

Table 3.9: Eukaryotic transcripts that matched metabolites identified by organism taxa and
KEGG ortholog. If the transcript is significantly diel (RAIN fdr-corrected p-value < 0.05)
the time of peak transcript abundance is provided (0/24 is midnight, 12 is noon).



3.14 Supplemental Figures
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Figure 3.7: Multivariate analyses based on standardized particulate metabolite concentration
(proportional to nmol L'). A) NMDS of the first sampling period alone: Jul-26th - Jul 30th.
The NMDS analysis results were significant (Monte Carlo randomization textitp < 0.01) with
a stress value of 0.18. B) Within and between group variability from ANOSIM analysis using
standardized particulate concentrations of all metabolites (nmol L ') from the first sampling
period (R = 0.194, textitp < 0.001). C) NMDS of the second sampling period alone: Jul
31st — Aug 3rd. The NMDS analysis results were significant (Monte Carlo randomization p
< 0.01) with a stress value of 0.17. D) NMDS of full dataset: Jul-26th — Aug-3rd. Colors
indicate time of day that the samples were collected. The NMDS analysis results were
significant (Monte Carlo randomization p < 0.01) with a stress value of 0.18.
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Figure 3.8: Diel transcript peak abundance related to the production or degradation of diel
metabolites. Color indicates the phylogenetic lineage of the transcript. Left: Peak time of
transcript abundance or particulate metabolite concentration (nmol L*). Right: Proportion
of diel transcripts belonging to each taxa and proportion of all transcripts, regardless of diel
oscillation, related to each metabolite belonging to each taxa.
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Figure 3.9: Offset time (in hours) between the diel compounds and diel eukaryotic transcripts
(top) or diel prokaryotic transcripts (bottom) that use or produce them. Diel significance of
compounds was based on the first sampling period, diel significance of eukaryotic transcripts
was based on the first sampling period, diel significance of the prokaryotic transcripts was
based on both sampling periods (RAIN fdr-corrected p < 0.05).
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Figure 3.10: Field and culture particulate trehalose concentrations presented relative to
Crocosphaera cell count. Field data (black points) show the average and standard deviation
at each time point over the full sampling period. Lab cultures (green circles) represent the
values for the cultures harvested at dawn and dusk. Variability in technical replicates (for
dusk) and biological duplicates (for dawn) are smaller than the points.
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Figure 3.11: Field and culture sucrose per cell Prochlorococcus. Field data (black points)
show the median and range at each time point. The green box shows the maximum and
minimum values of sucrose in triplicate axenic cultures of Prochlorococcus MIT1314 harvested
at mid-day in exponential growth.
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Chapter 4

PHYTOPLANKTON COMMUNITY METABOLISM AND
NUTRIENT LIMITATION IN THE NORTH PACIFIC
TRANSITION ZONE: POLAR METABOLITE CHANGES
REFLECT COMMUNITY COMPOSITION AND
PHYSIOLOGY

4.1 Abstract

Nutrient limitation and co-limitation play a key role in determining marine microbial commu-
nity structure and activity. Metabolites, the small organic molecules resulting from cellular
activity, can be used as tracers of cell taxonomy and metabolism. Here we measure intra-
cellular metabolite pools across a gradient of macro- and micro-nutrients between the North
Pacific subtropical gyre and the North Pacific subpolar gyre as well as in nutrient amendment
experiments. These measurements reveal how the genetic potential of a microbial community
is manifested in situ and in response to changes in nutrient ratios. Chlorophyll concentrations
in the nutrient amendment experiments show the dominance of nitrogen limitation through-
out this region and the potential for iron and nitrogen co-limitation near the subtropical
chlorophyll front. Metabolite pools, community composition from flow cytometry, and 16S
and 18S rDNA gene sequences show that organisms from the microbial communities in the
North Pacific subtropical gyre and the North Pacific transition zone have different responses
to nutrient amendments. Drawing on the metabolite data from the transect, the incuba-
tion experiments, and from laboratory cultures of phytoplankton, we identify metabolites,
including several acylcarnitines and potential mycosporine-like amino acids, that reflect mi-
croorganisms’ physiological adaptations to nutrient stress relief. These data provide a unique
opportunity to evaluate the importance of community composition and metabolic flexibility

in determining community metabolism. Compounds that change across this transect and
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in response to nutrient amendments are key targets for future investigations as potentially

important players in microbial physiological adaptation and biogeochemical cycling.
4.2 Introduction

Phytoplankton primary production is the foundation of marine biogeochemical cycles and the
marine food web. In vast regions of the ocean this productivity is limited by the availability of
nutrients supplied to the surface ocean [33]. The low latitudes of the subtropics are classically
considered to be nitrogen limited. In these regions, the supply of nitrogen from below the
photic zone is slow, phytoplankton are adapted to low-nitrate levels [166], and nitrogen-fixing
phytoplankton can be an important source of new nitrogen to the surface ocean [167]. ITron is
often the limiting nutrient for phytoplankton growth in regions with higher nutrient supply
from depth and where aerosol deposition and continental sources of iron are small [33, 168].
These regions, known as high-nutrient low-chlorophyll regions include the subarctic gyres,
eastern equatorial Pacific, and Southern Ocean. Other nutrients besides nitrogen and iron
can be limiting, including phosphorus, trace metals such as cobalt, and micronutrients such
as B-vitamins [169, 35, 170]. These nutrients, however, are often co-limiting or secondarily
limiting (serial-limiting), while iron and nitrogen are the most common primary limiting
nutrients. The boundaries of nitrate and iron limited regimes are locations where iron and
nitrate can be co-limiting [35, 171], with the magnitude of delivery and ratio of these two
nutrients together controlling production and facilitating greater microbial diversity with an
increased number of ecological niches [172].

Nutrient limitation in surface ocean marine plankton communities can be assessed using
a variety of tools, but most commonly is assessed with nutrient amendment incubations. In
these experiments, an increase in total chlorophyll following the addition of a nutrient is
considered evidence for limitation by that nutrient. However measuring chlorophyll alone
does not reveal other potential changes such as changes in phytoplankton community or
physiological responses. Here we use metabolomics measurements to gain a chemical under-

standing of microbial community composition and physiology during nutrient amendment
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incubations with microbial communities in the North Pacific. Metabolites are the small
molecules (< 800 da) that all organisms use and produce through cellular metabolism. In-
tracellular metabolites have taxonomic specificity and the ability to shift rapidly when cells
experience changes in their environment, such as light levels, nutrient stress, or changes in
the surrounding microbial community [41, 100, 128, 173, 174, 175, 176, 177].

The North Pacific transition zone (NPTZ) is a region between the North Pacific sub-
tropical gyre (NPSG), a nitrate limited region, and North Pacific subarctic gyre, an iron
limited region. The NPTZ is a hot spot of biological productivity and carbon sequestration
compared to the gyres on either side [178, 179] and is characterized by fronts of chlorophyll,
salinity, and temperature that migrate seasonally [34]. The microbial community compo-
sition changes throughout this region as well, with cyanobacteria numerically dominating
the phytoplankton community in the NPSG and eukaryotic algae becoming dominant in the
north [34, 180, 41]. The NPTZ is not a homogenous region. It has many fronts within it
that mark transitions in physical and chemical parameters and unique biological communi-
ties. The macro and micronutrients delivered to the North Pacific have different sources (N:
Ekman transport, Fe: aerosols) and thus their delivery can be decoupled on seasonal time
scales [34, 181, 182]. The microbial communities respond to the seasonal changes in light,
macronutrient supply, and micronutrient supply. These physical and chemical dynamics
make the NPTZ an ideal location to study the ways in which microbial communities respond
to a change in nutrient supply.

Here I ask what nutrients limit phytoplankton growth in the NPTZ using nutrient amend-
ment incubations at three different locations within this region. We examine the commu-
nity structure and microbial metabolisms in situ and after nutrient amendment incuba-
tions using 16S and 18S amplicon sequencing, flow cytometry, and targeted and untargeted
metabolomics. We show that phytoplankton growth throughout the NPTZ is primarily nitro-
gen limited with some evidence for iron colimitation in the central portion of the NPTZ. We
identify changes in select metabolites as potential markers for microbial nitrogen limitation

and stress relief. On the whole, however, there is no unified metabolic response to nitrogen
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addition. Instead, we see organisms responding divergently and metabolites reflecting the

growth and physiology changes of specific organisms.
4.3 DMaterials and Methods

4.8.1 Sampling strateqy and biogeochemical data

Samples were collected on the Gradients 2 cruise aboard the R/V Marcus G. Langseth
from May 27 to June 13, 2017. The cruise transited along 158 “W and seawater samples
were collected from approximately 25.7 °N to 41.4 °N (Figure 4.1A). Continuous underway
measurements were collected for flow cytometry using a SeaFlow instrument to enumerate
Prochlorococcus, Synechococcus, and picoeukaryotes [143]. Additional discrete samples were
collected and used to calibrate the underway measurements, as reported in Gradoville et al.
[180]. Surface seawater samples for nitrate plus nitrite (DIN), soluble reactive phosphorus
(SRP, dominated by phosphate), trace metal concentrations, particulate carbon (PC) and
particulate nitrogen (PN) were collected and measured as reported in Gradoville et al. [180].
Sea surface temperature, salinity, and chlorophyll fluorescence were measured using the CTD
sensors for depth profiles and the ship’s uncontaminated underway water system for underway

measurements.

4.3.2  Nutrient amendment incubations

Nutrient amendment incubations were conducted at three different stations along the cruise
transect that represented the northern transition zone (Station 7, 41.4 °N, Experiment 1), the
mid-transition zone (Station 11, 37 °N, Experiment 2), and southern transition zone (Station
16, 32.9 °N, Experiment 3) (Figure 4.1). Mixed layer (10-15 m) seawater for each experiment
was collected with a trace metal clean surface tow fish system modified from Bruland et al.
and described in Gradoville et al. [183, 180]. Each treatment was incubated in triplicate
20 L polycarbonate carboys that were acid cleaned according to GEOTRACES ‘cookbook’

trace metal clean protocols [184]. Each carboy was also rinsed and conditioned with filtered
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trace metal clean surface seawater prior to use to remove any residual acid. All water for the
experiments was pre-filtered through a 100 M mesh that had been cleaned in 5% HCI (trace
metal grade) for one day and rinsed thoroughly with clean MilliQ) prior to use. Samples for an
initial time point measurement of each sample type were collected from the tow fish directly
after the treatment bottles were filled. Bottles were incubated in temperature controlled on
deck incubators set to the in situ mixed layer temperature with blue shading to simulate
mixed layer light conditions for 3 or 4 days. Samples were only collected at the final time
point in order to minimize the possibility of trace metal contamination. Each experiment
had three treatments and a no amendment control. The experimental design was based on
expected nutrient limitation and expectations of the in situ nutrient concentrations. In the
northern TZ experiment, at 41.4 °N, treatments were high Fe (2 nM), low Fe (0.3 nM), high
NPFe (10 uM N, 1 uM P, 2 nM F); in the mid TZ experiment, at 37 °N, treatments were
high Fe (1 nM), high NP (5 uM N, 0.5 uM P), high NPFe (5 uM N, 0.5 uM P, 1 nM Fe); in
the southern TZ experiment at 33 °N, treatments were high NP (5 uM N, 0.5 uM P), low
NP (0.5 uM N, 0.05 uM P), high NPFe (5 puM N, 0.5 uM P, 0.5 nM Fe, details in Table
4.1). Fe was added as FeClz, N was added as nitrate, P was added as phosphate. Initial
and final samples were collected for nutrient (N + N, SRP) concentrations, chlorophyll, flow

cytometry, 16S/18S amplicon sequencing, metatranscriptomics, and metabolomics.

4.3.8  Metabolite Sample Collection

Samples for metabolites were collected in HDPE sampling bottles from the CTD (10 L per
sample, in triplicate at each station and depth), ships underway uncontaminated water sys-
tem (10 L per sample, in triplicate at each time sampled), and from the nutrient amendment
incubation experiments (5 L per sample, one sample per bottle with triplicate bottles for
each treatment). Water was filtered through a 0.2 pm PTFE (Omnipore) filter using a
peristaltic pump, polycarbonate filter holder, and Masterflex PharMed BPT tubing (Cole-
Parmer). Filter sizes of 142 mm were used for 10 L samples and 47 mm diameter were used

for 5 L samples so that the total filtering time was less than 30 minutes for each sample.
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Several times during the cruise, filtered seawater was run through another 0.2 ym PTFE
filter to collect methodological blank samples. Size fractionated metabolite samples were
collected at four stations along the cruise track (stations 3 - 28.4 °N, 4 - 32.2 °N, 5 - 36.1 °N,
and 6 - 39.8 °N). These samples were collected by processing a fourth replicate from 15 m
and filtering first through a 3 pum pore size polycarbonate filter and then through a 0.2 pym
PTFE filter. Only the 0.2 um PTFE filter was processed, resulting in a metabolome of just
the small size fraction. Filters were frozen in liquid nitrogen immediately after filtration and

stored at -80 °C until metabolite extraction.

4.3.4  Metabolomics sample processing and data analysis

Particulate metabolite extraction used a modified Bligh-Dyer method as described in Boysen
et al. [22]. Samples were analyzed with paired liquid chromatography mass spectrometry
using a Waters Acquity I-Class UPLC and a Thermo QExactive HF mass spectrometer with
electrospray ionization. The aqueous phase of each extract was analyzed using reversed
phase chromatography (Waters Acquity UPLC HSS Cyano column, 1.8 um particle size, 2.1
mm x 5 mm) in positive ionization mode with resolution of 120,000 and using hydrophilic
liquid interaction chromatography (HILIC, SeQuant ZIC-pHILIC column, 5 mm particle
size, 2.1 mm x 150 mm, from Millipore) with positive and negative switching with resolution
of 60,000. Samples were run in full scan mode. Pooled samples from the transect and the
nutrient amendment incubation experiment sample sets were run in both full scan mode and
data dependent acquisition mode to collect MS/MS fragmentation data on the top ten most
abundant mass features in each scan. Data dependent acquisition was always run with a
single ionization mode and at 60,000 resolution. Three runs for each chromatography and
ionization pairing were run, with collision energies of 20, 35, and 50.

Proteowizard was used to convert .raw files to .mzxml files [73] and Reifycs abf converter
was used to convert to .abf. Untargeted metabolomics data processing was conducted for
the two sample sets (transect samples and nutrient amendment incubation experiments)

separately to identify the most abundant metabolites in each sample set independently using
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MSDial version 4.18 [185], as described in the supplemental methods. After the independent
untargeted processing the mass features shared between the sample sets and unique to each
sample set were identified (as defined by a mz threshold of < 5 ppm difference and retention
time threshold of < 0.5 and 0.2 min for HILIC and RP chromatography respectively).
Skyline [72] was used to extract and integrate select mass features that were unique to the
transect sample set in the incubation experiment sample set so that they could be more fully
comparable. Skyline was also used to integrate select known metabolites that were not picked
by MSDial. Quality control and best matched standard normalization were performed as in
Boysen et al. (2018) in order to retain only high quality mass features and reduce variability
introduced during sample analysis [22]. After full processing, 435 metabolites were retained
in the incubation experiment metabolome and 240 metabolites were retained in the transect
metabolome. Only the overlapping compounds between the incubation experiments and
transect data were used in the transect data analysis presented here. This resulted in 203

metabolites analyzed across the cruise transect.

Univariate statistics

Analysis of variance (ANOVA) was used to determine which signals (metabolites, flow cytom-
etry cell counts, and flow cytometry biomass estimates) were significantly different between
treatments for each experiment. Two sided t-tests were used to determine which signals were
significantly different in a treatment compared to the control for each experiment. False dis-
covery rate (fdr) correction of p-values was used to reduce false positives. These analyses

were conducted in R using the stats package version 4.0.2.

Multivariate statistics

Multivariate analyses were conducted in R, using the vegan package (version 2.5-6) and clus-
ter package (version 2.1.0). To generate nonmetric multivariate dimensional scaling (NMDS)
plots, the normalized peak areas of metabolites were standardized by dividing by the max-

imum value in the relevant samples. A euclidean distance matrix was calculated based on
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the standardized metabolite data, and used to generate NMDS plots. Analyses were also
done using z-score standardization, where the metabolite values were standardized to have
a mean of zero and standard deviation of one across the relevant samples. The results were
not meaningfully different and we thus used maximum standardization to avoid any artifacts
generated due to non-normal distributions.

Metabolites, flow cytometry biomass estimates, flow cytometry cell abundances, and
chlorophyll concentration were clustered based on their maximum standardized values in
each experiment using the clara function, which uses a k-medoids based algorithm similar
to partitioning around medoids (pam). Clustering was done with 3 to 15 clusters, and
the number of clusters with the highest average silhouette width was picked as the best
representation of the data for each experiment. The silhouette width is a number between -1
and 1 where a higher number indicates a higher degree of within-cluster similarity compared
to out-of-cluster similarity. All replicate bottles were used to generate the clusters for the
experiments in order to capture the full bottle-to-bottle variability. Metabolites in the mixed
layer along the transect were clustered with the same methods, using full replicate data to

capture trends in metabolites based on the entire biological variability.

4.8.5  Amplicon sample collection and data processing

DNA for 16S and 18S amplicon sequencing was collected during the cruise transect and for
each of the incubation experiment treatments. Sampling and DNA extraction methods were
as described in Gradoville et al. (2020) [180]. Briefly, seawater was filtered through 3 pm
pore size polyethersulfone filters then onto 0.2 um pore size Supor filters using a peristaltic
pump. Samples were flash frozen in liquid N, and stored at -80 °C until processing. Samples
for DNA were extracted using the DNeasy Plant Mini Kits as described in Gradoville et al.
(2020). Details of DNA extraction and amplicon data processing are in the Supplementary
Methods. Briefly, DNA extracts were processed with a Fluidgm Access Array™ system
combined with Illumina MiSeq™ v3 sequencing set to a run length of 2 x 250bp. Analysis
of both 16S and 18S rDNA sequences were performed using the Qiime2 software suite [186].
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4.4 Results

4.4.1 Environmental conditions

We collected samples on a late spring meridional transect along 158 “W, and conducted incu-
bation experiments at three locations in the NPTZ (Figure 4.1A,B). A detailed description
of oceanic conditions is in Gradoville et al. (2020) [180], briefly, the sea surface temperature
declined as latitude increased, and salinity sharply declined north of 30.5 °N; indicating the
southern boundary of the subtropical frontal zone [187]. The second derivative of salinity is
used as a delineation between the NPSG and the NPTZ, and in 2017 this was at 32.8 °N
[180]. North of 38 °N, the surface salinity and salinity depth structure reflected the increased
influence of the subarctic gyre [180, 187]. Nutrient concentrations were low throughout most
of the cruise track. Combined nitrate and nitrite reached concentrations above 0.01 uM at
38 °N and above 1 uM at 40.6 °N (Figure 4.2A).

Particulate carbon (PC) concentration increased gradually beginning at 33 °N and con-
centration reached 5 uM near 37 °N (Figure 4.2A). Phytoplankton group specific biomass, as
estimated from underway flow cytometry, was characterized by sharp changes in community
structure. Synechococcus cell abundance increased rapidly starting at 33.3 °N. Prochlorococ-
cus cell abundance declined sharply north of 35.4 °N, coincident with another increase in
Synechococcus (Figure 4.2B,C). Photosynthetic picoeukaryotes less than 9 um in diameter
increased in abundance and biomass near 38 °N. The overall trend in PC was likely driven by
the combination of these three groups of organisms and by the larger eukaryotic plankton,
such as diatoms, haptophytes and dinoflagellates, that increase in abundance with increasing
latitude (in situ flow cytobot data, personal communication, A.E. White and M. Dugenne).

Eukaryotic organismal diversity was evaluated using 185 rDNA amplicon sequencing.
Along the cruise transect the small (< 3 pum) eukaryotes were dominated by dinoflagel-
lates with an increasing contribution of chlorophytes in the transition zone north of 34 °N
(Supplemental Figure 4.18). Haptophytes, metazoa, and ochrophytes all contributed sub-

stantially to the total gene copies. In the large size fraction of eukaryotes, dinoflagellates
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and chlorophytes were still important, but metazoa and apicomplexa contributed more to
the total gene copies. In anomalous samples at 28 °N and 33 °N, radiolaria contributed
significantly to the gene copies in both size fractions. The orders arthropoda (from meta-
zoa), dinophyceae (from dinoflagellates), and chloropicophyceae (from chlorophytes) were
important in the large size fraction samples, while syndiniales (from dinoflagellates), prym-
nesiophyceae (from haptophytes), mamiellophyceae (from chlorophytes), dinophyceae (from
dinoflagellates), and chloropicophyceae (from chlorophytes) were important in small size
fraction samples (Supplemental Figure 4.19).

The most noticeable trend in prokaryotic diversity over the transect based on 16S gene
copies was the decrease of the cyanobacterial order Oxyphotobacteria in the small size frac-
tion (Supplemental Figures 4.20, 4.21). The contribution of Bacteroidia increased with lati-
tude in both size fractions. In the small (< 3 pum, free living) size fraction, the contribution

of Gammaproteobacteria also increased with latitude.

4.4.2  Metabolites along the cruise track

In order to focus on the nutrient incubation experiments, a subset of 203 metabolites that
overlapped with the metabolites detected in the incubation experiments were selected for
analysis in this study. Of those metabolites, 71 were quantified using isotopically labeled
isotopologues as internal standards or authentic standards analyzed in a relevant environ-
mental matrix, as described in the methods. The total concentration of these 71 metabolites
generally mirrors total PC, with an increase in concentration beginning near 33 °N and
reaching a maximum concentration near 40 °N (Supplemental Figure 4.22 top). The relative
composition of the metabolites is more variable, with sucrose and 4-hydroxyisoleucine, and
isoleucine contributing more in the subtropical gyre and homarine contributing more in the
transition zone (Supplemental Figure 4.22 middle). There is also some variability in the pro-
portion of PC that these metabolites comprise, at most stations these metabolites totaled
less than 4% of total PC, however at some stations in the NPSG and in the NPTZ these

same 71 metabolites were more than 6% of PC. This variability was driven by two stations
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in the NPTZ with concentrations of homarine that alone reached 3% of PC (Supplemental
Figure 4.22 bottom). One of these locations was station 5 at 36.1 °N, where 88 + 9% of
homarine was in the small size fraction (0.2-3 pm). At the three other stations with size
fractionated metabolite samples, the small size fraction contributed less than 40 % of total
homarine (Supplemental Table 4.3).

The 203 metabolites that overlapped with the experiment and that were in a majority
of the mixed layer samples were clustered based on their relative abundance in the samples
from the mixed layer along the cruise transect, resulting in 7 clusters. The largest number
of metabolites (123) were in groups 1-3, which had maximum metabolite abundance at 39.5
°N (station 8), with decreasing concentrations to the south (Supplemental Figure 4.23).
Many known metabolites including amino acids and nucleobases fell into these groups along
with the osmolytes glucosylglycerol and gonyol and all carnitines. Group 6 contained 30
metabolites that had maximum concentrations at 39.76 °N, near station 8 but collected two
days earlier. Group 7 contained metabolites that had highest concentrations in the northern
stations, but with appreciable concentrations in the southern stations as well (Supplemental
Figure 4.24). Compounds in this cluster included glycine betaine, homarine, proline betaine,
glutamine, glutamic acid, and guanine. Group 5 had seven metabolites with a decreasing
trend across the transect, including arsenobetaine and sucrose (Supplemental Figure 4.24,
and Supplemental Figure 4.23). South of 39 °N, more than 75% of sucrose was in the small
size fraction, while only 13% of sucrose was in the small size fraction at 39.8 °N. Group 4

contained 13 metabolites that had no strong trend with latitude.

4.4.8  Nitrate rather than iron addition stimulates metabolic changes in the northern tran-

sition zone experiment at 41.4 °N

In the northern transition zone experiment, at 41.4 °N, significant increases in chlorophyll
(p < 0.05) occurred only in the NPFe treatment (Figure 4.3A). In situ dissolved inorganic
nitrogen (DIN) and iron concentrations in the surface mixed layer were 2 uM and 0.3 nM,

respectively, resulting in a N:Fe ratio of 6 uM:nM (Table 4.1). After four days of incubation,
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DIN was drawn down to 0 in the control, high Fe, and low Fe treatments (Figure 4.3B). The
NPFe treatment in the northern transition zone experiment had residual DIN after the four
days of incubation, but total drawdown (6 uM) was much greater than that for the control,
high Fe, and low Fe treatments (2 uM, Figure 4.3C).

Though there was a significant increase in chlorophyll concentration and a large nitrate
drawdown, the biomass of picoeukaryotes and Synechococcus were relatively stable across
treatments, with some bottle to bottle variability but no significant differences between
treatments (Figure 4.3E,G). Diatoms increased their representation in the metatranscriptome
in the NPFe treatment compared to the control by three fold, with a greater increase in
replicate bottle A than in bottles B and C (personal communication, Ryan Groussman).

In the northern transition zone experiment, the incubation bottles did not have dramat-
ically different prokaryotic and eukaryotic diversity after 4 days of incubation, compared to
the in situ samples or when compared to other treatments (Figures 4.4, 4.5, Supplemental
Figure 4.25). Bottle to bottle variability within treatments stood out most in the control,
where control bottle A had more Chlorophyta or less dinoflagellates compared to bottles B
and C in the small size fraction. The contribution of 18S genes from haptophyta, ochro-
phyta, and apicomplexa were quite variable between bottles but without a strong trend
differentiating one treatment from another (Figure 4.4).

75 metabolites were statistically different between treatments in the northern transition
zone experiment (ANOVA fdr-corrected p-value < 0.05, Table 4.2). The difference between
treatments was driven by the dramatically different NPFe treatment, while the high Fe
and low Fe treatments were not distinguishable from the control in a NMDS plot (Figure
4.3H). Univariate statistics supports this difference; 56 metabolites were significantly different
between the control and the NPFe treatment and no metabolites were significantly different
between the Fe treatments and the control (t-test fdr-corrected p-value < 0.1, Supplemental
Figure 4.26).

The metabolites and flow cytometry biomass and cell abundance signals within this ex-

periment clustered into six groups characterized by 1: no strong trend across the treatments
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but high bottle to bottle variability (n = 32), 2: an increase in the NPFe treatment, particu-
larly bottles B and C (n = 91), 3: generally no trend across the treatments and low bottle to
bottle variability (n = 106, including Synechococcus abundance and biomass, picoeukaryote
abundance), 4: lower concentration in the NPFe treatment (n = 58, including picoeukary-
ote biomass), 5: high concentrations in all three bottles of the NPFe treatment (n = 55,
including chlorophyll), 6: high concentrations in the bottle C of the NPFe treatment (n =
78) (Figure 4.31, Supplemental Figure 4.27, Table 4.2).

Overall more C and N could be quantified in metabolites in the NPFe treatment com-
pared with the control or any other treatment (Figure 4.3H, Supplemental Figure 4.28).
This increased seemed to be driven by an increase in glutamic acid, especially in the NPFe
replicate bottles B and C (Supplemental Figure 4.29). Metabolites with significant changes
were elevated in the NPFe treatment compared to the control and three of the six clusters of
metabolites had elevated concentrations in the NPFe treatments, similar to chlorophyll. How-
ever, the largest cluster of metabolites (cluster 3) included Synechococcus and picoeukaryote
abundance and contained metabolites with little difference between treatments. Some of the
common bottle to bottle variability in metabolites (for example cluster 6 where bottle C of
the NPFe treatment showed very high concentrations of 78 metabolites) could not be easily

explained by the 18S or 16S gene copies.

4.4.4  Nitrate and iron addition stimulate metabolic changes in the mid transition zone

experiment at 37 °N

In the mid transition zone experiment, at 37 °N, only the NPFe treatment had a significant
increase in chlorophyll, though a small increase occurred with the NP only treatment (Figure
4.6A). Thus, this location is defined as N and Fe co-limited. At this station, there was very
low DIN in situ of 0.06 4M and iron concentration of 0.51 nM, resulting in a N:Fe ratio of
0.11 (Table 4.1). There was residual DIN in both the NPFe and NP treatments after three
days of incubation (Figure 4.6B). DIN drawdown was greater in the NPFe treatment (~ 2
uM) than the NP treatment (~ 1.5 uM), despite treatments receiving equal nitrate additions
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(Figure 4.6C, Table 4.1).

Phytoplankton groups enumerated with flow cytometry did not show a similar trend as
chlorophyll. Picoeukaryote abundance and biomass increased with added nitrogen, regardless
of iron addition (Figure 4.6E). Prochlorococcus survived well enough to be counted in this
experiment, and the replicate bottles had variable Prochlorococcus biomass and cell counts
but no significant differences between treatments. Synechococcus biomass was lower in the
Fe treatment compared to the other treatments. The control treatment bottle B had an
anomalously high Prochlorococcus and Synechococcus biomass (Figure 4.6F,G).

Overall, the 18S diversity showed increased gene copy contribution from chlorophyta in
the NPFe and NP treatments in the mid transition zone experiment (Figure 4.4, Supplemen-
tal Figure 4.30). Bacteroidia contributed more to the large size fraction 16S gene copies in
the control and NPFe treatments. Alphaproteobacteria and Oxyphyotobacteria contributed
more to the small size fraction 16S gene copies in the Fe treatment and NP treatment (Sup-
plemental Figure 4.20). There was again high bottle-to-bottle variability within treatments.
Control bottle B looked quite different from bottles A and C (Supplemental Figure 4.30),
with more dinoflagellates and apicomplexa and less of other classes (Figure 4.4). In the
prokaryotic community, control bottle A had a larger contribution of Alphaproteobacteria
and less Bacteroidia in the small size fraction compared to the bottles B and C (Figure 4.5).
Bottle B of the NPFe treatment also looked different with more dinoflagellates and apicom-
plexa. Bottle A of the NP treatment had more haptophytes and Ochrophyta than bottles
B and C from that treatment. Examining the order level showed an increase in Bacillario-
phyta (diatoms) in the NPFe treatments and NP treatment bottle A (Supplemental Figure
4.19). The diatoms increased their contribution to the total metatranscriptome reads ten
fold in the NPFe treatments compared to the control, corroborating the 18S data (personal
communication, Ryan Groussman).

152 metabolites were statistically different between treatments in the mid transition zone
experiment (ANOVA fdr-corrected p-value < 0.05, Table 4.2). Most of the 152 metabo-

lites that were significantly different were significantly different between the NPFe treatment
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and the Fe treatment. 37 metabolites were significantly different based on NP addition
alone, when comparing the NPFe and NP treatments together against the Fe and control
treatments together. Multivariate analysis visualized with an NMDS plot showed that the
treatment groups were different from each other (Figure 4.6H). However, only 11 metabo-
lites were significantly different in the NP treatment from the control, while no metabolites
were significantly different in the NPFe compared to the control or in the Fe treatment com-
pared to the control (t-test fdr-corrected p-value < 0.1, Supplemental Figure 4.26). The
quantified metabolites showed elevated concentrations in the NP and NPFe treatments and
in the control treatment bottle B, where homarine concentrations increased substantially
(Supplemental Figure 4.31).

The metabolites in this experiment clustered into three groups, characterized by 1: high
concentrations in NPFe treatment and low concentrations in the Fe only treatment (n = 170,
includingSynechococcus and picoeukaryote abundance and biomass), 2: highest concentration
in the control treatment bottle B where there were more dinoflagellates and apicomplexa
18S gene copies, and high Prochlorococcus, Synechococcus, and bacterial biomass (n = 79,
including Prochlorococcus biomass), and 3: highest concentrations in the NPFe treatment,
especially bottle B where there were more dinoflagellates and apicomplexa 18S gene copies,
and NP treatment (n = 162, including chlorophyll) (Figure 4.6J, Supplemental Figure 4.27,
Table 4.2).

Though chlorophyll changed significantly only in the NPFe treatment compared to the
control, evaluating the biomass changes of specific phytoplankton groups and the concentra-
tion changes of metabolites showed many other physiological responses. The picoeukaryotes
and many metabolites showed changes in response to any N addition. Total quantified C and
N in metabolites was elevated to a similar level in the NP and NPFe treatments, and was
significantly depleted in the Fe treatment compared to the control (Figure 4.61, Supplemental
Figure 4.28).
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4.4.5 Nitrate stimulates metabolic changes in the south experiment at 33 °N

In the southern transition zone experiment, at 33 °N, chlorophyll increased significantly in
the high NP and NPFe treatments, with a smaller and not significant increase in the low
NP treatment (Figure 4.7A). There was only 0.01 pM DIN in situ at this station (Figure
4.2). Dissolved iron concentration in situ was 0.22 nM, resulting in a N:Fe ratio of 0.045
puM:nM. After three days of incubation, the added nitrate was fully drawn down in two out
of the three bottles of the low NP experiment, but the high NP and NPFe treatments had
residual DIN at the end of the three day incubation, after drawing down ~1.2 uM of the 5
puM addition, respectively (Figure 4.7B,C).

Chlorophyll concentration primarily responded to NP addition, and the individual phy-
toplankton groups, as enumerated by flow cytometry, showed similar responses to the treat-
ments. Picoeukaryote biomass increased with added nitrogen, though again it was variable
between bottles (Figure 4.7E). Procholoroccus only survived in the high NP treatment (Fig-
ure 4.7F). Synechococcus survived in any treatment with added N but not in the control
treatment (Figure 4.7G). Bacterial biomass was elevated in the High NP treatment Figure
4.7D).

In the south transition zone experiment, the incubations looked quite different from the in
situ samples from the same station, but quite similar to other in situ communities at nearby
stations, suggesting the corresponding station data was anomalous and not representative
of the starting conditions of the experiment (Figure 4.4 top, Supplemental Figure 4.18).
The treatments did not cluster together based on 18S diversity in multidimensional space,
but the high NP bottles B and C were quite different in their eukaryotic diversity than the
other bottles (Supplemental Figure 4.32). The high NP bottles B and C which had more
chlorophytes in the small size fraction than the other bottles. The prokaryotic community was
also different in the high NP treatment bottles B and C, where Bacteroidia (Flavobacteriales
order) contributed much more to the total gene copies (Supplemental Figures 4.20, 4.21).

These two bottles were where Procholoroccus survived and bacterial biomass was high. High
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NP bottle C also had a greater contribution from dinoflagellates in the large size fraction.

Though chlorophyll, picoeukaryotes, Prochlorococcus, and Synechococcus all showed some
N response, only twelve metabolites were statistically different between treatments in the
south transition zone experiment (ANOVA fdr-corrected p-value < 0.05, Table 4.2). Mul-
tivariate analyses visualized with an NMDS plot show overlap between NPFe and high NP
treatments, while the low NP and control groups were separate (Figure 4.7H). Only one
metabolite was significantly different between the high NP treatment and the control (fdr-
corrected p-value < 0.1, Supplemental Figure 4.26).

The metabolites in this experiment clustered into six groups characterized by 1: elevated
concentrations in the high NP treatment (n = 92, including picoeukaryote abundance and
biomass and most significantly different metabolites), 2: no strong trend across treatments
(n = 56, including chlorophyll, and Synechococcus), 3: lowest concentration in the control
and high bottle to bottle variability with highest concentrations in NPFe bottle A (n =
40), 4: highest concentration in high NP treatment replicate bottle B (n = 53), 5 and 6:
highest concentrations in high NP treatment replicate bottles B and C, where there were
more chlorophytes in the small size fraction 18S genes, and more Bacteroidia in the 16S
genes, more Prochlorococcus and Synechococcus and heterotrophic bacterial biomass (group
5n = 77, group 6 n=88) (Figure 4.7J, Supplemental Figure 4.27, Table 4.2).

Overall most changes in metabolites and phytoplankton biomass mirror the chlorophyll
concentration, with elevated concentrations when high concentrations of nitrate were added.
Total C and N in quantifiable metabolites also reflected these changes, with C and N in
these metabolites doubling in the high NP and NPFe treatments compared to the control,
and an increase of ~30% in the low NP treatment (Figure 4.7 I, Supplemental Figure 4.28).
There were few significantly different metabolites due to high bottle to bottle variability in
the high NP treatment. This variability was also in the 16S and 18S diversity.
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4.4.6  Specific metabolite changes in the incubation experiments
Mycosporine-like Amino Acids

Of the 435 metabolites that were analyzed in this dataset, only four metabolites were sta-
tistically different between treatments for all three experiments (Figure 4.8). None of these
four metabolites were compounds for which we have authentic standards. However with the
exact mass and MS/MS spectra we were able to putatively identify them. One is likely the
mycosporine-like amino acid (MAA) usujirene or the MAA palythene, two compounds that
are cis/trans isomers. Another is likely the MAA palythanic acid. A third has the exact
mass of the MAA shinorine (m/z at 331.11505 with negative ionization), but has a frag-
mentation spectra that does not match the literature. The fourth has a m/z of 439.1016 in
positive mode (which matches the mass of the vitamin B2 metabolite, riboflavin cyclic-4’,5-
phosphate) (Figure 4.9). Two of these four compounds, m/z 331.1150, and the candidate
for palythanic acid, have remarkably similar patterns between the experiments, with concen-
trations that were responsive to N addition (Figure 4.9). They both were dominantly in the
large (> 3 pm) size fraction with <10% in the small size fraction at all latitudes (Supple-
mental Table 4.3). The metabolite that is likely usujirene or palythene has a similar pattern
of increasing concentration with N addition, but the concentration of this metabolite in-
creased even further in the NPFe treatment in the mid transition zone (37 °N) experiment, a
similar pattern to chlorophyll. The metabolite that is likely riboflavin cyclic-4’,5’-phosphate
also increased in concentration with increasing N, but in the southern experiment showed
a stronger response to the high NP treatment than the NPFe treatment, similar to that of
chlorophyll (Figure 4.7A).

Three other likely MAAs were identified in the experiments and showed differential abun-
dance in some treatments with generally increased concentration in N and NPFe treatments
for all experiments, even if they were not significantly different based on the criteria set
here (Figure 4.10). The metabolite that is potentially asterina (m/z 289.13928) was the

only potential MAA that was not responsive to N in all experiments. The transect dataset
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contained high quality data for four out of the five MAAs as well as the two other metabo-
lites that changed significantly between treatments in all three experiments, m/z 331.1150
and the tentatively identified riboflavin cyclic-4’,5’-phosphate. All of these metabolites ex-
cept usujirene/palythene and asterina had low concentrations in the NPSG and a maximum

concentration just before 40 °N (Figure 4.11).

Osmolytes

Despite the small number of compounds that were consistently different in all experimental
treatment at all locations, both the northern transition zone and mid transition zone experi-
ments had many metabolites that separated the treatments (Figure 4.8, Supplemental Figure
4.26). The 41 metabolites that were different between treatments in both the northern tran-
sition zone and mid transition zone experiments include glutamine, homoserine, s-adenosyl
homocysteine, proline, aspartic acid, taurine, uric acid, and L-5-Oxoproline. Proline and
tuarine are nitrogenous osmolytes, and their presence on this list suggested that nitrogenous
compounds that accumulate to high intracellular concentrations may be influenced by a sud-
den increase in DIN. While the six other nitrogenous osmolytes that we measured were not
significantly different between all the treatments, there was a dominant trend of increasing
with increased DIN addition. Homarine, taurine, proline, glutamic acid, and trimethylamine
N-oxide (TMAO) showed elevated concentrations with added nitrate. Glycine betaine, pro-
line betaine, and TMAP increased in the south transition zone experiment (at 33 °N) high
NP treatment, but not in the mid or northern transition zone experiments (Supplemental
Figure 4.33, Figure 4.12) However, these changes may not be related to the N-content of
these compounds.

The non-nitrogenous osmolytes we measured also increased with high and low NP addi-
tions in the south transition zone experiment, with the exception of gonyol (Figure 4.12, Sup-
plemental Figure 4.34). DHPS, isethionic acid, and glucosylglycerol concentrations increased
with added nitrate in the northern transition zone and mid transition zone experiments, and

in the mid transition zone experiment showed an additional increase in the NPFe treatment.
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DMS-Ac and DMSP did not respond to nitrate addition in the northern- or mid transition
zone experiments (Supplemental Figure 4.34). Gonyol was highly variable across replicates,
with a slight negative correlation between nitrate addition and gonyol concentration. In
the northern and southern transition zone experiments, the treatments that received nitrate
had lower mean gonyol concentrations than those that did not receive nitrate (Supplemen-
tal Figure 4.34). Overall, the patterns in osmolyte concentration across the experiments
do not show nitrogenous osmolytes and non-nitrogenous osmolytes behaving categorically
differently (Figure 4.12).

In the transect, the dominant trend for osmolyte concentration was an increase with
latitude and maximum near 40 °N (Figure 4.12). The three exceptions to this trend were
sucrose, which showed a decrease in concentration with increasing latitude and was not
detected in the experiments, homarine, which showed a peak near 38 °N, and isethionic acid,

which continued increasing with latitude north of 40 °N (Figure 4.12).

Free Amino Acids

The concentrations of free amino acids showed relatively coherent patterns in the treatments
of the different incubations. In the northern transition zone experiment (41.4 °N) amino
acids had highest concentrations in the NPFe treatment, with the exception of alanine which
had the highest concentration in the high Fe treatment (Figure 4.13). In the mid transition
zone experiment (37 °N) most amino acids had the lowest concentration in the Fe treat-
ment and highest in the NP or NPFe treatment (Figure 4.13). In the south transition zone
experiment (33 °N), nearly all amino acids had the highest concentration in the high NP
treatment, and most had a higher concentration in the NPFe treatment than in the low NP
or control treatments (Figure 4.13). The exception to this trend was leucine which showed
no trend across the treatments in the south transition zone experiment. In the transect
data, amino acids uniformly increased with increasing latitude until a peak in concentration
near 40 °N (Figure 4.14), where the total metabolite pool also had maximum concentration

(Supplemental Figure 4.22).
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Metabolites that change with biomass signals

In order to determine which metabolites were associated with different organisms’ abundance,
metabolites, chlorophyll concentration, biomass and cell abundances from flow cytometry
for each experiment were clustered into groups that had similar behavior in the incubations
(Figures 4.31, 4.6J, 4.7J, Supplemental Figure 4.27, Table 4.2). We examined the overlapping
metabolites in the clusters that contained the biological variables from flow cytometry and
bulk chlorophyll.

Chlorophyll clustered with only two metabolites across all three experiments. These were
two unknown metabolites with exact masses of 317.1498 and 367.1618 in positive ionization.
Neither has associated fragmentation data to aid in identification. The mass feature with
m/z of 367.1617 is potentially a small peptide based on exact mass alone, which matches
with the empirical formula C;gH2N4Og.

Twenty five metabolites clustered with picoeukaryote abundance and biomass. These
metabolites included two carnitines (acetyl-l-carnitine and butyryl-l-carnitine), homarine,
trigonelline, sulfanilic acid, dimethylsulfonioacetate (DMS-Ac), and indole-3-carboxaldehyde.
Additional mass features identified in our untargeted data include iodine, a metabolite with
the exact mass of methyladenosine, and several unknown metabolites that are identified as
primarily produced by dinoflagellates in Heal et al. (2020) [41].

Twenty one metabolites clustered with Synechococcus abundance. These include propionyl-
l-carnitine, alanine, and trimethylamine N-oxide. There were also mass features in this cluster
that were identified in the phytoplankton metabolome data in Heal et al. (2020) as primarily
produced by dinoflagellates or by diatoms [41].

Prochlorococcus only survived in the mid-TZ experiment at 37 N, so the metabolites that
cluster with Prochlorococcus biomass are those in cluster 2 of the mid transition zone ex-
periment. These include hypotaurine, carnitine, trimethylammonium propionate (TMAP),
sarcosine, arsenobetaine, betaine, ectoine, 4-hydroxyisoleucine, betonicine, guanosine, pro-

line betaine, and tryptophan. Other mass features in this group were also identified in
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microbial community metabolomes from the NPSG and NPTZ collected in spring 2016 but

were rarely or never seen in the metabolomes of laboratory cultures of phytoplankton [41].

Carnitines

Several carnitines clustered together with picoeukaryote biomass and abundance across all
the experiments, so we examined their signals more closely. We found one other putative car-
nitine in the untargeted metabolites in our dataset based on exact mass, fragmentation, and
retention time on the RP column. The putative C5-acylcarnitine has a m/z of 246.1701 and a
retention time of 2.0 minutes with major fragments of 220 ,187, 85, and 60 da. These smaller
two fragments are also found in the spectra of the acetyl-L-carnitine authentic standard, and
the 187 da fragment corresponds to the loss of a trimethylamine group from C5-acylcarnitine
(Supplemental Figure 4.35).

The four carnitines in the transect data increased with increasing latitude, with three
reaching peak concentration at ~40 °N and butyryl-l-carnitine continuing to increase with
latitude (Figure 4.15). Though the putative C5-acylcarnitine was not identified in the tran-
sect dataset, we can infer its in situ concentrations from the experiments. The initial abun-
dance of the putative Ch-acylcarnitine was an order of magnitude higher in the northern
transition zone experiment than the mid transition zone and south transition zone experi-
ments (Figure 4.16). The five carnitines were not significantly different among any of the
individual treatments compared to the controls (fdr-corrected p-value > 0.05). However, in
the southernmost experiment (33 °N), all five carnitines had high concentrations in the high
NP treatment and butyryl-l-carnitine and propionyl-L-carnitine had high concentrations in
the NPFe treatment (Figures 4.17, Figure 4.16). In the mid transition zone experiment (37
°N) all five carnitines had lowest concentrations in the Fe treatment (Figure 4.17). In the
northernmost experiment (41.4 °N), where there were high in situ carnitine concentrations,
there was no strong trend in concentration across the treatments in carnitine or acetyl-1-
carnitine. The longer chain carnitines showed slightly elevated concentrations in the high Fe

experiment (Figure 4.17).
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4.5 Discussion

4.5.1 Nitrogen limitation dominates the NPTZ in the spring

The boundaries of oceanic gyres are regions where nutrient co-limitation is predicted based
on phytoplankton physiology from satellites and modeled nutrient concentrations [35, 168].
Here we provide evidence that parts of the NPTZ may be nitrate and iron co-limited. In
the mid-transition zone experiment at 37 °N there was a significant increase in chlorophyll
concentration only when both N and Fe were added (Figure 4.6A). Nitrogen addition alone
controlled chlorophyll responses in the experiments at 41 °N and 33 °N (Figures 4.3A 4.7A).

Given the actual in situ concentrations of iron measured in the transition zone during
this cruise, the iron co-limitation is surprising. Iron was elevated in the mid-transition zone
region (Table 4.1), resulting in an N:Fe ratio of 0.11 (uM:nM). This value is dramatically
lower than the ratio that is considered iron limiting for diatoms (N:Fe > 10) [188], less than
the ratios in the south Atlantic where N and Fe co-limitation was found (N:Fe between
0.5-1.5) [35], and less than the N:Fe ratio in the North Pacific where Procholoroccus was
simultaneously N and Fe limited (N:Fe ~1.6) [171].

Iron was delivered to the NPTZ by aerosols from Asia that had both mineralogical and
anthropogenic sources [182]. The iron delivery that began in March of 2017 coincided with
longer day lengths and likely fueled nitrate drawdown [182]. Though the Ekman supply of
nitrate diminished as the spring progressed [34], the aerosol iron delivery continued until
June, leaving the mid-transition zone with significant residual iron and almost no residual
nitrate (Table 4.1, Figure 4.1B) [182]. The type of iron may change the bioavailability.
We suggest that though there was high dissolved iron in situ, diatoms responded to iron
additions in the northern- and mid-transition zones because the residual aerosol iron was not
as bioavailable as the added FeCls. Though total chlorophyll suggested co-limitation at 37
°N, nitrate alone controlled the responses of many individual groups of phytoplankton and of
many metabolites both at 37 °N and in the incubation experiments to the north and south.

In the mid-transition zone experiment, diatoms were likely the organisms that drove the
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total chlorophyll response (personal communication, Ryan Groussman). In this experiment
Procholoroccus did not respond to either N or Fe, and picoeukaryotes and Synechococcus
had biomass increases with any N addition. Different groups of organisms clearly experience
different limitations in the same water. By exploring the biochemicals that changed with
changes in different groups of organisms, we can begin to untangle the complex dynamics

underlying individual organisms’ nutrient response.

4.5.2  Metabolic changes indicative of nitrogen stress or stress relief

Though there were changes in the community metabolomes between treatments in each of
the three experiments, a ’golden ticket’ of a biomarker for nitrogen limitation remains elusive.
Many metabolites changed in response to nutrient amendments, but only four compounds
changed significantly between treatments in all three experiments (Figure 4.8). Two of these
four compounds, the unknown with m/z of 331.1150 and the candidate for palythanic acid,
were primarily responsive to N addition and thus are the best candidates identified here
for future investigation into use as biomarkers for nitrogen stress relief or limitation (Figure
4.9). In the transect, both of these metabolites were dominantly in the large (> 3 pm) size
fraction, had relatively low concentrations in the gyre and southern portion of the NPTZ,
and reached a maximum concentration just before 40 °N (Figure 4.11, Supplemental Figure
4.24, Supplemental Table 4.3). Despite their change in all three experiments, even these

molecules likely reflect physiology changes in only a subset of the microbial community.

MAAs

The five potential MAAs measured in the experiments here behaved fairly coherently, with
increased concentrations with added nitrate (Figure 4.10). MAAs are made of a central
aminocyclohexenone ring or aminocyclohexenimine ring, with possible conjugations to nitro-
gen or aminoalcohol. These secondary metabolites are UV-absorbing compounds produced
by diverse organisms including micro and macroalgae, fungi, and cyanobacteria that have

known roles in photoprotection and other stress responses [189, 190]. Ammonium stimulates
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MAA production in cyanobacteria and algae, and it has been proposed that these nitrogen
rich compounds can be used as a resource during nitrogen limitation [191, 192]. However, the
extent to which MAAs can be used as a nutrient resource is unknown because the pathways
of MAA degradation and nitrogen mobilization remain unidentified [190]. The incubations
here were done in shaded incubators and all treatments were exposed to the same light condi-
tions, therefore we suggest that the MAA changes were due to organisms synthesizing these
compounds in excess as a strategy for future nutrient stress, oxidative stress, or UV-light
exposure.

Organisms that produce MAAs typically produce only a select few and thus MAAs have
some organism specificity [193]. Some organisms produce MAAs constitutively and others
only in response to UV light exposure [190]. In phytoplankton metabolomes, MAAs were
dominantly produced by dinoflagellates, with the exception of the putative asterina (m/z of
289.13928), which was produced by Crocosphaera [41]. Asterina is also produced by other
organisms including freshwater cyanobacteria and the macro-red-algae Gelidium sesquipedale,
Devalerea ramentacea, and Palmaria palmata [193, 194, 195]. Asterina was the only MAA
in these experiments that was not elevated with N addition in the southern transition zone
experiment, suggesting that the response of the other four MAAs in these experiments may
be indicative of dinoflagellate nitrogen limitation relief.

The osmolyte gonyol is produced in extremely high intracellular concentrations by some
dinoflagellates [41, 196]. In the size fractionated samples across the transition zone, > 80%
of gonyol is in particles > 3 pm in diameter, suggesting larger organisms, including dinoflag-
ellates, were responsible for its production (Supplemental Table 4.3). However, gonyol does
not behave similarly to MAAs in these experiments, and instead is variable but relatively
steady concentration between treatments, suggesting little change in dinoflagellate biovol-
ume and biomass (Supplemental Figure 4.34 bottom). The difference in behavior between
these potential dinoflagellate biomarkers and the absence of extreme UV light stress in our
incubators suggests that MAAs be a fairly taxon specific indication of a physiological change

in response to nutrient availability. More investigation into the identity of the MAA candi-
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dates here and their distribution under varying nutrient conditions in the surface ocean and

in pure cultures will shed light on the cellular roles of these metabolites.

Free amino acids

Cellular free amino acids respond rapidly to nitrogen stress, declining dramatically in con-
centration when N is limiting [197]. In these incubation experiments, the concentrations of
most free amino acids did increase with the addition of nitrogen (Figure 4.13). There were
a few exceptions to this trend, however, with select amino acids such as alanine and leucine
showing little or no response to N addition. Particulate free amino acids have diel cycles
in the marine environment, with maximum concentrations in the afternoon and evening,
suggesting that in the absence of nutrient changes they are indicative of overall anabolic ac-
tivity and growth [30]. The changes in our observed experiments likely reflect a combination
of increased growth and anabolism due to nutrient addition and the independent nitrogen
response.

The ratio between free glutamine (Gln) and glutamate (Glu) has been used as an indi-
cator of nitrogen stress in organisms from bacteria, to yeast, to algae, with higher Glu:Gln
in nitrogen limitation [198, 199, 200]. In the northern-transition zone experiment, the ra-
tio of Glu:GIn decreased when nitrogen was supplied, as we expected. However, Glu:Gln
showed no change between the control and the nitrogen treatments in the mid-transition
zone experiment, and increased when nitrogen was supplied in the southern experiment,
the opposite of expected (Supplemental Figure 4.36A). This opposite trend of the expected
changes in Glu:GIn was also observed in the North Pacific subtropical gyre when a natural
nutrient fertilization occurred associated with a lava flow (Supplemental Figure 4.36B)[201].
Community composition has the potential to have a strong influence on the Glu:Gln ratio,
since some organisms use glutamate as an osmolyte and accumulate it to high concentra-
tions [41, 202, 203, 43]. In the in situ transect metabolomes, glutamine and glutamate had
different patterns. Glutamate steadily increased with latitude and glutamine had a mid-

transition zone concentration minima. Glu and Gln additionally had different proportions in
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the < 3 pm size fraction, particularly at 39.8 °N where ~75% of glutamate but only ~17%
of glutamine was in the small size fraction (Supplemental Table 4.3). On the community
level these molecules seem to have different dominant sources, and the change in community
diversity and multiple uses of glutamate and glutamine beyond their role in nitrogen assim-
ilation overwhelm the signal of nitrogen limitation and stress relief that is observed in pure

cultures.

Osmolytes

We might expect major pools of flexibile nitrogenous compounds to be exchanged for non-
nitrogenous compounds when N is limited. This has been shown to occur for phosphorus,
where phytoplankton change their lipid use to replace phospholipids with non-phosphorus
membrane lipids when living in phosphate deplete waters [204]. Like amino acids, nitroge-
nous osmolytes are a large pool of flexible cellular nitrogen and potentially could be replaced
with osmolytes that do not contain nitrogen [43, 205, 206, 173]. The nitrogenous osmolytes
with lower C:N ratios often increased with nitrate addition in the experiments (Figure 4.12).
This could be due to a change in the preferred osmolytes of microorganisms in response to
N availability. In cultures of a haptophyte, glycine betaine, an osmolyte with a C:N ratio
of 5, showed a strong increase in concentration in response to N-resupply, while DMSP, an
osmolyte with no nitrogen, showed an insignificant change [173]. The observed trend could
also be due to a change in community composition and biomass during the incubation. Phy-
toplankton community composition has a strong impact on environmental metabolomes, and
osmolytes isethionic acid, taurine, DMSP, DMS-Ac, and DHPS, are signatures of eukaryotic
phytoplankton [32, 41]. Tt is possible that in many organisms osmolytes are truely ’dead
end’ metabolites, and thus organisms cannot mobilize these nitrogen containing compounds
into a form that can be used for biomass production [207, 42]. If this were the case for
organisms in the NPTZ, the physiological explanation of osmolyte switching under N-replete
and N-limited conditions would not be environmentally relevant. In our study, the lack of

a coherent categorical difference in response between osmolytes with and without nitrogen
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suggests that osmolytes are indicative of microbial biomass and diversity changes during
incubation (Figure 4.12), supporting previous work that showed no simple switch between
DMSP and GBT or homarine after nitrogen addition in the Gulf of Maine [208].

Homarine is an example of an osmolyte that is somewhat organism specific and reflect
overall organism abundance rather than physiology. Homarine can be produced by eukaryotic
algae [112], but it is made in copious quantities by several strains of Synechococcus [41]. In
the southern transition zone experiment, the homarine concentration increased in the NP
treatments and in the mid-transition zone experiment homarine concentration increased in
the N addition treatments and in control treatment bottle B (Supplemental Figures 4.37,
4.31). These were all conditions in which Synechococcus thrived. One of the stations in
the transect that had extremely high homarine concentrations, at 36.1 °N, was also where
nearly all of the homarine was in the small size fraction between 0.2 and 3 pm (Figure 4.22,
Supplemental Table 4.3). Synechococcus biomass was greater than picoeukaryote biomass
at this latitude (Figure 4.2). Together these observations indicate that the high homarine
concentration near 36 °N and in the southern and mid-transition zone incubation experiments
may be biosignatures of Synechococcus. This example indicates that the osmolyte trends in
the incubations are likely a signal of particular groups biomass and biovolume changing

rather than osmolyte switching.

Carnitines

Carnitines are a group of compounds based on the quaternary amine 3-hydroxy-4-N N N-
trimethylaminobutyrate (known as carnitine), with acetylations of various carbon chain
lengths. Carnitines are essential in energy production because of their role in the transport of
fatty acids into the mitochondria for S-oxidation of fatty acids to generate acetyl-coA which
then fuels the citric acid cycle. In addition to its role in fatty acid metabolism, carnitine is
also a compatible solute that can provide osmoprotection and cryoprotection [209, 210]. In
the NPSG and southern part of the transition zone, greater than 50% of carnitine was in

particles < 3 um in diameter, while in the northern portion of the transition zone, at 39 °N,



118

only ~25% of carnitine was in the small size fraction, suggesting a change in the dominant
organisms producing this molecule. In contrast, ~35% of acetyl-l-carnitine was in the small
size particles in the NPGS and in the northern transition zone this dropped to 3%, while
propionyl-l-carnitine and butyryl-l-carnitine were below the limit of detection in the small
size fraction and thus we can assume a majority was in the large size fraction. These differ-
ences in sources, and the additional role of carnitine as a compatible solute, may explain the
different trends between the acylcarnitines and carnitine in our experiments (Figure 4.16).
The shortest chain modification, acetyl-l-carnitine, serves as a direct replenishment of
acetyl-coA and thus influences many cellular functions [211]. Mining the untargeted metabo-
lite data generated as part of Chapter 3, we found that acetyl-l-carnitine has a strong diel
periodicity with a peak in the evening while the longer chain butyryl-l-carnitine did not have
a diel periodicity. The differences likely relate to the direct role acetyl-l-carnitine has in cen-
tral metabolism by replenishing acetyl-coA while butyryl-l-carnitine is more constrained in
its cellular role of fatty acid degradation. Acylcarnitine concentrations decrease in diatoms
under vitamin By limitation but not under light limitation, and thus their concentrations
are not simply a function of growth rate [100]. The four acylcarnitines had similar concentra-
tion patterns in our experiments, with increased concentration in the southern experiment
high NP treatment, and a decrease when no N was provided in the mid-transition zone ex-
periment (Figures 4.16, 4.17). Algae are known to produce storage lipids, including fatty
acids and fatty acid containing triacylglycerols, under nitrogen limitation ([212] for example)
and we propose that the N addition in these experiments stimulated fatty acid degradation
to fuel growth once nitrogen was available. This hypothesis will be further explored using
the metatranscriptomes collected during these experiments to look for expression of genes
involved in fatty acid degradation and specific carnitine acyltransferases indicative of these

processes.
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4.5.8  Unknown Untargeted Metabolites

The untargeted data in these experiments has already yielded candidate metabolites whose
identities need to be confirmed with authentic standards and whose metabolic roles in ma-
rine microbial systems need further investigation. These include the putative MAAs, the
Ch-acylcarnitine, and the nitrogen-responsive mass feature with m/z of 331.1150. Many
other unidentified molecular features showed changes between experiments or with latitude.
Using the phytoplankton metabolomes in Heal et al. (2020) these unknown metabolites may
be linked to particular organisms [41]. Interestingly, in the second cluster of metabolites in
the mid-transition zone experiment there were many metabolites that were also found in the
NPTZ in 2016, but which were rarely or never seen in the phytoplankton culture metabolomes
[41]. In the mid-transition zone experiment, these metabolites reached a maximum concen-
tration in the control treatment, particularly in bottle B (Figure 4.31) [41]. The 18S and
16S diversity data also showed that control bottle B was anomalous (Supplemental Figure
4.30), with more of the Syndiniales order of dinoflagellates and a bacterial community with
more representation from Actinomarinales, Verrucomicrobiales, and Flavobacteriales (Sup-
plementary Figures 4.38, 4.39). Though we do not attempt to determine the origin or nature
or the unknown metabolites here, we suggest further investigation into the identity of these

metabolites, their sources, and their roles in the microbial community.
4.6 Conclusion

In the spring of 2017, nitrogen limitation dominated the NPTZ from the gyre to the sub-
arctic influenced northern transition zone. We show that nitrogen and iron are co-limiting in
the mid-transition zone, where the addition of nitrate and iron together stimulated chloro-
phyll production and diatom growth even though in situ N:Fe was 0.11. This expands the
region of iron and nitrogen co-limitation to regions with lower N:Fe than previously consid-
ered. The NPTZ is a seasonally dynamic region where organisms must be able to rapidly

respond to changing environmental conditions in order to thrive, and our work suggests a va-
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riety of mechanisms for responding to changes in nutrient concentrations. Measuring whole
community metabolomes rather than just chlorophyll dramatically expanded our ability to
detect physiological changes. Overall, instead of metabolites that change similarly in all
communities after N, P and Fe additions, we found metabolites were indicators of particular
organisms’ biomass and physiology. By connecting biomass observations from flow cytome-
try and 16S and 18S genes, we are able to make inferences about metabolite changes. This
work represents one more step in connecting microbial community diversity and physiology
with the biochemicals that form the foundation of their metabolism. We have identified
several candidate metabolites as potentially important in microbial adaptations to nutrient
stress and stress-alleviation, including MAAs and carnitines. These data will be fruitful to
mine during future culture-based investigations that focus on the metabolite changes that

specific organisms rely on to respond to nutrient stress.
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4.8 Tables
Time of piIP DIN Fe  Days
Name Date Lat (N) daysetup T S (uM) (uM) (nM) Incubated Treatment A Treatment B Treatment C Treatment D
NPFe: 2 nM
low Fe: 0.3  high Fe: 2 Fe, 10 uM N,
1:N-TZ 6/3/2017 41.40 Midday 11.1 30.3 049 2 03 4 Control nM Fe nM Fe 1uMP
NPFe: 1 nM
NP:5uMN, Fe,5uMN,
2: mid-TZ 6/6/2017 37.00 Midday 15.3 33.1 0.12 0.06 0.51 3 Control Fe:1nMFe 05uMP 0.5uM P
low NP: 0.5 high NP: 5 NPFe: 0.5
UM N, 0.05 upMN, 0.5 nM Fe, 5 uM
3:S-TZ 6/9/2017 32.93 Afternoon 18.7 34.4 0.09 0.01 0.22 3 Control uM P uM P N, 0.5 uM P

Table 4.1: Details of sampling locations and experimental treatments for the nutrient amend-
ment incubation experiments. Name is the number and name of the experiment as referred
to in the text. Date, Lat, Time of day set up all indicate when and where the experiment
was initiated. T (temperature in °C), S (salinity), DIP (dissolved inorganic phosphorus, aka
phosphate - PO4*), DIN (dissolved inorganic nitrogen, aka NO3~ + NO,"), and Fe corre-
spond to the in situ mixed layer physical and chemical properties at the sampling site. The
four treatments (A-D) are described for each experiment, where treatment A is always the
control, and treatment D is always + N + P + Fe. Added N was always in the form of
nitrate, added P was always in the form of phosphate, Added Fe was always in the form of
F6C13.



123

4.9 Figures
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Figure 4.1: A map of the stations sampled on the cruise (A), with a background color of sea
surface temperature, generated with data from MODIS SST [213] using 9 km gridded data
with 8 day averages, averaged over the period from May 17 - June 25, 2017. Starred stations
indicate a nutrient amendment experiment took place at that station. The experimental
treatments (B) with the control bottle at the in situ nutrient concentrations, and the other
points representing the nutrient amendment treatments for each experiment, with the percent
increase in N and Fe. We attempted to increase concentrations by doubling ( 100% increase)
or increasing ten fold ( 900% increase) the in situ concentrations, but there was lower nitrate

than we expected in the southern two experiments.
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Signals in each cluster and that are significantly different between treatments

Total signals

Exp1 - Morth

All 420
Significant 75
Exp2 - TZ

All 411
Significant 152
Exp3 - South

All 40a
Significant 12

ra

Signals per cluster

3

106

4

Ln
Ln

E

77

[=1]

78

38

Table 4.2: A summary of the total number of metabolites, biomass and cell abundance sig-
nals in each cluster, and those that are statistically different between treatments for each
experiment (ANOVA fdr-corrected p < 0.05). Signals were clustered based on their max-
imum standardized values in each experiment using a k-medoids based algorithm, number
of clusters with highest average silhouette width was picked as the number of clusters that
best represented the data for each experiment. The total number of signals included in the
clustering of each experiment was slightly different because some metabolites, biomass, and
cell count signals were below the limit of detection in most samples for a given experiment

and were thus discarded before clustering.
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Figure 4.3: The biological response to treatments in the northern-TZ experiment (41.4
°N). Chlorophyll concentration (A), nitrate and nitrite (B), nitrate drawdown (C), bac-
terial biomass (D), photosynthetic picoeukaryote biomass (E), Synechococcus biomass (F)
after four days of incubation in each replicate bottle. NMDS plot of the replicate bottles
based on the metabolites measured at the end of four days (G). Total carbon in the quanti-
fied metabolites (H). Heatmaps showing the maximum normalized metabolite concentration
(rows) across the treatments (columns), where metabolites are organized according to the
cluster they fit into with k-medoids clustering and yellow colors indicate high concentration
values and blue colors indicate low values (I). Average cluster profiles are in Figure 4.27.
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Figure 4.4: Relative abundance of 18S genes in the incubation experiments for small (left,

< 3 um), and large (right, > 3 um) eukaryotes .

by latitude.
labeled by their latitude, with the corresponding in situ samples also shown.

are shown, and the remaining classes are summed and shown as ’other’.
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Figure 4.6: The biological response to treatments in the mid-TZ experiment (37 °N). Chloro-
phyll concentration (A), nitrate and nitrite (B), nitrate drawdown (C), bacterial biomass
(D), photosynthetic picoeukaryote biomass (E), Prochlorococcus biomass (F), Synechococcus
biomass (G) after four days of incubation in each replicate bottle. NMDS plot of the repli-
cate bottles based on the metabolites measured at the end of four days (H). Total carbon
in the quantified metabolites (I). Heatmaps showing the maximum normalized metabolite
concentration (rows) across the treatments (columns), where metabolites are organized ac-
cording to the cluster they fit into with k-medoids clustering and yellow colors indicate high
concentration values and blue colors indicate low values (J). Average cluster profiles are in

Figure 4.27.
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Figure 4.7: The biological response to treatments in the southern transition zone experiment
(33 °N). Chlorophyll concentration (A), nitrate and nitrite (B), nitrate drawdown (C), bac-
terial biomass (D), photosynthetic picoeukaryote biomass (E), Prochlorococcus biomass (F),
Synechococcus biomass (G) after four days of incubation in each replicate bottle. NMDS
plot of the replicate bottles based on the metabolites measured at the end of four days (H).
Total carbon in the quantified metabolites (I). Heatmaps showing the maximum normalized
metabolite concentration (rows) across the treatments (columns), where metabolites are or-
ganized according to the cluster they fit into with k-medoids clustering and yellow colors
indicate high concentration values and blue colors indicate low values (J). Average cluster
profiles are in Figure 4.27.
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NEY,

Figure 4.8: Venn Diagrams for what changes between treatments for each experiment
(ANOVA tests for differences between all treatments, fdr adjusted p-value < 0.05). Exp
1 is the northern-transition zone experiment, Exp 2 is the mid-transition zone experiment,
Exp 3 is the southern transition zone experiment.
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Figure 4.9: The four mass features that are significantly different between treatments in all
three experiments. Relative concentrations in the northern-TZ experiment (left), mid-TZ
Experiment (center left), southern-TZ experiment (center right), and their fragmentation
spectra (right).
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Figure 4.10: Five putative MAAs identified in the northern-TZ experiment (left), mid-TZ
experiment (center), southern-TZ experiment (right). The compounds are palythinol (top,
m/z 303.1553), usujirene/palythene (second from top, m/z 285.14392), asterina (center, m/z
289.13928), and two possible candidates for palythanic acid (second from bottom and bottom,

m,/z 329.1345).
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Figure 4.11: Relative concentrations in the surface seawater along the transect of untargeted
metabolites that are potential MAAs and two other untargeted metabolites that were sig-
nificantly different between treatments in all three incubation experiments, and unknown
metabolite with m/z of 331.1150 and a metabolite with m/z of 439.10162 that is potentially

riboflavin cyclic-4’,5’-phosphate.
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Figure 4.12: Maximum normalized concentrations of osmolytes that contain N (A) and os-
molytes that do not contain N (B) in the different treatments of the northern-TZ experiment
(left), mid-TZ experiment (center), and southern-TZ experiment (right). The color of the
line represents the C to N ratio of the nitrogenous osmolytes. N containing osmolytes in the
experiments are homarine, proline, glycine betaine, proline betaine, glutamic acid, TMAO,
TMAP, taurine. Other osmolytes in the experiments are glucosylglycerol, DMS-Ac, DMSP,
gonyol, DHPS, and isethionic acid . Maximum normalized osmolytes across the transect
with latitude (C). Osmolytes plotted in the transect are sucrose, homarine, gonyol, proline,
DMS-Ac, DMSP, glutamic acid, DHPS, glucosylglycerol, isethionic acid, taurine, TMAP,
glycine betaine.
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Figure 4.13: Maximum normalized concentrations of amino acids in the different experi-
ments. Northern-TZ experiment (left), mid-TZ experiment (center), southern-TZ experi-
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carnitines identified in the northern-TZ experiment (left), mid-TZ experi-
ment (center), southern-TZ experiment (right). The compounds are carnitine (top), acetyl-
L-carnitine (second from top), propionyl-L-carnitine (center), butyryl-L-carnitine (second
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Figure 4.17: Maximum normalized concentrations of carnitines in the different experi-
ments. Northern-TZ experiment (left), mid-TZ experiment (center), southern-TZ experi-

ment (right).
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4.10 Supplemental Methods

4.10.1 Details of incubation experiment set up

In addition to the details in the main text, the following protocol was used to set up the
nutrient amendment incubations. All of the macronutrient stocks were passed through a
Chelex-100 column prior to use to clean the nutrient stocks for contaminating trace metals.
All carboys were filled in a Class 100 clean hood with positive pressure. Each carboy was
rinsed 3 times with the 100 4M mesh filtered water prior to filling the carboy to the 20L. mark
(with headspace). All carboy caps were wrapped with parafilm and then electrical taped to
prevent incubator water from entering the carboys. Carboys were immediately placed in
dark trash bags before being transported to the incubator, and were placed in the incubator
as quickly as possible in order to limit direct sunlight exposure and related stress. Carboys

were gently inverted three times prior to sampling for the final time points.

4.10.2  Metabolomics sample processing and data analysis

For untargeted metabolomics processing, MSDial [185] was used to pick peaks, align data
files, and integrate the mass features from each sample set, chromatography column, and
ionization mode individually. We manually inspected the alignment results from MSDial to
identify the 100 most abundant mass features with MSMS in each chromatography-ionization
pairing in the experimental dataset and the 50 most abundant mass features in the transect
dataset, the 50 mass features most different between the N and S in each chromatography-
ionization pairing of the transect dataset, and the 100 mass features in each chromatography-
ionization pairing that were most different between the treatments in the experiments in the
experiment dataset. The integrated peak areas were then exported for further quality control
which retained only mass features with relative standard deviation in repeat injections of a
quality control sample of less than 100% and an average peak area in the samples greater
than 5 times the average peak area in the blank filters. Skyline was used to export the

masses of heavy-isotope labeled internal standards in HILIC and RP modes. These internal
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standards were used to normalize the full untargeted dataset following the best-matched
internal standard normalization in Boysen et al. [22]. Finally, mass features were retained
if they had a less than 20% relative standard deviation in their normalized peak areas in
repeat injections of the quality control samples. Mass features were dereplicated within each
fraction (L.C-ionization mode pair) in order to remove likely adducts by doing pairwise com-
parison of RT and m/z to identify likely candidates and then manually inspecting peak shape
and size to confirm. Additional dereplication across ionization modes and columns used hi-
erarchical clustering of peak areas across the samples to identify mass features duplicated
due to identification in multiple ionization modes. The mass features that were identified
as potential replicates and adducts were again manually inspected to determine if they were
indeed replicates. Ultimately 392 mass features were retained through this processing for the
experiment dataset. An additional 50 known metabolites not identified with MSDial were
integrated with Skyline to bring the total number of high quality metabolites in the experi-
ment dataset to 435. Ultimately 193 mass features were retained through this processing for
the transect dataset. An additional 56 metabolites not picked with MSDial were integrated
with Skyline to bring the total number of high quality metabolites in the transect dataset
to 240.

4.10.3 Metabolite quantification

Authentic standards of 267 compounds were spiked into water and into a sample matrix and
analyzed at the same time as the environmental samples. The metabolites we detected that
had corresponding to authentic standards were then quantified according to the equation
below:

PeakArea dilution factor

Concentration = — g *via vol * vol filtered * RFratio™" (4.1)

Where RF'ratio (response factor ratio) is the difference between the peak area of a standard
spiked into environmental matrix less the peak area in un-spiked matrix, divided by the

peak area of the standard in water, and the I E (ionization efficiency) is the ratio of the peak
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area of the standard in water over the concentration of the standard. The samples from the
transect were analyzed in 2017, prior to purchasing some of the standards, and in these cases
the RF-ratios and IE values from the 2018 sample run of the nutrient amendment incubation
samples. During the 2018 sample run select samples from the transect were re-injected and
checked for similarity with the 2017 run, to make sure peak areas and thus concentrations are
comparable and not subject to instrumentation variability. Concentrations of metabolites
were converted into moles C and normalized to POC by multiplying the concentration of the

compound by the number of carbons in each compound and dividing by POC.

4.10.4  Amplicon data processing

DNA extracts were processed and analyzed at the University of Illinois W. M. Keck Cen-
ter, where analysis involved amplicon-based library preparation using a Fluidgm Access
Array™ system combined with Illumina MiSeq™ v3 sequencing set to a run length of 2
x 250bp. The following primer sets were used: a revised version of both the F515 (5-
GTGYCAGCMGCCGCGGTAA) and R806 (5-GGACTACNVGGGTWTCTAAT) primers
targeting the hypervariable region 4 (V4) of the 16S rRNA gene [214], and the F566 (5'-
CAGCAGCCGCGGTAATTCC) and R1200 (5-CCCGTGTTGAGTCAAATTAAGC) V4-
V5 universal 185 rRNA primer set [215]. Primer sorting, demultiplexing, and removal of the
Fluidgm CS1 and CS2 universal tags and Illumina i5 and i7 adapters were part of sequence
preprocessing.

Analysis of 18S rDNA sequences was carried out using the Qiime2 software suite [186].
Raw sequences derived from the forward read were adapter trimmed using the Cutadapt [216]
plugin with the options: —p-adapter AGACCAAGTCTCTGC CAAGCAGAAGACGGCAT-
ACGAGAT CCCGTGTTGAGTCAAATTAAGC, —p-front CAGCAGCCGCGGTAATTCC
ACACTGACGACATGGTTCTACA AATGATACGGCGACCACCGAGATCT, —p-discard-
untrimmed, —p-no-indels and —p-error-rate=0.2. Read quality was then assessed through the
built-in demux summarize function and a truncation length of 190 nt was selected. Trun-

cated reads were then denoised using DADA2 [217] resulting in Amplicon Sequence Variants
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(ASVs). ASVs were classified using VSEARCH [218] with the PR? database as a reference
(v4.12.0; https://pr2-database.org/) [219].

The analysis pipeline for 16S rDNA sequences was also carried out using Qiime2 [186] with
notable differences. Paired-end reads were trimmed using Cutadapt [216] with the options:
—p-front-f GTGYCAGCMGCCGCGGTAA ACACTGACGACATGGTTCTACA AATGAT-
ACGGCGACCACCGAGATCT, —p-adapter-f TACGGTAGCAGAGACTTGGTCT CAAGCA-
GAAGACGGCATACGAGAT AGACCAAGTCTCTGC, —p-front-r GGACTACNVGGGTWTC-
TAAT ACACTGACGACATGGTTCTACA AATGATACGGCGACCACCGAGATCT, —p-
adapter-r TACGGTAGCAGAGACTTGGTCT CAAGCAGAAGACGGCATACGAGAT TG-
TAGAACCATGTC, —p-discard-untrimmed, —p-no-indels, and —p-error-rate 0.2. Read qual-
ity for both forward and reverse reads was assessed using the demux plugin resulting in
truncation lengths of 200 nt and 170 nt for forward and reverse reads respectively. ASVs
were obtained using DADA2 [217] and classified with VSEARCH using the SILVA database
clustered at 99% identity (release 132) as a reference [220]. Data were filtered to exclude

eukaryotes, chloroplast, and mitochondrial sequences.
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4.11 Supplemental Tables

Table 4.3: The percent of each metabolite in the transect data that was in the 0.2 - 3 ym
size fraction compared to the total concentration measured (whole seawater > 0.2 pm) at
that station. Percent is calculated based on the single small size fraction sample divided by
the mean of the triplicate whole seawater samples. The standard deviation of the percent is
based on the standard deviation of the triplicate whole seawater samples.

Table 4.4: The cluster assignment in the experiments for each metabolite. MassFeature is the
primary identification for each metabolite. FinalBMIS is the internal standard used to nor-
malize the metabolite. Alighnemt.ID is used to identify ungiue metabolites in each fraction.
Average.Rt, Average.Mz, MS.MS.assigned are for peaks picked by the MSDial analysis of the
experiment data. If a MSMS was assigned, the specra is in MS.MS.spectrum. Fraction is the
LC column and ionization mode used for detection. Metabolite.name is any additional iden-
tification. Cluster assignments for the three experiments are in the columns North.cluster,
South.cluster, and TZ.cluster (for the mid-TZ experiment). There are equivalent columns
for whether each mass feature was significantly different between experiments based on an
ANOVA test and fdr corrected p-value < 0.05. N.Diff is the number of experiments that the
mass feature was significantly different in.

Table 4.5: The sample IDs, stations, CTD cast (event), Depth, and date for each experiment
sample and relevant blanks.
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Table 4.6: The cluster assignment in the transect for each metabolite. MassFeature is the
primary identification for each metabolite. Transect.cluster is the cluster assignment for
based on the transect data. Metabolite.name and OtherID are other identifiers used to link
to the experiment dataset.

Table 4.7: The relative abundance of the metabolites in each experiment and relevant blank
samples. Values are proportional to molar concentration.

Table 4.8: The relative abundance of the metabolites in the transect data and relevant
blank samples. Samples with "Dsmall” are the small size fraction samples. Water-
vol.Norm.Area is the normalized relative abundance that is proportional to molar concentra-
tion. Area.PC.norm is the relative abundance data proportional to the particulate carbon
for locations where we had paired metabolite and particulate carbon data.
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4.12 Supplemental Figures
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Figure 4.18: Relative abundance of 18S genes over the cruise transect for small (top, 0.2-3
pum), and large (bottom, > 3 um) eukaryotes . Each replicate sample is shown, ordered by
latitude. Classes contributing more than 5% of the total genes in at least one sample are
shown, and the remaining classes are summed and shown as 'other’. Sample IDs along the
x-axis show the latitude of collection, the depth of collection in meters, and the replicate
number.



148

All samples

100 - I
754
501 !

254 I Gregarinomorphea

__________ B
I I l | Arthropoda
I I Bacillariophyta
Chloropicophyceae
I I I I Cnidaria
I | I I I I Dinophyceae
IIIIII I Ii

Mamiellophyceae

Mollusca

100 A Opisthokonta_XX

Other

754 Pelagophyceae
Polycystinea

50 Prymnesiophyceae

% of 18S rRNA gene copies recovered

36 00_15_A - 1IN I —

36 00_15_B - N NN —

28 28.25_15 B - N — I N

2546.09779_15_A - NI — I T —
28 28.25_15 A- NI — I N O

2546.09779_15_B - M — I N [ ——
32 15.4866_15_B - NI — I .
|

2119.1798_15_B - HEN N — I

| I | I I II|
I \ RAD-B
25 A L
I Spirotrichea
| I | !. Syndiniales
04 A=l SN L y
T T L T T L T T L L
<| [N BN |<| |<|m|<| |<|m| |m|<| m| | |<|m| |m| <|m| <|m|<|m|<|m|<| m|()I DI
o) LWLWLWLWONNLWD LW LW WO OVWWOWLWWLLWLW LW LW WO W 0L
F.l [N |H| |H|H|H| |H|H| |H|H| Hl | |H|H| |H| F||‘_.| H|H|H|H|H|H|H| F||HI HI
® NONNOONNNNN N DNDOOUTIT DD 0 0 © O © ©
o NANTTOONNNNN N DONNDDDDD® 5,5 XIS
~~ DOV XNNO OO O TH DD LY D
= 238833552888 KRR3I3 g g oo 2283
o HMMOoWWWIO oD BHODRIOIODOORRT LT
- 50 O00Hdd (00 ®m® OO LIANN NN NENEVEN
~ NANNNNNOOS ST S ©OOONNMMDD oo oo
~ Mo m Mo ® mOmMHmMmm M m (SRS

Sample

Figure 4.19: Relative abundance of 18S genes over the cruise transect for small (top, 0.2-3
pum), and large (bottom, > 3 um) eukaryotes . Each replicate sample is shown, ordered by
latitude. Orders contributing more than 15% of the total genes in at least one sample are
shown, and the remaining orders are summed and shown as ’other’. Sample IDs along the
x-axis show the latitude of collection, the depth of collection in meters, and the replicate
number.
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Figure 4.20: Relative abundance of 16S genes over the cruise transect for small (top, 0.2-3
pum), and large (bottom, > 3 pm) prokaryotes. Each replicate sample is shown, ordered by
latitude. Classes contributing more than 5% of the total genes in at least one sample are

shown, and the remaining classes are summed and shown as ’other’.

Sample IDs along the

x-axis show the latitude of collection, the depth of collection in meters, and the replicate

number.
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Figure 4.21: Relative abundance of 16S genes over the cruise transect for small (top, 0.2-3
pum), and large (bottom, > 3 pm) prokaryotes. Each replicate sample is shown, ordered by
latitude. Orders contributing more than 8% of the total genes in at least one sample are
shown, and the remaining orders are summed and shown as ’other’. Sample IDs along the
x-axis show the latitude of collection, the depth of collection in meters, and the replicate
number.
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Figure 4.22: Particulate concentration of the metabolites for which we have quantitative
concentration data over the cruise transect, reported in nM carbon (top) and as a percent
of POC (middle) and as mole fraction of total quantified metabolites (bottom). All samples
shown were collected at 4 am local time.
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Figure 4.23: A heatmap of metabolite signals in mixed layer across the transect. Averaged
values of biological replicates are shown (columns). Metabolite signals (rows) are organized
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Figure 4.24: Average metabolite cluster profiles over latitude for the transect data. Metabo-
lite abundance was maximum transformed relative to the individual sample with the highest
concentration for that metabolite. The number of mass features in each cluster is indicated
in the number in the plot. The grey lines are the individual metabolite signals, averaged
across biological replicates at each station and depth. The red lines are the average profile
from all signals in that cluster.
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Figure 4.25: NMDS plot of the 18S amplicon sequencing data from the northern transition
zone experiment for two size fractions: 0.2 - 3 um (left) and > 3 pm (right).
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49

Figure 4.26: Venn Diagram of the metabolites that change between treatments and the
control in each experiment (t-test comparisons of the treatment compared to the control for
each experiment, fdr adjusted p-value < 0.1).
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Figure 4.27: Average trends of each cluster of metabolites across the treatments for each
experiment. Left: northern TZ experiment, Center: mid TZ experiment, Right: southern
transition zone experiment. Details of the number of signals in each treatment are in Table
4.2. Metabolite abundance was maximum transformed relative to its maximum value in all
replicates for a given experiment. Grey lines are the average trend of each siganl across the
treatments, red lines are the mean profile from all signals in that cluster, and the shading is
one standard deviation around the mean.
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Figure 4.28: Total carbon (top) and nitrogen (bottom) in quantified metabolites in the
different treatments of the incubation experiments and in the in situ data from the relevant
station, in pM. Boxplots show median as the line and standard deviations around the mean
as the bars. The numbers above the boxplots are the average percent change compared to

the control treatment for each experiment.
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Figure 4.29: Quantified metabolites in the northern Transition zone experiment as uM carbon
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the most carbon in the transect are colored separately and all other metabolites are summed
in the grey hashed bin.
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Figure 4.30: NMDS plot of the 18S amplicon sequencing data from the mid transition zone

experiment for two size fractions: 0.2 - 3 pm (left) and > 3 pm (right).
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Figure 4.31: Quantified metabolites in the mid transition zone experiment as uM carbon
(top) and percent of carbon in quantified metabolites (bottom). The metabolites that had
the most carbon in the transect are colored separately and all other metabolites are summed

in the grey hashed bin.
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Figure 4.32: NMDS plot of the 18S amplicon sequencing data from the southern southern

transition zone experiment for two size fractions: 0.2 - 3 um (left) and > 3 pm (right).
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Figure 4.33: Major nitrogenous osmolytes identified in the northern TZ experiment 1 (left),
mid TZ experiment 2 (center), southern transition zone experiment 3 (right). Homarine
(top), taurine (second from top), proline (third from top), glycine betaine (fourth from top),
proline betaine (fourth from bottom), glutamic acid (third from top), TMAO (second from
bottom), TMAP (bottom).
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Figure 4.34: Osmolytes that do

DMS-Ac (fourth from top), DMSP (fifth from top), gonyol (bottom).
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not contain nitrogen that were identified in the northern
TZ experiment 1 (left), mid TZ experiment 2 (center), southern transition zone experiment
3 (right). DHPS (top) isethionic acid (second from top), glucosylglycerol (third from top),
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Figure 4.35: MSMS of the putative C5-acylcarnitine next to the MSMS of the definitively
identified acetyl-lI-carnitine.
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Figure 4.36: The ratio of glutamate to glutamine in the three nutrient amendment incubation
experiments and in the HOTLAVA cruise stations 6 (non-lava modified, oligotrophic north
Pacific seawater) and station 2 (geothermal modified water with elevated nitrate). Note
that these ratios are based on the normalized peak areas not molar concentrations, so the
direction of change rather than the absolute magnitude should be examined.
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Figure 4.38: Relative abundance of 18S genes in the incubation experiments for small (left,

< 3 pm), and large (right, > 3 pum) eukaryotes .

latitude. Orders contributing more than 15% of the total genes in at least one sample are

shown, and the remaining orders are summed and shown as ’other’. Experiments are labeled

by their latitude, with the corresponding in situ samples also shown.
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Figure 4.39: Relative abundance of 16S genes in the incubation experiments for small (left,
< 3 um), and large (right, > 3 pum) prokaryotes. Each replicate sample is shown, ordered
by latitude. Orders contributing more than 8% of the total genes in at least one sample are

shown, and the remaining orders are summed and shown as ’other’. Experiments are labeled

by their latitude, with the corresponding in situ samples also shown.
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Chapter 5

GLYCINE BETAINE UPTAKE AND USE IN MARINE
MICROBIAL COMMUNITIES

5.1 Abstract

Glycine betaine (GBT) is a small polar metabolite present in high intracellular concentra-
tions in natural marine microbial populations. When released from the cell by excretion or
mortality it becomes part of the rapidly cycling dissolved organic nitrogen pool, and can be
taken up and used for energy, C, or N. However, the dynamics of GBT uptake and use in
marine microbial populations are not well understood. Using stable isotope labeled GBT
and isotope tracing metabolomics, we determine the uptake kinetics and cellular fate of GBT
in two natural microbial communities in the North Pacific transition zone. We calculate that
the turnover time of dissolved GBT is 5.8 + 1.3 days and 1.0 + 0.6 days in the northern and
southern stations, respectively, which are similar to estimates of nitrate turnover times. We
estimate particulate GBT turnover time to be 11 and 13 hours at the two different sample
locations. GBT was also used differently by the two microbial communities, likely due the
different metabolic capabilities of the two communities and the availability of other C and N
sources. In the southern station, where dissolved inorganic nitrogen concentrations were very
low, GBT was primarily demethylated to sarcosine, and potentially all the way to glycine.
Isotope enrichment in select free and combined hydrolyzable amino acids demonstrated that
GBT was used as a cellular N source in the southern station. The accumulation of 3C
in metabolites such as dimethylsulfoniopropionate, beta-alanine betaine, and trigonelline
indicated that the methyl groups from GBT are used to fuel the methhionine cycle and
methylation throughout cellular metabolism. In the northern station GBT was primarily

allocated towards trimethylamine-n-oxide, choline and glycerophosphocholine likely to serve
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as an energy source or in lipid synthesis, respectively. In both locations, nearly all detectable
13C and ®N in particulate metabolites and hydrolyzable amino acids remained as untrans-
formed GBT, indicating that many organisms have the ability to take up and retain GBT.
The similarities and differences in the GBT uptake and use between the two stations illus-
trate that the microbial community and the inorganic nutrient supply both shape the cycling

of this component of the dissolved organic nitrogen.
5.2 Introduction

Across vast swaths of the ocean, inorganic nitrogen is considered a limiting nutrient for phy-
toplankton growth [33]. In inorganic N depleted waters, dissolved organic nitrogen (DON)
is the dominant form of nitrogen, sometimes comprising 100% of measurable nitrogen [221].
Microorganisms that can take up and use DON to fulfill their nitrogen or carbon require-
ments have an advantage in these environments. Like dissolved organic carbon (DOC),
DON is a complex mixture of compounds with varying structures, molecular weights, and
bioavailabilities [222]. Determining the pathways through which DON is cycled within the
microbial ecosystem can enhance our understanding of global biogeochemical cycles and the
structuring of microbial communities.

DON is released during cell death, and excreted by phytoplankton, bacteria, and zoo-
plankton [223, 222]. A portion of DON is recalcitrant and bound in high molecular weight
carboxyl-rich aliphatic matter or bound in amide groups on acylated polysaccharides that
are relatively resistant to microbial degradation [224, 225, 226, 227]. However, total DON
has a relatively short estimated turnover time of days to weeks [223, 228]. The combination
of a slowly cycling component and an overall rapid turnover time for the whole pool suggests
the existence of a highly labile pool that cycles very rapidly. Extensive work has shown that
dissolved free amino acids have turnover times on the order of minutes, and urea and DNA
have turnover times on the order of days [228]. While DON use has often been attributed to
heterotrophic bacteria, there is strong evidence that phytoplankton take up DON, including
urea and amino acids [229, 230, 231, 232, 233, 234].
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Due to the chemical diversity and dilute nature of DON, molecularly characterizing DON
is difficult [222, 224, 235]. DON components from phytoplankton derived cellular nitrogen
include macromolecules like protein and nucleic acids as well as small polar metabolites. The
most labile components of DON include dissolved free amino acids, which have a combined
concentration between 0-0.5 uM in the ocean with nanomolar concentrations typical of the
oligotrophic ocean and higher values in polar or estuarine regions [222]. Other components
of the dissolved metabolite pool are also dilute, polar, and chemically diverse, allowing
them to elude most measurement techniques [57]. Though these compounds may be at
low dissolved concentrations in seawater, the flux through the dissolved phase may be high
(39, 40]. Expression of transporter genes during incubations of dissolved organic matter
(DOM) amended seawater has identified primary metabolites, amino acids, polyamines, and
other nitrogenous compounds as likely fuels for bacterial growth [36]. This method is limited,
however, by our ability to accurately annotate the appropriate transporter genes, and it does
not provide quantitative information about the importance of various DON compounds nor
their fate once taken up by cells.

Osmolytes are organic compounds that have high intracellular concentrations and can be
released from cells during growth or mortality, and thus are likely quantitatively important
DON sources [43]. Glycine betaine (GBT), a quaternary amine, is a common osmolyte that
is one of the most effective compatible solutes in saline environments [114] and is one of
the most abundant metabolites found in marine particles [236, 99, 30]. GBT comprises a
significant portion of intracellular metabolites at Station ALOHA and in the North Pacific
transition zone [41] and exhibits diel oscillations [30]. Cyanobacteria, heterotrophic bacteria,
and eukaryotic algae all have a variety of abilities to synthesize, transport, and metabolize
GBT [237, 43, 44, 42]. A simplified metabolic map for GBT (Figure 5.1) shows several
potential cellular uses for this compound. Some microbes, including the ubiquitous marine
Alphaproteobacteria clade SAR11, can produce energy by oxidizing the methyl groups from
GBT to CO, via the demethylation pathway that first generates dimethylglycine and me-

thionine and then sarcosine and glycine through subsequent demethylations in which methyl
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groups are transferred to tetrahydrofolate and subsequently oxidized to COq [45]. SARI11
is able to fulfil its glycine requirement with GBT [139] and other marine organisms likely
share this ability to convert GBT to glycine and use it as a source of carbon and nitrogen
for protein synthesis (black pathway in Figure 5.1) [138, 39]. GBT can also be reduced to
trimethylamine (TMA) which can be oxidized to trimethylamine-n-oxide (TMAO, another
compatible solute) or fuel anaerobic methanogenesis [238]. TMA and TMAO can both be
demethylated to ultimately form formaldehyde and ammonia, which can feed back into car-
bon and nitrogen metabolism [238]. It is also possible that microorganisms may take up
GBT and retain it as an osmolyte despite being unable to synthesize or degrade it endoge-
nously. This ability would provide a growth advantage by saving the elemental and energetic
resources that would otherwise be spent synthesizing osmolytes de novo.

Dissolved glycine betaine has not been measured in seawater due to the analytical chal-
lenges mentioned above, but additions of trace amounts of 1*C-GBT have shown rapid uptake
in coastal seawater, with uptake dominated by organisms < 0.8 um in diameter [138, 46]. In
the first several hours of incubation, < 80% of the 14C in particles remained as untransformed
GBT, indicating that GBT is not rapidly metabolized. After 24 hours, appreciable amounts
of the total radioactivity was in CO5 and in macromolecules [46]. It remains unknown what
pathways of GBT metabolism were relevant in these experiments and, because only the
carbon in methyl groups was traceable, the fate of the rest of the molecule, including the
nitrogen, remains uncertain.

Here we studied how glycine betaine is used by two natural microbial communities in
the North Pacific transition zone (NPTZ), using stable isotope tracing metabolomics. The
NPTZ is a dynamic region characterized by seasonally migrating fronts of temperature,
salinity, nutrients, and chlorophyll [181, 34]. We incubated natural seawater collected at two
different stations in the NPTZ with stable isotopically labeled 3Cs, »N;-GBT to measure
the kinetics of GBT uptake and determine the fate of the C and N from GBT. We show how
two microbial communities are differently poised to take up GBT. Once GBT is in cells, we

show that these two communities allocate the carbon and nitrogen from GBT differently,
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likely due to the different metabolic capabilities of the organisms present and to differences

in the other available sources of carbon and nitrogen.

5.3 Methods

5.3.1 Sampling Strategy

Samples were collected aboard the R/V Kilo Moana on the Gradients 3 cruise from April
10-April 28, 2019. Experiments were conducted at stations 4 and 5, which were at 41°40.85’
N and 158°3.01 W and 37°0.21° N and 158°0.20" W, respectively. Water for metabolomics
samples of the in situ microbial community and for setting up the incubation experiments
was collected from 15 m water depth, which was within the surface mixed layer with Niskin
bottles attached to the CTD. DON, DIN, particulate carbon (PC), and particulate nitrogen
(PN) samples were collected from the CTD rosette at 15 m and analyzed according to the
standard Hawaiian Ocean Time Series program protocols. Temperature and chlorophyll

concentrations are from the CTD.

5.3.2 GBT Uptake Kinetics Experiments

In order to determine the kinetics of GBT uptake, whole seawater was spiked with varying
concentrations of *Cs, ®’N;-GBT and incubated for 25-42 minutes. The northern experi-
ment occurred on 4/16/2019 at Station 4 (North, Experiment 1). The southern experiment
occurred on 4/20/2019 at Station 5 (South, Experiment 2). Water was collected into 2 L
bottles around 8:00 am local time for both experiments. In order to minimize the biolog-
ical transformation of ¥Cs, '>’N-GBT into other molecules and to reduce the likelihood of
induction of enzymatic activity, the incubation time with *Cy, N-GBT was kept short.
The short incubation time necessitated that samples were spiked throughout the course of
the day since only six samples could be processed at a time. Before and after the addi-
tion of GBT, bottles were kept in flow-through incubators with blue shading to be at in

situ temperature and approximately mixed layer light conditions. Samples were spiked to
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have final concentrations of 0, 2, 5, 10, 50, 200, or 2000 nM 3Cj5, '®*N;-GBT. Triplicates of
cach 13Cs, N;-GBT concentration were processed for both experiments. After the short
incubation with the spiked molecule, seawater was filtered onto 47 mm diameter, 0.2 pm
pore size PTFE (Omnipore) filters using a peristaltic pump, polycarbonate filter holder, and
Masterflex PharMed BPT tubing (Cole-Parmer). Filtering time was 10-42 minutes with an
average time of 22 minutes. Experimental blanks were collected for each spike concentration
during the northern experiment by collecting filtrate from one replicate of each treatment
and re-filtering filtrate onto a new filter. This provided a measure of dissolved organic com-
pounds adsorbed onto the filter during processing. Filters were frozen in liquid nitrogen
immediately after filtration and stored at -80 °C until GBT extraction. GBT was extracted
from the filters using the metabolite extraction method described in Boysen et al. (2018)
22].

GBT and 3Cs, ’'N-GBT were measured using paired liquid chromatography mass spec-
trometry using a Waters Acquity I-Class UPLC (Waters Corporation, Milford, MA) with a
hydrophilic interaction liquid chromatography column (HILIC SeQuant ZIC-pHILIC column,
5 mm particle size, 2.1 mm x 150 mm, from Millipore) paired to a Waters Xevo TQ-S triple
quadrupole. Electrospray ionization (ESI) in selected reaction monitoring mode (SRM) with
polarity switching was used to collect fragments for GBT and 3Cs, »N;-GBT. In order to
quantify GBT and '3C5, »N;-GBT standard addition curves were done in two representa-
tive samples: a 2 nM treatment from the first kinetics experiment and a 2000 nM treatment
from the second kinetics experiment. Each of these standard curves was analyzed twice,
once at the beginning of the data acquisition and again at the end of the data acquisition.
The concentration of particulate 3Cs, N-GBT in each sample was quantified using the
calibration curve that best represented the sample. If the sample had a spike of less than
50 nM the calibration curve from the 2 nM treatment was used, otherwise the calibration
curve in the 2000 nM treatment was used. If the sample was analyzed in the first half of
the sample analysis run the standard curves analyzed at the beginning of data acquisition

were used, otherwise the curves analyzed at the end of data acquisition were used in order to
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best represent the instrument conditions. Standard errors on the concentration values were
calculated by propagating the uncertainty from the coefficients fitted to the standard curve.
Samples were always well above the concentration in the blank, with an average of 63 times
greater concentration in the sample than the blank across all treatments. Thus, blanks were
disregarded for the remainder of the uptake kinetics calculations.

Uptake rates of ¥Cs, ?’N-GBT were calculated using an ’average incubation time’ for
each sample that took into account the filtering time. This time ranged between 36-52
minutes. Kinetics for the community uptake of 3Cj5, N;-GBT were then calculated by

fitting the data to a Michaelis-Menten equation:

v = (Vinae * (A))/(K; + S + A) (5.1)

Where v is the uptake rate, A is the added 3Cs, >'N-GBT concentration, S is the in situ
dissolved GBT concentration, K; is the half saturation constant, and V,,,, is the maximum
uptake rate. An initial fit to get values of V,,,, and K; + S was done using the calculated
values of uptake rates with no associated uncertainties using the nls function in the R package
stats. Using the parameters estimated from that initial fit as a starting place, a monte carlo
analysis was performed sampling the uncertainty around each estimate of uptake rate to find
the appropriate fit and error for each parameter. Each model was fit with 1000 iterations.
Outlier models were defined as models that took over 50 iterations to converge on a solution
or models with poor overall fit (R value or sigma value > 2 standard deviations outside the
mean of all 1000 models). After removing outliers, the mean and standard deviation of V.,
and K; + S were calculated.

A Wright-Hobbie linear transformation was also used to estimate the uptake kinetics and
turnover time by regressing t/f (incubation time in hours divided by ratio of added GBT
that was taken up) versus A (added concentration of GBT, in nM, see [46]). With this
transformation, the K; + S is the negative x-intercept, V,,.. is the inverse of the slope, and

the turnover time is the y-intercept. A monte carlo analysis was performed to sample the
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uncertainty around each data point for the proportion of GBT that was taken up. Outlier
models were defined as models which were outliers for total correlation value and for adjusted
R squared. After removing outliers, the mean and standard deviation of the turnover time,

Vinaz, and K; + S were calculated.

5.3.3 GBT Fate FExperiments

In order to determine the ways that GBT is used by natural microbial communities two time
course incubation experiments were performed. The first, northern experiment occurred on
4/17/2019 at Station 4. The second, southern experiment occurred on 4/20/2019 at Station
5. For each experiment, 2 L bottles were filled with seawater collected from the CTD at 15
m depth (within the mixed layer), at approximately 6:00 am local time. All 2 L bottles were
spiked with 500 nM 3Cjs, »N;-GBT and incubated in temperature controlled incubators
at 10 °C and 14 °C for the north and south experiments, respectively. Samples for the
initial timepoint (T0) were filtered as soon as possible after being spiked, resulting in actual
incubation times of approximately 20 minutes. At each time point triplicate 2 L bottles were
sampled for analysis of flow cytometry, metabolites, total hydrolyzable amino acids, and
nutrient concentrations. Timepoints sampled in the north experiment were 0, 4.5, 9, 12.5,
36, 50, and 98 hours. Timepoints sampled in the south experiment were 0, 6, 13, 25, 51, and
100 hours. At select time points additional samples were taken for total particulate carbon,
total particulate nitrogen, and 16S/18S amplicon sequencing. For all samples, incubation
time was calculated by taking the difference between the time the bottle was spiked and the
midpoint time of sample filtration.

Flow cytometry samples were taken by aliquoting 2 mL from a bottle into a cryovial,
spiking with glycerol, incubating in the dark for 20 min, and flash freezing in liquid nitrogen.
Samples were stored at -80 °C until analysis on an influx flow cytometer. Metabolomics
samples were collected as described in the kinetics experiment, by filtering approximately 2
L. Samples for nutrient analysis were collected by filtering 40 mL of water through syringe

filters with 0.2 pum filters into acid cleaned 40 mL falcon tubes. Samples were stored at
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-20 °C until analysis. Total hydrolyzable amino acid samples were collected by filtering
approximately 200 mL of water onto glass fiber filters (GF75 grade, 47 mm) using vacuum
filtration. Filters were flash frozen in liquid nitrogen and stored at -80 °C until analysis.
Experimental blanks for metabolomics samples and total hydrolyzable amino acids were

collected during the northern experiment at T36 by re-filtering filtrate from those samples.

5.3.4  Metabolomics and lipidomics data acquisition

Metabolite extractions were performed as in Boysen et al. [22] using a modified Bligh-Dyer
extraction that yielded an aqueous and organic fraction. Aqueous soluble metabolites were
analyzed with two injections for each sample, one with a spike of heavy isotope labeled
internal standards and one with an equal volume spike of UPLC grade water. Samples
were run using both HILIC and reversed phase chromatography on a Waters Acquity I-
Class UPLC (Waters Corporation, Milford, MA) with injection volumes of 2 and 15 uL
respectively, coupled to a QExactive Orbitrap MS (Thermo Scientific). Unspiked samples
separated with HILIC were run in both positive and negative mode with ESI and a full
scan method at 240,000 resolution with a scan range of 60 to 900 m/z. Spiked samples
separated with HILIC were run in positive negative switching mode with ESI and a full
scan method at 60,000 resolution with a scan range of 60 to 900 m/z. Unspiked and spiked
samples separated with RP were run in positive mode with ESI and a full scan method at
240,000 resolution with a scan range of 90 to 900 m/z. Details of the chromatography and
mass spectrometry methods are in Boysen et al. [22]. Pooled samples were analyzed in data
dependent acquisition mode using both HILIC and reversed phase chromatography with
separate injections for positive and negative ion modes (60,000 resolution and a dynamic
exclusion time of 10 seconds for MS/MS data, the top ten most abundant ions in each cycle
were fragmented, collision energies of 10, 20, and 35 eV).

The organic soluble lipid phase was spiked with heavy isotope labeled internal standards
and analyzed in both positive and negative mode using a Waters Acquity UPLC CSH C18

column (1.7 pum particle size, 2.1 mm x 150 mm) with an injection volume of 20 uL, ESI, a
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full scan method with a scan range of 150 to 2000 m/z and 240,000 resolution. The solvents
were 10mM ammonium formate in 60:40 acetonitrile to water and 0.1% formic acid (Solvent
A) and 10mM ammonium formate in 90:10 isopropyl alcohol to acetonitrile and 0.1% formic
acid (Solvent B) at a flow rate of 0.45 mL/min. Initial conditions were 90% A and 10%
B. The column was ramped to 80% B over 33 minutes, ramped to 90% B over 12 minutes,
held at 90% B for 1 minute, and equilibrated to 90% A and 10% B for 6 minutes (total run
time of 52 minutes). The column was maintained at 65°C. For lipid analysis, the capillary
temperature was 320°C, the H-ESI spray voltage was 3.8 kV, and the auxiliary gas heater
temperature was 150°C. The S-lens RF level was 65. Sheath gas, auxiliary gas, and sweep
gas flow rates were maintained at 40, 10, and 1, respectively. For the pooled samples, both
high-resolution MS scans and data dependent MS/MS scans were collected with separate
injections for positive and negative ion modes (60,000 resolution and a dynamic exclusion
time of 10 seconds for MS/MS data, the top ten most abundant ions in each cycle were
fragmented, collision energies of 10, 20, and 35 eV).

For all analyses, pooled samples spiked with isotope labeled internal standards were run
at full and half strength in full scan mode as well as data dependent acquisition mode.
Standards spiked into water, standards spiked into the pooled sample, and water spiked
into the pooled sample, resulting in the same dilution as the standards, were run to confirm

and quantify known metabolites. Files were converted from .raw to .mzXML format using

ProteoWizard [73].

5.3.5 Targeted metabolite data processing

Skyline [239, 240] was used to integrate the peak areas of the metabolites for which we
have authentic standards (Supplemental Table 5.5), along with the potential isotopologues
of those metabolites. Metabolites or their isotopologues were removed from further analysis
if they had comparable peak area in the blanks (sample peak area < 2z blank peak area) or if
they were more than 10 ppm mass deviation from expected. Mass isotopologue distributions

(MID) are the percent contribution each individual isotopologue had to the total concentra-
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tion of all isotopologues for a given metabolite. MIDs were calculated for each metabolite
using only the samples that did not receive spikes of isotope labeled internal standards to
ensure that all isotopologues were from GBT transformation or ?N and 3C natural abun-
dance and not due to our added internal standards. The significance of MID changes over
the incubations were assessed using a linear regression of MID over time. Samples from the
same stations as these experiments but which were not spiked with isotope labeled GBT
were analyzed the same way to determine the natural isotope abundance. Using the samples
that were not spiked with isotope labeled internal standards, the unlabeled metabolites were
normalized using best matched internal standard normalization (BMIS)[22]. If the coeffi-
cient of variation for a given metabolite was less than 0.1 with no normalization, or if the
internal standards did not reduce the coefficient of variation by more than 0.1, then internal
standard normalization was not used for that metabolite. Glycine betaine did not match
with an isotope labeled internal standard for normalization, thus the quantification of GBT
did not leverage the internal standards and instead relied on peak area alone.

To calculate the absolute concentration of glycine betaine in the samples, a sample from
the cruise that did not come into contact with labeled glycine betaine was used to calculate
the response factor in the relevant sample matrix that correlates the peak area of GBT to its
known concentration. 3Cs, N;-GBT was spiked into this sample at a final concentration of
500 nM just before analysis. This sample was analyzed 5 times over the course of the sample
run and thus provided a robust estimate of the response factor and its variability (coefficient
of variation = 0.04). This value was applied to the experiment samples and was used to
determine the nM concentration of all isotopologues of glycine betaine in each vial, which
was then converted into the concentration of glycine betaine in each sample after accounting

for concentration during extraction.

5.3.6 Total hydrolyzable amino acid analysis and data processing

Amino acids were hydrolyzed as in Fountoulakis and Lahm, 1998 with some modifications

[241]. Samples were heated at 120 °C for 20 hours instead of 110 °C for 20-24 hours. Initial



179

recovery tests with bovine serum albumin (BSA) resulted in better recovery of the amino
acids at 120 °C as compared to 110 °C. A shorter hydrolysis with BSA at 150 °C was also
tried but recovery of amino acids was highest at 120 °C.

Glass fiber filters were transferred into combusted 4 mL glass vials. Enough 6N hy-
drochloric acid was added to cover the filter. Each sample was purged under nitrogen gas
for 30 seconds before being immediately sealed with a solvent rinsed cap. The samples were
then heated at 120 °C for 20 hours. The acid was then transferred to a clean, combusted
glass vial. The hydrolysis vial and filter were rinsed with approximately 500 uL of optima
grade HoO and the water was combined with the acid. A rinsing step was repeated with
an equal volume of optima grade methanol. The acid mixture was concentrated to dryness
under nitrogen gas and medium heat. Once dried, approximately 500 L of HoO was used
to rinse each vial and samples were returned to the nitrogen gas to dry completely. Dried
samples were re-dissolved in 400 pl of optima grade HoO and syringe filtered into LCMS
vials.

Amino acids were derivatized as in Gray et al. (2017) using the AccQ Tag Ultra deriva-
tization kit from Waters [242]. A 10 uL aliquot of each sample was transferred into a new
glass LCMS vial and 70 puL of borate buffer was added to each vial. After vortexing, 20 uL
of AccQ Tag Ultra derivatizing agent was added to each sample and the vials were heated
at 55 °C for 10 minutes. Blank filters collected by filtering 0.2 uM filtrate through the same
sampling apparatus were collected during the experiment and were analyzed alongside the
samples.

For analysis of derivatized amino acids, a Waters Acquity UPLC HSS T3 column (1.8
pum particle size, 2.1 mm x 150 mm) was used with 0.1% formic acid in water (Solvent A)
and 0.1% formic acid in acetonitrile (Solvent B) at a flow rate of 0.6 mL/min. The column
was held at 4% B for 0.5 minutes, ramped to 10% B over 2 minutes, ramped 28% B over 2.5
minutes, ramped to 95% B over 0.5 minutes, held at 95% B for 1 minute, and equilibrated
back to 4% B for 2.5 minutes (total run time is 9 minutes). The column temperature was

maintained at 45 °C.
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A full scan method in positive ion mode was used with a scan range of 100 to 600 m/z
and a resolution of 60,000 on a Thermo Scientific Q Exactive HF Orbitrap. The capillary
temperature was 320 °C, the H-ESI spray voltage was 3.8 kV, and the auxiliary gas heater
temperature was 90 °C. The S-lens RF level was 65. Sheath gas, auxiliary gas, and sweep
gas flow rates were maintained at 50, 15, and 1, respectively.

Peak areas of each derivatized amino acid were integrated using Skyline, and the average
peak areas of amino acids in the blank samples were subtracted from the sample peak areas.
Amino acids that had peak areas in the samples that were smaller than the blank average
were discarded and replaced with 0. In order to quantify amino acids, a standard addition
curve was made using a mix of unlabeled amino acid standards. The standard addition
curve was run in one representative sample by spiking in amino acid standards for a final
concentration of 0.5, 1, and 2.5 uM after hydrolysis and before derivatization. The standard
curve samples were then derivatized and analyzed alongside the samples. Skyline was used
to integrate isotopologues of the amino acids corresponding to isotopologues with 0 or 1 N
and 0-5 ¥C. After quality control, MIDs were calculated for the total hydrolyzable amino
acids. A t-test was used to determine if there was a significant difference in MID between

the initial and final timepoints.

5.4 Results and Discussion

5.4.1 FEnvironmental description

The two stations sampled in this study had different physical and chemical characteristics
(Table 5.1). The mixed layer particulate carbon (PC) was higher at the southern station than
the northern station, which had higher chlorophyll concentration. The particulate nitrogen
(PN) concentration was similar at both stations. The total organic nitrogen (PN + DON)
was also similar at both stations but dissolved inorganic nitrogen (DIN: NO3™ + NOy") was
much higher in the north than in the south, where it was below our limit of detection (near

0.02 uM).
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5.4.2  Uptake kinetics and turnover time estimates

Glycine betaine uptake kinetics were different at the northern and southern locations (Table
5.2, Figure 5.2). When calculating uptake kinetics parameters, K; + S was fit as one
parameter rather than two because the transporters taking up natural dissolved GBT and
the added labeled GBT are the same. Thus the observed uptake rates are a function of the
added label GBT in addition to the in situ concentration of GBT, but we do not know the
in situconcentration of GBT. Fitting this K; 4+ S parameter as two independent parameters
rather than one did not significantly change the estimates of K;, and resulted in an estimation
of S that was not significant (p > 0.05, Supplemental Table 5.4). The nonlinear least squarest
method and the Wright-Hobbie linear transformation method for estimating (K; + S) and
Vinae values resulted in similar estimates with overlapping uncertainties (Table 5.2). In the
subsequent discussion, parameters from the nonlinear least squares will be used.

In the north, the half saturation constant plus in situ dissolved GBT (K; + 5) and V4.
were 79.46 + 48.26 nM and 0.36 + 0.06 nM /h respectively. In the south, near 37 N, the half
saturation constant plus in situ dissolved GBT (K; +.5) and V4, were 11.06 £ 5.53 nM and
0.56 £ 0.06 nM /h respectively. The dissolved GBT (S) turnover time (or residence time) at
the northern and southern stations were 137.8 +31.5 hours (5.75+ 1.3 days) and 23.1 +14.4
hours (0.96 £ 0.6 days), respectively.

Few isolated microorganisms have had GBT uptake kinetics characterized. The Antarctic
sea-ice diatoms Nitzschia lecointei, Navicula cf. perminuta, and Fragilariopsis cylindrus
have half saturation values, Ky, of 189 to 315 nM [42]. Two strains of the SAR11 clade of
pelagic heterotrophic bacteria have half saturation values of 0.89 and 1.85 nM [139]. The
K, values from these different organisms reflect the environment that they are adapted for,
with Antarctic sea-ice diatoms adapted to DOM rich brine pores and SAR11 adapted to the
oligotrophic open ocean with low concentrations of labile DOM. Here, taking the uncertainty
into account, the possible values for K; + S range from 31-127 nM and 5-21 nM for the

communities at 41.6 °N and 37 °N, respectively. The low-end of these values approach the
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SARI11 half saturation value, while the high end approaches the sea-ice diatom values.

The differences in K; + S at our two sites are likely driven by differences in community
composition, with different organisms having different transporters with different specificity
and kinetics. Synechococcus, picoeukaryotes, and photosynthetic eukaryotes between 20-100
pm were important contributors to phytoplankton biomass at both locations, but picoeukary-
otes < 4 pum and 4-20 pum were greater contributors to total biomass in the north than in
the south (personal communication, A.E. White, F. Ribalet). These biomass estimates show
that the phytoplankton biomass was larger in the north than in the south, tracking changes
in chlorophyll concentration (Table 5.1). From this we conclude that higher total phyto-
plankton biomass in the north is not directly related to GBT uptake kinetics, given that we
measure more capacity for rapid GBT uptake (higher V,,,, and lower K; + S) in the south
compared to the north. The specific abundance of organisms with different capacities for
GBT uptake is likely more important than total phytoplankton biomass.

In contrast to phytoplankton biomass, free living heterotrophic bacteria were more abun-
dant in the south than in the north. The heterotrophic bacterial abundance was 834 + 19
cells per puL at 37 °N and 302 + 24 cells per uli at 41.6 °N (personal communication, F. Rib-
alet). The bacterial community composition was likely similar to that sampled in this region
in 2017, with significant contributions from SAR11 clade, Rhodobacterales, Cellvibrionales,
and Flavobacteriales (Chapter 4 Figures 4.21, 4.20). Heterotrophic bacteria community and
abundance may have influenced the GBT uptake parameters, since the presence of more
organisms able to take up GBT would increase the V,,,, and decrease the turnover time.

The microbial communities in the North Pacific transition zone studied here had similar
GBT uptake kinetic parameters as those estimated in estuarine and coastal waters (Table 5.3)
46, 138]. Turnover time estimates from the estuarine and coastal studies ranged from <1 to
11 h [46, 138], much lower than the estimate of the northern station and just within the range
of possible estimates for the southern station (Table 5.3). This suggests that at the more
northern station, though there was more biomass, microbes were much less adapted to utilize

glycine betaine, as evidenced by the higher K; + .5, lower V4., and longer turnover time
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compared with the station at 37 N and with the previous coastal estimates. Total organic
nitrogen was similar at both of our stations, but the elevated DIN in the north suggests
that microorganisms would not need to rely on DON as a nitrogen source. At Station 5,
where the southern experiment took place, DIN was not above our limit of detection, and
thus more microorganisms may have utilized DON directly, or relied more on the bacterial
remineralization of DON to ammonium.

Estimates of nitrate turnover time, based on DIN concentrations and primary produc-
tivity rates, were 9 days at 42 °N and 0.16 days at 37 °N (K. Bjorkman, personal commu-
nication). These estimates are the result of similar primary productivity estimates (based
on ¥P, 1C, and '80) at the two latitudes but different concentrations of DIN. The trend
of the DIN turnover times mirrors that for GBT at the two latitudes, with a much longer
turnover time on the order of a week at 41.7 N and less than one day at 37 N. The similarity
in the trends suggests that the labile DON turnover is linked to the DIN turnover, where
environments with low concentrations of DIN have microbial communities that are adapted
to rapidly cycle both DIN and labile DON.

The most well studied DON compounds are dissolved free amino acids. In the oligotrophic
Sargasso Sea the V,,,, for individual amino acids ranged from 0.006-0.1 nM/h and K; + S
ranged from 0.1-5.5 nM [19]. In the North Atlantic, taurine turnover times ranged from
6-240 h [135]. Comparing the results of our study to these values suggests that GBT is
more similar to the amino acids that have longer turnover times and lower uptake affinities
(Table 5.3). Use of GBT requires specific enzymatic pathways, and GBT cannot be directly
incorporated into protein biomass in the same way that proteinogenic amino acids can be.
Thus GBT has less broad utility to all living organisms. However, for some organisms such

as R. Pomeryoi DSS-3, it can fulfill the C, N, and energy requirements [243].

5.4.8 GBT uptake over time and estimates of GBT fueling bacterial production

In the time course experiments dissolved labeled glycine betaine was rapidly taken up after

the addition of 500 nM '3Cj, N;-glycine betaine (Figure 5.3 left). The initial time point
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samples were filtered directly after the addition of labeled glycine betaine, resulting in a total
‘incubation time’ of between 15 and 30 minutes before the samples were finished filtering. In
this short time period, approximately 0.08 and 0.11 nM was taken up in the north and south
respectively, corresponding to uptake rates of approximately 0.17 and 0.38 nM/h for the
two experiments. These rates should be evaluated cautiously as samples were being filtered
during the entire ’incubation period’. We expect the actual initial uptake rates to be near
the V.. estimates from the kinetics experiments given that the added GBT concentration
was well past saturation (Figure 5.2, Table 5.2).

During the incubation, the fraction of total particulate GBT that was in the fully-labeled
isotope form stabilized after two days of incubation (Figure 5.3 right). In both experiments
the fully-labeled glycine betaine pool reached a maximum of approximately 85% of the total
GBT pool. The dominance of the labeled form of GBT indicates that the uptake of labeled
GBT was great enough to result in a substantial increase in the total particulate GBT
concentration (Figure 5.3 left). Other isotopologues of glycine betaine also appeared in the
particles, including ¥*Cy, '®N;-GBT (2% of total particulate GBT).

Using estimates of GBT derived C respiration and macromolecular incorporation from
studies done with radiocarbon in coastal and estuarine sites [46], we estimate that GBT
carbon would fuel 0.89-1.82% of total respiration, and 0.8% of total PC would be GBT
or derived from GBT after 50 hours. These estimates are based on many assumptions (see
supplemental material for full calculation and discussion), however, they still provide some
ballpark values for the quantitative importance of GBT in the microbial community in the

North Pacific.

5.4.4  Turnover time of particulate GBT

The rate of labeled GBT accumulation decreased to approximately 0.1 nM/h between the
first and second time points of both experiments (see supplemental calculation for estimate
of total uptake of labeled GBT). Between these time points there was a small decrease in

concentration of unlabeled GBT. If we assume that GBT biosynthesis stopped after the
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addition of 500 nM exogenous GBT, a common assumption in tritiated leucine bacterial
production measurements, then we can use this decrease as an estimated flux into metabolic
pathways or out into the external environment.

If we assume that in unperturbed systems over time there would be no long term accumu-
lation of particulate GBT, we can use the original particulate *Cy,"No-GBT concentration
and the loss rate of *Cy,'"Ny-GBT between the first two timepoints to determine the turnover

time (residence time) of GBT in marine particles.
TurnoverTime = [GBT1300715N0]/l0851300715N0 (5.2)

These assumptions yield a turnover time of particulate GBT of 13 and 11 hours at the
northern and southern stations, respectively, with corresponding turnover rates of 1.78 d*
and 2.11 dt.

Both taxonomy and growth rate likely influence metabolite turnover rates. However
estimates from model organisms grown in culture can contextualize the turnover rates we
measured. The metabolites with the most rapid turnover rates are cofactors such as ATP
and ADP, which have turnover times of less than one second in model bacteria Escherichia
coli and fungi Penicillium chrysogenum and Saccharomyces cerevisiae [244]. In these or-
ganisms, amino acids have turnover times ranging from 10s to 1,000s of seconds (<1 to
10s of minutes) [245, 244]. In a model halophilic methanogen, Methanohalophilus strain
FDF1, the turnover time of glycine betaine was 45.5 h [246]. This long turnover time was
interpreted as evidence that Methanohalophilus uses GBT primarily as an osmolyte and not
in other metabolic roles. In contrast, the turnover times of other potential compatible so-
lutes in Methanohalophilus, glutamate and glycosylglycerate, were 5-3.4 h and 10 h, which
suggested that these metabolites were used as metabolic intermediates in addition to their
roles as osmolytes. The particulate glycine betaine turnover times measured here (13 and
11 h) are more similar to the turnover times of Methanohalophilus glucosylglycerate than

Methanohalophilus GBT. This provides support for the hypothesis that while some marine
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organisms likely only use GBT for its osmotic properties, other members of the natural

microbial community metabolize it for C, N, and energy.

5.4.5  Primary pathways of GBT transformation

We see evidence of the direct incorporation of GBT into metabolites, reflected by the incor-
poration of multiple *C and N atoms before the 3C; isotopologue or *N; isotopologues
increased in concentration (Figure 5.4, Figure 5.5). The appearance of other isotopologues,
including increased concentrations of the 1*C; or N, isotopologues, suggests that the C and
N from GBT was further recycled through metabolic pathways to the point where individual
atoms from the molecule began appearing in metabolites distantly related to GBT.

Four major pathways of glycine betaine metabolism were observed to occur in both incu-
bation experiments (Figures 5.1, 5.6). GBT-derived isotopologues of metabolites involved in
the demethylation pathway (DMG, sarcosine, creatine), the reduction pathway (TMAQO), the
carnitine synthesis pathway (carnitine, TMAB), and the choline synthesis pathway (choline,
GPC) were observed within the first four to six hours of incubation in both experiments (Fig-
ure 5.1, Figure 5.4). However, the two experiments differed in which pathways contributed
more to GBT transformation, summarised in Figure 5.6.

Demethylation: A primary route of GBT metabolism is via demethylation to dimethyl-
glycine and sarcosine (black pathway in Figures 5.1, 5.6), and this was the dominant pathway
of GBT transformation that we detected in the south. Unlabeled dimethylglycine was not
above our limit of detection (due to elevated noise in the mass spectrometry signal at that
retention time and m/z). However, 13C,, ®N;j-dimethylglycine was detected. Though we
cannot calculate mass isotopologue distributions without the unlabeled metabolite measure-
ment, the peak area of the labeled dimethylglycine increased over time in both incubations,
and appeared at the second sampling point in both experiments (Supplemental Figure 5.11).
Labeled '3Cj3, N;-sarcosine also appeared in the particulate pool at the second time point
of each experiment (Figure 5.5). The 3Cj, 1°N;-sarcosine isotopologue reached a maximum

of 30% + 8% and 78% =+ 4% of the total sarcosine pool in the north and south experiment
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respectively. In the south, sarcosine also appeared in the fully labeled form much faster than
in the north (Figure 5.4), with 46% =+ 6% of the total sarcosine pool fully labeled after 6
hours.

The initial concentration of sarcosine was lower in the south experiment than in the north
(Supplemental Figure 5.14), together with the isotope distribution this suggests that the flux
through the compounds in the demethylation pathway was higher in the south experiment
than in the north. Interestingly, the ¥Cy, N isotopologue of dimethyl glycine ultimately
reached a higher concentration (proportional to peak area) in the north experiment than the
south experiment (Figure 5.11). This is counter to the trend for sarcosine which showed the
1305, 1PN, isotopologue of sarcosine consistently in lower concentration in the first experi-
ment compared to the second. This suggests that DMG is accumulated in the north but not
in the south, where it stays in roughly the same proportion to sarcosine. The methyl group
removed in the GBT to DMG transformation can be used to methylate homocysteine to
methionine, as discussed below. The flux through each step along the demethylation path-
way in the two locations may be influenced by the abundance of SAR11. In 2017, SARI11
contributed more to the bacterial 16S gene copies at 37 °N than 41 °N, and SAR11 has the
capacity to demethylate GBT to glycine using the enzymes betaine-homocysteine methyl-
transferase (BHMT), dimethylglycine dehydrogenase, and sarcosine dehydrogenase [45]. The
SAR11 and Ruegeria pomeroyi DSS-3 BHM enzymes transfer a methyl group from GBT to
homocysteine to form methionine, but the latter two demethylations result in a methylation
of tetrahydrofolate and ultimate oxidation to CO, [45, 243].

Glycine was measured in the samples but no isotopologues were detected. The natural
abundance of the 13C; glycine isotopologue should be approximately 2% of total glycine, but
we could not detect that isotopologue at any time point. Based on our limit of quantification
and the concentrations of unlabeled glycine measured in each experiment, we estimate that
the isotopologues could have been enriched up to approximately 5% of the unlabeled glycine
concentration and remain undetectable.

Creatine was labeled with '3C5 ®N; in the second time point in both experiments at 2%
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and 4% in the north and in the south, respectively. The 3C3 N, isotopologue comprised
approximately 7% and 6% of the total creatine pool after 36 hours of incubation in the two
experiments (Figure 5.4, Figure 5.5). Creatine is primarily thought to be synthesized from
glycine and arginine, via glycine aminotransferase and guanidinoacetate N-methyltransferase
[247] and can be produced as a byproduct of the urea cycle [248]. If that were the dominant
pathway in this system, we would have seen the appearance of the *C, ®N; isotopologue
rather than the '*C3 ®N; isotopologue (Figure 5.1).

The accumulation of the 3Cj3 N isotopologue rather than the 3C, N, isotopologue
indicates that the production of creatine from sarcosine might have been dominant in these
communities. It is possible that creatine was synthesized from sarcosine (via creatinase in
Figure 5.1) but that transformation is primarily discussed in the literature in the reverse
direction, synthesizing sarcosine from creatine [249]. Our data suggest that either creatinase
is a reversible enzyme or there is a yet undiscovered enzyme that catalyzes the reaction from
sarcosine to creatine.

Reduction: Another possible pathway for the breakdown of glycine betaine is through the
production of trimethylamine (TMA) via betaine reductase (blue pathway in Figures 5.1,
5.6). TMA was not measured, but TMAO, produced from TMA via TMA monooxygenase
(tmm), was detected as fully '3Cz ®N; labeled TMAO at the second time point in both
experiments. Labeled TMAO showed greater accumulation in the north than in the south,
the opposite trend of sarcosine (Figure 5.4, Figure 5.5). The final proportion of fully labeled
TMAO in the north was 49% + 10% versus 20% =+ 4% in the south.

The tmm gene, which transforms TMA to TMAO, is found in both prokaryotes and eu-
karyotes [250, 95, 43]. TMAO is an osmolyte used by mammals and marine animals including
sharks, worms, and snails [250] and can be an intermediate along the way to the formation
of other methylamines and further oxidized to provide energy [251, 45]. The higher concen-
tration of TMAO in the north (Figure 5.14) and its more rapid isotopologue accumulation
in the northern experiment suggest that organisms in the northern portion of the NPTZ are

actively producing TMAO and also further metabolize it for energy production. TMAQO can
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be formed from choline (via choline TMA-lyase, cutC) and carnitine (via carnitine oxyge-
nase, cntA). We cannot rule out these pathways of TMAO production, but the difference
in isotope accumulation between TMAO, choline, and carnitine suggests that they are from
independent pathways. This is most obvious in the northern station, where the potential
precursors choline and carnitine have much lower isotopologue abundances than TMAO and
thus are unlikely to be the primary precursors to TMAO (Figure 5.4, Figure 5.5).

Choline: Though glycine betaine is thought to be formed from choline [243, 252], our
results show that choline is also likely directly formed from glycine betaine, as evidenced by
the 3C5 '°N; isotopologue accumulation (Figures 5.4, 5.5). Choline and glycerophospho-
choline (GPC) were in higher concentrations in the north than in the south (Figure 5.14).
Nevertheless, 13C5 PN isotopes accumulated more rapidly in the north. Ultimately 25%
of the total choline and GPC metabolite pools were in the 1*Cs °N; isotopologues, directly
sourced from the labeled GBT. In the south these metabolites showed slower accumulation
but reached similar final isotope proportions (Figure 5.4, Figure 5.5). Overall in the southern
experiment these metabolites must have slower turnover times (Figure 5.6). GPC is made
from choline-phospholipids. We saw the additional accumulation of the GPC ¥Cg N, and
13C; 15N, isotopologues, indicating that the glycerol group was being labeled with 3C. These
patterns suggest further metabolic reworking of GBT derived carbon, as discussed below.

Carnitine: Carnitine became labeled with *Cs, ®N; in the second time point in both
experiments and reached 3% and 2% in the 9 h and 13 h time points for the northern and
southern experiments respectively. By the end of the incubations 25% and 37% of carnitine
was the Cs, °N; isotopologue. There was no increase in the *C; isotopologue or in a
15N, isotopologue in either experiment. (3-Carboxypropyl)trimethylammonium, also known
as trimethylammoniobutanoate (TMAB), is a quaternary amine that is often thought to
be a precursor to carnitine but in these experiments seems to be derived from carnitine.
The 3C5 PN;-TMAB isotopologue increase in concentration throughout the course of both
experiments, going from 0% to 6% of the total TMAB pool in the north and from 0% to 32%
of the total TMAB pool in the south. The ¥Cg ®N;-TMAB isotopologue was detectable in
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the southern experiment in the latter time points (<1% of total TMAB). No other TMAB
isotopologues were detected. As seen with carnitine,there was a greater rate and extent of
incorporation in the south than the north (Figure 5.4, Figure 5.5).

Carnitine showed similar total concentration in each experiment (Figure 5.14) but very
different patterns of isotope accumulation, with higher carnitine turnover in the south. The
isotope pattern in (3-Carboxypropyl)trimethylammonium (TMAB) suggests that it is derived
from carnitine. TMAB showed dramatically different patterns in the experiments, reaching
only 7% enrichment in the north experiment but nearly 40% enrichment in the south, despite
their similar concentrations (Figure 5.14). This suggests that organisms in these communities
have very different TMAB synthesis strategies, either stemming from different pathways or

different strategies for TMAB use and intracellular turnover.

5.4.6  Fvidence of C and N recycling

Several amino acids, nucleosides, and nucleobases did not show a direct incorporation of mul-
tiple isotopes from glycine betaine, but do show gradual increases in the **C and ®N content
(Figure 5.7). Gradual increases in the *C and N content of amino acids, nucleosides, and
nucleobases indicated that these elements, derived from GBT, were recycled through cellular
metabolism (Figure 5.7, Figure 5.8). This could occur via the breakdown of glycine betaine
to ammonia and metabolic intermediates such as acetylphosphate and formaldehyde (Figures
5.1 and 5.6 blue pathway) or via demethylation to GBT which then methylates s-adenosyl
methionine with *C (Figures 5.1 and 5.6 black pathway). Changes in the isotopologue dis-
tribution were assessed by fitting a linear model to the mass isotope distribution of each
isotopologue over time. Significant increases in isotopologue distributions (p < 0.05) are

discussed below.

5.4.7 GBT as a N source

The amino acids glutamic acid, glutamine, and arginine had increased proportions of their

15N, isotopologues in both experiments over time, with a greater increase in the south than
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the north. Glutamine and glutamic acid are the primary molecules involved in ammonium
assimilation, and the appearance of 1N suggests that appreciable amounts of ammonium had
been generated from GBT after 1-2 days. In FE. coli, the turnover rate constants for glutamine

1in exponential growth with a doubling time of

and glutamate are 14.29 min™ and 0.79 min-
~80 minutes [245]. These are likely much faster than the turnover rates for glutamate and
glutamine in this system, since the growth rate of E. coli is much faster than the average
growth rate of marine microorganisms. However, rapid turnover of these compounds still is
quite likely, and thus the proportion of 1°N that they contain may be a near real time estimate
of the proportion of 1°N in available ammonium. Given this interpretation, it is clear that in
the south there was much higher recycling of 1°N from GBT into ammonia than in the north
(Figure 5.7). Together with the undetectable nitrate and nitrite concentrations at station 5,
where the southern experiment took place, this observation suggests that organisms in the
heart of the NPTZ rely on nitrogen recycling within the photic layer.

In the north there was detectable DIN (Table 5.1), and based on the DIN turnover time
estimates, the incubation lasting four days would not be long enough for the standing stock
of DIN to be consumed. Thus, throughout the first incubation many organisms could access
nitrite or nitrate and did not need to rely on remineralized DON to support their growth.
Some organisms require ammonia or preferentially use it over nitrite and nitrate, and the
slight increase in N isotopologues of the free amino acids in the north likely are from
organisms assimilating ammonia derived from GBT.

Select other metabolites showed N incorporation (Figure 5.7). The concentration of
the N, isotopologue of taurine increased gradually in the north and increased after several
days of incubation in the south. There was a significant increase over time of the proline
15N, isotopologue, increasing from 0.1% to 0.2% of the total proline pool in the north and
from 0.1% to 0.6% of the total proline pool in the south. The last time point of the southern
experiment showed 'N; incorporation into alanine, with N; isotopologue increasing to
0.3% £ 0.2% from 0%. The northern experiment showed no change in the contribution

of the alanine °N; isotopologue over the course of the experiment. These results indicate
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again that more GBT derived nitrogen was incorporated into biomolecules in the low nitrate
community in the south than in the north.

Many metabolites did not show evidence of N recycling. Some of this could be due to
the isotopologues being below our limit of detection, but in other cases we can measure
isotopologues and they do not change in relative abundance. For example, leucine showed
no evidence of N isotopologue accumulation. Similarly, the beta-alanine betaine N,
isotopologue showed no change in either experiment.

The total concentration of N in glutamic acid rivals the total concentration of N in glycine
betaine (Supplemental Figure 5.14), but the organisms that contain these two molecules
are not identical. GBT is only in a subset of organisms (though maybe many more than
normal after the addition of 500 nM exogenous GBT) while glutamate is in all organisms.
Thus, the slow growth of the °N isotopologue of glutamate reflects full N-remineralization
and recycling. Though it is possible that the organisms that can remineralize GBT to
ammonium do not release that ammonium and are thus the only organisms able to access
that ammonium, it seems unlikely to be the case. In culture, the remineralized nitrogen from
TMA and TMAO in R. pomeroyi DSS-3 was used by other bacteria in co-culture [253]. In
our study, the appearance of 1°N in other molecules such as arginine, taurine, homarine, and
trigonelline at the later time points also show similar patterns to glutamine and glutamate
and further support the hypothesis that *N-ammonia derived from GBT is being recycled

throughout the microbial community after several days of incubation at both stations.

Purine vs pyrimidine metabolism

The purine adenine showed enrichment in the '°N; and 3C; isotopologues after two days of
incubation in both experiments (Figure 5.8). The southern experiment also showed increasing
contribution of other isotopologues over the course of the incubation, including increased
proportional abundance of 3Cy, ¥C; °Ny, 3Cy N; | and '3Cs, N;. Isotopologues of
the related nucleoside adenosine had similar trends as adenine (Figure 5.8), with a small

but significant increase in relative contribution of the single *C and !N labels in both
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experiments and significant increases in the multiple labels starting in the south around
T25. Adenosine showed more GBT-derived N-incorporation in the southern experiment
compared to the northern experiment, with a greater increase in the ®N; isotopologue and
the appearance of the isotopologue with 3C,, 1°N; at later time points. Deoxyadenosine
had similar patterns to adenosine, but with less isotopologue abundance across the board
at all timepoints and both experiments. This might indicate that there was less turnover in
the deoxyadenosine pool than the adenosine pool, as we would expect based on the slower
turnover of DNA compared with RNA.

Guanine, a purine like adenine, showed a similar pattern to adenine. Signs of C and
N recycling from GBT were in both experiments but, as with adenine, more in the south
than the north. For example, the isotopologue with *Cy increased from 0.1% to 0.6% in
the north while it increased from 0.1% to 0.8% in the south (Figure 5.8). Guanosine showed
small increases in '°N incorporation over the course of the southern experiment, but not the
northern experiment. *C incorporation was shown in an increase in the '3C; isotopologue
in the north (from 5% to 8%) and in the south (from 3.9% to 5.6%). Any increases in the
15N isotopologues of guanosine could not be measured because they were below our limit of
detection.

Cytosine showed ¥C and '°N accumulation, but less than adenine, potentially because
it simply has fewer C and N atoms to accumulate the label and potentially due to difference
in biosynthetic pathways, since cytosine is a pyrimidine (Figure 5.8). In the north there was
more C-recycled through metabolic intermediates into cytosine, evidence by the accumulation
of 13C;-cytosine which increased from 2.3% to 3% of the total cytosine pool. There was no
significant increase in this isotopologue in the south. In contrast, more N-recycling occurred
in the south. The '°N; isotopologue approximately doubled from 0.4% to 0.9% in the north
while it quadrupled in the south,increasing from 0.5% to 2.1% over the incubation period
(Figure 5.8).

Pyrimidines are formed de novo from glutamine, HCO3™ and aspartate, while purines are

formed de novo from 2 molecules of formate, 2 molecules of glutamine, HCOj", glycine, and
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aspartate. The relatively high accumulation of the ¥*C, 1°N; isotopologues of adenine and
guanine to 1% and 0.7% in the final time point of the south experiment suggests isotope
accumulation from glycine, which contributes two carbons and one nitrogen atom to purines.
This is further evidence that glycine was directly formed from GBT, though we could not
detect any heavy isotopologues (Figure 5.6).

Similarly to glycine, no accumulation of heavy aspartate isotopologues was observed.
The natural abundance of the '3*C; isotopologue for aspartate should be at approximately
4.4%. Since we did not observe this isotopologue at any time point, other isotopologues
could have been greater than 4.4% of the aspartate pool and still been below our detection
limit. Based on our limit of quantification we estimate that isotopologues would have been
detected if they were much more than 5% of the unlabeled aspartate concentrations we
measured, so we cannot rule out aspartate in contributing to the increase in 3C or N
isotopologue concentration in pyrimidines. Both pyrimidines acquire one nitrogen atom and
purines acquire two nitrogen atoms from glutamine, and we did observe an increase in the
15N isotope abundance in glutamine. Thus it is most likely that much of the increase in N
in purines and pyrimidines is from glutamine.

Regardless of the sources, the patterns observed in these metabolites suggest that there
is significant recycling of C and N from GBT throughout the primary metabolites, beginning
slowly in the southern experiment, and increasing after the first ~13 hours, since T25 is

where multiple labels begin to show up in significant proportions.

Total hydrolyzable amino acids

Over the four days of incubation, the concentrations of total hydrolyzable amino acids
(THAA) generally increased by approximately 150% in the northern experiment and gener-
ally decreased by approximately 90% in the southern experiment (Figure 5.9). The average
initial concentration of the THAAS in the two experiments was similar, but both experi-
ments had high bottle to bottle variability (Figure 5.9). *C and N isotopologues of several

hydrolyzed amino acids were detectable. We evaluated for significant enrichment in the
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isotopologues of the THAAs but there were no significant differences in the isotopic distri-
butions at the initial and final timepoints (false discovery rate corrected p-value > 0.1). In
the southern experiment the proportional contribution the *C, and 3Cj isotopologues of
phenylalanine, isoleucine, leucine, and valine and *Cy °N; isotopologues of phenylalanine,
isoleucine, and alanine increased a small amount between the initial and final timepoints,
and were significantly different based on a two sided t-test before fdr correction (p-value <
0.05, Figure 5.10). Some of these isotopologues were below our limit of detection in the initial
time point and increased to be above our limit of detection at the final timepoint, despite
an overall decrease in the THAA concentrations (Figure 5.9). The total increase in *C and
15N concentrations from total hydrolyzable amino acids in the southern experiment was 0.8
nM and 0.1 nM, respectively, a relatively low contribution to the total isotope uptake from
GBT (Figure 5.12).

The accumulation of multiple 13C atoms rather than the single 13C; isotopologue, suggests
multiple isotopes together are being delivered from GBT to these amino acids. Of the five
amino acids that showed isotope enrichment, four are synthesized from pyruvate. This
provides further evidence that GBT is demethylated to glycine, which can then be converted
to serine and then pyruvate (Figure 5.6). The other amino acid, phenylalanine, has 3 carbons
derived from phosphoenolpyruvate (PEP), which can also originate from pyruvate. The °N
accumulating in these is likely derived from free glutamine, which showed N enrichment
(Figure 5.7). Ultimately, these enrichments show that the carbon and nitrogen from GBT

can provide marine microbes C and N for biomass production.

5.4.8 GBT as a C source

Glutamic acid and glutamine showed increased proportions of the 3C; isotopologue over
time in both experiments (Figure 5.7). Gonyol, trigonelline, and dimethylsulfoniopropionate
(DMSP) showed '3C over time. The beta-alanine betaine *C; isotopologue and '*Cy iso-
topologue increased in the north and south, with a greater increase in the south. In contrast,

the 13C; isotopologue of beta-Alanine was stable at around 1.8% throughout all experiments
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and time points.

Several metabolites that had shown '°N incorporation did not have significant *C incor-
poration, including arginine, taurine, and proline. Proline betaine, alanine, and leucine also
did not show *C incorporation

Though we did not measure glycine isotopologues, it is likely that they did accumulate
as the product of sarcosine demethylation (Figure 5.6). Glycine, along with glutamic acid
and glutamine are glucogenic amino acids. Glycine can be converted to pyruvate and then
oxaloacetate. Oxaloacetate can then fuel gluconeogenesis or directly enter the citric acid
cycle and provide energy to the cell. Glutamate and glutamine enter the citric acid cycle
through alpha-ketoglutarate. Accumulation of 13C in these amino acids indicates that carbon

from GBT is a viable source of C and energy in natural marine microbial communities.

GBT as a methyl donor

GBT donates methyl groups to make methionine from homocysteine with the gene BHMT
[243]. The other pathways for methionine synthesis are via methionine synthase (MetH),
which uses cobalamin (Vitamin Bjy) and methyl tetrahydrofolate as cofactors, and MetE
which directly transfers the methyl from methyltetrahdyrofolate to homocysteine. Methio-
nine can be used for protein synthesis or to generate s-adenosyl methionine (SAM) from
s-adenosyl homocysteine (SAH) via methionine adenosyltransferase. This use of GBT has
been shown to occur in both prokaryotes and eukaryotes [254, 243]. Though we cannot de-
tect the ¥C; natural abundance or label accumulation in methionine or SAM, the turnover
of methyl groups through these metabolites is likely extremely rapid (minutes to seconds),
so we would not necessarily expect an accumulation of the *C; isotopologue. Evidence for
GBT acting as a methyl donor for methionine and SAM in our experiments comes from
the accumulation of 3C in beta-alanine betaine and DMSP. Beta-alanine betaine is made
through successive methylations of beta-alanine via a SAM dependent methyltransferase
[255]. Beta-alanine betaine showed changes in *C isotopologues even though beta-alanine

did not, indicating that the *C was on a methyl group and came from SAM. The increase
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in the beta-alanine betaine *C isotopologues were greater in the south than in the north,
similar to our estimated flux through sarcosine. DMPS is synthesized via a SAM dependent
methyltransferase as well [256]. In the southern experiment in particular, 3C; and 3C,
isotopologues of DMPS increased their contribution to total DMSP. Gonyol is potentially
produced from DMSP [257] and showed similar isotopologue accumulation. These *C atoms
are likely on the methyl group carbons, and thus ultimately originated from SAM.

Though isotopologues for SAM and SAH were consistently below our detection limits,
these results indicate that direct methylation of SAM from GBT and then to other betaines
may be more important in the south than in the north. Additional evidence for the activity
of GBT demethylation and methylation pathway is provided by the appearance of the 3C,,
I5N-GBT at 2% of total GBT concentration by the end of the incubations. ¥C,, 1°N;-GBT
is likely to have been formed from the re-methylation of DMG.

This methylation potential from GBT is likely not available to all organisms that can
take up GBT. Evidence for different organisms having access to this pathway comes from
trigonelline and homarine. Homarine and trigonelline are structural isomers with different
synthesis pathways and differences in the identity of some of the organisms that produce
them [41]. Analyses of metabolomes from diverse marine microbes showed that homarine was
made primarily by eukaryotic phytoplankton, Synechococcus, and one heterotrophic bacteria,
Roseovarius sp., while trigonelline was produced by eukaryotic phytoplankton and by several
other heterotrophic bacteria [41]. In both experiments these two compounds showed different
isotope accumulation patterns (Figure 5.7). Homarine is produced from quinolinic acid,
which in turn is a catabolite of tryptophan [258]. Quinolinic acid is decarboxylated to
picolinic acid, which is then methylated via SAM to homarine. Trigonelline is synthesized
by methylating nicotinic acid, also catalyzed by SAM [259]. Nicotinic acid is primarily
produced as a degradation product of NAD, but can also be produced from quinolinic acid,
with nicotinic acid mononucleotide as an intermediate.

The 3C; and 3C, isotopologues of trigonelline increased in both experiments, with a

greater increase in the south than in the north. Most of the change in the southern experiment
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occurred after 51 hours of incubation (Figure 5.7). Homarine showed no change in the
13C, isotopologue which was steady at 7% in both experiments. The differences in the
13C, isotopologue abundance in trigonelline and homarine either suggest different labels
originating in different pathways (and thus support the NAD degradation pathway over
the quinolinic acid pathway for trigonelline) or suggest different organisms synthesize these
compounds. Homarine is thought to primarily be an osmolyte [260, 112] while trigonelline
can be an osmolyte but also can be a reservoir for nicotinic acid or a detoxification method in
cases of excess nicotinic acid [259]. Homarine and trigonelline both increased in concentration
in the first experiment with a similar pattern to many metabolites (Figure 5.15). These
increases indicate that there was synthesis of these metabolites during the incubation, so if
13C was available in the precursors to homarine, it should have appeared in the isotopologues,
which were well detected (Figure 5.7).

We hypothesize that the organisms in our samples that produce homarine are not the
same organisms that can degrade GBT to fuel methylation, but that at least a subset of the
organisms that produce trigonelline are able to fuel methylation via GBT degradation.

Incorporation of N into trigonelline occurred at the end of the incubation periods in
both experiments, with the N isotopologue increasing to 0.27% from approximately 0.2%
in all prior timepoints for the northern experiment and to 0.4% from approximately 0.17%
in all prior time points in the southern experiment. Similarly, in homarine, there was a small
change in the contribution of the N isotopologue at the final time point, increasing from
0.2% to 0.4% in both experiments, a change similar to that seen in trigonelline (Figure 5.7).
The small increase in N isotopologues in both trigonelline and homarine at the final time
point further emphasizes that ammonia recycling from GBT was making its way through
the entire microbial community, even to organism that may not be able to remineralize GBT

themselves.
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5.4.9 Total uptake and fate of GBT

Though we saw metabolites incorporate isotopes from GBT, many other targeted metabolites
were either not detected or did not have detectable isotopes and thus cannot be evaluated
(Supplemental table 5.5).

Total uptake of 1°N and '3C isotopes was calculated by taking the sum of all the quan-
tifiable metabolites and their 1N and !3C isotopes (Supplemental Figure 5.12). This total
is an underestimate due to only a selection of metabolites and their isotopologues being
detectable and quantifiable with our methods. However, it still shows that the total '°N
and 3C uptake was dominated by the 3Cs, °N;-glycine betaine at all time points. In the
final time point of the northern experiment, 85 + 19% of all particulate N that we could
measure in our metabolites and 80 £ 17% of all particulate *C that we could measure in our
metabolites was in GBT isotopologues. In the final time point of the southern experiment,
88 + 7% of 1°N and 86 + 7% of '3C was in GBT isotopologues (Figure 5.13). The total >N in
metabolites we quantified was 4 nM and 2 nM at the final time point of the north and south
experiments, a small fraction of the total 500 nM added (Figure 5.12). We consider these val-
ues an underestimate of the actual GBT uptake. Incubations of radiocarbon-labeled glycine
betaine have shown that most C taken up as GBT is respired into COs or incorporated
into macromolecules [46]. We see incorporation into choline and glycerophosphocholine and
purines and pyrimidines, suggesting C and N from GBT could be incorporated into lipids
and DNA and RNA - molecules which we did not analyze here.

Much of the '*C measured was in homarine (a compound with 7 carbon atoms), which did
not accumulate enriched '3C over the course of the experiments (Figure 5.7). Homarine was
simply at high enough particulate concentrations that the natural abundance 3*C isotopo-
logue contributed substantially to our total *C measured (Supplemental Figures 5.15, 5.16).
Similarly, there was significant N and *C in THAA at the initial and final time points,
due to the natural abundance of these isotopes and the high concentrations of THAAs. The
additional contribution of THAA due to enrichment from GBT was 0.1 nM N and 0.8 nM
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13C in the southern experiment, only a small fraction of that found in GBT (Supplemental
Figure5.17). There was no enrichment of isotopes from GBT into THAA in the northern
experiment (Figure 5.10), increased concentrations of these isotopes were instead due to the
overall increase in THAA (Figure 5.9).

We were interested in whether the GBT uptake was only by heterotrophic bacteria or
if phytoplankton also contributed to the uptake. We looked for isotope accumulation in
chlorophyll and found none, indicating that GBT may not be supplying substantial carbon
or nitrogen to photosynthetic organisms. This does not rule out phytoplankton GBT uptake.
For example, diatoms can take up GBT, with similar uptake patterns as they have for DMSP
[261]. However, diatoms do not show evidence of metabolizing GBT [42]. Phytoplankton
could benefit from GBT uptake simply for its osmotic properties, since they would not
have to synthesize other energy, nitrogen, and carbon requiring compatible solutes. We did
observe an increase in total osmolyte concentrations in the northern experiment, including in
homarine, gonyol, DHPS, and isethionic acid which are thought to be primarily or exclusively
produced by phytoplankton [41]. This could be explained by an overall increase in biomass,
potentially due to a decrease in grazing pressure that likely was an unintended consequence
of a bottle incubation. Additionally, 13C and N from GBT accumulated in phytoplankton
osmolytes, such as gonyol, DMSP and homarine, indicating that either these have larger
bacterial sources that previously considered, or that the C and N are directly or indirectly
exchanged between microorganisms over the timescales of these incubations.

In order to determine the intracellular concentration of GBT, we estimated the biovol-
ume of heterotrophic bacteria, Synechococcus, Prochlorococcus, and picoeukaryotes from flow
cytometry samples taken at the stations where we did our incubations. If we assume that
all GBT is in heterotrophic bacteria, initial GBT intracellular concentrations would be 8
and 3 mM in the north and south, respectively. If instead, we assume that GBT was evenly
distributed across the organisms, intracellular concentrations would be 1.6 and 1 mM in
the north and south, respectively. By the final time point, if there was no biomass change,

these intracellular concentrations would increase 6 fold in the north and 3 fold in the south,



201

in proportion to the increases in total particulate GBT (Figure 5.3, Supplemental Figure
5.14). Compatible solutes classically have high intracellular concentrations, so these GBT
concentrations would be reasonable. The changes in THAA concentrations (Figure 5.9) and
osmolyte concentrations (Supplemental figure 5.16) suggest that biomass did not change
dramatically, and instead intracellular GBT concentrations did increase substantially. We
cannot rule out the possibility that all labeled GBT was taken up into bacterial cells, but we
hypothesize that diverse organisms including phototrophic and mixotrophic organisms were
responsible for the uptake and storage of GBT. Further studies should more closely inves-
tigate the capabilities of phytoplankton to compete for and take up GBT and other labile
dissolved organic matter, since these molecules can provide a benefit to organisms even if

they cannot be metabolized.
5.5 Conclusion

Using stable isotope tracing metabolomics, we find that microbial communities in the north
Pacific transition zone can take up glycine betaine and transform it via both known and
previously unrecognized pathways, to ultimately provide C, N, and energy. The uptake
kinetics parameters were within the ranges expected from previous studies of GBT uptake
in natural seawater and cultured organisms. The turnover time estimates for dissolved GBT
are similar to the turnover time estimates of DIN and non-proteinogenic dissolved free amino
acids and amino acid-like compounds. The southern station, in the heart of the NPTZ (37 N)
where there were more heterotrophic bacteria and less DIN, was more tuned to take up GBT
(Figure 5.2). The northern station, where DIN is in the uM range, showed more GBT taken
up overall (Figure 5.3, Supplemental Figure 5.12). We hypothesize that more phytoplankton
biomass in the north enabled more organisms to take up GBT over time, leading to the
higher particulate GBT concentrations. In contrast, less GBT was metabolized through the
demethylation pathway to glycine and pyruvate in the north than the south, leading to less
prevalent '3C and "N enrichment in other metabolites and macromolecules (Figure 5.7).

The vast majority of the >N and *C that we could detect with our metabolomics methods
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remained in *Cjy, N;-glycine betaine. Though the major use of GBT is as an osmolyte
maintained at high intracellular concentrations, we show that a portion of the GBT taken
into cells is rapidly transformed to other metabolites (Figures 5.4, 5.5, 5.6) and ultimately
the C and N from GBT appear throughout metabolic products ranging from amino acids to
nucleobases to lipids, suggesting full recycling through pyruvate, the citric acid cycle, and
ammonium assimilation (Figures 5.7, 5.8).

Though we expect natural dissolved GBT concentrations to be much lower than 500
nM, these observations still implicate GBT as a relevant labile DOC and DON source that
fuels the microbial loop. The difference between the two stations suggests that the DIN
concentrations and microbial community composition influences how DON is used. Given
that labile DON is produced locally by phytoplankton exudate and mortality [222], our
data support a feedback loop between phytoplankton primary producers and heterotrophic
reminilizers enabled through DON release, uptake, and remineralization that enables efficient
nitrogen cycling within nitrogen limited areas of the ocean. This study highlights insights into
the microbial community carbon and nitrogen cycle that can be gained through employing
stable isotope tracing metabolomics. Further studies with labeled GBT in cultures will
reveal the organisms that are capable of which transformations and how those pathways
might be influenced by substrate availability and other environmental factors. In the marine
environment, stable isotope probing coupled with stable isotope tracing metabolomics could
provide further insight into which organisms are able to access the C and N of GBT most

quickly.
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5.7 Tables
Temperature Chl
Date Lat Long Depth PC PN C:N TON DIN mean sd mean sd
North Exp
-St4 2019-04-16 41.68 -158 15 424 071 597 440 642 959 0.06 0.85 0.08
South Exp
-St5 2019-04-20 37.00 -158 15 6.69 0.65 10.29 4.29 NA 1347 0.09 0.57 0.03

Table 5.1: Summary of the environmental conditions where samples were collected in this
study. Depth is in meters. PC, PN, TON, and DIN are in uM. Chlorophyll is in ug/L.

Temperature is in °C.

Model estimates

Iterations Kt 4+ S (nM) Vmax (nM/hr) Turnover Time (hr)
North kinetics experiment
Linear Transformation 970 50.16 0.36 137.8
(13.78) (0.06) (31.5)
Nonlinear least squares 935 79.46 0.36
(48.26) (0.06)
South kinetics experiment
Linear Transformation 975 13.15 0.57 23.1
(8.34) (0.06) (14.4)
Nonlinear least squares 935 11.06 0.56
(5.53) (0.06)

Table 5.2: The K, V4., and turnover time. Uptake kinetics values are reported as a mean
and standard deviation calculated as discussed in the methods section. Values are reported

as: mean (sd).



Vmax Turnover
Compound Location (nM/L/h)*  |Kt+S (nM)* [time (h)* Reference
Glycine betaine N. Pacific (41 N) 0.3-0.42 31.2-127.72 |106- 169 this study
Glycine betaine N. Pacific (37 N) 0.5-0.63 4.81-21.49 8.7-37.5 this study
Glycine betaine Mobile Bay 0.39-44 1.8 -49 0.52-11 Kiene and Williams 1998
Individual DFAA  |Sargasso Sea (N. Atlantic) 0.003-0.2 [0.1-5.5 1.6-181.9 [Suttle et al 1991
Alanine Sargasso Sea (N. Atlantic) [0.015-0.15 |0.9-1.8 1.6-13.2 Suttle et al 1991
Ornithine Sargasso Sea (N. Atlantic) 48.7 -181.9 |Suttle et al 1991
Taurine Off the Iberian Peninsula 6 -240 Clifford et al 2019
Leucine Off the Iberian Peninsula 21 - 6000 Clifford et al 2019

squares fit.

* Ranges represent the range of the values in the publication or the best estimate plus and minus one standard
deviation, the values for this study include the full range of estimates from the linear transformation and non-linear least
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Table 5.3: Uptake kinetic parameters for various metabolites in the marine environment

5.8 Figures
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Figure 5.1: Several pathways of glycine betaine transformation. Pathways are circled based
on the initial transformation of glycine betaine to dimethyl glycine and sarcosine via demethy-
lation (black), to TMA via glycine betaine reductase (blue), to lipids via betaine aldehyde
and choline (red), to carnitine through the intermediates GBT-coA (not shown) and 3-
dehydrocarnitine (not shown) (green). Note that TMAO can be formed from choline and
carnitine via choline TMA-lyase (cutC) and carnitine oxygenase (cntA). Molecules we did not
measure are in grey. TMA = trimethylamine, TMAO = trimethylamine-n-oxide, TMAB = 4-
trimethylammoniobutanoate. DMA = dimethylamine, MMA = monomethylamine. Specific
reactions are labeled with enzyme names where applicable. bhmt = betaine-homocysteine
S-methyltransferase, dmg = dimethylglycine oxidase, dmgdh = dimethylglycine dehydroge-
nase, SARDH = sarcosine dehydrogenase, gnmt = glycine N-methyltransferase, tmm = TMA
monooxygenase (the beginning of the aerobic TMA oxidation pathway), torA = TMAO re-
ductase (reduction of TMAO to TMA), BADH = betaine-aldehyde dehydrogenase (known
to produce betaine from betaine aldehyde), ck = choline kinase. Incorporation into lipids
occurs via choline kinase generation of phosphocholine, phosphocholine cytidylyltransferase,
and cholinephosphotransferase. The arrow from TMA to DMA and MMA represent the
anaerobic TMA dehydrogenase pathway. The question marks indicate that the directional-
ity of these enzymes reported in the literature does not match with the metabolomics data
in our study. Creatinase is known to make sarcosine from creatine and choline monooxy-
genase/choline dehydrogenase/choline oxidase are known to produce betaine aldehyde from
choline.
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Figure 5.2: Uptake of 13C5, 1°N-GBT in natural seawater. Black points are calculated rates
from individual bottles, standard error propagated from the uncertainty associated with
quantification is shown as the bars, sometimes obscured by the size of the points. Open
circles are replicate injections of the same sample. Uptake kinetics curve fit to the data
with a nonlinear least squares and monte carlo randomization as described in the methods is
shown in the solid line, with one standard deviation of K and V,,,, shown in shading. Inset
shows the shape of the curve for the 0-200 nM concentration range.
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Figure 5.3: The particulate concentration of all possible glycine betaine isotopologues over
the course of the incubations (Left). The mass isotopologue distribution over the course
of the incubations (Right). Lines are the average of the triplicate bottles, with error bars
representing one standard deviation. Grey boxes indicate night time. Dashed lines on
the right plots indicate the isotopic abundance of samples taken from the stations where

each experiment took place. Insets have an adjusted y-axis to show the lower abundance
isotopologues.
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Figure 5.4: Heatmaps of isotope label incorporation for select isotopologues of metabolites.
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Figure 5.6: Pathways of glycine betaine metabolism observed in the northern and southern
stations of the NPTZ. See Figure 5.1 for details of pathway, molecule, and enzyme descrip-
tions. Colored circles represent the total uptake of labeled dissolved GBT over the course of
the incubations, with a larger blue circle representing more uptake in the north and a smaller
red circle indicating less uptake in the south. Colored arrows represent the observed path-
ways of GBT metabolism in the north (blue) and south (red) stations, with the relative arrow
sizes qualitatively representing the fluxes through these pathways. Larger arrows indicate
greater flux. Dashed black arrows indicate that we did not directly observe that pathway
but that it is still likely active in some organisms. Dashed colored arrows indicated that we
did not observe the direct metabolite reactant or product of that enzymatic reaction, but
that downstream metabolites accumulated isotopes, indicating that the reaction was taking
place.
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Figure 5.9: The concentration of total hydrolyzable amino acids at the initial (0) and final
(F, 98 hours) timepoints in the north (top) and south (bottom) GBT fate experiments. Bars
are the average value of three replicates, individual points are the individual replicate bottles.
Note that the replicate bottles were not the same for the two timepoint, but are the same
across amino acids for a given timepoint. The number at the top of each plot indicates the
average percent change between the initial and final timepoint. Methionine and histidine
were only detected in a few replicates and were therefore excluded.
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5.9 Supplement

5.9.1 Supplemental calculations
Overall uptake rate of GBT in first few hours

The calculation below estimates a loss of particulate GBT, which can be interpreted as a flux
of GBT into metabolic pathways plus the flux of GBT out into the extracellular environment.
We calculate that the observed accumulation of any isotopologue of any compound, %, is

equal to the combination of its sources and sinks:
Accumulation; = uptake; + synthesis; — loss; (5.3)

For 13Cy, 1 No-GBT we assume that synthesis went to zero directly after the addition of
500 nM extracellular GBT, and the uptake of unlabeled GBT is negligible compared to
that of the labeled GBT, so accumulation is equal to loss. For 3Cjy, 1°N;-GBT we assume
that synthesis is equal to zero. We also assume that loss processes happen without isotopic
discrimination, so the loss of the unlabeled GBT should be equal to the loss of the labeled
GBT, scaled by the proportional concentration of those isotopologues. Thus we can calculate

the total uptake of *C5, 1°N;-GBT as
uptakeisc, 15y, = accumulationize, 15y, + (lossizc 15y, /R) (5.4)

Where R is the average ratio of intracellular 3Cy,'>No-GBT to 3Cs, 1°N;-GBT for the
first two timepoints, 0.76 and 1.84 for the northern and southern experiments, respectively.
The overall accumulation rate of *Cs, >'N;-GBT over the first two time points was 0.1 and
0.12 nM/h in the north and south, respectively. And the loss of *Cy,">No-GBT over the
first two time points was 0.037 and 0.041 nM/h in the north and south, respectively. The
total uptake of 3Cj, 1°N;-GBT in the experiments were 0.13 and 0.19 nM/h in the north

and south, respectively.
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Estimating bacterial production fueled by GBT

Though we were not able to measure the respiration of GBT in this study, at coastal and
estuarine sites 31-55% of total GBT taken up into cells was respired within 24 hours [46].
Additionally, after 24 hours, approximately two thirds of unrespired GBT had been trans-
formed into other metabolites or macromolecules [46]. These estimates were based on tracing
a "C-methyl group attached to GBT into cells and CO,. If we assume that these transfor-
mations were happening in our experiments at the same rate for all C atoms in the molecule,
then the amount of glycine betaine C respired over the first 50 hours of the northern ex-
periment would be between 15-32 nM C and the amount of carbon from glycine betaine in
other molecules, including macromolecules, after the first 50 hours would be 22 nM carbon.
For the southern experiment these numbers would be approximately 80% of these values,
proportional to the difference in untransformed GBT in the two experiments (Figure 5.3).
Based off of these estimations, in the north,a total of 33 nM particulate carbon was in or
derived from GBT. In comparison, the total 3C we could quantify in our metabolites in the
northern experiment after two days was 13.4 £ 1.6 nM C. This is almost exactly a third
of the estimate above because most of the ¥C we measured was in untransformed GBT
(Figure 5.12). In the north we were unable to detect any enrichment in total hydrolyzable
macromolecules.

Assuming the estimates calculated above are correct and that the total particulate carbon
remained similar to the value in situ (4.24 uM, Table 5.1), then 0.8% of total PC would be
GBT or derived from GBT after 50 hours. The light respiration rate in the north was 0.84
mmol Oy m™® d! (personal communication, S. Ferron), so the C needed to fuel two days of
respiration would be 1.68 uM C. The respired GBT carbon would fuel 0.89-1.82% of total
respiration. These estimates are based on assumptions with faults. The radiocarbon labeled
methyl group has different cellular fates than the carbons in the carbon chain, since they are
separated during the demethylation pathway and the betaine reductase pathway (in which

the two atoms in the carbon chain form acetyl phosphate while the methyl groups are part
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of TMA). However, these estimates still provide some ballpark values for the quantitative

importance of GBT in the microbial community in the North Pacific.
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5.9.2  Supplemental Tables

Experiment n.params.fit Kt or Kt+S Vmax S

2 79.46 (48.26)  0.36 (0.06) -

3 122.15 (75.31) 0.38 (0.07) 9.09 (7.29)
2 11.06 (5.53)  0.56 (0.06)

3 12.44 (7.44)  0.57 (0.05)

wn w22

0.73 (1.29)

Table 5.4: The K, (3 parameters) or K;+ S (two parameters), V;,4., and S values when two
versus three parameters were fit, reported as a mean and standard deviation as calculated
from the monte carlo error analysis described in the methods.

Table 5.5: Table of targeted metabolites measured in the glycine betaine isotope tracing
experiments. ”Isotopologue significant change” column is true if in either the north or the
south experiment, any isotopologue of that metabolite showed a significant trend in mass
isotopologue distribution with time. ”Isotopologue significant change” column is false if we
measured the metabolite but did not detect any *C or *N isotopologues, or if we did detect
the isotopologues but they did not show any significant enrichment over time (p > 0.05).
The details of which isotopolgoues were had significant MID changes in which experiment
are in Table 5.6. (XLSX)
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Table 5.6: Each isotopologue that was detected in > 2 samples in a given experiment was fit
with a linear model to determine if there was a significant trend with time in the MID. The
p-value and significance (True if p < 0.05) results are presented here for each isotopologue
tested in each experiment. The 3C-0 '®N-0 isotopologues that have a significant trend
had MID decreases over time, while the isotopologues with 3C or °N that were significant
typically had MID increases over time. The average and standard deviation of the MID for
each isotopologue in each sample are in Table 5.7. (XLSX)

Table 5.7: Table of the estimated concentrations (nM) and isotopologue distributions. Fatel
is the north experiment, and Fate2 is the south experiment. The timepoint is the approximate
sampling time, Incubation time (hr) is the actual sampling time after initial spiking. C.lab
and N.lab are the number of *C and '°N atoms in the isotopologue. iso.mz is the mass to
charge ratio for the isotopologue. ionization is the ionization we measured that metabolite in.
MID is mass isotopologue distribution, where the number 1 would indicate that in a particular
sample 100% of the concentration of a given metabolite was in that specific isotopologue and
the number 0 would indicate that in a particular sample, 0% of the concentration of a given
metabolite was in that specific isotopologue. (XLSX)
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Figure 5.11: Peak area of *C,, ®N;-dimethylglycine over the course of both experiments.
This isotopologue of dimethylglycine was not detected in the in situ samples from the cor-

responding stations. Grey shading indicates night time.
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Figure 5.12: The total particulate N (top) and '*C (bottom) isotope concentrations in the
north (left) and south (right) incubation experiments in known, quantifiable metabolites.

Grey shading indicates night time.
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Figure 5.13: The total particulate >N (top) and C (bottom) isotope concentrations in
the north (left) and south (right) incubation experiments, relative to the total measured in

known, quantifiable metabolites. Grey shading indicates night time.
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Figure 5.14: The concentration of the sum of all of the isotopologues of metabolites over time
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