W) Check for updates

A

- —

“-

O

Limnol. Oceanogr.: Methods 2024
© 2024 Association for the Sciences of Limnology and Oceanography.
doi: 10.1002/lom3.10622

A simple method for the quantification of amidic bioavailable dissolved

organic nitrogen in seawater

Robert T. Letscher @, Lihini I. Aluwihare?

!Earth Sciences and Ocean Process Analysis Laboratory, University of New Hampshire, Durham, New Hampshire, USA
2Scripps Institution of Oceanography, University of California, San Diego, California, USA

Abstract

A targeted method for the quantification of bioavailable amide N found in marine DON (bDON) is presented.
The method utilizes mild acid hydrolysis to convert amide N found in proteins and N-acetyl amino polysaccha-
rides to primary amine containing products that are measured using a highly sensitive (nanomolar range and
precision) fluorometric technique with addition of O-phthaldialdehyde. We find amidic bDON concentrations
ranging from 0.08 to 1.82 yM N within waters from the upper 300 m in the southern California Current, South-
ern California Bight, and subtropical North Pacific representing 15-33% of bulk DON concentrations. Bioassay
experiments from the North Pacific revealed consumption of ~20% of the in situ bDON within 5 days. The
method represents a simple and rapid tool for the quantification of bioavailable DON concentrations in seawa-
ter with improved analytical precision over traditional estimates of bulk DON concentrations.

Dissolved organic nitrogen (DON) is often the most abun-
dant form of nitrogen in the upper ocean, of which a portion
is bioavailable to microorganisms. The study of DON biogeo-
chemical cycling in seawater has been hindered by existing
analytical methods which require the separate determinations
of multiple N species, total dissolved nitrogen (TDN), nitrate,
nitrite, and ammonium, and then determine DON by differ-
ence, resulting in large analytical errors. This differencing
approach hampers the accuracy and precision of DON mea-
surements, especially for the deep ocean where compounding
of analytical error can lead to coefficients of variation on DON
determinations upwards of 30-50% when DON is <10-15% of
the TDN content (Hansell 1993). A chemical method to
remove all inorganic N from a sample prior to oxidation of its
organic N has been needed by the scientific community for
some time (Sharp et al. 2002). Reduction of nitrate plus nitrite
to NO and NO, gas (NOy) by reaction with transition metals
such as those used in chemiluminescent methods to quantify
nitrate and nitrite in natural waters, e.g., Fe(ll), V(III), and
Ti(lll), have shown promise toward this elusive goal (Braman
and Hendrix 1989; Foreman et al. 2016); however, concerns
and limitations associated with preservation of marine DON
molecules and analytical blanks under the reaction conditions
have hindered progress to date.

However, analyses of the bulk DON pool concentration in
time and space have been utilized to discern the regional
(Hansell and Waterhouse 1997; Abell et al. 2000; Mahaffey
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et al. 2004; Landolfi et al. 2008, 2016; Torres-Valdés
et al. 2009; Letscher et al. 2013b; Knapp et al. 2011, 2018) to
global (Letscher et al. 2013a) scale gradients in near surface
waters. The general pattern that has emerged is one in which
surface ocean DON concentrations are elevated (~4.5-5.0 uM)
in regions of elevated net community production such as
upwelling zones and lower (~4.0-4.5 uM) within oligotrophic
systems such as the subtropical mid-ocean gyres (Letscher
et al. 2013a). This gradient is suggestive of biological removal
of DON, likely as a means to satisfy N demand when inorganic
N species are limiting in the oligotrophic subtropical ocean.
Autotrophs are known to harbor the ability to utilize LMW
DON molecules such as urea and free amino acids to satisfy N
demand when nitrate and ammonium are scarce (Bronk
et al. 2007); however, these DON moieties are very minor con-
tributors to the standing stock of marine DON material
(Aluwihare and Meador 2008). Remineralization of DON by
heterotrophs is likely required to free inorganic N to fuel auto-
trophic growth in surface waters, however DON consumption
has been found to preferentially occur in the shallow subsur-
face (Letscher et al. 2013a, 2015a). Bioassay experiments indi-
cate upper mesopelagic (~100-200 m) zone heterotrophic
microbes can consume ~0.25-0.5 uM of surface accumulated
DON on the timescales of weeks to months (Letscher
et al., 2013a, 2015a). This quantity of bioavailable DON rev-
ealed in bioassay experiments matches the bulk DON concen-
tration gradient observed across the subtropical ocean and is
further supported by the N isotopic budget at the Bermuda
Atlantic Time-series study (BATYS) site in the subtropical North
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Atlantic (Knapp et al. 2005), with an estimate that ~0.25 uM
of surface accumulated DON from the spring and summer
months is remineralized upon delivery to the upper mesope-
lagic zone each fall/winter.

DON like dissolved organic carbon (DOC) is a complex mix-
ture containing chemical species that span at least the biosyn-
thetic capacity of marine microorganisms (e.g., Koester
et al. 2022) but also likely includes compounds modified by
biotic and abiotic processes (e.g.,, Wagner et al. 2020; Broek
et al. 2023). Recent studies have begun to develop methods that
can address this complexity and have detected 100 s or more
distinct nitrogen containing compounds in surface waters
(Petras et al. 2017; Koester et al. 2022; Johnson et al. 2023;
Kujawinski et al. 2023; Liu et al. 2022; Sacks et al. 2022), yet
many of these approaches require extraction of DOM from sea-
water and utilize specific analytical methods and are thus, nec-
essarily biased as well. Thus, focusing on particular functional
groups within bulk DON that have similar chemical behavior
and can be traced to specific classes of parent compounds
whose contributions to the DON pool are significant
(e.g., Aluwihare et al. 2005; Aluwihare and Meador 2008), may
reveal valuable insights into the cycling of a quantitatively sig-
nificant fraction of DON.

For example, studies have shown that a significant fraction of
DON is comprised of acidic hydrolysis labile and presumably
enzymatically labile pool of amide molecules found as proteins
and N-acetyl amino polysaccharides (NAAPs), and a non-
hydrolyzable pool of recalcitrant amide material (McCarthy
et al. 1997; Aluwihare et al. 2005; Broek et al. 2023). In the sur-
face ocean, the high molecular weight (HMW) fraction (>1 kDa)
of DON is comprised of ~40% NAAPs, ~20% hydrolysable pro-
tein, and ~30% nonhydrolyzable amide (Aluwihare et al. 2005).
The remaining ~10% is found as amine material, likely dis-
solved amino acids and amino sugars (Aluwihare et al. 2005).
The surface HMW DON pool, rich in NAAPs and hydrolysable
protein, is mostly absent from deep ocean waters, leaving
behind a background HMW DON pool comprised of non-
hydrolyzable amide N that is present throughout the water col-
umn. Low molecular weight (LMW) DON, also present
throughout the marine water column, exhibits a p-enantiomer
enriched amino acid composition, suggestive of a prokaryotic
source, and is enriched in heterocyclic nitrogen groups, making
LMW DON distinct from the biological sources producing
HMW DON in the ocean (Knapp et al. 2012; Broek et al. 2019,
2023). Thus, acid hydrolysis provides an operational method
capable of separating labile and recalcitrant DON within the
bulk reservoir without the need to isolate these compounds
from seawater, with proteins and N-acetyl sugars serving as
appropriate models for the widespread amide functional groups
present in marine DON.

Given existing knowledge of the chemical composition of
DON that is biologically labile (e.g., amines, amide found as
NAAPs, and protein) and the absence of this material at depth
in the ocean (Aluwihare et al. 2005), it may be possible to
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target this material for quantification with a direct chemical
method. This approach would avoid simply relying on either
the cumbersome and less precise determinations of bulk DON
concentration across time and space or the more precise,
molecular-level DON chemical composition assays that
require specialized sampling and analytical methods and are
still compositionally biased. As we obtain greater insight into
the structure of DON, methods can be modified to be more
inclusive of the true complexity within DON.

Materials and procedures

Here, we present a chemical method that targets and quan-
tifies the marine amidic bioavailable DON (bDON) pool. The
amidic bDON pool is defined as that which is recoverable as
primary amine following mild acidic hydrolysis to depolymer-
ize proteins and NAAP material. Primary amines found as dis-
solved free amino acids in seawater are also quantified by the
method and included in the estimate of bDON. The method
employs mild acid hydrolysis (6 M HCIl) to break the amide
linkage in NAAPs and proteins, which results in the produc-
tion of amino polysaccharides and amino acids or peptides
terminating in primary amine groups after hydrolysis
(Aluwihare et al. 2005). The method then employs a high sen-
sitivity (nanomolar range) fluorometric technique with O-
phthaldialdehyde (OPA) for the quantification of dissolved
primary amines (Josefsson et al. 1977). This new method
quantifies the amidic bDON concentration in marine samples
with a precision of 100 nM and limit of detection of 80 nM,
obtains a high daily rate of sample throughput (>40 samples/
d) using manual analysis protocols, and could be employed
at-sea.

Preparation of reagents and standard solutions

All reagents and standard DON solutions were prepared
using purified water with a resistivity of >18.2 MQecm from a
water purifier system (Milli-Q, EMD Millipore, USA). A 0.4 M
borate buffer solution was prepared by dissolving 9.88 g boric
acid (Fisher Scientific, USA) in 400 mL of purified water using
stirring to dissolve. The pH was then adjusted to ~9.5 using a
~9 mL addition of 8 M NaOH (Fisher Scientific, USA). To this
buffer was added OPA, after first dissolving 100 mg OPA
(Acros Organics, Fisher Scientific, USA) in 10 mL of ethanol
(Molecular Biology Grade, Fisher Scientific, USA). This OPA
reagent was stored in a refrigerator (4°C) in the dark for up to
6 months. Each analytical day a working OPA reagent was pre-
pared by adding 100 uL of 2-mercaptoethanol (Fisher Scien-
tific, USA) to a 100 mL aliquot of the OPA in borate buffer
solution and stored at room temperature in the dark for at
least 1 h before use. Hydrochloric acid additions were per-
formed using 12.1 M HCI (Suprapur®, MilliporeSigma, USA,
CAS #7647-01-0). Standard DON containing solutions were
prepared in 0.1 M bicarbonate buffered water (pH = 8.3);
12.8 ¢ NaHCOs3 (Fisher Scientific, USA) dissolved in 2L
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purified water. A 10 mM N primary glycine stock solution was
prepared by dissolving 0.1877 g glycine (Alfa Aesar, Fisher
Scientific, USA) in 250 mL bicarbonate buffered water. Second-
ary glycine stock solutions (2 uM N) were prepared fresh each
analytical day by diluting 50 uL of the primary stock in
250 mL of bicarbonate buffered water. A 10 mM N primary
stock solution of N-acetyl glucosamine (NAG) was prepared by
dissolving 0.553 g NAG (Alfa Aesar, Fisher Scientific, USA) in
250 mL of bicarbonate buffered water. Final concentration
1.0 uM N NAG solutions were made by diluting 10 uL of the
primary NAG stock solution in 100 mL bicarbonate buffered
water and stored in a refrigerator in the dark for up to 1 yr.
Standard solutions of a tri-peptide (glycine-proline-glutamine;
Sigma-Aldrich, USA) were made by first dissolving 5.022 mg of
the peptide in 250 mL of bicarbonate buffered water. Final
concentration 1.0 uM N peptide standard solutions were made
by diluting 1.5 mL of the primary stock solution in 100 mL
bicarbonate buffered water and stored in a refrigerator in the
dark for up to 1 yr. Nitrate additions to the standard DON
solutions were made from a solution of potassium nitrate
(Fisher Scientific, USA) dissolved in bicarbonate buffered
water. An ascorbic acid (AA) solution (12 mM concentration)
was prepared fresh daily by dissolving 0.2113 g AA (Alfa Aesar,
Fisher Scientific, USA) in 100 mL bicarbonate buffered water.

Acid hydrolysis

Samples of known standards or seawater unknowns were
prepared for acid hydrolysis by pipetting 2 mL into
precombusted 5 mL glass ampoules (Wheaton, USA). Each
sample was then acidified to final concentration 6 M HCI by
adding 2 mL of concentrated 12.1 M HCI. Next, each sample
ampoule was bubbled with N, gas (Ultra High Purity Grade,
Airgas, USA) for 30 s to provide an inert gas atmosphere for
hydrolysis. Each ampoule was then flame sealed using a pro-
pane torch. The samples were placed in an oven set to 80°C
overnight for a total of 18 consecutive hours to facilitate com-
plete hydrolysis. Method blanks were prepared by adding
2mL of 12.1 M HCI to 2 mL of bicarbonate buffered water
and carried through the hydrolysis protocol analogous to envi-
ronmental samples.

Sample evaporation

Upon completion of the acid hydrolysis step, liquid evapo-
ration is necessary to remove sample acidity as the fluoromet-
ric determination of primary amine content requires an
alkaline (pH = 9.5) solution. Sample volumes were transferred
to 20 mL precombusted glass centrifuge tubes (Fisher Scien-
tific, USA) and placed within an Acid Resistant CentriVap Cen-
trifugal Vacuum Concentrator and Cold Trap (— 50°C) system
(Labconco, USA). Evaporation was achieved after ~5 h of cen-
trifugation at 1725 rpm, a temperature of 50°C, and vacuum
pressure of <1 Torr. After complete dryness, the samples were
covered with precombusted aluminum foil and analyzed
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immediately or stored overnight within the laboratory fume
hood until analysis the following day.

Analysis of primary amine content

The dried samples were returned to the original sample vol-
ume by the addition of 2 mL of bicarbonate buffered water.
Seven glycine standard solutions at 2 mL volume were pre-
pared by dilution of the 2 uM glycine secondary stock solution
with bicarbonate buffered water in the range 25nM to
2 yM. Primary amine content of each sample was assessed by
fluorometric detection using a FluoroMax 4 spectrofluorometer
(Horiba Scientific, USA) with a 1 cm quartz cuvette for the
Scripps Institution of Oceanography (SIO) Pier and Southern
California Bight samples and a Turner Trilogy Fluorometer
(Turner Designs, USA) for the Station ALOHA samples. Excita-
tion was at 350 nm and emission recorded at 450 nm using
FluorEssence software (Horiba Scientific, USA) after the addi-
tion of 1 mL of the OPA reagent to each sample. Sample fluo-
rescence was recorded between 2 and 10 min after addition of
the OPA reagent with lab room lights off due to the photosen-
sitivity of OPA. Drift in the fluorometer’s baseline signal over
time was assessed with periodic measurements of bicarbonate
buffered water (without OPA reagent added) and removed
from the total sample fluorescence recorded at 450 nm for
each sample in the analytical day’s run. Sample primary amine
content was computed using the slope and intercept of the
glycine standard curve followed by subtraction of the hydroly-
sis method blank and reported in micromoles N per
liter (uM N).

Seawater samples

Seawater samples were collected from the SIO Pier
(32°52'N, 117°15'W) from a depth of 2 m on three separate
sampling days (Jan 26, 2015; May 26, 2015; April 17, 2017),
filtered through a 0.7 ym GF/F filter (Whatman, USA), and
acidified with HCI to pH ~2. These samples were stored at
room temperature in the dark in 2 L Pyrex glass bottles to be
used as internal standards when assessing the day-to-day ana-
lytical performance of the method during the development of
the protocol. Bulk DON content was assessed by measuring
TDN via the high temperature combustion method
(Hansell 1993) and subtracting concentrations of dissolved
ammonia and nitrate as measured by the Southern California
Coastal Ocean Observing System (Www.scc00s.01g).

Seawater samples for the quantification of bDON were col-
lected aboard the R/V Oceanus during the Oc15017b student
cruise of the California Current Ecosystem-Long Term Ecologi-
cal Research program on July 28, 2015-Aug 2, 2015 near point
concepcion within the California Current and Southern Cali-
fornia Bight (Fig. 3). A total of 10 stations were sampled to a
maximum depth of 200 m with a CTD/Rosette system. Sam-
ples were gravity filtered from a Niskin bottle through a
precombusted 0.7 ym GF/F (Whatman, USA) filter into
precombusted 40 mL EPA glass sample vials. Samples were
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then acidified with HCI to pH ~2 and stored in the dark at
room temperature until subsequent analysis ashore.
Additional seawater samples for the quantification of
bDON and DON in the upper 300 m of the water column
were collected aboard the R/V Kilo Moana on Hawaiian Ocean
Time-series (HOT) cruise 319 from Station ALOHA (22.75° N
158° W) on Jan 30, 2020. TDN was measured by the persulfate
oxidation method (Solérzano and Sharp 1980), with the
resulting nitrate measured by the chemiluminescent method
using an acidic vanadium (III) solution (Braman and
Hendrix 1989). DON was calculated by subtracting the sepa-
rately analyzed nitrate + nitrite concentration of the sample
as determined by the same chemiluminescent method from
TDN, with a mean precision on [DON] of £+ 0.3 uM or 5-10%.

Seawater incubation experiments

Seawater incubation experiments were performed to inves-
tigate the heterotrophic consumption of bDON with waters
collected at Station ALOHA on Jun 6-7, 2021, aboard the R/V
Kilo Moana. Waters were collected from 5 m (5 m experiment)
and 125 m (125 m experiment) via Niskin bottles and stored
unfiltered (whole seawater) in 60 L HDPE carboys for <3 h or
gravity filtered through a 0.2 yum Supor membrane filter (fil-
trate) with an Acropak 1000 capsule filter (Pall, USA). Three
experimental treatments were performed for each experiment:
100% whole seawater (Whole), 100% filtrate (Filtrate), and
80% filtrate with 20% whole seawater as an in situ microbial
community inoculum (Mixed). Dilution of the microbial com-
munity with the Mixed treatment releases heterotrophic bacte-
ria and archaea from grazing pressure, enhancing the
observation of microbial consumption of DOM substrates
(Carlson et al. 2004), in this case bDON. The Filtrate and
Whole treatments serve as abiotic and biotic controls, respec-
tively. The seawater incubation experiments were carried out
in 9 L amber HDPE carboys, incubated in the dark to isolate
heterotrophic activity, at in situ temperature (25.5°C at 5 m;
22.9°C at 125 m) for a period of 113-132 h (4.7-5.5 d). Sub-
samples from the carboys were collected every ~20-50 h and
measured for microbial cell abundance and bDON, reported
here. Microbial cell abundance was determined on unfiltered
subsamples fixed with 1% glutaraldehyde and frozen at
— 80°C until analysis by flow cytometry at the University of
New Hampshire, stained with Sybr Green at 1: 10,000 dilu-
tion. Cell abundance is converted to bacterial organic N con-
centration using a bacterial biomass content of 12.4 fg C/cell
(Fukuda et al. 1998) and C:N stoichiometry of 5:1
(Gundersen et al. 2002).

Assessment

Linearity of standardization

The averaged standard curve computed by compiling the
relative fluorescence unit (RFU) responses to glycine additions
within bicarbonate buffered water performed over a dozen
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analytical days is shown in Fig. 1. We observed a linear
response of RFU vs. standard additions of glycine within the
tested range of 25-2000 nM glycine-N. Regression statistics for
the averaged standard curve were: slope = 620.25 + 24.0 (SE);
intercept = 221,205 + 20,944; regression coefficient (R?)
= 0.993. A test in the range 1-100 M glycine-N demonstrated
linearity for the standardization (R? = 0.997; data not shown)
beyond that presented in Fig. 1. Standard glycine additions
were performed each analytical day from a 10 uM stock solu-
tion of glycine-N, with the variability in day-to-day RFU
response likely representative of the variability introduced
from investigator pipetting.

Method blank

The method blank was determined by addition of 6 M
HCI (final concentration) to bicarbonate buffered water car-
ried through the acid hydrolysis, sample drying, and sample
analysis with OPA reagent protocol. The value of the blank
was determined each analytical day in triplicate. The aver-
age concentration of the blank was 0.30 +0.11 uM-N
(n = 36). The major source of amine-N to the method blank
arises from the HCI addition, as evidenced from determina-
tions of the method blank spanning four HCI molarities in
bicarbonate buffered water: OM HCI=0.0 uM-N; 1M
HC1 = 0.08 £ 0.05 yuM-N; 4 M HCIl = 0.19 + 0.08 uM-N; 6 M
HCl =0.30 £0.11 pM-N, resulting in a linear dependence
of blank amine-N with HCI addition (blank uM-
N = 0.0738 + 0.006 M HCI + 0.0169 + 0.0225; R* = 0.987).
The averaged triplicate value of the method blank amine-N
concentration determined each analytical day was sub-
tracted from the sample computed concentrations when
reporting final sample amidic bDON concentrations.
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Fig. 1. Plot of RFU vs. standard additions of glycine (nanomolar N con-
centration, nM-N) in bicarbonate buffered (pH = 8.3) water. The average
measured RFU and standard error are plotted from 12 analytical days.
Regression fit (solid line) statistics are slope = 620.25 + 24.0 (SE);
intercept = 221,205 + 20,944; regression  coefficient (R%) = 0.993.
Dashed lines indicate 95% confidence intervals of the regression fit.
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Table 1. bDON recoveries of standard DON molecules.

Expected (uM N) Measured (uM N)

Glycine 1.00 0.97 +0.02
NAG 1.00 0.96 +£0.12
Gly-Pro-Glu 1.00 0.63 £0.10

Detection limit and precision

The method detection limit was calculated using the stu-
dent t-test value for p = 0.99 multiplied by the standard devia-
tion of measured glycine standards approximating the limit of
detection. The standard deviation RFU for the 25, 50, and
100 nM glycine standards was computed (n = 36), as these
three standard concentrations were consistently measured to
have similar RFU on multiple analytical days (Fig. 1). The one-
tailed student t-test value for 35° of freedom at the 99% confi-
dence level is 2.44. The method detection limit in RFU units
was converted to bDON xM units using the slope of the stan-
dard curve in Fig. 1, yielding a value of 0.08 uM. The analyti-
cal day precision estimated from the average standard
deviation of triplicate analyses is £0.1 yuM-N.

Recovery of known compounds

The recovery of amine-N as measured by our protocol was
determined on three known compounds: glycine (one primary
amine), NAG (one secondary amine), and a peptide gly-pro-
glu (one primary amine, one secondary amine, and one ter-
tiary amine). These compounds were chosen to represent
amine and amide functional groups and parent compounds
that are representative of common metabolites in seawater.
Solutions of each compound were made to final concentra-
tions of 1 uM-N in bicarbonate buffered water. Model com-
pound solutions were measured for their bDON content and
the results of analyses of each compound over three analytical
days is presented in Table 1. Primary and secondary amines
are well-recovered by the bDON protocol, with recoveries
>95%. The recovery of amine-N from the peptide gly-pro—glu
was 63 £ 10%. The close correspondence between the
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amine-N recovery and the theoretical primary plus secondary
amine content of 66.7% in the gly—pro-glu solution suggests
that tertiary amines are not recovered by the bDON method,
while primary and secondary amines are recovered by the HCI1
hydrolysis.

Interference by nitrate ions

The presence of nitrate ions in seawater may cause degrada-
tion of amines via the nitration reaction of primary amines
(especially those containing aromatic rings, e.g., phenylalanine
and tyrosine) to primary nitramines in acidic media such as our
acid hydrolysis reactions conditions (McAteer et al. 2016). The
nitration reaction proceeds with the protonation of nitric acid,
catalyzed by sulfuric acid, to form the oxidative nitronium ion
(Hughes et al. 1950) that may be occurring under our reaction
conditions (nitrate and sulfate ions from seawater; protons from
6 M HCI addition). The oxidative power of the nitronium ion
produced under these nitration reactions can be quenched in
aqueous media by the addition of an antioxidant such as AA
(Halliwell 1994).

Removal of nitrate interference by AA additions

We tested for the interference of nitrate ions in the sample
media on the recovery of primary amines from acid hydrolysis
of known amine group containing molecules and SIO pier sea-
water, with and without addition of 120 yM final concentra-
tion AA as an antioxidant (Table 2). No nitrate interference
was observed on the recovery of glycine, which contains pri-
mary amine groups in the absence of any aromatic ring struc-
tures, up to a tested concentration of 10 uM nitrate ion. The
secondary amine group containing NAG exhibited decreasing
recoveries of primary amines following hydrolysis in the pres-
ence of increasing nitrate ion concentrations from 1 to 5 to
10 uM, with ~25% recovery at 10 yM nitrate ion. Addition of
AA did not clearly demonstrate quenching of amine degrada-
tion under the presence of nitrate ion at 1 and 5 uM [NO37],
however a near doubling of recovery was observed at 10 uM
[NO3~] with AA added. The peptide gly-pro—glu, which con-
tains one primary, one secondary, and one tertiary amine
group did not exhibit a large interference effect from nitrate

Table 2. Results from the nitrate interference tests of standard DON molecules and SIO Pier seawater. Recovered bDON concentra-
tions are compared against the unamended value for 1, 5, and 10 uM final concentrations of nitrate [NO3 ] in the sample media. Addi-
tions of 0.12 mM final concentration AA to the nitrate containing samples are also compared. Error bars = =1 SD of triplicate analyses.
Tests containing an asterisk are statistically different from the unamended value at the 95% confidence interval from a two-tailed t-test.

Unamended +1xM[NOs ] +1uM[NOs 14+ +5uM[NO; ] +5uM[NO; 1+ +10xM[NOs] +10uM[NOs ]+

(M N) (M N) AA (M N) (M N) AA (M N) (UM N) AA (M N)
Glycine 0.94+0.08  0.89 +0.09 0.95 + 0.09 0.99 + 0.02 0.92 4 0.1 0.86 + 0.09 0.96 +0.10
NAG 0.97 £ 0.05 0.85 +0.28 0.68 +0.19 0.80 + 0.28 0.74 +£0.21 0.26 + 0.22* 0.90 + 0.26
Peptide  0.68 +£0.12 0.72 £0.27 0.68 + 0.24 0.55 +£0.22 0.43 £+ 0.08* 0.44 £+ 0.06* 0.64 + 0.02
SIOpier 1.82+0.13  1.84+0.09 0.93 + 0.24% 1.77 4 0.03 1.50 +0.27 0.17 4+ 0.13% 1.66 + 0.08

SwW
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Table 3. Measured bDON concentrations on SIO pier seawater
and bicarbonate buffered (pH = 8.3) water following additions of
1 and 5 M ammonium ion.

Unamended +1uM [NH;T]  +5uM [NH4T]
M N) M N) &M N)
SIO pier SW 0.57 £0.12 0.48 + 0.06 0.60 +0.13
pH 8.3 buffered BDL 0.12 + 0.01 0.08 + 0.01
water

ion. Recoveries as primary amine following acid hydrolysis of
the peptide were similar to nitrate free media within standard
error across the three tested nitrate ion concentrations, with
or without the AA additions. Nitrate concentrations up to
5 uM did not demonstrate an appreciable effect on the recov-
ered primary amine concentration following acid hydrolysis of
SIO pier seawater. At 1 and S uM nitrate ion concentrations,
the addition of AA appeared to have a small detrimental effect
on the ability to accurately measure the primary amine con-
tent of hydrolyzed seawater. However, at 10 yuM [NO37], the
recovery of primary amine from SIO pier seawater was reduced
by ~90%. This interference was nearly completely eliminated
by the AA addition, producing a recovery ~10% lower than
the expected primary amine concentration as measured by
our protocol.

Potential interference by ammonium ions

A fluorometric method using OPA is also employed to mea-
sure dissolved ammonium ion concentrations in natural
waters (Holmes et al. 1999). In the ammonium method,
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sodium sulfite is added to the OPA reagent in lieu of
2-mercaptoethanol, making the protocol sensitive to ammo-
nium only, excluding sensitivity to primary amines (Holmes
et al. 1999). We confirmed that the bDON protocol using the
OPA and 2-mercaptoethanol reagent was insensitive to ammo-
nium ion concentrations in additions of 1 and 5 xM final con-
centration of ammonium to SIO pier seawater (Table 3), with
the measured concentrations following ammonium additions
matching unamended SIO pier seawater within analytical
e1Tor.

Potential interference by production of melanoidin
compounds

Sugars and amino acids are known to condense and form
polymers called melanoidins at neutral pH (Maillard 1913;
Hedges 1978). As polysaccharides are ubiquitous in seawater,
we tested for the potential reduction in yield of expected
[bDON] from solutions containing model compounds under
the reaction conditions of 6 M HCI hydrolysis which should
produce sugar and amino acid monomers, albeit at acidic pH,
which might mitigate melanoidin production. Multiple poten-
tial melanoidin production tests were performed: solutions
containing glucose with glutamic acid (acidic amino acid),
valine (neutral amino acid), or lysine (basic amino acid); a tri-
saccharide (maltotriose) with tripeptide (gly—pro-glu) or
tripeptide (gly-gly—gly); and a dipeptide (gly-glu) with a trisac-
charide (maltotriose). Solutions were made up in 0.1 M bicar-
bonate buffered water to a final concentration of 1 uM glucose
with 1 M amino acid, 1 4M maltotriose with 1 uM gly—pro-
glu, 2 uM gly—gly—gly with and without 2 yuM maltotriose, and
2 uM gly—glu with and without 2 yM maltotriose. All solutions
were measured in triplicate and tested with and without the
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Fig. 2. Results from tests to investigate potential production of melanoidin compounds. (a) Glucose and amino acid tests. G-Glu = glucose + glutamic
acid; G-Lys = glucose + lysine; G-Val = glucose + valine; Tri-Tri = trisaccharide (maltotriose) + tripeptide (gly-pro—glu). Dashed black line is expected
[bDON] in amino acid tests. Dotted black line is expected [bDON] in tripeptide test after acid hydrolysis. Measured [bDON] are compared without (blue)
and with (pale blue) 6 M HCI hydrolysis. (b) Trisaccharide and dipeptide and tripeptide tests. GGG = gly-gly—gly; GGG-Tri = gly—gly-gly + trisaccharide
(maltotriose); Gly—Glu = gly—glu; Gly—-Glu-Tri = gly-glu + trisacchride (maltotriose). Dashed black line is expected [bDON] in all peptide tests after acid
hydrolysis. Error bars in (a and b) are £1 SD of triplicate analyses. Bars containing an asterisk are statistically different from the expected value at the 95%

confidence interval from a two-tailed t-test.
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Letscher and Aluwihare

Table 4. SIO pier seawater dissolved N pools.

Bioavailable marine DON

SIO pier SW TDN (uM) NO;~ + NO,~ (uM) NH4 T (M) DON (uM) bDON (uM) Frac bDON
$1 (Jan 2015) 6.27 +0.54 0.41+0.13 0.66 + 0.17 5.21+£0.58 0.82 + 0.08 0.16 + 0.03
S2 (May 2015) 8.99 + 0.47 0.28 +0.03 0.56 £0.12 8.15 + 0.49 1.63 +0.10 0.20 £+ 0.02
S3 (Apr 2017) 12.13 £ 0.59 1.86 +0.15 0.63 £ 0.15 9.64 + 0.63 1.82 +0.11 0.19 +0.02

6 M HCI hydrolysis followed by evaporation and water recon-
stitution protocol.

Only the glucose-lysine solutions presented evidence of
reduced [bDON] vyield (~73%, Fig. 2), similar to previous
investigations by Hedges (1978) who found faster melanoidin
production kinetics and overall yield for glucose-lysine sou-
rced melanoidins when comparing the same three amino
acids tested here. Measured [bDON] vyields in the tripeptide
and dipeptide solutions tested were significantly lower (~10-
60% of expected) without 6 M HCI hydrolysis; however
~100% yield was recovered within measurement error follow-
ing acid hydrolysis, confirming the validity of the bDON
method for recovering short chain peptides as primary amines
in the presence of polysaccharides.

bDON concentrations in seawater collected from the
SIO pier

Seawater was collected from the SIO Pier on three separate
occasions (S1 =Jan 2015; S2 = May 2015; S3 = Apr 2017) and
measured over multiple analytical days to assess its bDON
concentration and associated day-to-day analytical variability.
The precision of [bDON] measured over multiple analytical
days was similar to the within analytical day precision of trip-
licate analyses, i.e., £0.1 uM-N (Table 4). In addition to
[bDON], TDN, nitrate + nitrite, and ammonium concentra-
tions were measured on S1-S3 to compute the DON
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concentrations. The DON concentration of SIO Pier seawater
was lowest from water collected in January 2015
(81 =5.21 £ 0.58 uM), highest within water collected from April
2017 (83 =9.64 + 0.63 uM), and intermediate in concentration
within water collected from May 2015 (S2 =8.15 £ 0.49 uM)
(Table 4). The measured bDON concentrations followed the same
pattern  with  (S1=0.82+0.08 uM; S3 =1.82+0.11 uM;
S2 =1.63 £+ 0.10 uM). Computed as a fraction, the amidic bDON
content of DON fell within a narrow range of 0.16-0.20 £+ 0.02
across the three samplings of SIO Pier seawater (Table 4).

bDON concentrations in seawater from the Southern
California bight

The bDON concentration of seawater following 6 M HCI
hydrolysis was determined on water column profiles in the
upper 200 m, collected by CTD/Rosette at 10 stations aboard a
cruise to the Southern California Bight in July-August 2015
(Fig. 3). The stations covered a gradient in surface ocean chlo-
rophyll a (Chl a) concentration (Fig. 3a) within recently
upwelled waters near point concepcion. Nitrate + nitrite con-
centrations were typically >5 yM at depths >80 m across the
transect; AA at 0.12 mM final concentration was added to
samples collected from >80 m prior to bDON analysis. bDON
concentrations were highest in near surface waters (<25 m),
ranging from 0.54 to 1.08 uM (Fig. 3b). The highest bDON
concentration near surface waters were located toward the
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Fig. 3. (a) Map of the sampling stations in the California Current and Southern California Bight. Chl a concentration (mg m~>) at the time of sampling
from the MODIS-Aqua ocean color satellite is shown. (b) Depth profiles of bDON (uM) for 10 stations in the California Current during July-Aug 2015.

bDON error bars are &+ 0.1 uM and are omitted for clarity.
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Letscher and Aluwihare

north (Sta. C1 and C16), near point concepcion, with the low-
est near surface bDON concentrations located to the south
and east (Sta. C12-C14), moving from California Current
waters into the Southern California Bight. bDON concentra-
tions decreased with depth and were lowest below the eupho-
tic zone depth (~70 m), ranging from at or slightly below the
detection limit (~20-80 nM) to 0.37 uM within the 100-
200 m depth horizon.

bDON concentrations from the 10 stations in the Southern
California Bight are plotted vs. in situ measured Chl a (Fig. 4a)
and [DOC] (Fig. 4b). [bDON] and Chl a are positively corre-
lated between chlorophyll concentrations of 0-1 mgm*
(Fig. 4a). In general, higher bDON concentrations (>0.5 uM)
are observed at Chl a concentrations >1 mg m~3; however, a
positive correlation is lacking. Similarly, bDON and DOC con-
centrations are positively correlated between [DOC] of 46 and
78 uM, with the highest bDON concentrations (~1.1 uM)
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Fig. 4. bDON (M) plotted against (a) bottle measured Chl a (mg m~3)
and (b) DOC (uM) for the 10 stations in the California Current and South-
ern California Bight from July to Aug 2015.

Bioavailable marine DON

found at [DOC] between 72 and 77 uM (Fig. 4b). This positive
correlation breaks down at [DOC] above ~80 uM, however
[bDON] at these higher DOC concentrations is still elevated,
ranging from 0.55 to 0.75 uM bDON.

bDON concentrations in seawater from station ALOHA

The amidic bDON, DON, and nitrate + nitrite (NO3™) con-
centrations of seawater were determined on a water column
profile collected from the upper 300 m at Station ALOHA
(22.75°N 158°W) on Jan 30, 2020 (Fig. 5). NO3~ was below
the detection limit of 100 nM within the upper 100 m, which
coincided with the depth of the surface wind-mixed layer at
the time of sampling. NO3;~ concentrations increased from
0.36 uM at 125 m to 11.25 yM at 300 m (Fig. Sa). DON con-
centrations and its depth profile were analogous to others in
the Hawaiian Ocean Time-series program (Karl et al. 2001),
with concentrations of ~5.2 uM observed in the upper 75 m
that decreased with depth to values of ~3.5 uM by 175 m and
~3.1 uM at 300 m (Fig. 5a). Similar to DON, the bDON depth
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Fig. 5. (a) Depth profiles for nitrate + nitrite (NO3) uM (red), DON uM
(blue), and bDON M (black) within the upper 300 m at Station ALOHA.
(b) Depth profile of bDON uM (black) as in (a) with a rescaled x-axis to
better illustrate bDON variability. The fraction of DON measured as
bDON is plotted in blue.
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Fig. 6. bDON [uM] (solid lines) and bacterial biomass N (dashed lines) changes within seawater incubations initiated at Station ALOHA in June 2021
(whole water treatment = black lines; Mixed treatment = blue lines; Filtrate treatment = gray lines). (a) Incubations conducted with seawater from 5 m
depth collected on June 6, 2021; in situ [DON] = 4.47 uM. (b) Incubations conducted with seawater from 125 m depth collected on June 7, 2021; in situ

[DON] = 4.21 uM. Error bars omitted on bacterial biomass N for clarity.

profile exhibited elevated concentrations within the upper
45 m, in the narrow range 1.1-1.25 uM, that decreased with
depth to values of ~0.7-0.9 uM at depths of 75-200 m, and
finally to values of ~0.6 uM in the depth range 200-300 m
(Fig. Sb). The fraction of bulk DON that was measured as
bDON after 6 M acid hydrolysis (e.g., bDON/DON) was 0.23-
0.25 in the upper 45m and averaged 0.18 + 0.02 below
(Fig. 5b).

bDON consumption in seawater incubations conducted at
station ALOHA

Initial [pDON] in the 5 m experiment Whole treatment was
1.46 +£0.09 M which represented ~33% of the in situ
[DON] = 4.47 uM. Both [bDON] and bacterial N were largely
invariant across all three treatments within the 5 m experi-
ment over the course of 132 h suggestive of minimal bacterial
growth and associated bDON consumption (Fig. 6a). Initial
[bDON] in the 125 m experiment Whole treatment was
1.28 £ 0.11 uM, which represented ~30% of the in situ
[DON] = 4.21 yM. Similar to the 5 m experiment, [bDON] and
bacterial N were largely invariant in the Whole and Filtrate
treatments of the 125 m experiment, with some evidence of
bDON production between the final two time points in the
Whole treatment (Fig. 6b). However, [bDON] is significantly
lower, 1.11 + 0.08 yM, than the initial value 1.37 + 0.10 uM
(t-test, p < 0.008) after 113 h of incubation in the Mixed treat-
ment of the 125 m experiment (blue line, Fig. 6b), delta
[bDON] = 0.26 + 0.14 uM, indicating net bDON consumption
over 4.7 d at a rate of 0.05 = 0.01 M d ™! (p < 0.007). Bacterial
N increased 34 nM (+ 35%) between the initial and second
time points in the Mixed treatment of the 125 m experiment,
which explains ~13% of the observed bDON consumption.
Nitrate accumulation was not observed in any of the treat-
ments in both experiments (not shown). The remainder of

remineralized bDON likely accumulated within the ammo-
nium pool or potentially the particulate N pool which were
not measured.

Discussion

The presented amidic bDON quantification method
exhibits excellent recovery of DON molecules containing pri-
mary and secondary amide N atoms representative of marine
metabolites (e.g., glycine and NAG), however tertiary amide N
atoms do not appear to be recovered by the method. Thus, the
method may underestimate total amidic bDON concentra-
tions of seawater if a portion of tertiary amide N containing
DON molecules are bioavailable to marine microbes. We con-
firmed that the method is insensitive to ammonium ion
concentrations present within the seawater sample. However,
a potential interference from the presence of nitrate ions at
concentrations >5 uM was identified, presumably via the pro-
duction of the nitronium ion, which can destroy a portion of
the primary amines generated under the acidic reaction condi-
tions. Addition of the antioxidant AA appeared to inhibit this
side reaction, restoring quantification of bDON concentrations
within samples when comparing nitrate free and nitrate
>5 uM solutions. Potential interference by production of
melanoidins (sugar + amino acid polymers) under the method
reaction conditions was also investigated, identifying a ~25%
under-recovery when a basic amino acid (lysine) and sugar
monomer (glucose) were present in the media. Some evidence
for melanoidin production was also observed involving dipep-
tides or tripeptides with trisaccharide under neutral pH condi-
tions, however quantitative recovery of liberated primary
amine was found after the acid hydrolysis protocol was
applied.

Considering these caveats, we can now focus on the
observed amidic bDON trends. bDON concentrations
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measured within the southern California Current and South-
ern California Bight were highest in euphotic zone waters and
decreased with depth within the mesopelagic zone in accor-
dance with known depth patterns of the bulk DON concentra-
tion and the proteinaceous and NAAP enriched HMW DON in
marine waters (Aluwihare et al. 2005; Letscher et al. 2013a).
bDON concentrations were positively correlated with Chl
a and DOC concentrations (Fig. 4), suggesting similar biogeo-
chemical processes are responsible for the production and
accumulation of DOC, bDON, and Chl a—presumably net
community production of organic matter sustained by auto-
trophs in the upwelling regime (Hansell and Carlson 1998)
investigated in our study. Disappearance of bDON with depth
below 100-200 m in the Southern California Bight and at Sta-
tion ALOHA suggests that under reduced or absent net com-
munity production bDON does not accumulate. This
observation is consistent with rapid removal in subducted and
aged water masses, presumably due to heterotrophic con-
sumption of amidic bDON although abiotic processes cannot
be ruled out by our dataset (e.g., adsorption onto particles).

Similar fractions of DON concentrations measured as ami-
dic bDON (bDON/DON) were found for waters collected at
the SIO Pier (0.16-0.20) and the upper 300 m at Station
ALOHA (0.15-0.25). In the SIO Pier data, bulk DON variability
across seasons is +2.25uM and that for bDON is
+0.53 uM. Thus, we estimate that a comparable ~24% of the
bulk DON seasonal variability is captured by amidic bDON
variability as defined by our analytical protocol. In terms of
variability with depth, we note that bDON fractions were ele-
vated in the upper 45 m at Station ALOHA (0.23-0.25) and
systematically lower at depth (0.15-0.20; mean 0.18) in sup-
port of the notion that the 6 M acid hydrolysis we present
here as a protocol to measure amidic “bioavailable” DON does
in fact capture a portion of the DON pool that is biologically
remineralized with depth. The overall loss of bulk DON from
near surface waters to 300 m depth measured at ALOHA in Jan
2020 was 1.7 uM N (5.2 — 3.5 uM N). The decrease in bDON
concentrations over the same depth interval is 0.6 yM
(1.2 — 0.6 uM). Thus, on the order of 35% (0.6/1.7) of the net
DON remineralization with depth can be explained as the loss
of the amidic bDON captured by our protocol with the caveat
that 300 m water at ALOHA is supplied laterally to the site
rather than sourced from overlying surface waters. Bacterial N
demand is low in the subtropical North Pacific, on the order
of ~0.1 nM N d~! (Church et al. 2004), and is thus unlikely to
contribute significantly to the remaining unexplained DON
and bDON net remineralization quantity with depth at
ALOHA. The chemical composition of the remaining ~65% of
DON molecules that are not captured by our method but are
remineralized between the surface and depth could include
nonacid labile amides (McCarthy et al. 1997; Aluwihare
et al. 2005), also tertiary amines, quaternary amines like gly-
cine betaine and choline (Boysen et al. 2022), and aromatic N,
including amino acids and pigments.

10
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Confirmation that compounds captured by our amidic
bDON assay are bioavailable was provided by seawater incuba-
tions performed with water collected from 125 m at Station
ALOHA in the subtropical North Pacific when the heterotro-
phic microbial community was released from grazing pressure
(Mixed treatment). However, a similar amidic bDON consump-
tion was not observed for the analogous Mixed treatment per-
formed at 5 m. Similar results have been obtained for DOM
consumption incubations performed in other subtropical loca-
tions, i.e., nil DOC and/or DON consumption in near surface
waters and measurable consumption within the deeper eupho-
tic zone to upper mesopelagic depths (Carlson et al. 2004;
Letscher et al. 20134, 2015a). Genomic data from these studies
demonstrated the distinctness of the heterotrophic microbial
communities found between the surface and subsurface, simi-
lar to what has been found at the BATS site in the subtropical
North Atlantic (Treusch et al. 2009), implicating this as a
potential cause of the divergent results for the same DOM sub-
strate supplied to microbial communities across depth. The
magnitude of bDON consumption in the 125 m Mixed treat-
ment, 0.26 uM N, represents consumption of 19% of the ini-
tial [bDON] present in the experiment over the course of
4.7 d. The incubations were terminated due to cruise logistic
constraints so it is not known if [bDON] would have been
continued to be drawn down if the experiments were carried
out longer. Regardless, the ~0.25 uM quantity of bDON con-
sumed represents ~50-100% of the observed lateral gradients
in upper ocean (0 — 100 m) bulk DON (Letscher et al., 2013a,
2015b, 2016), supporting the relevance of the presented ami-
dic bDON method as a tool to investigate the role of DON as
an organic nutrient supporting net community production
across ocean basin scales. In support of this, we estimate the
first order kinetic rate constant for amidic bDON consumption
at k = 0.045 d~! from the 125 m experiment or a mean life-
time of ~22 d, allowing for its lateral export away from DON
accumulation regions (e.g., upwelling systems) toward more
oligotrophic systems. This is a minimum estimate of the
bDON lifetime as we note that grazing pressure, absent from
the Mixed treatment but present in situ, should slow the
microbial uptake of bDON. Marine DON vertical gradients are
larger, i.e., ~0.5-2 uM, and are likely explained by a combined
consumption of the amidic bDON quantified by the presented
method, nonacid labile amides, and LMW DON molecules,
which may or may not contain proteinaceous material (Ianiri
et al. 2022) and appear to cycle distinctly from the DON
(Broek et al. 2019) targeted by the presented amidic bDON
method. The bioavailability of the DON, which is potentially
“missed” by the presented chemical method, requires further
investigation.

Conclusions and recommendations

We have developed a sensitive, simple, and feasible tech-
nique for quantifying amidic bDON in natural seawater. The
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method is cost-effective, has high sample throughput, and is
suitable for shipboard measurements. The analytical precision
of the amidic bDON method reported here, + 0.1 uM, repre-
sents a significant improvement over the reported precision of
determinations of the bulk marine DON concentrations using
the traditional methods of UV-peroxide, persulfate, and high
temperature oxidations when determining TDN, which are
typically within the range of + 0.2-1.0 uM (Sharp et al. 2002;
Knapp et al. 2011; Letscher et al. 20134; Landolfi et al. 2016;
Foreman et al. 2019). Due to the potential destruction of pri-
mary amines from the presence of nitrate ions, we recom-
mend addition of an antioxidant such as AA to sample
analyses in which the expected nitrate concentration exceeds
5 uM. Hydrolysis of proteinaceous and NAAP material that
results in primary amine products with a basic pH such as
lysine are likely underestimated by the presented technique
due to the formation of melanoidin like compounds. Further
improvements to the precision of the amidic bDON method
may be possible by the introduction of automated steps in the
protocol such as all transfers of the analyte between vessels,
e.g., sample bottle, hydrolysis ampoule, centrifuge tube, fluo-
rometric cell, etc.

Using the new technique, we estimated amidic bDON con-
centrations of 0.1-1.8 uM in the upper 300 m of the southern
California Current and Station ALOHA in the subtropical
North Pacific, representing ~15-25% of the bulk DON con-
centration. We are confident in assigning the bDON definition
to this operationally defined fraction because we definitively
show that it varies seasonally with indicators of productivity,
decreases with depth, and decreases with DON consumption
in incubation experiments. This measured bDON fraction and
its measured consumption within days in incubation, is in
close correspondence with that estimated by lateral gradients
in bulk DON concentration across ocean basins (e.g. ~0.5 uM
removed from a ~4.5uM surface ocean pool; Letscher
et al. 2013a), suggesting that the presented amidic bDON
method may quantify a significant fraction of the bioavailable
component of the marine DON pool.

Future applications of this assay should follow a laterally
advected water mass to directly examine removal rates of
bDON and correlate with parameters of bacterial N production
to better understand the partitioning of the consumed N, as
well as with changes in microbial metabolism to identify the
pathways mediating this removal. This higher throughput
bDON assay with some capacity to provide insights on the
composition of reactive DON, was developed to be
implemented in studies that sample at the high spatial and
temporal frequencies that are necessary to capture the dynam-
ics of the labile and semi-labile DON cycling in the upper
ocean. Where possible these assays should be combined with
other methods aimed at deconvoluting DON composition so
that we can better identify compounds that are both visible to
our amidic bDON assay and invisible to the assay but dynamic
(i.e., bioavailable) over the same time scale.

11

Bioavailable marine DON

References

Abell, J., S. Emerson, and P. Renaud. 2000. Distributions of
TOP, TON, and TOC in the North Pacific subtropical gyre:
Implications for nutrient supply in the surface ocean and
remineralization in the upper thermocline. J. Mar. Res. 58:
203-222. d0i:10.1357/002224000321511142

Aluwihare, L. I., and T. Meador. 2008. Chemical composition
of marine dissolved organic nitrogen, p. 95-140. In D. G.
Capone, D. A. Bronk, M. R. Mulholland, and E. J. Carpenter
[eds.], Nitrogen in the marine environment. Academic
Press. doi:10.1016/B978-0-12-372522-6.00003-7

Aluwihare, L. 1., D. J. Repeta, S. Pantoja, and C. G. Johnson.
2005. Two chemically distinct pools of organic nitrogen
accumulate in the ocean. Science 308: 1007-1010. doi:10.
1126/science.1108925

Braman, R. S., and S. A. Hendrix. 1989. Nanogram nitrite and
nitrate determination in environmental and biological
materials by vanadium (III) reduction with chemilumines-
cence detection. Anal. Chem. 61: 2715-2718. doi:10.1021/
ac00199a007

Boysen, A. K., and others. 2022. Glycine betaine uptake and
metabolism in marine microbial communities. Environ.
Microbiol. 24: 2380-2403. doi:10.1111/1462-2920.16020

Broek, T. A., A. L. Bour, H. L. Ianiri, T. P. Guilderson, and
M. D. McCarthy. 2019. Amino acid enantiomers in old
and young dissolved organic matter: Implications for a
microbial nitrogen pump. Geochim. Cosmochim. Acta
247:207-219. doi:10.1016/j.gca.2018.12.037

Broek, T. A., M. D. McCarthy, H. L. laniri, J. S. Vaughn, H. E.
Mason, and A. N. Knapp. 2023. Dominant heterocyclic
composition of dissolved organic nitrogen in the ocean: A
new paradigm for cycling and persistence. Proc. Natl. Acad.
Sci. 120: €2305763120. doi:10.1073/pnas.230576312

Bronk, D. A, J. H. See, P. Bradley, and L. Killberg. 2007. DON
as a source of bioavailable nitrogen for phytoplankton. Bio-
geosciences 4: 283-296. doi:10.5194/bg-4-283-2007

Carlson, C. A,, S. J. Giovannoni, D. A. Hansell, S. J. Goldberg,
R. Parsons, and K. Vergin. 2004. Interactions among dis-
solved organic carbon, microbial processes, and community
structure in the mesopelagic zone of the northwestern Sar-
gasso Sea. Limnol. Oceanogr. 49: 1073-1083. doi:10.4319/
10.2004.49.4.1073

Church, M. J., H. W. Ducklow, and D. M. Karl. 2004. Light
dependence of [3H] leucine incorporation in the oligotro-
phic North Pacific Ocean. Appl. Environ. Microbiol. 70:
4079-4087. doi:10.1128/AEM.70.7.4079-4087.2004

Foreman, R. K., K. M. Bjoérkman, C. A. Carlson, K. Opalk, and
D. M. Karl. 2019. Improved ultraviolet photo-oxidation sys-
tem yields estimates for deep-sea dissolved organic nitrogen
and phosphorus. Limnol. Oceanogr. Methods 17: 277-291.
d0i:10.1002/lom3.10312

Foreman, R. K., M. Segura-Noguera, and D. M. Karl. 2016. Vali-
dation of Ti (III) as a reducing agent in the chemiluminescent

sd}y) SUOBIPUOY) ue SWd L, 341 308 “[$Z0Z/90/LZ] U0 AxeiqrT QuIuQ ASTIA “BIuIoz[ED) JO ANSIOATN AQ TZ90TEWOI/Z001°01/10p w00 Kayim Areaqrjoutiuo-sqndofse/:sdiy wioxy papeojumod ‘0 “9S8S 1451

SULIO)/ W00 A1,

9SUQDIT SUOWIWO)) dA1E21) dqeorjdde oy) Aq pauIdA0S are so[onIe YO (asn JO SaNI 10§ AIRIqIT uI[uQ) AJ[IAY UO (SUONIPUOD-P


https://doi.org/10.1357/002224000321511142
https://doi.org/10.1016/B978-0-12-372522-6.00003-7
https://doi.org/10.1126/science.1108925
https://doi.org/10.1126/science.1108925
https://doi.org/10.1021/ac00199a007
https://doi.org/10.1021/ac00199a007
https://doi.org/10.1111/1462-2920.16020
https://doi.org/10.1016/j.gca.2018.12.037
https://doi.org/10.1073/pnas.230576312
https://doi.org/10.5194/bg-4-283-2007
https://doi.org/10.4319/lo.2004.49.4.1073
https://doi.org/10.4319/lo.2004.49.4.1073
https://doi.org/10.1128/AEM.70.7.4079-4087.2004
https://doi.org/10.1002/lom3.10312

Letscher and Aluwihare

determination of nitrate and nitrite in seawater. Mar. Chem.
186: 83-89. doi:10.1016/j.marchem.2016.08.003

Fukuda, R., H. Ogawa, T. Nagata, and I. Koike. 1998. Direct
determination of carbon and nitrogen contents of natural
bacterial assemblages in marine environments. Appl. Envi-
ron. Microbiol. 64: 3352-3358. doi:10.1128/AEM.64.9.
3352-3358.1998

Gundersen, K., M. Heldal, S. Norland, D. A. Purdie, and A. H.
Knap. 2002. Elemental C, N, and P cell content of individ-
ual bacteria collected at the Bermuda Atlantic time-series
study (BATS) site. Limnol. Oceanogr. 47: 1525-1530. doi:
10.4319/10.2002.47.5.1525

Halliwell, B. 1994. Free radicals and antioxidants: A personal
view. Nutr. Rev. 52: 253-265. doi:10.1111/j.1753-4887.
1994.tb01453.x

Hansell, D. A. 1993. Results and observations from the mea-
surement of DOC and DON in seawater using a high-
temperature catalytic oxidation technique. Mar. Chem. 41:
195-202. doi:10.1016/0304-4203(93)90119-9

Hansell, D. A., and C. A. Carlson. 1998. Net community pro-
duction of dissolved organic carbon. Global Biogeochem.
Cycles 12: 443-453. doi:10.1029/98GB01928

Hansell, D. A., and T. Y. Waterhouse. 1997. Controls on the
distributions of organic carbon and nitrogen in the eastern
Pacific Ocean. Deep-Sea Res. I 44: 843-857. d0i:10.1016/
S0967-0637(96)00128-8

Hedges, J. 1. 1978. The formation and clay mineral reactions
of melanoidins. Geochim. Cosmochim. Acta 42: 69-76.
doi:10.1016/0016-7037(78)90218-1

Holmes, R. M., A. Aminot, R. Kérouel, B. A. Hooker, and B. ].
Peterson. 1999. A simple and precise method for measuring
ammonium in marine and freshwater ecosystems. Can.
J. Fish. Aquat. Sci. 56: 1801-1808. doi:10.1139/t99-128

Hughes, E. D., C. K. Ingold, and R. I. Reed. 1950. 493. Kinetics
and mechanism of aromatic nitration. Part II. Nitration by
the nitronium ion, NO 2+, derived from nitric acid.
J. Chem. Soc.: 2400-2440. doi:10.1039/j19500002400

laniri, H. L., Y. Shen, T. A. Broek, and M. D. McCarthy. 2022.
Bacterial sources and cycling dynamics of amino acids in
high and low molecular weight dissolved organic nitrogen
in the ocean. Mar. Chem. 241: 104104. doi:10.1016/j.
marchem.2022.104104

Johnson, W. M., M. C. Kido Soule, K. Longnecker, M. P.
Bhatia, S. J. Hallam, M. W. Lomas, and E. B. Kujawinski.
2023. Particulate and dissolved metabolite distributions
along a latitudinal transect of the western Atlantic Ocean.
Limnol. Oceanogr. 68: 377-393. doi:10.1002/In0.12275

Josefsson, B., P. Lindroth, and G. Ostling. 1977. An auto-
mated fluorescence method for the determination of
total amino acids in natural waters. Anal. Chim. Acta 89:
21-28. doi:10.1016/S0003-2670(01)83066-X

Kar, D. M. and others. 2001. Ecological nitrogen-
to-phosphorus stoichiometry at station ALOHA. Deep-Sea

12

Bioavailable marine DON

Res. II Top. Stud. Oceanogr. 48: 1529-1566. do0i:10.1016/
80967-0645(00)00152-1

Knapp, A. N,, K. L. Casciotti, and M. G. Prokopenko. 2018.
Dissolved organic nitrogen production and consumption
in eastern tropical South Pacific surface waters. Global
Biogeochem. Cycles 32: 769-783. d0i:10.1029/2017GB00
5875

Knapp, A. N., D. M. Sigman, A. B. Kustka, S. A. Safiudo-
Wilhelmy, and D. G. Capone. 2012. The distinct nitrogen
isotopic compositions of low and high molecular weight
marine DON. Mar. Chem. 136: 24-33. doi:10.1016/j.mar
chem.2012.05.001

Knapp, A. N., D. M. Sigman, and F. Lipschultz. 2005. N isoto-
pic composition of dissolved organic nitrogen and nitrate
at the Bermuda Atlantic time-series study site. Global Bio-
geochem. Cycles 19: GB1018. d0i:10.1029/2004GB002320

Knapp, A. N., D. M. Sigman, F. Lipschultz, A. B. Kustka, and
D. G. Capone. 2011. Interbasin isotopic correspondence
between upper-ocean bulk DON and subsurface nitrate and
its implications for marine nitrogen cycling. Global Bio-
geochem. Cycles 25: GB4004. doi:10.1029/2010GB003878

Koester, 1., and others. 2022. [lluminating the dark
metabolome of pseudo-nitzschia—-microbiome associations.
Environ. Microbiol. 24: 5408-5424. doi:10.1111/1462-
2920.16242

Kujawinski, E. B., R. Braakman, K. Longnecker, J. W. Becker,
S. W. Chisholm, K. Dooley, M. C. Kido Soule, G. ]J. Swarr,
and K. Halloran. 2023. Metabolite diversity among repre-
sentatives of divergent Prochlorococcus ecotypes.
mSystems 8: €0126122. doi:10.1128/msystems.01261-22

Landolfi, A., H. Dietze, and G. Volpe. 2016. Longitudinal vari-
ability of organic nutrients in the North Atlantic subtropi-
cal gyre. Deep-Sea Res. I Oceanogr. Res. Pap. 111: 50-60.
d0i:10.1016/j.dsr.2015.11.009

Landolfi, A., A. Oschlies, and R. Sanders. 2008. Organic nutri-
ents and excess nitrogen in the North Atlantic subtropical
gyre. Biogeosciences 5: 685-724. doi:10.5194/bg-5-1199-
2008

Letscher, R. T., D. A. Hansell, C. A. Carlson, R. Lumpkin, and
A. N. Knapp. 2013a. Dissolved organic nitrogen in the
global surface ocean: Distribution and fate. Global Bio-
geochem. Cycles 27: 141-153. doi:10.1029/2012GB004449

Letscher, R. T., D. A. Hansell, D. Kadko, and N. R. Bates.
2013b. Dissolved organic nitrogen dynamics in the Arctic
Ocean. Mar. Chem. 148: 1-9. doi:10.1016/j.marchem.
2012.10.002

Letscher, R. T., A. N. Knapp, A. K. James, C. A. Carlson, A. E.
Santoro, and D. A. Hansell. 2015a. 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

Letscher, R. T., J. K. Moore, Y. C. Teng, and F. Primeau. 2015b.
Variable C: N: P stoichiometry of dissolved organic matter

sd}y) SUOBIPUOY) ue SWd L, 341 308 “[$Z0Z/90/LZ] U0 AxeiqrT QuIuQ ASTIA “BIuIoz[ED) JO ANSIOATN AQ TZ90TEWOI/Z001°01/10p w00 Kayim Areaqrjoutiuo-sqndofse/:sdiy wioxy papeojumod ‘0 “9S8S 1451

SULIO)/ W00 A1,

9SUQDIT SUOWIWO)) dA1E21) dqeorjdde oy) Aq pauIdA0S are so[onIe YO (asn JO SaNI 10§ AIRIqIT uI[uQ) AJ[IAY UO (SUONIPUOD-P


https://doi.org/10.1016/j.marchem.2016.08.003
https://doi.org/10.1128/AEM.64.9.3352-3358.1998
https://doi.org/10.1128/AEM.64.9.3352-3358.1998
https://doi.org/10.4319/lo.2002.47.5.1525
https://doi.org/10.1111/j.1753-4887.1994.tb01453.x
https://doi.org/10.1111/j.1753-4887.1994.tb01453.x
https://doi.org/10.1016/0304-4203%2893%2990119-9
https://doi.org/10.1029/98GB01928
https://doi.org/10.1016/S0967-0637%2896%2900128-8
https://doi.org/10.1016/S0967-0637%2896%2900128-8
https://doi.org/10.1016/0016-7037(78)90218-1
https://doi.org/10.1139/f99-128
https://doi.org/10.1039/jr9500002400
https://doi.org/10.1016/j.marchem.2022.104104
https://doi.org/10.1016/j.marchem.2022.104104
https://doi.org/10.1002/lno.12275
https://doi.org/10.1016/S0003-2670%2801%2983066-X
https://doi.org/10.1016/S0967-0645(00)00152-1
https://doi.org/10.1016/S0967-0645(00)00152-1
https://doi.org/10.1029/2017GB005875
https://doi.org/10.1029/2017GB005875
https://doi.org/10.1016/j.marchem.2012.05.001
https://doi.org/10.1016/j.marchem.2012.05.001
https://doi.org/10.1029/2004GB002320
https://doi.org/10.1029/2010GB003878
https://doi.org/10.1111/1462-2920.16242
https://doi.org/10.1111/1462-2920.16242
https://doi.org/10.1128/msystems.01261-22
https://doi.org/10.1016/j.dsr.2015.11.009
https://doi.org/10.5194/bg-5-1199-2008
https://doi.org/10.5194/bg-5-1199-2008
https://doi.org/10.1029/2012GB004449
https://doi.org/10.1016/j.marchem.2012.10.002
https://doi.org/10.1016/j.marchem.2012.10.002
https://doi.org/10.1016/j.marchem.2015.06.024

Letscher and Aluwihare

cycling in the community earth system model. Bio-
geosciences 12: 209-221. doi:10.5194/bg-12-209-2015

Letscher, R. T., F. Primeau, and J. K. Moore. 2016. Nutrient
budgets in the subtropical ocean gyres dominated by lateral
transport. Nat. Geosci. 9: 815-819. doi:10.1038/nge02812

Liu, S., and others. 2022. Linkages among dissolved organic
matter export, dissolved metabolites, and associated micro-
bial community structure response in the northwestern Sar-
gasso Sea on a seasonal scale. Front. Microbiol. 13: 833252.
d0i:10.3389/fmicb.2022.833252

Mahaffey, C., R. G. Williams, G. A. Wolff, and W. T.
Anderson. 2004. Physical supply of nitrogen to phyto-
plankton in the Atlantic Ocean. Global Biogeochem. Cycles
18: GB1034. do0i:10.1029/2003GB002129

Maillard, L. C. 1913. Formation de matieres humiques par
action de polypeptides sur sucres. CR Acad. Sci 156:
148-149.

McAteer, D., J. F. Pons, 1. I. Wilson, and H. Cavaye. 2016.
Nitration of primary amines to form primary nitramines
(review). 19" seminar on new trends in research of ener-
getic materials (NTREM 2016). Pardubice, Czech Republic,
http://core.ac.uk/download/pdf/42144464.pdf

McCarthy, M., T. Pratum, J. Hedges, and R. Benner. 1997.
Chemical composition of dissolved organic nitrogen in the
ocean. Nature 390: 150-154. doi:10.1038/36535

Petras, D., and others. 2017. High-resolution liquid chroma-
tography tandem mass spectrometry enables large scale
molecular characterization of dissolved organic matter.
Front. Mar. Sci. 4: 405. doi:10.3389/fmars.2017.00405

Sacks, J. S., K. R. Heal, A. K. Boysen, L. T. Carlson, and A. E.
Ingalls. 2022. Quantification of dissolved metabolites in
environmental samples through cation-exchange solid-
phase extraction paired with liquid chromatography-mass
spectrometry. Limnol. Oceanogr. Methods 20: 683-700.
doi:10.1002/lom3.10513

Sharp, J. H., and others. 2002. A preliminary methods compar-
ison for measurement of dissolved organic nitrogen in

13

Bioavailable marine DON

seawater. Mar. Chem. 78: 171-184. doi:10.1016/S0304-
4203(02)00020-8

Solérzano, L., and J. H. Sharp. 1980. Determination of total
dissolved nitrogen in natural waters 1. Limnol. Oceanogr.
25:751-754. doi:10.4319/10.1980.25.4.0751

Torres-Valdés, S., and others. 2009. Distribution of dissolved
organic nutrients and their effect on export production
over the Atlantic Ocean. Global Biogeochem. Cycles 23:
GB4019. doi:10.1029/2008 GB003389

Treusch, A. H., K. L. Vergin, L. A. Finlay, M. G. Donatz, R. M.
Burton, C. A. Carlson, and S. J. Giovannoni. 2009. Season-
ality and vertical structure of microbial communities in an
ocean gyre. ISME ]J. 3: 1148-1163. doi:10.1038/ismej.
2009.60

Wagner, S., and others. 2020. Soothsaying DOM: A current
perspective on the future of oceanic dissolved organic car-
bon. Front. Mar. Sci. 7: 341. doi:10.3389/fmars.2020.00341

Acknowledgments

Brandon M. Stephens is graciously thanked for sample collection. We
thank Lindsay Olson and Brooke Rasina (SIO), Benjamin Cotton and Jessica
Gray (UNH), and Craig Carlson (UCSB) for contributing to the analyses.
Magali Porachia, Neal Arakawa, and BMS are thanked for discussions. We
thank Karl Kaiser (TAMU-Galveston) for his insights as we developed the
assessment of the protocol and two anonymous reviewerers for their
constructive comments on the validation of the method. This work was
partially supported by NSF OCE 1155269 to LIA and NSF OCE 1923687
to RTL.

Conflict of Interest
None declared.

Submitted 20 July 2023

Revised 03 March 2024
Accepted 08 April 2024

Associate editor: Hayley Schiebel

sd}y) SUOBIPUOY) ue SWd L, 341 308 “[$Z0Z/90/LZ] U0 AxeiqrT QuIuQ ASTIA “BIuIoz[ED) JO ANSIOATN AQ TZ90TEWOI/Z001°01/10p w00 Kayim Areaqrjoutiuo-sqndofse/:sdiy wioxy papeojumod ‘0 “9S8S 1451

SULIO)/ W00 A1,

9SUQDIT SUOWIWO)) dA1E21) dqeorjdde oy) Aq pauIdA0S are so[onIe YO (asn JO SaNI 10§ AIRIqIT uI[uQ) AJ[IAY UO (SUONIPUOD-P


https://doi.org/10.5194/bg-12-209-2015
https://doi.org/10.1038/ngeo2812
https://doi.org/10.3389/fmicb.2022.833252
https://doi.org/10.1029/2003GB002129
http://core.ac.uk/download/pdf/42144464.pdf
https://doi.org/10.1038/36535
https://doi.org/10.3389/fmars.2017.00405
https://doi.org/10.1002/lom3.10513
https://doi.org/10.1016/S0304-4203%2802%2900020-8
https://doi.org/10.1016/S0304-4203%2802%2900020-8
https://doi.org/10.4319/lo.1980.25.4.0751
https://doi.org/10.1029/2008GB003389
https://doi.org/10.1038/ismej.2009.60
https://doi.org/10.1038/ismej.2009.60
https://doi.org/10.3389/fmars.2020.00341

	 A simple method for the quantification of amidic bioavailable dissolved organic nitrogen in seawater
	Materials and procedures
	Preparation of reagents and standard solutions
	Acid hydrolysis
	Sample evaporation
	Analysis of primary amine content
	Seawater samples
	Seawater incubation experiments

	Assessment
	Linearity of standardization
	Method blank
	Detection limit and precision
	Recovery of known compounds
	Interference by nitrate ions
	Removal of nitrate interference by AA additions
	Potential interference by ammonium ions
	Potential interference by production of melanoidin compounds
	bDON concentrations in seawater collected from the SIO pier
	bDON concentrations in seawater from the Southern California bight
	bDON concentrations in seawater from station ALOHA
	bDON consumption in seawater incubations conducted at station ALOHA

	Discussion
	Conclusions and recommendations
	References


