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Deep convective mixing of dissolved and suspended organic matter from the surface to
depth can represent an important export pathway of the biological carbon pump. The
seasonally oligotrophic Sargasso Sea experiences annual winter convective mixing to as
deep as 300 m, providing a unique model system to examine dissolved organic matter
(DOM) export and its subsequent compositional transformation by microbial oxidation.
We analyzed biogeochemical and microbial parameters collected from the northwestern
Sargasso Sea, including bulk dissolved organic carbon (DOC), total dissolved amino
acids (TDAA), dissolved metabolites, bacterial abundance and production, and bacterial
community structure, to assess the fate and compositional transformation of DOM by
microbes on a seasonal time-scale in 2016–2017. DOM dynamics at the Bermuda
Atlantic Time-series Study site followed a general annual trend of DOC accumulation in
the surface during stratified periods followed by downward flux during winter convective
mixing. Changes in the amino acid concentrations and compositions provide useful
indices of diagenetic alteration of DOM. TDAA concentrations and degradation indices
increased in the mesopelagic zone during mixing, indicating the export of a relatively
less diagenetically altered (i.e., more labile) DOM. During periods of deep mixing, a
unique subset of dissolved metabolites, such as amino acids, vitamins, and benzoic
acids, was produced or lost. DOM export and compositional change were accompanied
by mesopelagic bacterial growth and response of specific bacterial lineages in the
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SAR11, SAR202, and SAR86 clades, Acidimicrobiales, and Flavobacteria, during and
shortly following deep mixing. Complementary DOM biogeochemistry and microbial
measurements revealed seasonal changes in DOM composition and diagenetic state,
highlighting microbial alteration of the quantity and quality of DOM in the ocean.

Keywords: dissolved organic matter, amino acids, metabolites, bacterioplankton, Sargasso Sea, seasonal, mixing

INTRODUCTION

Marine dissolved organic matter (DOM) is produced by
various food-web processes such as extracellular release from
phytoplankton, zooplankton excretion, grazer sloppy feeding,
bacterial release, and viral lysis (Carlson and Hansell, 2015; Koch
et al., 2020). Removal of DOM occurs mainly through microbial
oxidation by heterotrophic prokaryotes. Therefore, DOM is
an important link connecting diverse biological functions in
oceanic ecosystems. Its bioavailability ranges from labile DOM
that is rapidly consumed to recalcitrant DOM that resists rapid
degradation (Carlson and Ducklow, 1995; Carlson, 2002; Hansell,
2013). For instance, a portion of freshly produced dissolved
organic carbon (DOC) from phytoplankton was drawn down
rapidly within 1–2 weeks in the Southern Ocean and Arctic
Ocean, selecting for a distinct bacterial community structure
(Landa et al., 2018; Dadaglio et al., 2019); in contrast, a majority
of DOC in the water column is composed of compounds of
varying degrees of recalcitrance that turn over on a time scale of
months to millennia (Carlson and Ducklow, 1995; Hansell, 2013;
Carlson and Hansell, 2015).

Microbial oxidation leads to compositional changes of
DOM that can be assessed by examining changes in specific
components, such as dissolved combined neutral sugars (DCNS)
(Skoog and Benner, 1997; Goldberg et al., 2009) or total
dissolved amino acids (TDAA). TDAA comprises dissolved
free amino acids (DFAA) and amino acids hydrolyzed from
proteins, peptides, and other amino acid-embedded polymers
(dissolved combined amino acids, DCAA) (Lee and Bada, 1977;
Coffin, 1989). TDAA accounts for 0.4–7% of DOC and a
larger portion (1.4–15%) of dissolved organic nitrogen (DON)
in the ocean (Dittmar et al., 2001; Aluwihare and Meador,
2008; Kaiser and Benner, 2009; Repeta, 2015). Amino acids are
one of the most labile components in the DOM pool because
they are preferentially degraded by microbes; therefore, their
concentrations and compositions can be used as indicators of
DOM diagenesis (Suttle et al., 1991; Cowie and Hedges, 1994;
Amon et al., 2001). To that end, a commonly used degradation
index (DI) is calculated with each amino acid’s relative abundance
and its empirical factor coefficient; this index is sensitive to DOM
degradation over time scales of weeks to decades (Dauwe et al.,
1999; Davis et al., 2009; Kaiser and Benner, 2009).

Metabolomics measures small labile organic molecules that
are end products of cellular metabolisms (Fiehn, 2002), and
is often analytical challenging (Kido Soule et al., 2015; Boysen
et al., 2018). Advanced technologies such as ultrahigh resolution
mass spectrometry enable detection of DOM composition
at the molecular or compound level, in addition to specific
biomolecules such as TDAA (Sleighter and Hatcher, 2008;

Lechtenfeld et al., 2014; Kido Soule et al., 2015; Medeiros
et al., 2015; Osterholz et al., 2016). Using these techniques,
metabolomics, including both particulate and dissolved
metabolomics, has primarily been applied to marine culture
studies (Baran et al., 2010; Fiore et al., 2015; Longnecker et al.,
2015; Kashfi et al., 2020), with more limited applications to field
samples (Durham et al., 2019; Johnson et al., 2020; Boysen et al.,
2021; Heal et al., 2021). However, seasonal changes of dissolved
metabolites in the marine environment are rarely studied.

DOM compositional changes often affect bacterial growth,
metabolism, and community structure (Harvey et al., 2006;
Båmstedt and Wikner, 2016; Dadaglio et al., 2019). DOM
polymers must first be hydrolyzed extracellularly by hydrolytic
enzymes to low molecular weight (< 600 Da) prior to uptake
by bacterioplankton (Chróst, 1991; Baltar et al., 2010; Arnosti,
2011). Due to different nutrition strategies and hydrolytic
efficiencies among different bacteria (Polz et al., 2006; Yooseph
et al., 2010; Liu and Liu, 2020; Reintjes et al., 2020), DOM
of varying quality may trigger the growth of specific bacterial
populations (Covert and Moran, 2001; Alonso-Sáez et al., 2009;
Quigley et al., 2019). For instance, fresh DOM input from a
phytoplankton bloom, enriched with polysaccharides and TDAA,
led to rapid bacterial growth, high bacterial production, and
selected copiotrophs such as Flavobacteria, Roseobacter, and
Pseudoalteromonas (Buchan et al., 2014; Landa et al., 2016;
Balmonte et al., 2019; Avcı et al., 2020). In contrast, recalcitrant
DOM resulted in relatively steady and slow bacterial growth of
some oligotrophs, such as SAR11, OCS116, and the SAR202 clade
that harbors diverse oxidative enzymes involved in recalcitrant
DOM degradation (Carlson et al., 2009; Treusch et al., 2009;
Landry et al., 2017; Liu et al., 2020a; Saw et al., 2020). However,
the bacterioplankton responders can in turn transform labile
DOM to a more recalcitrant composition via the microbial
carbon pump (Amon et al., 2001; Jiao et al., 2010; Romera-
Castillo et al., 2011; Goto et al., 2017). Therefore, combining
analysis of DOM biogeochemistry and microbial measurements
is an important approach to understanding sources and sinks
of DOM and mechanisms driving the chemical distribution and
biological processes in the ocean.

Deep convective mixing of dissolved and suspended organic
matter from the surface to depth represents an important
export pathway of the biological carbon pump if mixing is
deep enough (Siegel et al., 2016). The northwestern Sargasso
Sea experiences annual winter convective mixing, typically to
depths of 200–300 m, which exports DOM and suspended
particulate organic matter out of the euphotic zone into the
upper mesopelagic zone and leads to temporal patterns in DOM
and microbial composition in the mesopelagic ocean (Carlson
et al., 1994; Hansell and Carlson, 2001; Goldberg et al., 2009;
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Treusch et al., 2009). The seasonality of the oligotrophic Sargasso
Sea provides a unique model system to examine DOM export and
subsequent compositional transformation of DOM by microbial
oxidation. In this study, we consolidated the first seasonal
dataset of TDAA and dissolved metabolites in the northwestern
Sargasso Sea to assess the fate and microbial transformation
of DOM on a seasonal scale between 2016 and 2017. We
also combined DOM biogeochemical dynamics, including bulk
DOC, TDAA, and dissolved metabolite concentrations, with
corresponding changes in bacterioplankton abundance (BA),
bacterial production (BP), and bacterial community structure to
examine the roles of specific bacterial lineages in DOM cycling at
fine phylogenetic resolution.

MATERIALS AND METHODS

Study Sites and Seawater Collection
Seawater was collected from the northwestern Sargasso Sea
located in the North Atlantic subtropical gyre. Samples were
collected monthly from July 2016 to September 2017 during
regular cruises to the Bermuda Atlantic Time-series Study
(BATS) station (31◦40′N, 64◦10′W). Additional samples were
collected during four seasonal process cruises (July 2016,
September 2016, April 2017, and July 2017) conducted in the
vicinity of BATS or Hydrostation S (HS, 32◦10′N, 64◦30′W)
as part of the Bermuda Institute of Ocean Sciences’ Simons
Collaboration on Ocean Processes and Ecology (BIOS-SCOPE)
microbial oceanographic program and were combined with the
BATS data for more comprehensive analyses of microbial and
DOM dynamics of the northwestern Sargasso Sea.

Variables including temperature, salinity, chlorophyll
fluorescence, and dissolved oxygen concentrations were
measured by sensors attached to the conductivity, temperature,
and depth (CTD) profiler. Seawater was collected from 6 to 10
depths within the upper 500 m by 12L Niskin -type sampling
bottles (Ocean Test Equipment Inc.) fixed to the CTD rosette.
Samples included DOC, TDAA, dissolved metabolites, BA, BP
measured by 3H-leucine incorporation, and 16S rRNA amplicon
sequencing (Table 1). The detailed sampling frequency for
each parameter is listed in Table 1. During BATS cruises, one
depth profile for targeted parameters was sampled following the
established BATS methods manual (Knap et al., 1997); during
BIOS-SCOPE process cruises, multiple depth profiles for the
same parameters were sampled over 3–5 days.

A Slocum glider was deployed in the vicinity (within a
few kilometers) of the hydrostations from July 1st 2016 to
August 4th 2016 and from January 6th 2017 to September
7th 2017. The glider was equipped with a Seabird pumped
CTD, Aanderaa optode (model 4,831), and Wet Labs ECO
chlorophyll fluorometer and backscatter optical sensors; and
acquired measurements from the surface to either 500 or 900 m
providing continuous profiles at intervals of 1–1.5 h. All sensors
were annually serviced and calibrated by the manufacturer.
Post-mission calibrations and corrections were applied to the
sensors in accord with established practices and procedures
(Allen et al., 2018; Woo and Gourcuff, 2021). CTD data were

corrected for pressure bias, sensor lag, thermal mass inertia
(Garau et al., 2011), spikes, and conductivity offset/drift (by
comparison to collocated ship-based CTD casts). The oxygen
data were corrected for sensor response time (Bittig et al., 2018),
pressure, temperature, and salinity effects (Uchida et al., 2008),
and offset (by comparison to ship-based CTD casts). Chlorophyll
fluorescence was corrected for quenching by comparing daytime
profiles to adjacent nighttime profiles to determine the depth
of quenching and unbiased values near the surface. Factory-
determined scaling factors were applied to both fluorescence and
backscatter measurements to produce relative fluorescence units
(RFU) and relative backscatter units (RBU). Within each glider
mission, the profiles were evaluated and corrected for linear drift.
The mission data were intercalibrated by aligning the profile
minima onto common RFU and RBU values, respectively.

Dissolved Organic Carbon
During BIOS-SCOPE cruises, seawater for DOC measurements
was filtered inline through precombusted (450◦C) 47 mm
GF/F filters, packed in polycarbonate filter holders attached
directly to Niskin-type sampling bottles, and collected into
precombusted (450◦C) 40 mL borosilicate glass vials with
polytetrafluoroethylene (PTFE) coated silicone septa. All DOC
samples were acidified with 4N HCl to pH ∼3. During
monthly BATS cruises, total organic carbon (TOC) samples
were collected with the same protocol as DOC but without
filtration. Current analyses of bulk TOC and DOC in oligotrophic
Sargasso Sea seawater are generally indistinguishable based on
current instrument precision, especially in the subeuphotic realm
(Supplementary Figure 1), thus TOC and DOC data in the
Sargasso Sea were pooled together and presented as DOC
hereafter. DOC concentrations were analyzed, referenced, and
standardized using high-temperature combustion (HTC) on a
modified TOC-V or TOC-L analyzer (Shimadzu) according to
Carlson et al. (2010), with a precision of ∼1 µmol L−1 or CV
of 2–3%. Daily reference water was calibrated with consensus
reference material (CRM) from D. Hansell (University of Miami).

Total Dissolved Amino Acids
Seawater for TDAA analysis was filtered through precombusted
(450◦C) 47 mm GF/F filters into either 40 mL EPA glass vials
or 60 mL high-density polyethylene (HDPE) bottles and stored
frozen at −20◦C. Triplicate TDAA samples were hydrolyzed by
6N HCl (with 1% 12 mmol L−1 ascorbic acid to prevent oxidation
of amino acids by nitrate) under nitrogen at 110◦C for 20 h.
Hydrolysate was then filtered through combusted quartz wool
and neutralized under nitrogen via evaporation (Parsons et al.,
1984). Amino acids were derivatized with o-phthaldialdehyde
and analyzed by high-performance liquid chromatography
(HPLC, Dionex ICS 5000+) equipped with a fluorescence
detector (ThermoFisher RF2000, Ex = 330 nm, Em = 418 nm)
following the established protocol with modifications (Lindroth
and Mopper, 1979; Kaiser and Benner, 2009; Liu et al., 2013).
In brief, the mobile phase consisted of solvent A of 50 mmol
L−1 sodium acetate (adjusted to pH 5.7) and solvent B was
100% methanol (HPLC grade). Samples were pumped at a flow
rate of 0.9 mL min−1 through a C18 column (AcclaimTM 120,
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TABLE 1 | Spatial and temporal station information and sampling frequency for this study (x indicates sample collected and analyzed) for this study.

Time Cruise Station DOC TDAA Metabolites BA BP DNA

July 2016 BIOS-SCOPE AE1614 HS X x x x x x

July 2016 BATS 10326 BATS x x

August 2016 BATS 10327 BATS X x x

September 2016 BIOS-SCOPE AE1620 HS X x x x x x

September 2016 BATS 10328 BATS X x x

October 2016 BATS 10329 BATS X x x x

November 2016 BATS 10330 BATS X x x x

December 2016 BATS 10331 BATS X x x x

January 2017 BATS 10332 BATS X x x x

February 2017 BATS 10333 BATS X x x x

April 2017 BIOS-SCOPE AE1703 BATS X x x x x x

April 2017 BATS 10334 BATS X x x

April 2017 BATS 20334 BATS X x x

May 2017 BATS 10335 BATS X x x x x

May 2017 BATS 20335 BATS x x

June 2017 BATS 10336 BATS x x x

July 2017 BIOS-SCOPE AE1712 BATS X x x x x x

July 2017 BATS 10337 BATS X x x

August 2017 BATS 10338 BATS X x x x

September 2017 BATS 10339 BATS X x x x

Samples are from two stations: Hydrostation S (HS, 32◦10′ N, 64◦30′ W) and Bermuda Atlantic Time-series Study site (BATS, 31◦40′ N, 64◦10′ W). DOC: dissolved
organic carbon, TDAA: total dissolved amino acid, BA: bacterioplankton abundance, BP: bacterial production.

5 µm, 120 Å, 4.6 × 250 mm) maintained at 17◦C. Gradient
program followed as: within 4 min, solvent B increased from
23 to 29%, and then increased to 44% solvent B at 20 min and
60% solvent B at 33 min; solvent B kept at 60% for 7 min, and
increased to 77% in the next 8 min; solvent B further went up
to 100% at 53 min, kept at 100% for 5 min, and then decreased
to 23% at 60 min. The phenylalanine (Phe) peak occasionally
co-eluted with a broad unidentified peak within our seawater
samples. Due to its low relative abundance (<3% of TDAA) in
oligotrophic Sargasso seawater (Keil and Kirchman, 1999; Kaiser
and Benner, 2009), Phe was excluded from further analysis.
The coefficient of variation (CV) was between 10 and 20% for
replicate TDAA measurements. Outliers with > 20% variance
among replicates were excluded (less than 10% in each batch
were removed). TDAA-C was the sum of all amino acids in
carbon units calculated based on the molecular formula and
concentration of individual amino acids.

Dissolved Metabolites
Seawater (4–10 L) was collected from Niskin-type sampling
bottles, filtered through a 0.2 µm Omnipore filter (EMD
Millipore), and acidified with concentrated hydrochloric acid.
Organic metabolites were extracted from the acidified filtrate
using solid phase extraction (SPE) with Agilent Bond Elut
PPL cartridges as previously described (Dittmar et al., 2008;
Longnecker, 2015). Methanol extracts were evaporated to
near dryness using a Vacufuge (Eppendorf) and reconstituted
in 250 µL of 95:5 (v/v) water/acetonitrile with isotopically
labeled standards. Samples were analyzed using ultra high-
performance liquid chromatography (Accela Open Autosampler
and Accela 1250 Pump, Thermo Scientific) coupled to a heated

electrospray ionization source (H-ESI) and a triple quadrupole
mass spectrometer (TSQ Vantage, Thermo Scientific) operated
under selected reaction monitoring (SRM) mode (Kido Soule
et al., 2015). Separation was performed at 40◦C on a reverse
phase column (Waters Aquity HSS T3, 2.1 × 100 mm, 1.8 µm)
equipped with a Vanguard pre-column. Mobile phase A was 0.1%
formic acid in water and mobile phase B was 0.1% formic acid
in acetonitrile. The flow rate was maintained at 0.5 mL min−1.
The gradient began at 1% B for 1 min, increased to 15% B from
1 to 3 min, then increased to 50% B from 3 to 6 min, and
then increased to 95% B from 6 to 9 min. The mobile phase
was maintained at 95% B until 10 min and then decreased to
1% B from 10 to 10.2 min and held at 1% B for the remainder
(12 min total run time). Samples were run in both positive and
negative ion modes using a 5 µL injection for each mode. Raw
data files were converted to mzML format prior to processing
with MAVEN (Melamud et al., 2010; Clasquin et al., 2012) to
identify and integrate peaks for all samples and standards. Peaks
were identified by their unique retention time, precursor m/z,
and product m/z. Two SRM transitions were monitored for
quantification and confirmation. Metabolite concentrations were
calculated using a standard curve of at least five points and
were corrected for the efficiency of the solid phase extraction
step using the data available from Johnson et al. (2017) and
unpublished data for compounds not included in Johnson et al.
(2017) (Supplementary Table 2).

Bacterioplankton Abundance
Ten to forty mL of seawater was collected in sterile tubes
(FalconTM), fixed with 0.2 µm filtered formalin (1% final
concentration), and stored at 4◦C. Slides for microscopy were
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processed within 48 h of collection or stored at −80◦C until
processing in the shore-based laboratory. Seawater was filtered
onto Irgalan Black stained 0.2 µm polycarbonate filters under
gentle vacuum (∼100 mm Hg) and cells were stained with
5 µg mL−1 4′,6′-diamidino-2-phenylindole dihydrochloride
(DAPI, Sigma-Aldrich). Filters were mounted onto slides
with Resolve immersion oil (high viscosity) and enumerated
under ultraviolet excitation using an epifluorescence microscope
(Olympus AX70 or Olympus BX51) at 1,000 × magnification
(Porter and Feig, 1980). At least 10 fields or 500 cells
per slide were counted. As this method cannot differentiate
between bacteria and archaea, we refer to counted cells as
bacterioplankton henceforth.

3H- Leucine Incorporation
3H-leucine incorporation rates are often used as a proxy
for heterotrophic bacterioplankton production rates (Kirchman
et al., 1985). Duplicate 1.6 mL seawater samples were amended
with 20 nmol L−1 of 3H-leucine (Perkin Elmer, specific
activity > 50 Ci mmol−1), and incubated at close to in situ
temperatures for 3–4 h. Incubations were terminated by 100%
trichloroacetic acid (TCA, 6% final concentration) and extracted
with 5% TCA and 80% ethanol via the microcentrifuge method
(Smith and Azam, 1992; Baetge et al., 2021). Seawater plus
3H-leucine but with 100% TCA (6% final concentration)
added at the initiation of the incubation served as killed
controls and followed the same incubation and extraction
steps. Samples were mixed with 1.5 mL Ultima Gold (Perkin
Elmer LLC), left for at least 2 h, and measured in a liquid
scintillation counter.

16S rRNA Amplicon Sequencing
Four liters of seawater were filtered onto 0.2 µm Sterivex
filters (polyethersulfone membrane, Millipore, Burlington, MA,
United States) and stored in sucrose lysis buffer at −80◦C.
DNA was extracted using a phenol-chloroform protocol
(Giovannoni et al., 1996) and amplified with V1-V2 primer
27F (5′-AGAGTTTGATCNTGGCTCAG-3′) and 338RPL
(5′-GCWGCCWCCCGTAGGWGT-3′) linked to “general”
Illumina overhang adapters (Bolaños et al., 2020). Libraries
were pooled in equimolar concentrations and sequenced
using 2 × 250 Pair-End lanes with a MiSeq Reagent Kit
v2 at the Center for Genome Research and Biocomputing
[CGRB, now known as Center for Quantitative Life Sciences
(CQLS)] at Oregon State University. The 16S rRNA sequences
were trimmed and dereplicated, chimeras were removed
and the resulting sequences were assigned to amplicon
sequence variant (ASV) taxonomy using the DADA2 R
package, version 1.2 (Callahan et al., 2016) and Silva database
(version 123). For the unassigned ASV sequences, they were
first BLAST searched against a non-redundant 16S rRNA
sequence database and second against the full non-redundant
database, and then assigned to the top BLAST hit (Altschul
et al., 1990, 1997; Camacho et al., 2009). SAR11 and SAR202
ASVs were further run through the PhyloAssigner program
(Vergin et al., 2013a) using customized phylogenetic trees

for fine-scale phylogenetic assignment within these clades
(Bolaños et al., 2021).

Data and Statistical Analysis
Mixed Layer Depth
Mixed layer depth (MLD) was defined as the depth where
density (sigma-theta) decreased by an increment determined by
the thermal expansion coefficient (α 1T) using a 1T of 0.2◦C
(Sprintall and Tomczak, 1992). The depth of the chlorophyll
maximum (DCM) was determined from fluorometer profiles.
The upper and lower boundaries of the DCM layer (DCML)
are defined as the depths where chlorophyll fluorescence is
35% of the maximum value. Four seasons were defined by the
relative positions of the MLD and DCM or DCML determined
from CTD and daily-averaged glider profiles (when the glider
was not present at the station, CTD data were used): (1)
The Mixed season began when the MLD first reached below
the top of the DCML and ended when the MLD rapidly
shoaled above the DCM; (2) Spring transition began at this
point and ended when stratified conditions were established
and the MLD remained above the top of the DCML; (3) the
Stratified season spanned the period during which the MLD
was consistently shallower than the top of the DCML; (4) Fall
transition began when the MLD first reached below the top
of the DCML. Apparent oxygen utilization (AOU), defined
as the difference between the saturated oxygen concentration
and the observed oxygen concentrations, was calculated based
on CTD depth, temperature, salinity, and dissolved oxygen
concentrations using Ocean Data View (ODV, version 5.4.0)
(Schlitzer, 2021).

Dissolved Organic Matter Degradation Index
The DOM degradation index (DI) was calculated from the TDAA
data following Dauwe et al. (1999) as:

DI =
∑

i

[
vari − AVG vari

STD vari

]
× fac.coefi

where vari is the mole percentage of amino acid i, AVG
vari and STD vari are its mean and standard deviation, and
fac.coefi is the factor coefficient for amino acid i (Kaiser and
Benner, 2009); a lower DI value indicates more diagenetically
altered DOM. Significant differences in biogeochemical variables
between periods of deep mixing and other times (including
spring transition, stratified, and fall transition) were evaluated
with unpaired t-tests (p < 0.05). Spearman correlation analysis
with biogeochemical data was conducted for the respective
mixing and non-mixing time periods. Mean values over water
depths for concentration-type variables, including DOC, TDAA,
and BA, were integrated over target depths (i.e., euphotic zone,
0–120 m; or upper mesopelagic zone, 120–300 m) and then
depth normalized for each depth zone; while mean values for
other variables, such as temperature, DI, AOU, and 16S amplicon
relative abundance (see below), were calculated as average of
values at discrete depths.
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Controls on the Concentrations of Metabolites,
Dissolved Organic Carbon, Total Dissolved Amino
Acids, and Bacterioplankton Abundance in the Mixed
Layer
Changes in the concentrations of targeted dissolved metabolites,
DOC, TDAA-C, and BA can result from conservative dilution
due to mixing, or production or loss due to other biotic and
abiotic processes. Below is an example of how we assessed
whether changes were attributed to mixing or other processes
for metabolites, but the same calculations were performed for
DOC, TDAA-C, and BA. The metabolite concentrations at a
given time were first integrated to the mixed layer depth at
the next time point. This integrated value was then compared
to the metabolite at the next time point, which had been
integrated to the mixed layer depth of this subsequent time
point (Supplementary Figure 2A). If the integrated value of
the metabolite were equal between two consecutive time points,
then the variability in the metabolite concentrations at any given
depth in the mixed layer between time points was deemed a
function of mixing. When the integrated values to the MLD
differed between time points, the changes were due to production
or consumption of the metabolite. To consider if this production
or loss was significant, the distance of each point representing the
targeted metabolite to the 1:1 line that corresponds to mixing was
calculated (Supplementary Figure 2B). This distance was then
converted to a standardized z-score (distance of one metabolite
at one time point minus the mean of that metabolite at all-time
points and then divided by the standard deviation of distance
of that metabolite at all-time points) so that the mean for each
metabolite was 0 and the standard deviation was 1. Calculated
z-scores were fit to a normal distribution using pd = fitdist(Z(:),
“normal”) in MATLAB (version 2019b) to compare with the
inverse cumulative distribution function of those z-scores fitted
to a normal distribution using icdf (pd, 0.95). Any metabolite at a
time point that was greater than the value calculated in the inverse
cumulative distribution function was treated as a significant
production or loss. The multivariate homogeneity of groups
dispersion (Anderson, 2006) was calculated using “betadisper” in
R and showed that the April 2017 samples were different from all
other time points.

16S rRNA Amplicon Data Analysis
Non-metric multidimensional scaling (NMDS) of the bacterial
community structure for the entire record between 2016 and
2017 was based on Bray-Curtis dissimilarities estimated using
phyloseq (McMurdie and Holmes, 2013) and vegan (Oksanen
et al., 2007) and plotted with ggplot2 package in R (Wickham,
2009) (R version 3.3.2). Hierarchical clustering analysis was
conducted using Simprof analysis (α = 0.05) with clustsig
package in R (Whitaker and Christman, 2015). ASVs that are
not classified at the class level or assigned as chloroplasts
were excluded for the following analysis. We used two criteria
to define ASVs that were enriched in the upper mesopelagic
(120–300 m) during or shortly following convective mixing:
(1) the maximal mean relative abundance of the ASV between
120 and 300 m occurred during the April 2017–July 2017
period; (2) the mean relative abundance of the ASV within

the mixed layer in April 2017 (maximal mixing) was greater
than that in November 2016 (before mixing), thus excluding
ASVs with changes of mean relative abundance solely due
to conservative mixing. Among mesopelagic ASVs discussed
above, to further identify heterotrophic ASVs in response
to DOM export, we excluded autotrophic cyanobacteria and
then did a cross-correlation functions (CCF) analysis between
the mean relative abundance of an ASV and the monthly
averaged mean 120–300 m DOC or TDAA C. CCF analysis
is a correlation analysis between two time-series datasets.
It provides not only the correlation coefficient between two
variables, but also lags of one variable that may be predictors
of the other. For instance, negative lags of ASVs relative
to DOC indicate DOC is the predictor of ASV, whereas
positive lags of ASVs relative to DOC indicate vice versa.
ASVs with significant positive correlation and negative lagged
months relative to DOC and/or TDAA C (indicating changes
of DOC and/or TDAA lead to changes in the ASV) were the
focus of this study.

Data Deposition
BIOS-SCOPE cruise data are deposited in the Biological and
Chemical Oceanography Data Management Office (BCO-DMO)
at http://lod.bco-dmo.org/id/dataset/861266, and BATS cruise
data are deposited at http://lod.bco-dmo.org/id/dataset/3782
and http://bats.bios.edu/bats-data/. 16S amplicon sequences
are deposited in the National Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA) under project
number PRJNA769790. Targeted metabolomics data for this
project are deposited at MetaboLights1 as study accession
number MTBLS2356.

RESULTS AND DISCUSSION

Seasonal Change of Chemical
Parameters in the Sargasso Sea
Dynamics of Dissolved Organic Carbon
The seasonal variability of dissolved inorganic nutrients,
chlorophyll fluorescence, particulate organic matter (data not
shown, BATS core data)2,3 and dissolved organic matter
observed during this study are consistent with seasonal cycles of
hydrography and organic carbon dynamics previously observed
in this region (Hansell and Carlson, 2001; Steinberg et al., 2001;
Lomas et al., 2013). During winter convective mixing from
December 2016 to April 2017, the MLD extended beyond the
euphotic zone (0–120 m) into the upper mesopelagic zone (120–
300 m) to depths as great as 242 m (April 2017) (Figure 1A,
euphotic zone and upper mesopelagic zone separated by white
dashed line). Winter convective mixing entrains inorganic
macronutrients from depth into the euphotic zone, supporting
the annual phytoplankton bloom and buildup of chlorophyll a
and particulate organic matter in the surface following mixing

1https://www.ebi.ac.uk/metabolights/MTBLS2356
2http://lod.bco-dmo.org/id/dataset/3782
3http://bats.bios.edu/bats-data/
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FIGURE 1 | ODV contour plots of (A) temperature (solid white line represents monthly maximum mixed layer depth (MLD) and the colored bar on top represents
seasons), (B) dissolved organic carbon (DOC) concentration, (C) total dissolved amino acid carbon (TDAA C) concentration, (D) degradation index (DI) from TDAA,
(E) bacterioplankton abundance (BA), and (F) apparent oxygen utilization (AOU) from July 2016 to September 2017 over the surface 300 m of northwestern
Sargasso Sea. Red dashed rectangle indicates the general timing of deep convective mixing, and white dashed rectangle at 120–300 m defines the upper
mesopelagic zone.

(Lomas et al., 2013). DOC in the surface 0–120 m accumulated at
the rate of 24 nmol L−1 d−1 as the water column began to stratify
in April, and this DOC production continued until August
(Table 2), then it persisted at relatively constant concentrations
from summer into late fall (Figure 1B; Carlson et al., 1994;
Hansell and Carlson, 2001; Goldberg et al., 2009).

Despite being recently produced, much of the surface
accumulated DOC resists or escapes rapid microbial degradation
by the euphotic zone heterotrophic microbial community on
time scales of days to weeks (Carlson et al., 2002, 2004; Liu
et al., 2020b). This DOC is redistributed during the period
of winter deep convective mixing, thereby reducing surface
DOC concentrations and enriching mesopelagic concentrations
(Figures 1A,B, Supplementary Figure 3A). Mean DOC
concentrations in the upper mesopelagic (120–300 m) were
significantly greater during the mixing period compared to
those in the non-mixing period (unpaired t-test, p < 0.05)
(Figure 2). Based on these changes in the mesopelagic zone, it is
estimated that 0.60 mol m−2 yr−1 DOC was exported from the

surface to the 120–300 m zone due to winter convective mixing.
This estimate is comparable to previously reported values
of DOC export suggesting that physical mixing of dissolved
organic matter is an important export pathway in this region,
which can be greater than measured particle export (Carlson
et al., 1994; Michaels et al., 1994; Hansell and Carlson, 2001).
Other processes such as solubilization of sinking POC flux
(Cho and Azam, 1988) and DOC production via vertical
migrators (Steinberg et al., 2002) are potential sources of
DOC in the mesopelagic, however, redistribution of surface
accumulated DOC via convection mixing is considered
the dominant source of DOC to the mesopelagic during
periods of deep mixing at this site (Carlson et al., 1994;
Hansell and Carlson, 2001).

Upon restratification of the upper water column, a portion
of the DOC that was exported to the mesopelagic was trapped
and removed at a rate of 30 nmol L−1 d−1 (April to August)
(Figure 1B and Table 2). We attribute the mesopelagic DOC
removal to microbial remineralization. Why DOC accumulates
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TABLE 2 | Mean change in DOC and TDAA C concentrations and their net production rates in the euphotic zone (0–120 m) and net removal rates in the upper
mesopelagic zone (120–300 m) from April 2017 (time of max MLD) to August 2017.

Depth Month Duration
(days)

1DOC
(µmol L−1)

DOC rate
(nmol L−1 d−1)

R2 n Duration
(days)

1TDAA C
(µmol L−1)

TDAA C rate
(nmol L−1 d−1)

R2 n

0–120 m
production

April–August 136 3.2 24 0.43 9 136 0.03 0.2 0.1 6

120–300 m
consumption

April–August 136 4.0 30 0.49 9 136 0.10 0.7 0.6 6

Rates were derived from linear regression with R2 and number (n) of data points shown.

FIGURE 2 | Comparison of upper mesopelagic (120–300 m) mean temperature, dissolved organic carbon (DOC), total dissolved amino acid carbon (TDAA C),
degradation index (DI), bacterioplankton abundance (BA), and apparent oxygen utilization (AOU) between mixed season and other seasons (including spring
transition, stratified, and fall transition) from July 2016 to September 2017. Bars represent mean with standard error and asterisk (*) designates significant differences
between the periods (unpaired t-test, p < 0.05).

and resists microbial degradation in the surface but becomes
bioavailable in the mesopelagic remains unresolved. However,
previous work has suggested that macronutrient availability
(Cotner et al., 1997; Obernosterer et al., 2003), quality of
the recently exported DOC (Goldberg et al., 2009), and the
heterotrophic microbial community capable of responding to
semi-labile/recalcitrant compounds at depth (Carlson et al., 2004;
Letscher et al., 2015; Liu et al., 2020a; Saw et al., 2020) all interact
to control mesopelagic DOC removal rates.

Dynamics of Total Dissolved Amino Acid
Our study provides the first seasonal dataset of TDAA in
the Sargasso Sea revealing how DOM quality changes over
depth and time. The TDAA-C represents < 1.6% of DOC
in the Sargasso Sea (Figure 1C) but remains a useful index
of DOM quality because its variability is influenced by both

biological production and degradation processes. As such, TDAA
can be used to trace potential DOM origins and degradation
state (Cowie and Hedges, 1994). TDAA composition in the
Sargasso Sea was dominated by glycine, alanine, aspartic acid,
glutamic acid, and serine (Supplementary Table 1), consistent
with previous studies of amino acid data in this region (Keil
and Kirchman, 1999; Kaiser and Benner, 2009). The enriched
TDAA-C and higher DI in the upper mesopelagic zone (120–
300 m) following mixing (Figures 1C,D, 2), relative to the
fully stratified periods, indicate that relatively less diagenetically
altered DOM was exported from surface to depth within
the mixing time frame (Figure 1D). Coincident with the
deepest MLD in April, TDAA-C concentrations were enriched
throughout the upper 300 m by 41% compared to the earlier
stratified period (e.g., October 2016) and its production was
significant in the mixed layer (Supplementary Figure 3B),
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suggesting net production of TDAA-C during the mixing
period; a period that coincides with enhanced biological
production for this site (Steinberg et al., 2001; Lomas et al.,
2013). The elevated TDAA-C concentrations observed in the
upper mesopelagic zone (120–300 m) are interpreted as a
combination of both recently produced TDAA and export
of previously accumulated surface TDAA to depth during
convective mixing.

In the present study, TDAA-C accumulated in the upper 120
m at a rate of 0.2 nmol L−1 d−1 shortly following maximal deep
mixing and when the MLD shoaled to above 120 m, reaching
a maximum of 1.04 µmol L−1 in the euphotic zone by July
(Table 2). During the stratified periods, the TDAA concentrations
increased in the upper 120 m where photoautotrophy and
subsequent food web processing (i.e., grazing, viral infection,
or POM solubilization) are potential sources of new TDAA
production. DOM from phytoplankton is largely composed of
labile and semi-labile compounds such as carbohydrates and
TDAA, which can account for 30–50 and 10–30% of exudate
DOC, respectively (Sieburth et al., 1977; Burney et al., 1982; Tada
et al., 2017). Zooplankton grazing and egestion is a potential
source of TDAA release with previous studies demonstrating that
4–48% of total nitrogen excreted by zooplankton is in the form of
TDAA (Nagata and Kirchman, 1991; Steinberg and Saba, 2008).
In addition, Smith et al. (1992) found that 0.5–24 mg m−2 d−1

nitrogen can be released as DCAA from marine aggregates in the
mixed layer of the Southern California Bight.

In contrast to the accumulation in the euphotic zone, TDAA
was removed at a rate of 0.7 nmol L−1 d−1 in the upper
mesopelagic following deep mixing (Table 2). Uptake of amino
acids can account for 10–20% of bacterial carbon demand and
5–50% of bacterial nitrogen demand (Suttle et al., 1991; Keil
and Kirchman, 1999; Kirchman, 2000), indicative of their active
role in biological metabolism. Bacteria consume amino acids
as nutrients and use them for anabolism of macromolecules
including proteins and fatty acids (Cottrell and Kirchman,
2000; Aepfler et al., 2019). While apparently resistant to rapid
microbial degradation, the DOM exported from euphotic to
mesopelagic layers in the Sargasso Sea during winter mixing
was less diagenetically altered compared to mesopelagic DOM
under stratified conditions, as indicated by TDAA degradation
index. Thus, exported DOM was more likely to be predominantly
semi-labile and/or semi-refractory DOM (Carlson, 2002; Carlson
et al., 2011; Hansell, 2013). This temporal and vertical pattern
in the TDAA is consistent with the seasonality of DOM quality
revealed from DCNS data from this region (Goldberg et al.,
2009). The enhanced DCNS concentrations and relative change
in DCNS composition within the mesopelagic followed the
export of surface-accumulated DCNS to depth during winter
convective mixing, and DCNS concentration, % DCNS yield, and
neutral sugar composition changed over time once isolated in
the mesopelagic zone.

Temporal and Spatial Variability of Dissolved
Metabolites
In addition to bulk DOM and TDAA, a variety of targeted
dissolved metabolites revealed unique seasonal patterns

(Figure 3, see Supplementary Figure 4 for depth profiles
of all targeted metabolites over the season). In April 2017
when MLD reached the annual maximum, a group of diverse
metabolites demonstrated positive or negative changes in the
mixed layer from the previous sampling month that exceeded
changes attributed solely to abiotic mixing processes. Free amino
acids, including leucine, phenylalanine, and tryptophan, were
produced and accumulated throughout the mixed layer during
convective mixing. A possible source of these metabolites is the
de novo synthesis of amino acids by bacteria from inorganic
nitrogen entrained to the surface waters during deep mixing and
subsequent release of those amino acids into the dissolved pool
(Maki et al., 2014; Yamaguchi et al., 2017).

The vitamins pyridoxine (vitamin B6) and pantothenic acid
(vitamin B5) were depleted in April relative to January (Figure 3).
Vitamin B complexes, present at undetectable to picomolar
concentrations in seawater (Sañudo-Wilhelmy et al., 2014;
Suffridge et al., 2017; Joglar et al., 2021), are essential coenzymes
for eukaryotic phytoplankton such as species in Chlorophyta,
Heterokontophyta, and Dianophyta (Croft et al., 2005; Sañudo-
Wilhelmy et al., 2014). It has also been shown that auxotrophic
phytoplankton such as the diatom Thalassiosira pseudonana and
the coccolithophore Emiliania huxleyi are often vitamin limited
(Bertrand and Allen, 2012). We hypothesize that microbes
scavenge pyridoxine and pantothenic acid to meet their metabolic
demands during periods of deep mixing.

Benzoic acids and nucleic acid precursors, including
intermediate products (i.e., 4-aminobenzoic acid, tryptophan,
phenylalanine, and 4-hydroxybenzoic acid) formed in the
shikimate pathway (Averesch and Krömer, 2018), revealed a
disparate response with some intermediates being produced and
others being lost during mixing. The shikimate pathway is the
central metabolic pathway in plants and microorganisms for the
synthesis of aromatic amino acids and folates (Wilson et al., 1998;
Herrmann and Weaver, 1999). Metabolite variability such as the
production of 4-aminobenzoic acid, tryptophan, phenylalanine,
and the loss of 4-hydroxybenzoic acid observed during mixing
in the Sargasso Sea indicates a nuanced microbial response to
the mixing event. Various DON compounds, such as n-acetyl
glutamic acid, n-acetyl muramic acid, chitotriose, and caffeine,
were depleted during deep convective mixing in April, indicating
these N-enriched labile compounds are preferentially removed.

The dissolved organic sulfur compound, 5-
methylthioadenosine (MTA), was also elevated during the period
of maximal mixing. MTA plays an important role in bacterial
metabolic processes such as methylation, polyamine biosynthesis,
regulation of gene expression, and cell proliferation (Avila et al.,
2004). Furthermore, a meridional study of metabolites revealed
higher MTA concentrations in the surface ocean of the North
Atlantic compared to the south Atlantic Ocean. This observation
is hypothesized to be a reflection of differences in the metabolic
pathways of phytoplankton known to produce MTA (Johnson
et al., 2021, in revision). While extracellular release of MTA is
limited in the cyanobacterium Synechococcus (Fiore et al., 2015),
it was identified as an extracellular metabolite in cultures of the
heterotrophic bacteria Ruegeria pomeroyi (Johnson et al., 2016).
While the exact mechanisms controlling MTA accumulation
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FIGURE 3 | Patterns of production or loss of metabolites in the mixed layer over the seasonal cycle. Green areas indicate the net loss of a metabolite relative to
conservative mixing in that time-period compared to the previous month, blue areas indicate net production of a metabolite relative to conservative mixing, while gray
areas indicate metabolite concentration changes were solely due to mixing. Metabolite categories are shown as different colors besides the metabolite names.
These categories are not exclusive; Supplementary Table 2 lists the categories shown here as well as additional categories. The statistical methods (described in
methods) determined that the metabolite pattern in April (max mixing) was different from other time periods.

are unclear, the mere presence of MTA in the water column at
BATS indicates that there is an imbalance between consumption
of MTA and enhanced production by microbial activity during
the mixing period.

Seasonality of Mesopelagic
Bacterioplankton Dynamics and
Community Structure in Response to
Deep Convective Mixing and Dissolved
Organic Matter Export
During the period of deep convective mixing when MLD
extended beyond the euphotic zone (i.e., below 120 m),
bacterioplankton cell density increased within the upper

mesopelagic zone (120–300 m) and persisted at elevated levels
for weeks (Figure 1E). The mean BA in the mesopelagic zone
(120–300 m) during the mixing period was significantly greater
than during the stratified period (t-test, p = 0.0174) (Figure 2).
Significant increase of BA in the mixed layer was observed in
January relative to December, indicating this increase was not
only due to conservative mixing (Supplementary Figure 3C).
This seasonal pattern is consistent with historical data of
bacterioplankton biomass in this region (Carlson et al., 1996;
Steinberg et al., 2001). AOU in the upper mesopelagic zone
decreased during mixing and increased afterward (Figures 1, 2).
During the period when the MLD was deepest, the 3H-
leucine incorporation rates, a proxy of BP, were three to
five times greater in the mesopelagic compared to rates at
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FIGURE 4 | Vertical profile of 3H-Leucine incorporation rates, a proxy for bacterial production (BP), over the surface 300 m during cruises in (A) July 2016,
(B) September 2016, (C) April 2017, and (D) July 2017. Data points represent the average of replicates and error bars are standard error. The red dashed line (120
m) separates the euphotic zone from the upper mesopelagic zone. Red arrows indicate enhancement of BP in the mesopelagic zone during mixing in April 2017
compared to other stratified periods.

the same depth during stratified periods (Figure 4). The
enhanced 3H-leucine incorporation rate at depth during periods
of deep mixing indicates that heterotrophic bacterioplankton
were responding to the production or delivery of relatively
less diagenetically altered organic matter to the mesopelagic
zone. Significant correlations between upper mesopelagic mean
temperature and DOC, temperature and BA, temperature and
AOU, DOC and BA, DOC and AOU, and TDAA-C and DI
were observed over this seasonal time-series (Table 3). Together,
the data suggest that DOC export during convective mixing
triggered the growth of heterotrophic bacterioplankton that
were involved in the degradation of exported DOM (Figure 1).
The exported DOM includes fresh and recently produced
compounds as well as those that were resistant or escaped
rapid remineralization by upper euphotic zone heterotrophic
bacterioplankton populations.

Bacterioplankton community structure based on 16S rRNA
amplicon sequencing was clearly separated along NMDS axis
1 according to depth (Figure 5A). Vertical stratification of
microbial taxa has been reported for numerous studies in the
northwestern Sargasso Sea and elsewhere (Giovannoni et al.,
1996; DeLong et al., 2006; Treusch et al., 2009; Vergin et al.,
2013a). Bacterial community structure in the upper mesopelagic
zone was more variable than in the surface ocean. During the
highly mixed and spring transition periods at 160 m and 200
m, bacterial communities clustered as a distinct group from
stratified and fall transition clusters (Figure 5B), suggesting
mesopelagic bacterial communities were significantly altered by
the mixing event.

Multiple members of the bacterioplankton SAR11 clade,
OCS116 clade, Rhodospirillales, Rhodobacterales, SAR116 clade,
SAR202 clade, Flavobacterales, Oceanospirillales, Salinisphaerales,
Alteromonadales, Verrumicrobiae, Acidimicrobiales, SAR406
clade, and SAR324 clade became enriched during or shortly
following deep convective mixing and were significantly
cross-correlated to mean DOC and TDAA-C concentrations
in the upper mesopelagic zone with maximum correlation
coefficient being reached with a 0–4 months lag depending on

the bacterioplankton lineage (Figure 6, see Supplementary
Table 3 and Supplementary Figure 5 for all enriched ASVs).
The mean relative abundance of each of these lineages within the
upper mesopelagic (120–300 m) was greatest during or following
the maximal mixing period (April 2017–July 2017) compared to
the average over all months between July 2016 and September
2017 (Figure 7). The temporal increase in the relative abundance
of these specific lineages (Figure 6 and Supplementary Figure 5)
together with enhanced BA and 3H-leucine incorporation
rate in the mesopelagic zone during or following deep mixing
suggest that the increased bacterial biomass and activity in
the mesopelagic during mixing was not solely due to mixing
of the surface population into the mesopelagic depths, but
rather due to responses of specific bacteria at depth to the
exported organic matter.

DOM exported to the mesopelagic via physical mixing
contains a continuous spectrum of compounds with varying
lability and corresponding myriad responses from bacterial taxa
with different nutrition-acquisition strategies and effective niches
(Fuhrman and Hagström, 2008; LaBrie et al., 2020; Liu et al.,
2020a). Bacteria characterized as copiotrophs such as members
of the Rhodobacterales and Rhodospirillales clades are often
associated with elevated primary production (Gilbert et al., 2012;
Buchan et al., 2014; Wilson et al., 2017). These data suggest

TABLE 3 | Correlation matrix (Spearman r-value) between 120 and 300 m mean
temperature, DOC, TDAA C, DI, BA, and AOU over the seasonal cycle (July 2016
to September 2017) in the Sargasso Sea.

Temperature DOC TDAA C DI BA AOU

Temperature 1.00 0.43 0.07 0.21 0.50 0.32

DOC 0.43 1.00 −0.13 −0.11 0.35 −0.34

TDAA C 0.07 −0.13 1.00 0.86 0.22 −0.13

DI 0.21 −0.11 0.86 1.00 0.32 0.03

BA 0.50 0.35 0.22 0.32 1.00 −0.06

AOU 0.32 −0.34 −0.13 0.03 −0.06 1.00

Significant correlations (p < 0.05) are indicated as bold values.
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FIGURE 5 | (A) Non-metric multi-dimensional scaling (NMDS) plot showing first two axes of all 16S amplicon sequence variants (ASVs) color coded by depths and
shaped by seasons over July 2016 to Sept 2017. The five points in the bottom part of the NMDS plot came from the same cast in July 2017. We cannot explain the
driver of these five outliers, nor could we identify a reason to remove them; thus, they are included in the plot. (B) Simprof cluster analysis of bacterial community
structures at 160 and 200 m. Different clusters are shown at 70% dissimilarity threshold. Samples names are in color bar and symbols next to each sample name
indicate season with symbol shapes as defined in (A).

that some ASVs in these groups respond to the vertical export
flux of labile metabolites, such as carbohydrates, amino acids,
and nucleotides released from primary producers (Figure 3). For
example, members of the Flavobacteriales clade are specialists
that can assimilate high molecular weight (HMW) DOM and
are capable of assimilating large polysaccharides into their
periplasmic space via “selfish” uptake pathways (Cottrell and
Kirchman, 2000; Reintjes et al., 2017). The enhanced relative
contribution of Flavobacteriales in the upper mesopelagic might
indicate the export of HMW DOM during the deep mixing
period. Similarly, growth of Verrucomicrobiae, which are often
enriched in particle-associated communities and possess genes

or enzymes for polysaccharide degradation (Vorobev et al., 2018;
Duret et al., 2019; Sichert et al., 2020), is consistent with the
export of carbohydrates from surface to mesopelagic zone by
convective mixing as revealed in previous research in the Sargasso
Sea (Goldberg et al., 2009).

It is noteworthy that a number of slow-growing organisms
characterized as oligotrophs such as members of the SAR11
clade, the SAR202 clade, the OCS116 clade, the SAR86 clade,
Acidimicrobiales, Salinisphaerales, the SAR406 clade, and the
SAR324 clade became enriched over timescales of weeks to
months. The various lineages reach ASV maxima at different
times during or following convective mixing (Figure 6,
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FIGURE 6 | ODV contour plots of the ASV relative abundance (%) in the surface 300 m for bacterioplankton lineages in the (A) SAR11 clade, (B) SAR202 clade, (C)
Flavobacteriaceae NS4 marine group, (D) SAR86 clade, (E) Acidimicrobiales OM1 clade, and (F) SAR406 clade that showed enrichment in the mesopelagic zone
during or shortly after mixing events and that were significantly positively cross-correlated with DOC and/or TDAA C with negative lag within July 2016 to September
2017 time frame. Red dashed rectangle indicates convective mixing time frame during this time period and white dashed rectangle indicates 120–300 m of the
upper mesopelagic zone.

Supplementary Figure 5, and Supplementary Table 3). The
SAR11 and SAR86 clades diversify into multiple ecotypes that
partition niche space over depth and season (Carlson et al.,
2009; Dupont et al., 2012; Vergin et al., 2013a; Giovannoni,
2017). The variability in lagged response between SAR11
ASVs and DOC and/or TDAA-C indicates that there can be
differences in SAR11 ecotypes’ response to alteration of DOM
concentration and quality in the mesopelagic water. Members
of the SAR202 clade, the OCS116 clade, Acidimicrobiales, and
Salinisphaerales are involved in, or possess genes encoding
enzymes for, degradation of more recalcitrant DOM (Goldman
and Green, 2009; Mizuno et al., 2015; Landry et al., 2017;
Rodríguez et al., 2018; Liu et al., 2020a,b). The increasing relative
abundance of these lineages in the mesopelagic during and
following convective mixing is consistent with the argument that
they respond to the exported DOM of semi-labile and semi-
refractory quality. Alternatively, the introduction of relatively
less diagenetically altered DOM to the mesopelagic water during
mixing (Figure 1D) might promote microbial utilization of

resident recalcitrant DOM, through the priming effect (Carlson
et al., 2002; Steen et al., 2016; Shen and Benner, 2018).
Enrichment of members of the SAR406 clade during the period
of deep mixing was consistent with its potential metabolic role
in degrading complex carbohydrates and transporting amino
acids across cell membranes as revealed from genomic analysis
(Thrash et al., 2017). Our data also suggest that the members
of the SAR324 clade, often characterized as chemoautotrophic
bacteria (Swan et al., 2011), might be involved in seasonal
DOM cycling either directly through heterotrophy behavior or
indirectly through cross-feeding on byproduct during DOM
cycling. This hypothesis is consistent with previous work showing
that SAR324 possesses flexible mechanisms for DOC or DON
utilization, including aromatic compound degradation and C1
metabolism (Swan et al., 2011; Sheik et al., 2014; Cao et al., 2016;
Kitzinger et al., 2020).

Seasonal dynamics of microbial communities have been
reported for multiple marine environments, and are often
correlated to repeatable patterns of both abiotic and biotic
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FIGURE 7 | Anomaly between observed mean relative abundance between mesopelagic 120–300 m during and shortly following maximal mixing (April 2017 to July
2017) and mean mesopelagic 120–300 m relative abundance during the entire study period for representative ASVs in the (A) SAR11 clade, (B) SAR202 clade, (C)
Flavobacteriaceae NS4 marine group, (D) SAR86 clade, (E) Acidimicrobiales OM1 clade, and (F) SAR406 clade as shown in Figure 6. Blue solid lines and dashed
lines indicate zero and ± one standard deviation of all-time data, respectively. Data points above zero suggest enrichment of that ASV during or shortly after mixing.
Arrow indicates max MLD time.

environmental variables such as temperature, nutrient
concentrations, day length, and primary production (Fuhrman
et al., 2006; Caporaso et al., 2012; Gilbert et al., 2012;
Bunse and Pinhassi, 2017; Mena et al., 2020). Terminal
restriction fragment length polymorphism (T-RFLP) and
454 pyrosequencing data from previous studies at BATS
demonstrated that the seasonality of water column mixing
and stratification is an important factor controlling bacterial

community composition. For example, specific lineages
within the OCS116, SAR11, and Actinobacteria (in which
Acidimicrobiales belong) clades exhibit the strongest increases
in relative abundance in the upper mesopelagic zone from
the stratified period to the period following convective
mixing (Morris et al., 2005; Carlson et al., 2009; Treusch
et al., 2009; Vergin et al., 2013b). Our study extends the
historical dataset, described above, to finer taxonomic scales
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(Supplementary Table 3) and links bacterial community data
to corresponding dynamics of DOM, TDAA, and dissolved
metabolites dynamics.

CONCLUSION

Complementary measurements of DOM biogeochemistry and
microbial communities revealed a more detailed picture of
the changing diagenetic status of DOM in the context of
physical water displacements associated with seasonal mixing.
TDAA and dissolved metabolite indices provided insight into
complex temporal patterns of DOM release, uptake, and potential
interactions with multiple biological processes in seawater.
Studying temporal and spatial variability of DOM and bacterial
communities associated with deep convective mixing will lead
to a more detailed understanding of the vertical carbon flux
and microbial processes that alter the quantity and quality of
DOM in the ocean.

DATA AVAILABILITY STATEMENT

BIOS-SCOPE cruise data presented in this study are deposited
in the BCO-DMO repository, Available at: http://lod.bco-
dmo.org/id/dataset/861266. BATS cruise data presented in this
study are deposited in the BCO-DMO repository, Available
at: http://lod.bco-dmo.org/id/dataset/3782, and BATS data
repository, Available at: http://bats.bios.edu/bats-data/. 16S
amplicon sequences presented in this study are deposited in the
NCBI SRA repository, project number PRJNA769790. Targeted
metabolomics data presented in this study are deposited at
MetaboLights repository, accession number MTBLS2356.

AUTHOR CONTRIBUTIONS

SL and CC conceived the data integration and wrote the
manuscript. SL, KL, EK, KV, LB, SG, RP, KO, EH, DH, RJ, and

RC collected and analyzed the samples. SL, KL, KV, LB, RP, KO,
EH, DH, RJ, and RC analyzed the data. All authors reviewed and
contributed to the manuscript writing.

FUNDING

This project was funded by the Simons Foundation
International’s BIOS-SCOPE program and US National
Science Foundation (NSF OCE-1756105 for BATS
cruises).

ACKNOWLEDGMENTS

We thank the BATS technical team for their help collecting
samples and analyzing cruise data. We express our thanks to
N. Baetge, C. English, J. Comstock, W. Johnson, B. Widner,
M. Desmarais, and K. McLeod for their help with sample
collection during cruises. We thank the whole BIOS-SCOPE
team for valuable discussions on the data for this manuscript.
We thank all Carlson lab members for providing feedback on
result presentation. We appreciate the work by the officers,
technicians, and crew members of R/V Atlantic Explorer. We
thank the Core Facility and Center for Genome Research and
Biocomputing [CGRB, now known as Center for Quantitative
Life Sciences (CQLS)] at Oregon State University for Illumina
sequencing, and M. Kido Soule and G. Swarr for assistance
with metabolomics sample processing. Bermuda Institute of
Ocean Sciences generously shared their facility and laboratory
space and the Bermuda government supported our seawater
sample export.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.833252/full#supplementary-material

REFERENCES
Aepfler, R. F., Bühring, S. I., and Elvert, M. (2019). Substrate characteristic bacterial

fatty acid production based on amino acid assimilation and transformation in
marine sediments. FEMS Microbiol. Ecol. 95:fiz131. doi: 10.1093/femsec/fiz131

Allen, J. T., Fuda, J.-L., Perivoliotis, L., Munoz-Mas, C., Alou, E., and Reeve, K.
(2018). Guidelines for the Delayed Mode Scientific Correction of Glider Data. WP
5, Task 5.7, D5.15. Version 4.1.

Alonso-Sáez, L., Unanue, M., Latatu, A., Azua, I., Ayo, B., Artolozaga, I., et al.
(2009). Changes in marine prokaryotic community induced by varying types
of dissolved organic matter and subsequent grazing pressure. J. Plankton Res.
31, 1373–1383. doi: 10.1093/plankt/fbp081

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic
local alignment search tool. J. Mol. Biol. 215, 403–410. doi: 10.1016/S0022-
2836(05)80360-2

Altschul, S. F., Madden, T. L., Schäffer, A. A., Zhang, J., Zhang, Z., Miller, W., et al.
(1997). Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res. 25, 3389–3402. doi: 10.1093/NAR/25.17.
3389

Aluwihare, L. I., and Meador, T. (2008). “Chemical composition of marine
dissolved oragnic nitrogen,” in Nitrogen in the Marine Environment, eds D. G.
Capone, D. A. Bronk, M. R. Mulholland, and E. J. Carpenter (Burlington, MA:
Academic Press), 95–140.

Amon, R. M. W., Fitznar, H. P., and Benner, R. (2001). Linkages among the
bioreactivity, chemical composition, and diagenetic state of marine dissolved
organic matter. Limnol. Oceanogr. 46, 287–297. doi: 10.4319/lo.2001.46.2.0287

Anderson, M. J. (2006). Distance-based tests for homogeneity of multivariate
dispersions. Biometrics 62, 245–253. doi: 10.1111/j.1541-0420.2005.00440.x

Arnosti, C. (2011). Microbial extracellular enzymes and the marine carbon cycle.
Ann. Rev. Mar. Sci. 3, 401–425. doi: 10.1146/annurev-marine-120709-142731

Avcı, B., Krüger, K., Fuchs, B. M., Teeling, H., and Amann, R. I. (2020).
Polysaccharide niche partitioning of distinct polaribacter clades during north
sea spring algal blooms. ISME J. 14, 1369–1383. doi: 10.1038/s41396-020-
0601-y

Averesch, N. J. H., and Krömer, J. O. (2018). Metabolic engineering of the shikimate
pathway for production of aromatics and derived compounds-present and
future strain construction strategies. Front. Bio. Biotechnol. 6:32. doi: 10.3389/
fbioe.2018.00032

Frontiers in Microbiology | www.frontiersin.org 15 March 2022 | Volume 13 | Article 833252

http://lod.bco-dmo.org/id/dataset/861266
http://lod.bco-dmo.org/id/dataset/861266
http://lod.bco-dmo.org/id/dataset/3782
http://bats.bios.edu/bats-data/
https://www.frontiersin.org/articles/10.3389/fmicb.2022.833252/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.833252/full#supplementary-material
https://doi.org/10.1093/femsec/fiz131
https://doi.org/10.1093/plankt/fbp081
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1093/NAR/25.17.3389
https://doi.org/10.1093/NAR/25.17.3389
https://doi.org/10.4319/lo.2001.46.2.0287
https://doi.org/10.1111/j.1541-0420.2005.00440.x
https://doi.org/10.1146/annurev-marine-120709-142731
https://doi.org/10.1038/s41396-020-0601-y
https://doi.org/10.1038/s41396-020-0601-y
https://doi.org/10.3389/fbioe.2018.00032
https://doi.org/10.3389/fbioe.2018.00032
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-833252 March 2, 2022 Time: 15:30 # 16

Liu et al. DOM Export and Microbial Response

Avila, M. A., García-Trevijano, E. R., Lu, S. C., Corrales, F. J., and Mato, J. M.
(2004). Methylthioadenosine. Int. J. Biochem. Cell Biol. 36, 2125–2130. doi:
10.1016/j.biocel.2003.11.016

Baetge, N., Behrenfeld, M. J., Fox, J., Halsey, K. H., Mojica, K. D. A., Novoa, A.,
et al. (2021). The seasonal flux and fate of dissolved organic carbon through
bacterioplankton in the western north atlantic. Front. Microbiol. 12:659883.
doi: 10.3389/fmicb.2021.669883

Balmonte, J. P., Buckley, A., Hoarfrost, A., Ghobrial, S., Ziervogel, K., Teske, A.,
et al. (2019). Community structural differences shape microbial responses to
high molecular weight organic matter. Environ. Microbiol. 21, 557–571. doi:
10.1111/1462-2920.14485

Baltar, F., Aristegui, J., Gasol, J. M., Sintes, E., van Aken, H. M., and Herndl,
G. J. (2010). High dissolved extracellular enzymatic activity in the deep central
atlantic ocean. Aquat. Microb. Ecol. 58, 287–302. doi: 10.3354/ame01377

Båmstedt, U., and Wikner, J. (2016). Mixing depth and allochthonous dissolved
organic carbon: controlling factors of coastal trophic balance. Mar. Ecol. Prog.
Ser. 561, 17–29. doi: 10.3354/meps11907

Baran, R., Bowen, B. P., Bouskill, N. J., Brodie, E. L., Yannone, S. M., and
Northen, T. R. (2010). Metabolite identification in synechococcus sp. PCC 7002
using untargeted stable isotope assisted metabolite profiling. Anal. Chem. 82,
9034–9042. doi: 10.1021/ac1020112

Bertrand, E. M., and Allen, A. E. (2012). Influence of vitamin B auxotrophy on
nitrogen metabolism in eukaryotic phytoplankton. Front. Microbiol. 3:375. doi:
10.3389/fmicb.2012.00375

Bittig, H. C., Körtzinger, A., Neill, C., van Ooijen, E., Plant, J. N., Hahn, J., et al.
(2018). Oxygen optode sensors: principle, characterization, calibration, and
application in the ocean. Front. Mar. Sci. 0:429. doi: 10.3389/FMARS.2017.
00429

Bolaños, L. M., Choi, C. J., Worden, A. Z., Baetge, N., Carlson, C. A., and
Giovannoni, S. (2021). Seasonality of the microbial community composition in
the north atlantic. Front. Mar. Sci. 8:624164. doi: 10.3389/fmars.2021.624164

Bolaños, L. M., Karp-Boss, L., Choi, C. J., Worden, A. Z., Graff, J. R., Haëntjens,
N., et al. (2020). Small phytoplankton dominate western north atlantic biomass.
ISME J. 14, 1663–1674. doi: 10.1038/s41396-020-0636-0

Boysen, A. K., Carlson, L. T., Durham, B. P., Groussman, R. D., Aylward, F. O.,
Ribalet, F., et al. (2021). Particulate metabolites and transcripts reflect diel
oscillations of microbial activity in the surface ocean. mSystems 6:e00896-20.
doi: 10.1128/MSYSTEMS.00896-20

Boysen, A. K., Heal, K. R., Carlson, L. T., and Ingalls, A. E. (2018). Best-matched
internal standard normalization in liquid chromatography-mass spectrometry
metabolomics applied to environmental samples. Anal. Chem. 90, 1363–1369.
doi: 10.1021/ACS.ANALCHEM.7B04400

Buchan, A., LeCleir, G. R., Gulvik, C. A., and Gonzalez, J. M. (2014). Master
recyclers: features and functions of bacteria associated with phytoplankton
blooms. Nat. Rev. Microbiol. 12, 686–698. doi: 10.1038/nrmicro3326

Bunse, C., and Pinhassi, J. (2017). Marine bacterioplankton seasonal succession
dynamics. Trends Microbiol. 25, 494–505. doi: 10.1016/j.tim.2016.12.013

Burney, C. M., Davis, P. G., Johnson, K. M., and Sieburth, J. M. N. (1982). Diel
relationships of microbial trophic groups and in situ dissolved carbohydrate
dynamics in the caribbean sea. Mar. Biol. 67, 311–322. doi: 10.1007/BF00397672

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina
amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/NMETH.3869

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K.,
et al. (2009). BLAST+: architecture and applications. BMC Bioinforma 101:1–9.
doi: 10.1186/1471-2105-10-421

Cao, H., Dong, C., Bougouffa, S., Li, J., Zhang, W., Shao, Z., et al. (2016).
Delta-proteobacterial SAR324 group in hydrothermal plumes on the south
mid-atlantic ridge. Sci. Rep. 6:22842. doi: 10.1038/srep22842

Caporaso, J. G., Paszkiewicz, K., Field, D., Knight, R., and Gilbert, J. A. (2012). The
western english channel contains a persistent microbial seed bank. ISME J. 6,
1089–1093. doi: 10.1038/ismej.2011.162

Carlson, C. A. (2002). “Production and removal processes,” in Biogeochemistry
of Marine Dissolved Organic Matter, eds D. A. Hansell and C. A. Carlson
(Academic Press), 91–151. doi: 10.1016/b978-012323841-2/50006-3

Carlson, C. A., and Ducklow, H. W. (1995). Dissolved organic carbon in the
upper ocean of the central equatorial pacific ocean, 1992: daily and finescale

vertical variations. Deep Res. Part II 42, 639–656. doi: 10.1016/0967-0645(95)
00023-J

Carlson, C. A., Ducklow, H. W., and Michaels, A. F. (1994). Annual flux of
dissolved organic-carbon from the euphotic zone in the northwestern sargasso
sea. Nature 371, 405–408. doi: 10.1038/371405a0

Carlson, C. A., Ducklow, H. W., and Sleeter, T. D. (1996). Stocks and dynamics of
bacterioplankton in the northwestern sargasso sea. Deep Res. Part II Top. Stud.
Oceanogr. 43, 491–515. doi: 10.1016/0967-0645(95)00101-8

Carlson, C. A., Giovannoni, S. J., Hansell, D. A., Goldberg, S. J., Parsons, R.,
Otero, M. P., et al. (2002). Effect of nutrient amendments on bacterioplankton
production, community structure, and DOC utilization in the northwestern
sargasso sea. Aquat. Microb. Ecol. 30, 19–36. doi: 10.3354/Ame030019

Carlson, C. A., Giovannoni, S. J., Hansell, D. A., Goldberg, S. J., Parsons,
R., and Vergin, K. (2004). Interactions among dissolved organic carbon,
microbial processes, and community structure in the mesopelagic zone of the
northwestern sargasso sea. Limnol. Oceanogr. 49, 1073–1083. doi: 10.4319/Lo.
2004.49.4.1073

Carlson, C. A., and Hansell, D. A. (2015). “DOM sources, sinks, reactivity, and
budgets,” in Biogeochemistry of Marine Dissolved Organic Matter, eds D. A.
Hansell and C. A. Carlson (Academic Press), 65–126. doi: 10.1016/b978-0-12-
405940-5.00003-0

Carlson, C. A., Hansell, D. A., Nelson, N. B., Siegel, D. A., Smethie, W. M.,
Khatiwala, S., et al. (2010). Dissolved organic carbon export and subsequent
remineralization in the mesopelagic and bathypelagic realms of the north
atlantic basin. Deep Res. Part II Top. Stud. Oceanogr. 57, 1433–1445. doi: 10.
1016/j.dsr2.2010.02.013

Carlson, C. A., Hansell, D. A., and Tamburini, C. (2011). “DOC persistence and
its fate after export within the ocean interior,” in Microbial Carbon Pump in the
Ocean, eds N. Jiao, F. Azam, and S. Sanders (Washington DC: Science/AAAS),
57–59.

Carlson, C. A., Morris, R., Parsons, R., Treusch, A. H., Giovannoni, S. J., and
Vergin, K. (2009). Seasonal dynamics of SAR11 populations in the euphotic
and mesopelagic zones of the northwestern sargasso sea. ISME J. 3, 283–295.
doi: 10.1038/ismej.2008.117

Cho, B. C., and Azam, F. (1988). Major role of bacteria in biogeochemical fluxes in
the ocean’s interior. Nature 163, 441–443. doi: 10.1038/332441a0

Chróst, R. J. (1991). Microbial Enzymes in Aquatic Environments. New York:
Springer-Verlag.

Clasquin, M. F., Melamud, E., and Rabinowitz, J. D. (2012). LC-MS data
processing with MAVEN: a metabolomic analysis and visualization
engine. Curr. Protoc. Bioinforma 37, 1–23. doi: 10.1002/0471250953.bi1
411s37

Coffin, R. B. (1989). Bacterial uptake of dissolved free and combined amino-acids in
estuarine waters. Limnol. Oceanogr. 34, 531–542. doi: 10.4319/lo.1989.34.3.0531

Cotner, J. B., Ammerman, J. W., Peele, E. R., and Bentzen, E. (1997). Phosphorus-
limited bacterioplankton growth in the sargasso sea. Aquat. Microb. Ecol. 13,
141–149. doi: 10.3354/ame013141

Cottrell, M. T., and Kirchman, D. L. (2000). Natural assemblages of marine
proteobacteria and members of the Cytophaga-flavobacter cluster consuming
low- and high-molecular-weight dissolved organic matter. Appl. Environ.
Microbiol. 66, 1692–1697. doi: 10.1128/AEM.66.4.1692-1697.2000

Covert, J. S., and Moran, M. A. (2001). Molecular characterization of estuarine
bacterial communities that use high- and low-molecular weight fractions of
dissolved organic carbon. Aquat. Microb. Ecol. 25, 127–139. doi: 10.3354/
ame025127

Cowie, G. L., and Hedges, J. I. (1994). Biochemical indicators of diagenetic
alteration in natural organic-matter mixtures. Nature 369, 304–307. doi: 10.
1038/369304a0

Croft, M. T., Lawrence, A. D., Raux-Deery, E., Warren, M. J., and Smith, A. G.
(2005). Algae acquire vitamin B12 through a symbiotic relationship with
bacteria. Nature 438, 90–93. doi: 10.1038/nature04056

Dadaglio, L., Dinasquet, J., Obernosterer, I., and Joux, F. (2019). Differential
responses of bacteria to diatom-derived dissolved organic matter in the arctic
ocean. Aquat. Microb. Ecol. 82, 59–72. doi: 10.3354/ame01883

Dauwe, B., Middelburg, J. J., Herman, P. M. J., and Heip, C. H. R. (1999). Linking
diagenetic alteration of amino acids and bulk organic matter reactivity. Limnol.
Oceanogr. 44, 1809–1814. doi: 10.4319/lo.1999.44.7.1809

Frontiers in Microbiology | www.frontiersin.org 16 March 2022 | Volume 13 | Article 833252

https://doi.org/10.1016/j.biocel.2003.11.016
https://doi.org/10.1016/j.biocel.2003.11.016
https://doi.org/10.3389/fmicb.2021.669883
https://doi.org/10.1111/1462-2920.14485
https://doi.org/10.1111/1462-2920.14485
https://doi.org/10.3354/ame01377
https://doi.org/10.3354/meps11907
https://doi.org/10.1021/ac1020112
https://doi.org/10.3389/fmicb.2012.00375
https://doi.org/10.3389/fmicb.2012.00375
https://doi.org/10.3389/FMARS.2017.00429
https://doi.org/10.3389/FMARS.2017.00429
https://doi.org/10.3389/fmars.2021.624164
https://doi.org/10.1038/s41396-020-0636-0
https://doi.org/10.1128/MSYSTEMS.00896-20
https://doi.org/10.1021/ACS.ANALCHEM.7B04400
https://doi.org/10.1038/nrmicro3326
https://doi.org/10.1016/j.tim.2016.12.013
https://doi.org/10.1007/BF00397672
https://doi.org/10.1038/NMETH.3869
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1038/srep22842
https://doi.org/10.1038/ismej.2011.162
https://doi.org/10.1016/b978-012323841-2/50006-3
https://doi.org/10.1016/0967-0645(95)00023-J
https://doi.org/10.1016/0967-0645(95)00023-J
https://doi.org/10.1038/371405a0
https://doi.org/10.1016/0967-0645(95)00101-8
https://doi.org/10.3354/Ame030019
https://doi.org/10.4319/Lo.2004.49.4.1073
https://doi.org/10.4319/Lo.2004.49.4.1073
https://doi.org/10.1016/b978-0-12-405940-5.00003-0
https://doi.org/10.1016/b978-0-12-405940-5.00003-0
https://doi.org/10.1016/j.dsr2.2010.02.013
https://doi.org/10.1016/j.dsr2.2010.02.013
https://doi.org/10.1038/ismej.2008.117
https://doi.org/10.1038/332441a0
https://doi.org/10.1002/0471250953.bi1411s37
https://doi.org/10.1002/0471250953.bi1411s37
https://doi.org/10.4319/lo.1989.34.3.0531
https://doi.org/10.3354/ame013141
https://doi.org/10.1128/AEM.66.4.1692-1697.2000
https://doi.org/10.3354/ame025127
https://doi.org/10.3354/ame025127
https://doi.org/10.1038/369304a0
https://doi.org/10.1038/369304a0
https://doi.org/10.1038/nature04056
https://doi.org/10.3354/ame01883
https://doi.org/10.4319/lo.1999.44.7.1809
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-833252 March 2, 2022 Time: 15:30 # 17

Liu et al. DOM Export and Microbial Response

Davis, J., Kaiser, K., and Benner, R. (2009). Amino acid and amino sugar yields
and compositions as indicators of dissolved organic matter diagenesis. Org.
Geochem. 40, 343–352. doi: 10.1016/j.orggeochem.2008.12.003

DeLong, E. F., Preston, C. M., Mincer, T., Rich, V., Hallam, S. J., Frigaard, N. U.,
et al. (2006). Community genomics among stratified microbial assemblages in
the ocean’s interior. Science 311, 496–503. doi: 10.1126/science.1120250

Dittmar, T., Fitznar, H. P., and Kattner, G. (2001). Origin and biogeochemical
cycling of organic nitrogen in the eastern arctic ocean as evident from D- and
L-amino acids. Geochim. Cosmochim Acta 65, 4103–4114. doi: 10.1016/S0016-
7037(01)00688-3

Dittmar, T., Koch, B., Hertkorn, N., and Kattner, G. (2008). A simple and efficient
method for the solid-phase extraction of dissolved organic matter (SPE-DOM)
from seawater. Limnol. Oceanogr. Methods 6, 230–235. doi: 10.4319/lom.2008.
6.230

Dupont, C. L., Rusch, D. B., Yooseph, S., Lombardo, M. J., Alexander Richter,
R., Valas, R., et al. (2012). Genomic insights to SAR86, an abundant and
uncultivated marine bacterial lineage. ISME J. 6, 1186–1199. doi: 10.1038/ismej.
2011.189

Duret, M. T., Lampitt, R. S., and Lam, P. (2019). Prokaryotic niche partitioning
between suspended and sinking marine particles. Environ. Microbiol. Rep. 11,
386–400. doi: 10.1111/1758-2229.12692

Durham, B. P., Boysen, A. K., Carlson, L. T., Groussman, R. D., Heal, K. R.,
Cain, K. R., et al. (2019). Sulfonate-based networks between eukaryotic
phytoplankton and heterotrophic bacteria in the surface ocean. Nat. Microbiol.
4, 1706–1715. doi: 10.1038/s41564-019-0507-5

Fiehn, O. (2002). Metabolomics - the link between genotypes and phenotypes.
Plant Mol. Biol. 48, 155–171. doi: 10.1023/A:1013713905833

Fiore, C. L., Longnecker, K., Kido Soule, M. C., and Kujawinski, E. B.
(2015). Release of ecologically relevant metabolites by the cyanobacterium
Synechococcus elongatus CCMP 1631. Environ. Microbiol. 17, 3949–3963. doi:
10.1111/1462-2920.12899

Fuhrman, J. A., and Hagström, Å (2008). “Bacterial and archaeal community
structure and its patterns,” in Microbial Ecology of the Oceans: Second Edition,
ed. D. L. Krichman (John Wiley & Sons), 45–91. doi: 10.1002/9780470281840.
ch3

Fuhrman, J. A., Hewson, I., Schwalbach, M. S., Steele, J. A., Brown, M. V., and
Naeem, S. (2006). Annually reoccurring bacterial communities are predictable
from ocean conditions. Proc. Natl. Acad. Sci. U.S.A. 103, 13104–13109. doi:
10.1073/pnas.0602399103

Garau, B., Ruiz, S., Zhang, W. G., Pascual, A., Heslop, E., Kerfoot, J., et al. (2011).
Thermal lag correction on slocum CTD glider data. J. Atmos Ocean Technol. 28,
1065–1071. doi: 10.1175/JTECH-D-10-05030.1

Gilbert, J. A., Steele, J. A., Caporaso, J. G., Steinbrück, L., Reeder, J., Temperton, B.,
et al. (2012). Defining seasonal marine microbial community dynamics. ISME
J. 6, 298–308. doi: 10.1038/ismej.2011.107

Giovannoni, S. J. (2017). SAR11 bacteria: the most abundant plankton in the
oceans. Ann. Rev. Mar. Sci. 9, 231–255. doi: 10.1146/annurev-marine-010814-
015934

Giovannoni, S. J., Rappe, M. S., Vergin, K. L., and Adair, N. L. (1996). 16S rRNA
genes reveal stratified open ocean bacterioplankton populations related to the
green non-sulfur bacteria. Proc. Natl. Acad. Sci. U.S.A. 93, 7979–7984. doi:
10.1073/Pnas.93.15.7979

Goldberg, S. J., Carlson, C. A., Hansell, D. A., Nelson, N. B., and Siegel, D. A. (2009).
Temporal dynamics of dissolved combined neutral sugars and the quality of
dissolved organic matter in the northwestern sargasso sea. Deep Res. Part I
Oceanogr. Res. Pap. 56, 672–685. doi: 10.1016/j.dsr.2008.12.013

Goldman, E., and Green, L. H. (2009). Practical Handbook of Microbiology. Boca
Raton, FL: CRC Press.

Goto, S., Tada, Y., Suzuki, K., and Yamashita, Y. (2017). Production and
reutilization of fluorescent dissolved organic matter by a marine bacterial strain,
Alteromonas macleodii. Front. Microbiol. 8:507. doi: 10.3389/Fmicb.2017.00507

Hansell, D. A. (2013). Recalcitrant dissolved organic carbon fractions.
Ann. Rev. Mar. Sci. 5, 421–445. doi: 10.1146/annurev-marine-120710-
100757

Hansell, D. A., and Carlson, C. A. (2001). Biogeochemistry of total organic carbon
and nitrogen in the sargasso sea: control by convective overturn. Deep Res. Part
II Top. Stud. Oceanogr. 48, 1649–1667. doi: 10.1016/S0967-0645(00)00153-3

Harvey, H. R., Dyda, R. Y., and Kirchman, D. L. (2006). Impact of DOM
composition on bacterial lipids and community structure in estuaries. Aquat.
Microb. Ecol. 42, 105–117.

Heal, K. R., Durham, B. P., Boysen, A. K., Carlson, L. T., Qin, W., Ribalet, F., et al.
(2021). Marine community metabolomes carry fingerprints of phytoplankton
community composition. mSystems 6:e01334-20. doi: 10.1128/MSYSTEMS.
01334-20

Herrmann, K. M., and Weaver, L. M. (1999). The shikimate pathway. Ann. Rev.
Plant Biol. 50, 473–503. doi: 10.1146/annurev.arplant.50.1.473

Jiao, N., Herndl, G. J., Hansell, D. A., Benner, R., Kattner, G., Wilhelm, S. W.,
et al. (2010). Microbial production of recalcitrant dissolved organic matter:
long-term carbon storage in the global ocean. Nat. Rev. Microbiol. 8, 593–599.
doi: 10.1038/nrmicro2386

Joglar, V., Álvarez-Salgado, X. A., Gago-Martinez, A., Leao, J. M., Pérez-Martínez,
C., Pontiller, B., et al. (2021). Cobalamin and microbial plankton dynamics
along a coastal to offshore transect in the eastern north atlantic ocean. Environ.
Microbiol. 23, 1559–1583. doi: 10.1111/1462-2920.15367

Johnson, W. M., Kido Soule, M. C., and Kujawinski, E. B. (2016). Evidence for
quorum sensing and differential metabolite production by a marine bacterium
in response to DMSP. ISME J. 10, 2304–2316. doi: 10.1038/ismej.2016.6

Johnson, W. M., Kido Soule, M. C., and Kujawinski, E. B. (2017). Extraction
efficiency and quantification of dissolved metabolites in targeted marine
metabolomics. Limnol. Oceanogr. Methods 15, 417–428. doi: 10.1002/lom3.
10181

Johnson, W. M., Kido Soule, M. C., Longnecker, K., Bhatia, M. P., Hallam,
S. J., Lomas, M. W., et al. (2021). Insights into the controls on metabolite
distributions along a latitudinal transect of the western atlantic ocean. bioRxiv
[preprint]. doi: 10.1101/2021.03.09.434501

Johnson, W. M., Longnecker, K., Kido Soule, M. C., Arnold, W. A., Bhatia, M. P.,
Hallam, S. J., et al. (2020). Metabolite composition of sinking particles differs
from surface suspended particles across a latitudinal transect in the south
atlantic. Limnol. Oceanogr. 65, 111–127. doi: 10.1002/lno.11255

Kaiser, K., and Benner, R. (2009). Biochemical composition and size distribution of
organic matter at the pacific and atlantic time-series stations. Mar. Chem. 113,
63–77. doi: 10.1016/j.marchem.2008.12.004

Kashfi, R., Kelsey, C., Gang, D. J., Call, D. R., and Gang, D. R. (2020). Metabolomic
diversity and identification of antibacterial activities of bacteria isolated from
marine sediments in hawai’i and puerto rico. Front. Mol. Biosci. 7:23. doi:
10.3389/fmolb.2020.00023

Keil, R. G., and Kirchman, D. L. (1999). Utilization of dissolved protein and
amino acids in the northern sargasso Sea. Aquat. Microb. Ecol. 18, 293–300.
doi: 10.3354/ame018293

Kido Soule, M. C., Longnecker, K., Johnson, W. M., and Kujawinski, E. B. (2015).
Environmental metabolomics: analytical strategies. Mar. Chem. 177, 374–387.
doi: 10.1016/j.marchem.2015.06.029

Kirchman, D., K’nees, E., and Hodson, R. (1985). Leucine incorporation and
its potential as a measure of protein synthesis by bacteria in natural aquatic
systems. Appl. Environ. Microbiol. 49, 599–607. doi: 10.1128/aem.49.3.599-607.
1985

Kirchman, D. L. (2000). Uptake and regeneration of inorganic nutrients by marine
heterotrophic bacteria. Microb. Ecol. Ocean 28, 261–288.

Kitzinger, K., Marchant, H. K., Bristow, L. A., Herbold, C. W., Padilla, C. C., Kidane,
A. T., et al. (2020). Single cell analyses reveal contrasting life strategies of the
two main nitrifiers in the ocean. Nat. Commun. 11:767. doi: 10.1038/s41467-
020-14542-3

Knap, A. H., Michaels, A. F., Steinberg, D., Bahr, F., Bates, N., Bell, S., et al. (1997).
BATS Methods Manual. Woods Hole, MA: U.S. JGOFS Planning Office.

Koch, H., Germscheid, N., Freese, H. M., Noriega-Ortega, B., Lücking, D.,
Berger, M., et al. (2020). Genomic, metabolic and phenotypic variability
shapes ecological differentiation and intraspecies interactions of Alteromonas
macleodii. Sci. Rep. 10:809. doi: 10.1038/s41598-020-57526-5

LaBrie, R., Beìlanger, S., Benner, R., and Maranger, R. (2020). Spatial abundance
distribution of prokaryotes is associated with dissolved organic matter
composition and ecosystem function. Limnol. Oceanogr. 66:11624. doi: 10.1002/
lno.11624

Landa, M., Blain, S., Christaki, U., Monchy, S., and Obernosterer, I. (2016). Shifts
in bacterial community composition associated with increased carbon cycling

Frontiers in Microbiology | www.frontiersin.org 17 March 2022 | Volume 13 | Article 833252

https://doi.org/10.1016/j.orggeochem.2008.12.003
https://doi.org/10.1126/science.1120250
https://doi.org/10.1016/S0016-7037(01)00688-3
https://doi.org/10.1016/S0016-7037(01)00688-3
https://doi.org/10.4319/lom.2008.6.230
https://doi.org/10.4319/lom.2008.6.230
https://doi.org/10.1038/ismej.2011.189
https://doi.org/10.1038/ismej.2011.189
https://doi.org/10.1111/1758-2229.12692
https://doi.org/10.1038/s41564-019-0507-5
https://doi.org/10.1023/A:1013713905833
https://doi.org/10.1111/1462-2920.12899
https://doi.org/10.1111/1462-2920.12899
https://doi.org/10.1002/9780470281840.ch3
https://doi.org/10.1002/9780470281840.ch3
https://doi.org/10.1073/pnas.0602399103
https://doi.org/10.1073/pnas.0602399103
https://doi.org/10.1175/JTECH-D-10-05030.1
https://doi.org/10.1038/ismej.2011.107
https://doi.org/10.1146/annurev-marine-010814-015934
https://doi.org/10.1146/annurev-marine-010814-015934
https://doi.org/10.1073/Pnas.93.15.7979
https://doi.org/10.1073/Pnas.93.15.7979
https://doi.org/10.1016/j.dsr.2008.12.013
https://doi.org/10.3389/Fmicb.2017.00507
https://doi.org/10.1146/annurev-marine-120710-100757
https://doi.org/10.1146/annurev-marine-120710-100757
https://doi.org/10.1016/S0967-0645(00)00153-3
https://doi.org/10.1128/MSYSTEMS.01334-20
https://doi.org/10.1128/MSYSTEMS.01334-20
https://doi.org/10.1146/annurev.arplant.50.1.473
https://doi.org/10.1038/nrmicro2386
https://doi.org/10.1111/1462-2920.15367
https://doi.org/10.1038/ismej.2016.6
https://doi.org/10.1002/lom3.10181
https://doi.org/10.1002/lom3.10181
https://doi.org/10.1101/2021.03.09.434501
https://doi.org/10.1002/lno.11255
https://doi.org/10.1016/j.marchem.2008.12.004
https://doi.org/10.3389/fmolb.2020.00023
https://doi.org/10.3389/fmolb.2020.00023
https://doi.org/10.3354/ame018293
https://doi.org/10.1016/j.marchem.2015.06.029
https://doi.org/10.1128/aem.49.3.599-607.1985
https://doi.org/10.1128/aem.49.3.599-607.1985
https://doi.org/10.1038/s41467-020-14542-3
https://doi.org/10.1038/s41467-020-14542-3
https://doi.org/10.1038/s41598-020-57526-5
https://doi.org/10.1002/lno.11624
https://doi.org/10.1002/lno.11624
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-833252 March 2, 2022 Time: 15:30 # 18

Liu et al. DOM Export and Microbial Response

in a mosaic of phytoplankton blooms. ISME J. 10, 39–50. doi: 10.1038/ismej.
2015.105

Landa, M., Blain, S., Harmand, J., Monchy, S., Rapaport, A., and Obernosterer,
I. (2018). Major changes in the composition of a southern ocean bacterial
community in response to diatom-derived dissolved organic matter. FEMS
Microbiol. Ecol. 94:fiy034. doi: 10.1093/femsec/fiy034

Landry, Z., Swan, B. K., Herndl, G. J., Stepanauskas, R., and Giovannoni, S. J.
(2017). SAR202 genomes from the dark ocean predict pathways for the
oxidation of recalcitrant dissolved organic matter. MBio 8:e00413-17. doi: 10.
1128/mBio.00413-17

Lechtenfeld, O. J., Kattner, G., Flerus, R., McCallister, S. L., Schmitt-Kopplin,
P., and Koch, B. P. (2014). Molecular transformation and degradation of
refractory dissolved organic matter in the atlantic and southern ocean. Geochim
Cosmochim Acta 126, 321–337. doi: 10.1016/j.gca.2013.11.009

Lee, C., and Bada, J. L. (1977). Dissolved amino acids in the equatorial pacific, the
sargasso sea, and biscayne bay. Limnol. Oceanogr. 22, 502–510. doi: 10.4319/lo.
1977.22.3.0502

Letscher, R. T., Knapp, A. N., James, A. K., Carlson, C. A., Santoro, A. E.,
and Hansell, D. A. (2015). Microbial community composition and nitrogen
availability influence DOC remineralization in the south pacific gyre. Mar.
Chem. 177, 325–334. doi: 10.1016/J.MARCHEM.2015.06.024

Lindroth, P., and Mopper, K. (1979). High-performance liquid-chromatographic
determination of subpicomole amounts of amino-acids by precolumn
fluorescence derivatization with ortho-phthaldialdehyde. Anal. Chem. 51,
1667–1674.

Liu, S., Baetge, N., Comstock, J., Opalk, K., Parsons, R., Halewood, E., et al. (2020a).
Stable isotope probing identifies bacterioplankton lineages capable of utilizing
dissolved organic matter across a range of bioavailability. Front. Microbiol.
11:580397. doi: 10.3389/fmicb.2020.580397

Liu, S., Parsons, R., Opalk, K., Baetge, N., Giovannoni, S., Bolaños, L. M., et al.
(2020b). Different carboxyl-rich alicyclic molecules proxy compounds select
distinct bacterioplankton for oxidation of dissolved organic matter in the
mesopelagic sargasso sea. Limnol. Oceanogr. 65, 1532–1553. doi: 10.1002/lno.
11405

Liu, S., and Liu, Z. (2020). Distinct capabilities of different gamma proteobacterial
strains on utilizing small peptides in seawater. Sci. Rep. 10:464. doi: 10.1038/
s41598-019-57189-x

Liu, Z., Liu, S., Liu, J., and Gardner, W. S. (2013). Differences in peptide
decomposition rates and pathways in hypoxic and oxic coastal environments.
Mar. Chem. 157, 67–77. doi: 10.1016/j.marchem.2013.08.003

Lomas, M. W., Bates, N. R., Johnson, R. J., Knap, A. H., Steinberg, D. K., and
Carlson, C. A. (2013). Two decades and counting: 24-years of sustained open
ocean biogeochemical measurements in the sargasso sea. Deep Res. Part II Top.
Stud. Oceanogr. 93, 16–32. doi: 10.1016/j.dsr2.2013.01.008

Longnecker, K. (2015). Dissolved organic matter in newly formed sea ice and
surface seawater. Geochim Cosmochim Acta 17, 39–49. doi: 10.1016/j.gca.2015.
08.014

Longnecker, K., Kido Soule, M. C., and Kujawinski, E. B. (2015). Dissolved organic
matter produced by Thalassiosira pseudonana. Mar. Chem. 168, 114–123. doi:
10.1016/j.marchem.2014.11.003

Maki, K., Ohkouchi, N., Chikaraishi, Y., Fukuda, H., Miyajima, T., and Nagata,
T. (2014). Influence of nitrogen substrates and substrate C: N ratios on the
nitrogen isotopic composition of amino acids from the marine bacterium vibrio
harveyi. Geochim Cosmochim Acta 140, 521–530. doi: 10.1016/j.gca.2014.05.052

McMurdie, P. J., and Holmes, S. (2013). phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One
8:e61217. doi: 10.1371/journal.pone.0061217

Medeiros, P. M., Seidel, M., Powers, L. C., Dittmar, T., Hansell, D. A., and
Miller, W. L. (2015). Dissolved organic matter composition and photochemical
transformations in the northern north pacific ocean. Geophys. Res. Lett. 42,
863–870. doi: 10.1002/2014GL062663

Melamud, E., Vastag, L., and Rabinowitz, J. D. (2010). Metabolomic analysis and
visualization engine for LC - MS data. Anal. Chem. 82, 9818–9826. doi: 10.1021/
ac1021166

Mena, C., Reglero, P., Balbín, R., Martín, M., Santiago, R., and Sintes, E. (2020).
Seasonal niche partitioning of surface temperate open ocean prokaryotic
communities. Front. Microbiol. 11:1749. doi: 10.3389/fmicb.2020.01749

Michaels, A. F., Bates, N. R., Buesseler, K. O., Carlson, C. A., and Knap, A. H.
(1994). Carbon-cycle imbalances in the sargasso sea. Nature 372, 537–540.
doi: 10.1038/372537a0

Mizuno, C. M., Rodriguez-Valera, F., and Ghai, R. (2015). Genomes of
planktonic acidimicrobiales: widening horizons for marine actinobacteria by
metagenomics. MBio 6:e02083-14. doi: 10.1128/mBio.02083-14

Morris, R. M., Vergin, K. L., Cho, J. C., Rappe, M. S., Carlson, C. A., and
Giovannoni, S. J. (2005). Temporal and spatial response of bacterioplankton
lineages to annual convective overturn at the bermuda atlantic time-series study
site. Limnol. Oceanogr. 50, 1687–1696. doi: 10.4319/Lo.2005.50.5.1687

Nagata, T., and Kirchman, D. L. (1991). Release of dissolved free and combined
amino acids by bacterivorous marine flagellates. Limnol. Oceanogr. 36, 433–443.
doi: 10.4319/lo.1991.36.3.0433

Obernosterer, I., Kawasaki, N., and Benner, R. (2003). P-limitation of respiration
in the sargasso sea and uncoupling of bacteria from P-regeneration in
size-fractionation experiments. Aquat. Microb. Ecol. 32, 229–237. doi: 10.3354/
ame032229

Oksanen, J., Kindt, R., Legendre, P., O’Hara, B., Stevens, M. H. H., Oksanen, M.,
et al. (2007). The Vegan Package. Community Ecol Packag 10. 631–637.

Osterholz, H., Singer, G., Wemheuer, B., Daniel, R., Simon, M., Niggemann, J.,
et al. (2016). Deciphering associations between dissolved organic molecules
and bacterial communities in a pelagic marine system. ISME J. 10, 1717–1730.
doi: 10.1038/ismej.2015.231

Parsons, T. R., Maita, Y., and Lalli, C. M. (1984). A manual of Chemical
and Biological Methods for Seawater Analysis. New York: Pergamon
Press.

Polz, M. F., Hunt, D. E., Preheim, S. P., and Weinreich, D. M. (2006). Patterns
and mechanisms of genetic and phenotypic differentiation in marine microbes.
Philos. Trans. R Soc. B Biol. Sci. 361, 2009–2021. doi: 10.1098/rstb.2006.
1928

Porter, K. G., and Feig, Y. S. (1980). The use of dapi for identifying and counting
aquatic microflora. Limnol. Oceanogr. 25, 943–948. doi: 10.4319/Lo.1980.25.5.
0943

Quigley, L. N. M., Edwards, A., Steen, A. D., and Buchan, A. (2019).
Characterization of the interactive effects of labile and recalcitrant organic
matter on microbial growth and metabolism. Front. Microbiol. 10:493. doi:
10.3389/fmicb.2019.00493

Reintjes, G., Arnosti, C., Fuchs, B. M., and Amann, R. (2017). An alternative
polysaccharide uptake mechanism of marine bacteria. ISME J. 11, 1640–1650.
doi: 10.1038/ismej.2017.26

Reintjes, G., Fuchs, B. M., Scharfe, M., Wiltshire, K. H., Amann, R., and
Arnosti, C. (2020). Short-term changes in polysaccharide utilization
mechanisms of marine bacterioplankton during a spring phytoplankton
bloom. Environ. Microbiol. 22, 1884–1900. doi: 10.1111/1462-2920.
14971

Repeta, D. J. (2015). Chemical characterization and cycling of dissolved organic
matter. Bio. Mar. Dis. Org. Matter 2015, 21–63. doi: 10.1016/B978-0-12-
405940-5.00002-9

Rodríguez, J., Gallampois, C. M. J., Timonen, S., Andersson, A., Sinkko, H.,
Haglund, P., et al. (2018). Effects of organic pollutants on bacterial communities
under future climate change scenarios. Front. Microbiol. 9:2926. doi: 10.3389/
fmicb.2018.02926

Romera-Castillo, C., Sarmento, H., Alvarez-Salgado, X. A., Gasol, J. M., and
Marrase, C. (2011). Net production and consumption of fluorescent colored
dissolved organic matter by natural bacterial assemblages growing on marine
phytoplankton exudates. Appl. Environ. Microbiol. 77, 7490–7498. doi: 10.1128/
AEM.00200-11

Sañudo-Wilhelmy, S. A., Gómez-Consarnau, L., Suffridge, C., and Webb,
E. A. (2014). The role of B vitamins in marine biogeochemistry.
Ann. Rev. Mar. Sci. 6, 339–367. doi: 10.1146/annurev-marine-120710-
100912

Saw, J. H. W., Nunoura, T., Hirai, M., Takaki, Y., Parsons, R., Michelsen, M., et al.
(2020). Pangenomics analysis reveals diversification of enzyme families and
niche specialization in globally abundant SAR202 bacteria. MBio 11:e2975-19.
doi: 10.1128/mBio.02975-19

Schlitzer, R. (2021). Ocean Data View Version 5.4.0. Available online at: https:
//odv.awi.de (accessed March 02, 2021).

Frontiers in Microbiology | www.frontiersin.org 18 March 2022 | Volume 13 | Article 833252

https://doi.org/10.1038/ismej.2015.105
https://doi.org/10.1038/ismej.2015.105
https://doi.org/10.1093/femsec/fiy034
https://doi.org/10.1128/mBio.00413-17
https://doi.org/10.1128/mBio.00413-17
https://doi.org/10.1016/j.gca.2013.11.009
https://doi.org/10.4319/lo.1977.22.3.0502
https://doi.org/10.4319/lo.1977.22.3.0502
https://doi.org/10.1016/J.MARCHEM.2015.06.024
https://doi.org/10.3389/fmicb.2020.580397
https://doi.org/10.1002/lno.11405
https://doi.org/10.1002/lno.11405
https://doi.org/10.1038/s41598-019-57189-x
https://doi.org/10.1038/s41598-019-57189-x
https://doi.org/10.1016/j.marchem.2013.08.003
https://doi.org/10.1016/j.dsr2.2013.01.008
https://doi.org/10.1016/j.gca.2015.08.014
https://doi.org/10.1016/j.gca.2015.08.014
https://doi.org/10.1016/j.marchem.2014.11.003
https://doi.org/10.1016/j.marchem.2014.11.003
https://doi.org/10.1016/j.gca.2014.05.052
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1002/2014GL062663
https://doi.org/10.1021/ac1021166
https://doi.org/10.1021/ac1021166
https://doi.org/10.3389/fmicb.2020.01749
https://doi.org/10.1038/372537a0
https://doi.org/10.1128/mBio.02083-14
https://doi.org/10.4319/Lo.2005.50.5.1687
https://doi.org/10.4319/lo.1991.36.3.0433
https://doi.org/10.3354/ame032229
https://doi.org/10.3354/ame032229
https://doi.org/10.1038/ismej.2015.231
https://doi.org/10.1098/rstb.2006.1928
https://doi.org/10.1098/rstb.2006.1928
https://doi.org/10.4319/Lo.1980.25.5.0943
https://doi.org/10.4319/Lo.1980.25.5.0943
https://doi.org/10.3389/fmicb.2019.00493
https://doi.org/10.3389/fmicb.2019.00493
https://doi.org/10.1038/ismej.2017.26
https://doi.org/10.1111/1462-2920.14971
https://doi.org/10.1111/1462-2920.14971
https://doi.org/10.1016/B978-0-12-405940-5.00002-9
https://doi.org/10.1016/B978-0-12-405940-5.00002-9
https://doi.org/10.3389/fmicb.2018.02926
https://doi.org/10.3389/fmicb.2018.02926
https://doi.org/10.1128/AEM.00200-11
https://doi.org/10.1128/AEM.00200-11
https://doi.org/10.1146/annurev-marine-120710-100912
https://doi.org/10.1146/annurev-marine-120710-100912
https://doi.org/10.1128/mBio.02975-19
https://odv.awi.de
https://odv.awi.de
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-833252 March 2, 2022 Time: 15:30 # 19

Liu et al. DOM Export and Microbial Response

Sheik, C. S., Jain, S., and Dick, G. J. (2014). Metabolic flexibility of enigmatic
SAR324 revealed through metagenomics and metatranscriptomics. Environ.
Microbiol. 16, 304–317. doi: 10.1111/1462-2920.12165

Shen, Y., and Benner, R. (2018). Mixing it up in the ocean carbon cycle and the
removal of refractory dissolved organic carbon. Sci. Rep. 8:2542. doi: 10.1038/
S41598-018-20857-5

Sichert, A., Corzett, C. H., Schechter, M. S., Unfried, F., Markert, S., Becher, D.,
et al. (2020). Verrucomicrobia use hundreds of enzymes to digest the algal
polysaccharide fucoidan. Nat. Microbiol. 5, 1026–1039. doi: 10.1038/s41564-
020-0720-2

Sieburth, J. M. N., Johnson, K. M., Burney, C. M., and Lavoie, D. M. (1977).
Estimation of in situ rates of heterotrophy using diurnal changes in dissolved
organic matter and growth rates of picoplankton in diffusion culture.
Helgoländer Wissenschaftliche Meeresuntersuchungen 30, 565–574. doi: 10.1007/
BF02207861

Siegel, D. A., Buesseler, K. O., Behrenfeld, M. J., Benitez-Nelson, C. R., Boss, E.,
Brzezinski, M. A., et al. (2016). Prediction of the export and fate of global
ocean net primary production: the exports science plan. Front. Mar. Sci. 3:22.
doi: 10.3389/fmars.2016.00022

Skoog, A., and Benner, R. (1997). Aldoses in various size fractions of marine
organic matter: implications for carbon cycling. Limnol. Oceanogr. 42, 1803–
1813. doi: 10.4319/lo.1997.42.8.1803

Sleighter, R. L., and Hatcher, P. G. (2008). Molecular characterization of dissolved
organic matter (DOM) along a river to ocean transect of the lower chesapeake
bay by ultrahigh resolution electrospray ionization fourier transform ion
cyclotron resonance mass spectrometry. Mar. Chem. 110, 140–152. doi: 10.
1016/j.marchem.2008.04.008

Smith, D., and Azam, F. (1992). A simple, economical method for measuring
bacterial protein synthesis rates in seawater using. Mar. Microb. Food Webs 6,
107–114.

Smith, D. C., Simon, M., Alldredge, A. L., and Azam, F. (1992). Intense
hydrolytic enzyme-activity on marine aggregates and implications
for rapid particle dissolution. Nature 359, 139–142. doi: 10.1038/359
139a0

Sprintall, J., and Tomczak, M. (1992). Evidence of the barrier layer in the
surface layer of the tropics. J. Geophys. Res. 97, 7305–7316. doi: 10.1029/92jc
00407

Steen, A. D., Quigley, L. N. M., and Buchan, A. (2016). Evidence for the priming
effect in a planktonic estuarine microbial community. Front. Mar. Sci. 3:6.
doi: 10.3389/fmars.2016.00006

Steinberg, D. K., Carlson, C. A., Bates, N. R., Johnson, R. J., Michaels, A. F., and
Knap, A. H. (2001). Overview of the US JGOFS bermuda atlantic time-series
study (BATS): a decade-scale look at ocean biology and biogeochemistry. Deep
Res. Part II Top. Stud. Oceanogr. 48, 1405–1447. doi: 10.1016/S0967-0645(00)
00148-X

Steinberg, D. K., Goldthwait, S. A., and Hansell, D. A. (2002).
Zooplankton vertical migration and the active transport of dissolved
organic and inorganic nitrogen in the sargasso sea. Deep Res. I 49,
1445–1461.

Steinberg, D. K., and Saba, G. K. (2008). “Nitrogen consumption and metabolism
in marine zooplankton,” in Nitrogen in the Marine Environment, eds D. G.
Capone, D. A. Bronk, M. R. Mulholland, and E. J. Carpenter (Amsterdam:
Elsevier Inc.), 1135–1196.

Suffridge, C., Cutter, L., and Sañudo-Wilhelmy, S. A. (2017). A new analytical
method for direct measurement of particulate and dissolved B-vitamins and
their congeners in seawater. Front. Mar. Sci. 4:11. doi: 10.3389/fmars.2017.
00011

Suttle, C. A., Chan, A. M., and Fuhrman, J. A. (1991). Dissolved free amino-
acids in the sargasso sea - uptake and respiration rates, turnover times,
and concentrations. Mar. Ecol. Prog. Ser. 70, 189–199. doi: 10.3354/Meps0
70189

Swan, B. K., Martinez-Garcia, M., Preston, C. M., Sczyrba, A., Woyke, T., Lamy,
D., et al. (2011). Potential for chemolithoautotrophy among ubiquitous bacteria
lineages in the dark ocean. Science 333, 1296–1300. doi: 10.1126/science.
1203690

Tada, Y., Nakaya, R., Goto, S., Yamashita, Y., and Suzuki, K. (2017). Distinct
bacterial community and diversity shifts after phytoplankton-derived dissolved

organic matter addition in a coastal environment. J. Exp. Mar. Bio. Ecol. 495,
119–128. doi: 10.1016/j.jembe.2017.06.006

Thrash, J. C., Seitz, K. W., Baker, B. J., Temperton, B., Gillies, L. E., Rabalais, N. N.,
et al. (2017). Metabolic roles of uncultivated bacterioplankton lineages in the
northern gulf of mexico “dead zone”. MBio 8:e01017-17. doi: 10.1128/mBio.
01017-17

Treusch, A. H., Vergin, K. L., Finlay, L. A., Donatz, M. G., Burton, R. M.,
Carlson, C. A., et al. (2009). Seasonality and vertical structure of microbial
communities in an ocean gyre. ISME J. 3, 1148–1163. doi: 10.1038/ismej.
2009.60

Uchida, H., Kawano, T., Kaneko, I., and Fukasawa, M. (2008). In situ calibration
of optode-based oxygen sensors. J. Atmos. Ocean Technol. 25, 2271–2281. doi:
10.1175/2008JTECHO549.1

Vergin, K. L., Beszteri, B., Monier, A., Thrash, J. C., Temperton, B., Treusch, A. H.,
et al. (2013a). High-resolution SAR11 ecotype dynamics at the bermuda atlantic
time-series study site by phylogenetic placement of pyrosequences. ISME J. 7,
1322–1332. doi: 10.1038/ismej.2013.32

Vergin, K. L., Done, B., Carlson, C. A., and Giovannoni, S. J. (2013b).
Spatiotemporal distributions of rare bacterioplankton populations indicate
adaptive strategies in the oligotrophic ocean. Aquat. Microb. Ecol. 71, 1–U129.
doi: 10.3354/ame01661

Vorobev, A., Sharma, S., Yu, M., Lee, J., Washington, B. J., Whitman, W. B., et al.
(2018). Identifying labile DOM components in a coastal ocean through depleted
bacterial transcripts and chemical signals. Environ. Microbiol. 20, 3012–3030.
doi: 10.1111/1462-2920.14344

Whitaker, D., and Christman, M. (2015). Package ‘Clustsig’ R Package Version
1.1. Available online at: https://CRAN.R-project.org/package=clustsig (accessed
January 15, 2014).

Wickham, H. (2009). ggplot2: Elegant Graphics for Data Analysis. New York:
Springer-Verlag.

Wilson, B., Müller, O., Nordmann, E. L., Seuthe, L., Bratbak, G., and Øvreås, L.
(2017). Changes in marine prokaryote composition with season and depth over
an arctic polar year. Front. Mar. Sci. 4:95. doi: 10.3389/fmars.2017.00095

Wilson, D. J., Patton, S., Florova, G., Hale, V., and Reynolds, K. A. (1998). The
shikimic acid pathway and polyketide biosynthesis. J. Ind. Microbiol. Biotechnol.
20, 299–303. doi: 10.1038/sj.jim.2900527

Woo, L. M., and Gourcuff, C. (2021). Ocean Glider Delayed Mode QA/QC Best
Practice Manual,Version 3.0.

Yamaguchi, Y. T., Chikaraishi, Y., Takano, Y., Ogawa, N. O., Imachi, H.,
Yokoyama, Y., et al. (2017). Fractionation of nitrogen isotopes during amino
acid metabolism in heterotrophic and chemolithoautotrophic microbes across
eukarya, bacteria, and archaea: effects of nitrogen sources and metabolic
pathways. Org. Geochem. 111, 101–112. doi: 10.1016/j.orggeochem.2017.04.004

Yooseph, S., Nealson, K. H., Rusch, D. B., McCrow, J. P., Dupont, C. L., Kim, M.,
et al. (2010). Genomic and functional adaptation in surface ocean planktonic
prokaryotes. Nature 468, 60–67. doi: 10.1038/nature09530

Conflict of Interest: KV was employed by Microbial DNA Analytics.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Liu, Longnecker, Kujawinski, Vergin, Bolaños, Giovannoni,
Parsons, Opalk, Halewood, Hansell, Johnson, Curry and Carlson. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org 19 March 2022 | Volume 13 | Article 833252

https://doi.org/10.1111/1462-2920.12165
https://doi.org/10.1038/S41598-018-20857-5
https://doi.org/10.1038/S41598-018-20857-5
https://doi.org/10.1038/s41564-020-0720-2
https://doi.org/10.1038/s41564-020-0720-2
https://doi.org/10.1007/BF02207861
https://doi.org/10.1007/BF02207861
https://doi.org/10.3389/fmars.2016.00022
https://doi.org/10.4319/lo.1997.42.8.1803
https://doi.org/10.1016/j.marchem.2008.04.008
https://doi.org/10.1016/j.marchem.2008.04.008
https://doi.org/10.1038/359139a0
https://doi.org/10.1038/359139a0
https://doi.org/10.1029/92jc00407
https://doi.org/10.1029/92jc00407
https://doi.org/10.3389/fmars.2016.00006
https://doi.org/10.1016/S0967-0645(00)00148-X
https://doi.org/10.1016/S0967-0645(00)00148-X
https://doi.org/10.3389/fmars.2017.00011
https://doi.org/10.3389/fmars.2017.00011
https://doi.org/10.3354/Meps070189
https://doi.org/10.3354/Meps070189
https://doi.org/10.1126/science.1203690
https://doi.org/10.1126/science.1203690
https://doi.org/10.1016/j.jembe.2017.06.006
https://doi.org/10.1128/mBio.01017-17
https://doi.org/10.1128/mBio.01017-17
https://doi.org/10.1038/ismej.2009.60
https://doi.org/10.1038/ismej.2009.60
https://doi.org/10.1175/2008JTECHO549.1
https://doi.org/10.1175/2008JTECHO549.1
https://doi.org/10.1038/ismej.2013.32
https://doi.org/10.3354/ame01661
https://doi.org/10.1111/1462-2920.14344
https://CRAN.R-project.org/package=clustsig
https://doi.org/10.3389/fmars.2017.00095
https://doi.org/10.1038/sj.jim.2900527
https://doi.org/10.1016/j.orggeochem.2017.04.004
https://doi.org/10.1038/nature09530
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Linkages Among Dissolved Organic Matter Export, Dissolved Metabolites, and Associated Microbial Community Structure Response in the Northwestern Sargasso Sea on a Seasonal Scale
	Introduction
	Materials and Methods
	Study Sites and Seawater Collection
	Dissolved Organic Carbon
	Total Dissolved Amino Acids
	Dissolved Metabolites
	Bacterioplankton Abundance
	3H- Leucine Incorporation
	16S rRNA Amplicon Sequencing
	Data and Statistical Analysis
	Mixed Layer Depth
	Dissolved Organic Matter Degradation Index
	Controls on the Concentrations of Metabolites, Dissolved Organic Carbon, Total Dissolved Amino Acids, and Bacterioplankton Abundance in the Mixed Layer
	16S rRNA Amplicon Data Analysis

	Data Deposition

	Results and Discussion
	Seasonal Change of Chemical Parameters in the Sargasso Sea
	Dynamics of Dissolved Organic Carbon
	Dynamics of Total Dissolved Amino Acid
	Temporal and Spatial Variability of Dissolved Metabolites

	Seasonality of Mesopelagic Bacterioplankton Dynamics and Community Structure in Response to Deep Convective Mixing and Dissolved Organic Matter Export

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


