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ARTICLE INFO ABSTRACT

Keywords: Amino acids (AA) represent the most abundant identifiable biomolecule class in marine dissolved organic ni-
Dissolved organic nitrogen trogen (DON) and provide powerful proxies for DON degradation state. In particular, the D-enantiomers of AA
Amino acids

(D-AA) are known to be derived mainly from bacteria, making them ideal tracers for bacterially derived N.
However, despite the widespread use of D-AA tracers, it remains unclear if the accumulation of different D-AA
species in the ocean indicates that most DON arises from direct bacterial sources or from continual bacterial
alteration of eukaryotic algal material. This difference has major implications for our understanding of sources
and cycling mechanisms of DON in the ocean. Here, we present the most extensive D-AA suite ever reported in
younger, high molecular weight (HMW) DON contrasted with older, low molecular weight (LMW) solid phase
extracted (SPE) DON from the central Atlantic and Pacific Oceans. We evaluate D-AA in these two contrasted MW
fractions in the context of multiple common AA-based proxies and bulk DOM radiocarbon (A'#C) data. Specif-
ically, we assess if D-AA in HMW and LMW SPE-DON are most consistent with 1) preformed bacterial source
signals, 2) progressive bacterial degradation/alteration of eukaryotic algal sources, or 3) gradual, continued
resynthesis/addition of new bacterial biomolecules during ocean circulation. Our results suggest that AA-
containing molecules in HMW and LMW SPE-DON fractions are almost entirely distinct, with independent
bacterial sources and degradation mechanisms. In HMW DON, all measured indices support a surface-produced,
semi-labile component which is progressively altered in the mesopelagic with increasing radiocarbon age. In
contrast, for LMW SPE-DON, AA-based proxies showed conflicting results. Some proxies (D/L ratios of most D-
AA, non-protein AA, mol% Gly, and %C-AA) indicated LMW SPE-DON was less labile and more degraded than
HMW DON. However other proxies (D/L-Ala, the N isotope based TV parameter, and the commonly used DI
index) indicated equivalent or even less degradation and resynthesis in the isolated LMW material compared to
HMW material, suggesting a disconnect in the underlying mechanisms reflected by different proxies. Finally, AA
composition and degradation state in the subsurface samples of both HMW and LMW DON varied little with
increasing radiocarbon age, suggesting that HMW and LMW pools may cycle independently. Together, our results
suggest that AA DON sources, while almost entirely bacterial, may be more diverse than previously believed, and
that much of the hydrolysable AA pool in the ocean may not be derived from proteinaceous material. Overall,
these observations support the microbial nitrogen pump idea, but with compositionally unique refractory
components in both HMW and LMW material which resist degradation over millennial timescales.

Molecular weight
Microbial degradation

1. Introduction representing young, semi-labile DOM while low molecular weight
(LMW) molecules make up most of the old, refractory DOM (RDOM)

Marine dissolved organic matter (DOM) represents the largest pool of (Walker et al., 2014, Walker et al., 2016, reviewed by Benner and Amon,
reduced carbon and nitrogen in the oceans, yet its long-term persistence 2015). Increasing evidence suggests that bacteria are a key player in
remains an enigma. DOM is widely assumed to exist along a size-age- forming RDOM, which persists for thousands of years (Gruber et al.,

reactivity continuum, with high molecular weight (HMW) molecules 2006; Ogawa et al., 2001; Yamashita and Tanoue, 2008). This concept,
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termed the microbial carbon pump (MCP, Jiao et al., 2010, 2011), has
been studied at length (see reviewed literature in The Microbial Carbon
Pump in the Ocean, edited by Jiao et al., 2011) and is supported by
culturing studies (Gruber et al., 2006; Kawasaki and Benner, 2006;
Lechtenfeld et al., 2015; Ogawa et al., 2001), in situ observations (Azam
etal., 1983; Jgrgensen et al., 2003; Nagata et al., 2003), and the extreme
structural complexity dissolved organic carbon (DOC) fractions
measured by high resolution mass spectrometry (Dittmar, 2015; Lech-
tenfeld et al., 2014). These observations, in context of a
size-age-reactivity continuum, suggest that LMW RDOC is formed by
progressive microbial degradation of semi-labile, HMW material.

However, investigation of bacterial production in dissolved organic
nitrogen (DON), especially refractory DON (RDON), is far more limited.
In large part this is due to the lack of methods available to isolate the
entire DON pool, such that molecular study of RDON formation and
cycling requires N-specific molecular level tracers, and typically isola-
tion protocols. Most previous DON structural work focused only on
HMW DON due to its ease of isolation by ultrafiltration methods (Alu-
wihare et al., 2005; Benner et al., 1997; McCarthy et al., 1998, 2007).
However, in contrast to the complexity which characterizes DOC, early
15N NMR studies indicated that most HMW DON is structurally simple,
appearing almost entirely in amide form (Aluwihare et al., 2005;
McCarthy et al., 1997), and likely composed mostly of proteinaceous
material at subsurface depths (Aluwihare et al., 2005). While this pre-
sents a paradox in terms of the high lability of AA, these observations
also underscore that AA-based proxies are the most powerful molecular-
level biomarkers to investigate the DON pool. While standard hydrolytic
molecular-level analysis only recovers a small portion of the AA which
solid-state NMR suggests are present (generally ~10% of total DON;
Benner, 2002; Kaiser and Benner, 2009), they nevertheless represent by
far the largest identifiable biomolecules in DON. Importantly, they also
represent by far the largest known labile N biochemical class. Thus, if
bacteria form LMW RDON from semi-labile, HMW DON via a microbial
nitrogen pump (Yamaguchi and McCarthy, 2018), analogous to the
broader paradigm for the DOC pool, then a comparison of HMW versus
LMW AA signatures should most clearly reflect progressive microbial
alteration.

Almost all protein AA (except for Glycine) are chiral, meaning they
have a L and D-enantiomer that have the same molecular formula, but
are non-superimposable mirror images of each other. While all living
organisms produce L-AA, prokaryotes represent the only major known
source for D-AA (Radkov and Moe, 2014), meaning that D-AA are
arguably the most direct bacterial biomarkers in marine DON (Broek
et al.,, 2019; Kaiser and Benner, 2008; McCarthy et al., 1998). The
abundance of D-AA directly correlates with both bacterial growth and
degradation of organic matter (Kawasaki and Benner, 2006; Tremblay
and Benner, 2009) and has been widely used to estimate contributions of
bacterial OC and ON in sediments, particles and the DOM pool (Bour-
goin and Tremblay, 2010; Kaiser and Benner, 2008; Kawasaki et al.,
2011; Lehmann et al., 2020; Tremblay and Benner, 2006). Select D-AA
are also highly abundant in marine DON, representing one of the central
pieces of evidence for microbial origin (Broek et al., 2019; Kaiser and
Benner, 2008; McCarthy et al., 1998).

However, despite the widespread use of D-AA as indicators of bac-
terial source and “degradation,” a mechanistic understanding of D-AA
patterns in terms of specific sources and cycling of marine DON is
lacking. For example, marine DON D/L ratios do not increase with depth
or age in HMW material, as would be expected if continued bacterial
alteration resulted in a higher relative abundance of D-AA (Broek et al.,
2019; McCarthy et al., 1998; Perez et al., 2003). In addition, D-Alanine
(Ala), by far the most abundant D-AA species in DON, often exhibits
depth trends opposite from other D-AA (Broek et al., 2019; Kaiser and
Benner, 2008) and has been suggested to be as labile as its L-AA coun-
terpart (Broek et al., 2019; Wang et al., 2020). Finally, multiple newly
confirmed D-AA in the DON pool appear to behave differently in HMW
versus LMW material (Broek et al., 2019). Such aspects suggest that a
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mechanistic understanding of bacterial processes responsible for marine
RDON formation requires a clearer distinction between signatures of
bacterial source versus often vaguely defined “degradation.”

Evaluating multiple proxies for bacterial alteration and organic
matter reactivity together represents one way to advance this mecha-
nistic understanding. “Degradation” is a broad concept which can
encompass multiple specific processes including bacterial biomass
addition, eukaryotic biomolecule alteration, and selective removal. A
range of AA-based proxies have been developed to measure overall
degradation, typically based on observed differences in the AA compo-
sition of natural organic matter over range of reactivity (Cowie and
Hedges, 1994; Dauwe et al., 1999; Dauwe and Middelburg, 1998), or in
incubation studies (Amon et al., 2001; Calleja et al., 2013; Davis et al.,
2009). Proxies commonly used include the relative abundance of
nonprotein amino acids (NPAA) p-alanine (p-Ala) and y-aminobutyric
acid (y-Aba) (Cowie and Hedges, 1994; Davis et al., 2009; Lee and
Cronin, 1982) and protein AA glycine (Gly) (Dauwe and Middelburg,
1998; Kaiser and Benner, 2009; Lehmann et al., 2020; Nguyen and
Harvey, 1997), the widely applied degradation index (DI) based on
changes in mol % of multiple AA (Dauwe et al., 1999), and the carbon-
normalized yield of AA (%C-AA) (Amon et al., 2001; Benner, 2002;
Cowie and Hedges, 1994). In addition, the XV parameter is a relatively
new index based on individual AA 5'°N isotope values. Autotrophic
production with known 5!°N-AA patterns has £V values approximately
between 0 and 1, and subsequent heterotrophic bacterial resynthesis
adds bacterial biosynthate and alters the 5'°N-AA values, resulting in
elevated XV values that are indicative of enhanced resynthesis (Calleja
et al., 2013; McCarthy et al., 2007; Yamaguchi and McCarthy, 2018).
Collectively, these AA-based proxies provide a range of potentially in-
dependent measures of bacterial source, reactivity, or degradation state
of organic matter. However, past work has rarely explicitly considered
how the different proxies coupled together may be interpreted
mechanistically.

The overarching goal of this paper is to, for the first time, take a
holistic approach which combines the diverse information of all these
AA-proxies together with a recently expanded suite of D-AA tracers
(Broek et al., 2019) to study the oceanic DON pool. We propose that
together these data have the potential to unravel bacterial roles in DON
preservation at a new mechanistic level. We report all these proxies for
DON together, and then evaluate them in the context of both DOM
molecular weight and A'*C from the surface to deep ocean in the central
Atlantic and Pacific basins. This unique sample set allowed us to
examine pathways of “pre-formed” bacterial surface source versus pro-
gressive bacterial degradation with DOM aging in some of the oldest and
youngest components of the marine DON pool. We hypothesized that
DON in the older waters in the deep Pacific would show evidence of
more extensive degradation at the molecular level compared to the
younger deep waters in the Atlantic, consistent with previous reports of
lower concentrations of DOC and biochemicals in unfiltered deep water
in the central Pacific compared to central Atlantic (Hansell and Carlson,
1998; Kaiser and Benner, 2009). Additionally, if it is assumed that DON
follows a size-age-reactivity continuum similar to DOC (Amon and
Benner, 1994, 1996; Walker et al., 2014, 2016), we would expect DON
molecular composition to reflect progressive bacterial degradation of
HMW DON to form more stable, refractory LMW DON. Using our
comprehensive dataset including AA proxies and A'*C ages of isolated
DON size fractions, we directly test both hypotheses.

2. Methods
2.1. DOM sample collection and molecular weight isolation

DOM samples were collected in the North Atlantic Subtropical Gyre
at BATS (31°40'N, 64°10'W) aboard the R/V Atlantic Explorer in August

2015 and May 2016 and in the North Pacific Subtropical Gyre at HOT
Station ALOHA (22°45'N, 158°00'W) aboard the R/V Kilo Moana in
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August 2014 and May 2015 as described in Broek et al. (2017). Surface
seawater samples were collected via underway sampling systems at
approximately 7.5 m on the R/V Kilo Moana and 2 m on the R/V Atlantic
Explorer. Large volume subsurface samples (~1000 L to 4300 L) were
collected via Niskin bottles at depths of 400 m, 850 m, and 2500 m. Full
details of the sampling and sample isolation protocols are described in
Broek et al. (2017). Briefly, all seawater was filtered through 53 pmol
Nitex mesh and pumped through 0.2 pmol cartridge filters. Subsamples
for total DOM were frozen in pre-combusted glass vials. HMW DOM was
concentrated using large volume tangential-flow ultrafiltration (UF)
using four spiral wound PES UF membranes with a molecular weight cut
off of 2.5 kDa (GE Osmonics) and a concentration factor of approxi-
mately 1000. The LMW SPE-DOM was collected via solid-phase
extraction of the UF permeate using PPL sorbent (Agilent Bondesil
PPL), as described previously (Broek et al., 2017). After desalting via
diafiltration (for HMW) and rinsing the resin with DI water (for LMW),
both fractions were lyophilized and stored as dry powder until analysis.

A sample representing the entire UF permeate would have been
thousands of liters of seawater, so to avoid or minimize contamination
during the long-duration sampling and filtration, the UF permeate was
subsampled at constant time intervals throughout the ultrafiltration
(after protocols first described in Benner et al., 1997). This composite
permeate sample was used to evaluate expected concentrations in each
experiment. Notably, however, because permeate becomes progres-
sively more concentrated throughout ultrafiltration (e.g., Walker et al.,
2011), exact mass balance was not possible based on this sampling
protocol, which was intended only as a general check on expected re-
coveries (Broek et al., 2017). Because a rigorous mass balance approach
to permeate sampling was not part of the experimental protocol, any
individual permeate concentration measurements must be interpreted
with caution.

2.2. Bulk elemental analyses

DOC, DON, %O0C, and %ON data were published previously (Broek
etal., 2017). Briefly, DOC and TDN concentrations in total DOM and the
UF permeate were measured using high temperature oxidation with a
Shimadzu TOC-V as contract samples in the Carlson lab at the University
of California, Santa Barbara. Total dissolved inorganic N (DIN) con-
centrations were determined using a Lachat QuickChem 8000 Flow In-
jection Analyzer. Total DON concentrations were determined by
subtracting DIN from TDN. This measurement was not made in the UF
permeate due to the mass balance considerations discussed in Section
2.1 combined with the subtraction of much greater DIN concentrations
from low natural abundance DON. Weight %OC and %ON of DOM size
fractions were determined via elemental analyzer isotope ratio mass
spectrometry (EA-IRMS) using a Carlo Erba CHNS-O EA1108-elemental
analyzer interfaced via a ConFlo III device with a ThermoFinnigan Delta
Plus XP isotope ratio mass spectrometer at the University of California
Santa Cruz (UCSC) Stable Isotope Laboratory (SIL).

2.3. GC-MS and GC-IRMS sample preparation

To isolate AA for gas chromatograph mass spectrometry (GC-MS)
and GC- isotope ratio mass spectrometry (IRMS) analysis, HMW DON
and LMW SPE-DON samples were first hydrolyzed using liquid-state (6 N
HCI) acid hydrolysis according to standard conditions (Calleja et al.,
2013; Kaiser and Benner, 2005; Silfer et al., 1991). Following the hy-
drolysis, a norleucine (Nle) internal standard was added to each sample,
and hydrolysates were dried under Ny gas at 60 °C. The dry samples
were then redissolved in 0.1 N HCI, filtered with a 0.7 pm GFF filter, and
purified using cation-exchange chromatography with Bio-Rad AG50W-
X8 resin (200-400 mesh) and eluted with ammonium hydroxide ac-
cording to Takano et al. (2010). Ammonium hydroxide was removed
with Ny gas, and samples were reprotonated with 0.2 N HCl at 110 °C for
5 min. Trifluoroacetyl isopropyl ester (TFAiP) derivatives were prepared
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according to Décima et al. (2017) and Silfer et al. (1991). Finally, AA
were purified using liquid-liquid extraction after Ueda et al. (1989).
Samples were stored at —20 °C until analysis, at which point they were
dried under N5 gas and dissolved in ethyl acetate for analysis.

2.4. GC-MS analysis and quantification of AA

AA D/L ratios of HMW and LMW SPE-DON at BATS (2015, 2016)
were measured using GC-MS analysis and AA structural identities were
verified based on MS fragmentation according to established protocols
from the McCarthy lab (Broek et al., 2019; Yamaguchi and McCarthy,
2018). An Agilent 7890A/5975B gas chromatograph mass spectrometer
equipped with an Altech Chirasil-L-Val column (50 m x 0.25 mm, 0.16
pm thick) was used to analyze D and L-AA in HMW DON and LMW SPE-
DON. 1 uL of sample was injected through a splitless inlet at 200 °C with
a helium gas carrier flow rate of 0.9 mL/min. AA were separated using a
4-ramp temperature program: initial temperature of 45 °C; ramp 1: 2 °C/
min to 75 °C; ramp 2: 4 °C/min to 110 °C; ramp 3: 1 °C/min to 125, ramp
4: 4 °C/min to 200 °C, 2.5 min hold. Single ion monitoring was used to
identify each AA using the following characteristic major ion fragments
(m/2): L and D-Ala, 140; L and D-Valine (Val), 168; L-Threonine (Thr),
153; Glycine (Gly), 126; L-Isoleucine (Ile), L and D-Leucine (Leu), L-Nle,
182; L and p-Serine (Ser), 138; L-Proline (Pro), 166; L and D- asparagine
+ aspartic acid (Asx), 184; L and D- glutamine + glutamic acid (Glx),
180; L and p-Lysine (Lys) 180; L and D-Phenylalanine (Phe), 190; L and
D-Tyrosine (Tyr), 203. For AA with the same characteristic fragment ion
(Glx and Lys), identification was made based on retention time using
external standards. Acid hydrolysis cleaves the terminal amine of
glutamine and asparagine, converting them to glutamic acid and
aspartic acid, meaning combined concentrations are measured and re-
ported as “Glx” and “Asx.” A response factor was calculated for each AA
from a linear four-point calibration curve to determine AA concentra-
tion. The average standard deviation of triplicate measurements was
+7.23% of total peak area for HMW DOM and + 14.6% of the total peak
area for LMW SPE-DOM samples, while the average internal standard
recovery was similar for both size fractions (~60%).

2.5. GC-IRMS analysis of AA

To calculate the compound-specific 5'°N-based degradation param-
eter =V, 8'°N-AA measurements were also made on a subset of the
samples measured for AA D/L ratios, including HMW and LMW SPE-
DON collected at HOT in 2015 and BATS in 2016. All isotopic ana-
lyses were completed at the UCSC-SIL according to established protocols
of the McCarthy Lab (McCarthy et al., 2013; Shen et al., 2021; Yama-
guchi and McCarthy, 2018). Following hydrolysis and column chroma-
tography as detailed above, AA were further purified via HPLC and
collected as separate fractions according to Broek et al. (2013) and Broek
and McCarthy (2014). The purified AA fractions were then recombined
for further analysis. TFAIP derivatives were made and purified via
liquid-liquid extraction as detailed above (Section 2.3). A Thermo Trace
Ultra gas chromatograph coupled with a Finnigan MAT DeltaPlus XL
IRMS at UCSC SIL was used for GC-IRMS analysis. AA were separated on
a BPX-5 column (60 m x 0.32 mm, 1.0 pmol film thickness) for 515N
analysis. Samples were injected in triplicates. A total of twelve AA were
measured, including Ala, Gly, Thr, Ser, Val, Leu, Ile, Pro, Asx, Glx, Phe,
and Lys. The 8'°N value of AA is reported relative to Ny in air: 8*°N (%o)
vs. air = {[(">N/"*N)sample/ ("°N/**N)air]-1} x 1000.

2.6. HPLC sample preparation, analysis, and quantification of D and L-
AA

Concentrations of D- and L-enantiomers of AA in total DOM, UF
permeate, HWM DON, and LMW SPE-DON from HOT (2014, 2015) and
BATS (2015, 2016) were determined using an Agilent 1260 ultrahigh
performance liquid chromatography (UPLC) system equipped with a
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fluorescence detector (excitation: 330 nm; emission: 450 nm) after Shen
et al. (2017). HMW and LMW SPE-DON samples were hydrolyzed as
detailed above using 6 N HCl at 110 °C for 20 h (Kaiser and Benner,
2005; Silfer et al., 1991). Total DOM and UF permeate samples were
hydrolyzed using a vapor-phase technique with 6 N HCI at 150 °C for
32.5 min (Kaiser and Benner, 2005). Derivatization followed protocols
of Kaiser and Benner (2005) using o-phthaldialdehyde and N-isobutyryl-
L-cysteine (OPA/IBLC). Samples were then separated on a Poroshell 120
EC-C18 (4.6 x 100 mm, 2.7 pm particles) column with a linear binary
gradient starting with 100% potassium di-hydrogen phosphate
(KH2PO4; 48 mmol L™}, pH = 6.25) to 61% KH,PO, and 39% methanol:
acetonitrile (13:1, v/v) at 13.3 min, 46% KHyPO4 at 19.2 min, 40%
KH,PO4 at 21.3 min, and 20% KH3PO4 at 22 min. Concentrations of L
and D-Asx, L and D-Glx, L and D-Ser, L-His, Gly, L-Thr, p-Ala, L-Arg, L
and D-Ala, y -Aba, L-Tyr, L-Val, L -Phe, L- Ile, L- Leu, and L-Lys were
determined from external standards of known concentrations. The limit
of quantification for individual AA is ~0.5 nmol/L.

2.7. Racemization correction

Hydrolysis conditions for GC-MS, GC-IRMS, and HPLC analyses were
identical to those reported in Kaiser and Benner (2005), and racemiza-
tion was corrected according to Kaiser and Benner (2005). For GC-MS
and GC-IRMS analyses, racemization corrections for derivatization via
TFAiP were determined independently for each amino acid by
measuring the amount of D enantiomer produced in the “Pierce H”
commercial L Amino Acid standard, containing equivalent molar
amounts of all AA investigated in this study (Thermo Scientific, 2.5
pmol/mL), derivatized in the same batch as samples.

Derivatization with OPA/IBLC (used for HPLC analyses) does not
induce racemization. However, blank corrections were made for back-
ground enantiomeric values of the reagents. No racemization was
observed during the column chromatography or base dry down (Broek
et al., 2019). Thus, for all samples the total racemization blank is the
sum of the hydrolysis blank and the derivatization blank. For HPLC
analyses utilizing vapor phase hydrolysis, the average total racemization
blank was 4.7%D (relative to all total AA, or equivalent to a D/L ratio of
0.05), while for HPLC analyses utilizing liquid-phase hydrolysis, the
average total racemization blank was 1.9% (D/L ratio of 0.02). For
GC-MS analyses, the average total racemization blank was 2.0% D (D/L
ratio 0.02).

2.8. Data synthesis and analysis

By combing HPLC and GC-MS analyses, we measured a total of nine
D-AA, thirteen L-AA, one achiral protein AA (Gly), and two NPAA (p-Ala,
and y-Aba) (Supplementary 2.0). Because all samples investigated in this
study (total DOM, HMW DOM, SPE-DON, and UF permeate) were
analyzed via HPLC, for consistency, all analyses (besides isotopic mea-
surements) are reported as measured HPLC-based concentrations
whenever possible. The exceptions are the D-AA with concentrations too
low to be measured via HPLC, and so only quantified by GC-MS (D-Val,
D-Leu, D-Phe, D-Tyr, and D-Lys). Additionally, the D/L ratios of the D-
AA only measured by GC-MS are reported as the ratio of D to L-AA
concentration measured by GC-MS. Finally, to compare this expanded
suite of D and L-AA between ocean basins, we also included previously
published GC-MS data at HOT for D-AA which were measured only by
GC-MS (D-Leu, D-Val, and D-Phe, Broek et al., 2019).

Analyses were completed in Microsoft Excel 365 and R (4.0.5) (R
Core Team, 2021). Data were tested for normality using the Shapiro-
Wilk test. Statistical differences between means were analyzed using
the Welch's two-sample t-test for normally distributed data and the
nonparametric Mann-Whitney U test for nonnormal data. To test for
significant differences between the slope and y-intercept of linear
regression lines, analysis of covariance (ANCOVA) was performed. A
95% confidence interval was used for all statistical tests. Principal
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component analysis (PCA) was performed using AA-based proxies (D-AA
yield, L-AA yield, %C-AA, Mol % Gly, %NPAA, and DI) and D/L ratios
(D/L-Ala, D/L-Asx, D/L-Glx, D/L-Ser, D/L-Leu, D/L- Val, and D/L-Phe)
of HMW and LMW SPE-DON. Variables that were not measured in all
DOM samples (D/L-Tyr, D/L-Lys, and XV) were excluded from the
analysis. All variables were scaled to unit variance prior to analysis.

Degradation index (DI) values were calculated according to Dauwe
et al. (1999) using the formula DI = X[(AA; — AVG AA;)/SD AA; x factor
coefficient;], where AVG AA; and SD AA, are the average and standard
deviation of mol % for each AA of sample i. Factor coefficients from
Kaiser and Benner (2009) and Peter et al. (2012) specific for marine
DOM were applied. The XV parameter was calculated according to
McCarthy et al. (2007), using the equation ¥V = 1/n x ZAbs(yaai),
where n is the total number of trophic AA included in the calculation
(Glx, Asx, Ala, Ile, Leu, Pro, Val), and yay4; is the difference in 51°N value
between each individual trophic AA and the average of all trophic AA.
Autotrophic biomass typically has a £V value between 0 and 1, thus any
>V values greater than this indicates bacterial processes causing isotopic
fraction of AA regardless of compound type or organic matter matrix.
Total %D was calculated with and without D-Ala, as Total %D = X[D-
AA] nmol/L / 2([L-AA] + [D-AA]) nmol/L. Only AA measured in all
samples (all L and D-AA except D-Tyr and D-Lys) were included in this
calculation for direct comparison.

2.9. Terminology

“HMW DOM/N” and “LMW SPE-DOM/N” are used to refer to the
individually isolated size fractions, as described in Section 2.1 and in
Broek et al. (2017). We note that the samples analyzed here are sub-
samples of those same samples whose collection was reported in that
paper. “HMW?” refers to ultrafiltered DOM between 0.2 pm and 2.5 kDa,
which in this sample set had A*C values ranging from —37.3%o =+ 3.8%o
(surface) to —365.7%o £ 2.3%o (2500 m) (240 to 3595 yr BP) at HOT and
— 43.0%0 £ 3.2%o (surface) to —304.2%o + 1.9%0 (2500 m) (355 to 2915
yr BP) at BATS (Broek et al., 2017, 2020). “LMW SPE” refers to solid-
phase extracted (PPL resin) DOM from the permeate of HMW DOM
(smaller than 2.5 kDa), which had A'*C values ranging from —343.0%o
=+ 2.3%o (surface) to —577.6%o £ 1.7%o (2500 m) (3310 to 6860 yr BP) at
HOT and — 316.1%0 4 2.0%o (surface) to —485.5%0 £ 1.9%0 (850 m)
(3050 to 5340 yr BP) at BATS (Broek et al., 2017, 2020).

Most AA-based proxies utilized in this study have been used by past
work to indicate generalized “degradation” or “degradation state.”
However, bacterial degradation includes many different, simultaneous
processes. While these processes will together contribute to the overall
“degradation state” of an organic sample, one goal of this paper is to try
to understand the mechanistic underpinnings of independent proxies
and interpret differences between them for DON. We thus define here
how we use terms representing bacterial source and individual degra-
dation processes/mechanisms in the text below (see also Table S1):
“Bacterial source” refers to prokaryotic biosynthate, as opposed to
eukaryotic biosynthate. We use “heterotrophic resynthesis” to refer to
any changes that occur within a bacterial cell resulting in new synthesis
of bacterial biomolecules, or prokaryote biosynthate. Thus, heterotro-
phic resynthesis results in a bacterial source, although this could include
intact cells, altered fragments of bacterial cells, or simply bacterial
biomolecules. In contrast, we use “degradation” as it is commonly used
in the literature, to refer to the effect of a wider range of microbial
processes, including alteration of molecular structure, selective removal
of labile biomolecules, or addition of new bacterial biomass. Notably,
bacterial degradation processes only result in a “bacterial source” when
there is an input of bacterially produced molecules to the DON pool
(such as addition of new bacterial biomass). In contrast, bacterial
degradation can also selectively remove labile biomolecules from
eukaryotic biosynthate, in which case remaining material might not
have any molecules synthesized by bacteria themselves, meaning there
is no bacterial “source” detected.
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3. Results
3.1. L-AA and D-AA concentrations in total DOM

Total hydrolysable L-AA and D-AA concentrations were greater at
HOT than BATS in the surface, while at 2500 m the concentrations were
greater at BATS than HOT (Fig. 1, Table S2). At HOT, the maximal L-AA
and D-AA concentrations were observed in the surface, averaging 209.7
+ 17.4 nmol/L for L-AA and 48.5 + 2.3 nmol/L for D-AA between the
two sampling years (2014 and 2015). L-AA and D-AA concentrations
decreased substantially between the surface and 400 m, then continued
to decrease slightly between 400 m and 2500 m. The lowest concen-
trations were observed at 2500 m, averaging 47.6 + 6.8 nmol/L L-AA
and 8.9 + 0.8 nmol/L D-AA. Concentrations of both enantiomers were
similar between the two sampling years.

At BATS, maximal D-AA concentrations were also observed at sur-
face, with an average of 27.1 + 3.3 nmol/L between sampling years
(Fig. 1, Table S2). Contrary to the case at HOT, there were notable dif-
ferences in measured AA concentrations between different sampling
years throughout the water column (see Supplementary 1.0). The depth
of maximal L-AA concentrations varied between sampling years; in 2016
(May) the highest L-AA concentrations were measured at the surface
(138.5 nmol/L) while in 2015 (August) the highest L-AA concentrations
were measured at 400 m (166.8 nmol/L). In 2015, minimum L-AA and
D-AA concentrations were observed at 2500 m depth (53.9 nmol/L and
13.2 nmol/L, respectively), while in 2016, minimum L-AA and D-AA
concentrations were observed at 850 m (66.4 nmol/L and 15.3 nmol/L,
respectively).

3.2. Recovery of HMW and LMW SPE-DON fractions

Complete DOC and DON recovery data from total DOM for these
same HMW and LMW SPE-DOM size fractions have been published and
extensively discussed previously (Broek, 2019; Broek et al., 2017, 2020).
Briefly, the average total DOC recovery across all depths, stations, and
sampling seasons was significantly greater in the LMW SPE-DOM frac-
tion (26.7% + 6.7%) than the HMW DOM fraction (10.1% =+ 3.2%)
(Welch's two-sample t-test, p < 0.001) (Table 1). In contrast, the average
total DON recovery at all depths, stations, and sampling seasons was not
significantly different in HMW DOM versus LMW SPE-DOM, both
averaging 13.3% + 5.4% (Welch's two-sample t-test, p = 0.138).

The percent of hydrolysable AA from total DOM recovered in each
size fraction was determined based HPLC measurements of AA in total
DOM samples. The percent of total AA recovered in the HMW DOM size
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fraction was significantly greater than the LMW SPE-DOM size fraction
across all depths, stations, and sampling seasons (Welch's two-sample t-
test, p < 0.001) (Table 1). There was no significant difference in AA
recovery from total DOM for HMW DON at HOT versus BATS, with an
average AA recovery of 25.3% + 0.8% at both sites. In contrast, AA
recovery of LMW SPE-DON was significantly greater at BATS (15.6% +
3.4%) than HOT (9.9% =+ 3.2%) (Welch's two-sample t-test, p = 0.0082).
The combined AA recovery of HMW and LMW DOM was not signifi-
cantly different between HOT and BATS, averaging 37.9% =+ 9.2% over
all depths and sampling seasons.

The percent of DOC and hydrolysable AA from the UF permeate
recovered in LMW SPE-DOM was also determined based on HPLC
measurements of the UF permeate subsamples, with permeate compos-
ites representing an approximation of total LMW DOM (Table 1). Taking
into account the caveats about permeate mass balance noted above
(Section 2.1), the recovery of DOC in LMW SPE-DON from the UF
permeate averaged across all depths was significantly greater at BATS
than HOT, averaging 38.8% =+ 6.3% and 25.4% =+ 11.0%, respectively
(Welch's two-sample t-test, p = 0.0132). In contrast, the recovery of AA
in LME SPE-DON from the UF permeate averaged across all depths was
not statistically different at HOT and BATS, averaging 17.8% + 5.3%
and 20.3% =+ 5.8%, respectively (Welch's two sample t-test, p =
0.7.074). These values were therefore somewhat greater than total DON
recovery in the SPE-DON fraction noted above.

3.3. L and D-AA yield of HMW and LMW SPE-DON

Overall, AA concentrations as measured by HPLC and GC-MS were
similar (Supplementary 2.0, Fig. S1). In the HMW size fraction, total D-
AA yields (pmol D-AA normalized to mg total organic nitrogen, pmol/
mgN) were significantly greater at HOT than BATS at all depths (Fig. 2,
Table S3). Average HMW L-AA yields (umol/mgN) from both cruises
were also greater at HOT than BATS, though these differences were not
universally greater than analytical error (Fig. 2). In HMW DON, the L-AA
yield decreased from an average surface maximum of 6.1 + 1.0 pmol/
mgN at HOT and 5.6 + 0.9 pmol/mgN at BATS to average deep (2500 m)
values of 4.1 + 0.4 pmol/mgN at HOT and 3.6 + 0.5 pmol/mgN at
BATS. The D-AA yield of HMW DON showed an opposite trend to the L-
AA yield: D-AA yields increased from average surface values of 0.82 +
0.01 pmol/mgN at HOT and 0.70 + 0.08 pmol/mgN at BATS to average
maximum values at 400 m of 0.90 + 0.03 pmol/mgN at HOT and 0.71
+ 0.06 pmol/mgN at BATS. At both stations, from the maxima at 400 m,
D-AA yields decreased to minimum at 2500 m depth, averaging 0.76 +
0.02 pmol/mgN at HOT and 0.66 + 0.06 pmol/mgN at BATS.
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Fig. 1. Total dissolved hydrolysable L-AA and D-AA concentrations (nmol/L) at HOT (black circles) and BATS (grey squares) measured in summer (“Su.,” dashed

lines) and spring (“Sp.,” solid lines) cruises.
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Table 1

Marine Chemistry 241 (2022) 104104

Total hydrolysable amino acids (AA), organic carbon (OC), and organic nitrogen (ON) recoveries of HMW UDOM and LMW SPE-DOM (PPL extract of ultrafiltration
permeate). Recovery values are relative to hydrolysable AA, OC, and ON concentrations in 0.2 pm filtered seawater unless otherwise noted.

Location Type C/N + %AA + %DOC + %DON + n
HOT HMW UDOM 12.44 0.6 27.42 8.61 10.58 4.15 13.61 4.09 8
BATS HMW UDOM 12.27 0.6 22.9 7.14 9.74 1.94 11.08 3.69 7
HOT LMW SPE-DOM 26.95 1.5 9.94 3.23 23.38 6.06 13.12 4.73 8
BATS LMW SPE-DOM 24.78 0.2 15.63 3.69 31.16 5.36 16.29 7.46 7
HOT LMW SPE-DOM from UF permeate ND ND 17.8 5.3 25.4 11.0 ND ND 8
BATS LMW SPE-DOM from UF permeate ND ND 20.3 5.8 38.8 6.3 ND ND 7
HOT Total extracted DOM ND ND 37.36 9.2 33.96 7.34 26.73 6.25 16
BATS Total extracted DOM ND ND 38.53 8.03 40.9 5.7 27.37 8.32 14

In LMW SPE-DON, the L-AA and D-AA yields were lower than
observed in HMW DON throughout the water column in both ocean
basins (Fig. 2, Table S3). Unlike HMW DON, the L-AA and D-AA yields in
LMW SPE-DON were very similar between ocean basis, with values
within propagated error between the HOT and BATS sites at most
depths. At all sites L-AA and D-AA yields were both greatest at the
surface and decreased into the mesopelagic, but then were relatively
constant with depth. L-AA yields at the surface averaged 2.7 + 0.2
pmol/mgN at HOT and 2.4 + 0.2 pmol/mgN at BATS and at 2500 m
averaged 1.36 + 0.06 pmol/mgN at HOT and 1.3 + 0.1 pmol/mgN at
BATS. LMW D-AA yields in the surface averaged 0.35 + 0.03 pmol/mgN
at HOT and 0.340 + 0.003 pmol/mgN at BATS and at 2500 m averaged
0.200 + 0.004 pmol/mgN at HOT and 0.170 + 0.001 pmol/mgN at
BATS. In contrast to HMW D-AA data, there was no maxima in the D-AA
yield at 400 m.

3.4. AA composition of HMW and LMW SPE-DON: D/L ratios and molar
abundance

Few significant differences in depth-averaged AA D/L ratios were
observed between HOT and BATS within either size fraction (Fig. 3). In
HMW DON, average D/L ratios of Leu and Phe were significantly greater
at HOT compared to BATS (Welch's two-sample t-test, p < 0.05), how-
ever absolute offsets were very small (0.02-0.03), and close to the
percent fractional uncertainty (30-50%). In LMW SPE-DON, no AA had
significantly different D/L ratios between the two ocean basins. Simi-
larly, depth profiles of D/L AA ratios were exceptionally consistent be-
tween BATS and HOT in both size fractions, with values within error for
all AA at almost all depths (Fig. 4). In LMW SPE-DON, most AA had a
maximum D/L ratio at 400 m, while depth trends in the HMW DON were

more variable.

Within each ocean basin, however, the average D/L ratios of most AA
were significantly different between the two molecular weight fractions
(Fig. 3). However, the specifics differed with ocean basin and size
fraction. At HOT and BATS, only D/L-Ala was significantly greater in
HMW DON compared to LMW SPE-DON (Mann Whitney U test, p <
0.001), while D/L-Asx, D/L-Glx, D/L-Leu, D/L-Val, and D/L-Phe were
significantly greater in LMW SPE-DON compared to HMW DON (Welch's
two-sample t-test/Mann Whitney U test, p < 0.001). At HOT, D/L-Ser
was also significantly greater in LMW SPE-DON than HMW DON
(Welch's two-sample t-test, p < 0.001). At BATS, D-Tyr and D-Lys were
measured above blank values in almost all LMW SPE-DON samples;
however, they were indistinguishable from blank values in multiple
HMW samples (Fig. 4, Table S4). D-Tyr and D-Lys were not measured in
the previously published GC-MS analyses at HOT and cannot be
observed by the HPLC method used here, thus are not reported in this
ocean basin.

Within each size fraction, the average relative molar abundance of
each AA was also similar between HOT and BATS, with mol% values for
all AA at most depths within error at HOT and BATS (Fig. S2, Table S5).
However, relative molar abundance of individual AA was markedly
different in HMW vs. LMW SPE-DON. At BATS, the average molar
abundance of Ala and Ser was significantly higher in HMW DON than
LMW SPE-DON (Welch's two-sample t-test, p < 0.05), while Gly, Asx,
Glx, Leu, Phe, and Tyr were higher in LMW SPE-DON than HMW DON
(Welch's two-sample t-test, p < 0.05). At HOT, molar abundance of Ala,
Ser, and Thr was significantly greater in HMW than LMW SPE-DON
(Welch's two-sample t-test, p < 0.05), while Gly, Asx, GIx, Leu, Val, Phe,
and Tyr were significantly greater in LMW SPE-DON than HMW DON
(Welch's two-sample t-test/Mann Whitney U test, p < 0.05).
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Fig. 2. L-AA and D-AA yields normalized to mg total organic nitrogen (pmol/mgN) in HMW DON (blue) and LMW SPE-DON (red) at HOT (circles, dashed line) and
BATS (squares, solid line). Error bars represent the mean deviation of spring and summer cruise data and are smaller than symbol where not visible. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Average D/L ratios of seven D-AAs measured in HMW DON (blue) and LMW SPE-DON (red) at HOT (darker shade) and BATS (lighter shade). Statistically
significant differences between HOT and BATS are denoted by asterisks. Error bars represent the standard deviation of all depths and spring and summer cruise data
(n = 8). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. D/L ratio depth profiles of four commonly reported (top row) and five newly confirmed (bottom row) D-AA. Depth trends of all D/L ratios were similar
between HOT (circles, dashed line) and BATS (squares, solid line) for both HMW DON (blue) and LMW SPE-DON (red). In the LMW SPE-DON size fraction, the
maximum D/L ratio is almost always observed at 400 m depth. Error bars represent the mean deviation of summer and spring cruise data and are smaller than symbol
where not visible. Tyr and Lys were not measured at HOT (see Section 3.4); other missing values indicate where D-AA was indistinguishable from blank values. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

D/L ratios and AA molar composition were also determined in the
bulk UF permeate, directly representing the total LMW DON pool (Figs.
S2, S3, S4). Notably, for the sampling reasons discussed in Section 2.1, as
well as low natural abundance concentrations of AA in the permeate,
only general trends in these data are discussed here (see Supplementary
3.0 for a more detailed discussion). D/L ratios in the UF permeate were
generally similar or greater than D/L ratios of LMW SPE-DON for the
same sites/depths (Fig. S3). However, the D/L ratios of UF permeate
were far more variable with depth compared to the very consistent D/L
ratios of LMW SPE-DON and HMW DON isolates (Fig. S3, Fig. 4).
Additionally, the mean deviations of measurements made on two
separate cruises were much greater in the permeate than was observed
in either size fraction (Fig. S3). This variability is likely due to low

concentrations of D-AA in the UF permeate, as differences in D-AA
concentrations equivalent to our limit of detection for this method
would translate into large differences in D/L ratios.

The overall AA molar composition of LMW SPE-DOM and the UF
permeate was also very similar at all stations and depths (Figs. S2, S4).
The differences in depth averaged molar abundance of individual AA
between SPE-DOM and total permeate ranged from 0.0% to 5.6%, with
an average molar difference of +1.4% across all samples at HOT and
BATS. Statistically significant differences in LMW SPE-DON versus
permeate AA molar abundance were observed almost exclusively in AA
with the lowest abundances, suggesting increased analytical error linked
to low concentrations (Supplementary 3.0).
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3.5. Relative molar abundance vs. D/L ratio

The average mol% and D/L ratio of each individual AA were
significantly and linearly related in HMW and LMW SPE-DON at HOT
and BATS (r? = 0.99-0.88, p < 0.0001-0.0017) (Fig. 5). In both HMW
and LMW SPE-DON, there was no statistically significant difference in
slope (ANCOVA: HMW p = 0.39 LMW p = 0.71) or y-intercept
(ANCOVA: HMW p = 0.36, LMW p = 0.45) of the linear regressions
between HOT vs. BATS. The slope of the linear regression of all HMW
DON samples was not statistically different than the slope of all LMW
SPE-DON samples (ANCOVA, p = 0.15). However, the y-intercept of the
HMW DON linear regression was significantly lower than the y-intercept
of the LMW SPE-DON linear regression (ANCOVA, p < 0.001).
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Fig. 5. Average D/L ratio and average percent relative molar abundance of
individual AA were significantly linearly correlated in both (A) HMW and (B)
LMW SPE-DON. For both size fractions, slope and y-intercept of linear re-
gressions were not statistically different at HOT vs. BATS. Error bars represent
the standard deviation of all HMW or LMW samples measured in that ocean
basin (n = 8).
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3.6. Degradation state and reactivity of HMW and LMW SPE-DON

Within each ocean basin, most AA-based degradation or bacterial
source proxies were significantly different between HMW DON and
LMW SPE-DON (Fig. 6, Table S3). However, individual parameters
varied in their predictions for HMW versus LMW in terms of degradation
state. Due to the opposite trend universally observed for D-Ala compared
to all other D-AA between MW fractions (Section 3.4), total %D was
calculated without D-Ala, which we refer to as %Dya. %Dna and the
combined relative mol% of p-Ala and y-Aba, the two measured NPAA,
were greater in LMW SPE-DON than HMW DON at almost all depths in
both ocean basins. The organic carbon normalized total hydrolysable AA
yield (%C-AA) was significantly higher in HMW DON than LMW SPE-
DON at all depths. Collectively, these proxies all indicate LMW SPE-
DON is less labile and more degraded than HMW DON, likely resulting
in a higher relative proportion of bacterially produced biomolecules.

In contrast, %D-Ala was greater in HMW DON than LMW SPE-DON
at all depths (Fig. 6), indicating a greater proportion of D-Ala contain-
ing bacterial molecules in the HMW DON pool. Additionally, no signif-
icant differences in DI were observed between HMW and LMW SPE-DON
in either ocean basin. Both size fractions had the highest DI values
(indicating the least degradation) at the surface, though trends with
depth were variable. The 5'°N -based £V parameter values were also
significantly higher (indicating more bacterial resynthesis) in HMW DON
than in LMW SPE-DON throughout the water column at both HOT and
BATS. Together, these parameters would indicate either comparable or
less bacterial resynthesis and degradation to LMW DOM.

Overall, when compared within each size fraction, most AA-based
proxies were very similar between ocean basins (Fig. 6). The only ex-
ceptions include %C-AA and the XV parameter in the HMW DON size
fraction: %C-AA of HMW DON was significantly greater at HOT than
BATS throughout the water column, while HMW DON XV was greater
(indicating more bacterial resynthesis) at HOT than BATS at all depths
below the surface.

PCA of AA-based proxies and D/L-ratios was used to synthesize and
visualize compositional and degradation state differences between
samples (Fig. 7). The first principal component (PC1) explained 73.9%
of the variance and PC2 explained 13.2% of the variance. PC1 had the
largest positive contributions from D/L-Val, Mol % Gly, %NPAA, D/L-
Leu, D/L Asx and %Dya and largest negative contributions from %C-
AA, L-AA yield, and D-AA yield (Fig. 7A). The contribution of each of
these indices to PC1 was >8%, collectively accounting for 78% of the
variance along PC1. PC2 had the largest positive contributions from D/
L-Ala and D/L-Ser and largest negative contribution from DI. Together,
these indices contributed 83% of the variance along PC2. HMW and
LMW SPE-DON were clearly separated along PC1 (Fig. 7B). Surface and
deep HMW DON were separated clearly along PC2, while surface and
deep LMW SPE-DON grouped together. There was no clear separation of
HMW or LMW SPE-DON samples from Pacific versus Atlantic (HOT
versus BATS) at any depth.

The degradation proxies which could be calculated from HPLC data
alone (%Dyjy, but only including D-Asx, D-Glx, and D-Ser, total %NPAA,
Mol% Gly, %C-AA, %D-Ala, and DI) were also calculated for the UF
permeate (Fig. S5). Overall, the magnitude and depth trends of most
degradation proxies were similar within error between LMW SPE-DON
and the UF permeate (Supplementary 3.0).
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3.7. Relationship between degradation indices, %D, and radiocarbon

To investigate long-term changes in AA composition and reactivity in
the DON pool with age, degradation indices were plotted against A*C
values of these same MW isolates reported previously (Broek et al.,
2017, 2020) (Fig. 8). In HMW DON, most measures of degradation were
significantly correlated with AC. %Dya, %NPAA, and mol% Gly were
all significantly negatively correlated with A'*C, indicating an increase
in these bacterial biomolecules with increasing radiocarbon age of total
DOM (p < 0.001). Similarly, DI and %C-AA were significantly positively
related with radiocarbon age in HMW material, indicating an increase in
degradation (as recorded by DI and a decrease in total AA yield) with
increasing radiocarbon age (p = 0.0028 and p = 0.0268, respectively).
However, all these relationships all appear driven by the large offset
between surface and subsurface (> 400 m) samples; if the surface
samples are not included, only the relationship between A'*C and mol%
Gly is still significant (Fig. S6).

In contrast, in the LMW SPE-DON size fraction there are fewer sig-
nificant correlations between degradation indices and Al4c (Fig. 8).
A'YC was significantly and positively correlated with %C-AA and with
D-AA yield (p = 0.0022 and p = 0.0144, respectively), indicating a
decrease in reactivity and an increase in bacterial degradation (total AA
yield), yet also a decrease in bacterial source (D-AA yield) with
increasing radiocarbon age. Mol% Gly was also significantly negatively
correlated with A'“C, indicating an increase in bacterial source or
degradation with increasing radiocarbon age (p = 0.0079). Finally, only
%NPAA was significantly positively correlated with A'*C in subsurface
(> 400 m) samples, indicating a decrease in these molecules produced
via bacterial degradation with increasing radiocarbon age (Fig. S6).
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4. Discussion
4.1. Total hydrolysable amino acid concentrations at HOT and BATS

The L- and D-AA concentrations of total hydrolysable AA reported in
this study (Fig. 1) are comparable to those reported previously at BATS
and HOT (Kaiser and Benner, 2008). Earlier reports of L-AA concen-
trations at both BATS versus HOT are limited and suggest more variable
concentrations (Lee and Bada, 1977; McCarthy et al., 1996). At the
surface, the higher hydrolysable AA concentrations at HOT reported
here and by Kaiser and Benner (2008) suggest either greater surface AA
production or greater resistance of labile biochemicals compared to
surface waters at BATS. At 2500 m depth, in contrast, the AA concen-
trations are similar or greater at BATS than HOT (see Supplementary
1.0), a trend also documented by Kaiser and Benner (2008) and
consistent with more extensive microbial removal of labile biomolecules
in the older Pacific mesopelagic ocean waters.

4.2. D-AA and bacterial source of DON at HOT and BATS

We report here an expanded suite of D-AA in HMW and LMW SPE-
DON. Only four D-AA (D-Ala, D-Asx, D-Glx, and D-Ser) have been
commonly reported in most past marine DOM literature (Kaiser and
Benner, 2008; McCarthy et al., 1998; Shen et al., 2017). Two additional
D-AA, D-Leu and D-Val, have been reported in coastal and terrigenous
DOM, however at near-blank levels (Bourgoin and Tremblay, 2010;
Hébert and Tremblay, 2017; Tremblay and Benner, 2006). Recently, D-
Leu, D-Val, and D-Phe were confirmed for the first time in open ocean
DOM based on large samples coupled with mass spectral verification
(Broek et al., 2019). This study expands observations of these new D-AA
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(circles). (A) Loadings of D/L ratios and degradation indices. Only variables
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DON is clearly separated from deep (filled symbols) HMW DON while surface
LMW SPE-DON groups with deep LMW SPE-DON. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

to the Atlantic Ocean (BATS site) while further identifying two addi-
tional D-AA (D-Lys and D-Tyr), which to our knowledge have never been
reported in any natural water. Our data indicate that D-AA within this
greatly expanded suite of bacterial tracers falls into distinct groupings
based on abundance and relative concentrations changes in HMW and
LMW material.

All recently identified D-AA (D-Leu, D-Val, D-Phe, D-Tyr, D-Lys) are
more abundant in LMW SPE-DON than HMW DON at both HOT and
BATS. The significantly greater D/L ratios of D-Leu, D-Val and D-Phe in
LMW SPE-DON compared to HMW DON in both ocean basin (Section
3.4, Figs. 3, 4) support previous work which hypothesized that these D-
AA may be tracers specific for refractory bacterial AA containing-
molecules (Broek et al., 2019). Similarly, our PCA indicated that of
the seven most abundant D-AA measured in every sample (excluding D-
Tyr and D-Lys), D/L-Leu and D/L-Val had the greatest positive contri-
butions to PC1, associated with the #C-old LMW SPE-DON fraction
(Fig. 7). Although D-Tyr and D-Lys could not be confirmed above blank
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values in all our HMW DOM samples, the D/L ratios of these two D-AA in
LMW SPE-DON had very similar depth structure to the other newly
identified or confirmed D-AA (Fig. 4). While mass spectral data confirm
authentic compounds, these consistent oceanographic depth trends
provide further confidence that these D/L ratios represent natural
compounds. Together, these observations suggest that D-Tyr and D-Lys
may have similar sources as other newly identified D-AA.

In contrast to all other D-AA, D-Ala was the only D-AA with a greater
D/L ratio in HMW DON than in LMW SPE-DON, also consistent with
previous work (Broek et al., 2019; Kaiser and Benner, 2008) (Figs. 3, 4,
Table S4). Similarly, PCA analyses indicates D/L-Ala is the only D/L
ratio associated with HMW DON rather than LMW SPE-DON (Fig. 7).
Together, this suggests D-Ala traces unique, more labile, bacterial
products. D-Ala is a key component of both autotrophic and heterotro-
phic bacterial peptidoglycan (Cava et al., 2011; Kaiser and Benner,
2008; Schleifer and Kandler, 1972), a HMW polymer which is hydro-
lyzed relatively rapidly in seawater (Jorgensen et al., 2003; Nagata et al.,
2003). Our data are therefore consistent with past work suggesting that
D-Ala could mostly trace bacterial peptidoglycan (Broek et al., 2019).
However, we note that D-Ala is also found in other bacterial compounds
besides peptidoglycan (Kaiser and Benner, 2008; Schleifer and Kandler,
1972), meaning other D-Ala containing molecules cannot be ruled out.
Regardless, because D-Ala uniquely accumulates in HMW DON and
appears to trace more labile compounds compared to all other D-AA, we
suggest %D-Ala should be reported and considered separately in future
DOM data. In the text below, we therefore exclude D-Ala in discussion of
the percentage of total D-AA (%Dya).

While the AA composition of HMW versus LMW DON was clearly
distinct, the AA composition within both size fractions was remarkably
similar between BATS And HOT. The nearly identical depth profiles of
D/L ratios and relative mol% contributions at HOT and BATS within
each size fraction (Fig. 4, Fig. S2) suggest that very similar microbial
sources and removal processes define the composition of AA-containing
material at similar depths throughout both ocean basins. This conclusion
is also supported by the strong, apparently universal linear relationships
between average D/L ratios and molar abundance in both HMW and
LMW SPE-DON (r* = 0.88 t0 0.99, p < 1 x 10~ t0 0.0017) which are not
statistically different between the two ocean basins (Fig. 5) (Broek et al.,
2019). These relationships directly show that in both size fractions the
most abundant chiral AA were also those with the highest bacterial
contributions (as indicated by D/L ratio). While we are unsure what the
y-intercept represents, the difference in y-intercept between HMW DON
and LMW SPE-DON might reflect the different D-AA composition of
these two size fractions. Still, the similar slopes indicate an almost
identical progression of D-AA composition with total AA abundance, and
overall suggest that bacterially produced AA may dominate the entire
dissolved AA pool.

Finally, while theoretically it is possible that abiotic racemization
could contribute to D-AA accumulation in our samples, it is unlikely this
would create the D-AA distributions observed in our data. While abiotic
racemization of AA does occur over millennial timescales, these rates are
too slow to account for the high D/L ratios we observed (Bada, 1971).
For example, Phe has the fast abiotic racemization rate of those pub-
lished in Bada (1971), and one of the lowest D/L ratios in our data, yet in
our oldest sample (A14C = 6860 yr BP), abiotic racemization would yield
D/L ratio for Phe an order of magnitude less than what we measured
(0.015 versus 0.15). In addition, an abiotic source would be expected to
produce a far more regular distribution based on only on relative race-
mization rate and could not explain the oceanographically distinct
profiles. Given that past work has shown that heterotrophic bacteria can
produce all the D-AA we report in this study (Azta et al., 2014; Cava
etal,, 2011; Lam et al., 2009; Zhang et al., 2016), together this provides
support that bacteria are the major producers of D-AA in both HMW and
LMW DON.

Together, these observations suggest that within each size fraction
similar bacterial processes have utilized and resynthesized most
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eukaryotic algal material at both BATS and HOT, while refractory D-AA
containing molecules are selectively preserved. These processes result in
remarkably similar D and L-AA composition when comparing the two
sites and could imply that AA-containing molecules in the subsurface of
both size fractions are relatively refractory. Yet, at the same time, the
composition of bacterial products appears to be clearly distinct between
the HMW and LMW SPE-DON pools. Overall, this suggests a difference in
bacterial sources and production of HMW versus LMW SPE-DON mate-
rial, potentially indicating unique bacterial sources for the most long-
lived DON.

4.3. Potential diversity of D-AA containing molecules

In contrast to the individual D/L-AA ratios (i.e., pmol D-AA
normalized to pmol L-AA), which are specific to AA-containing mole-
cules, the total D and L-AA yields (umol D or L-AA normalized to mg
total organic nitrogen) provide information regarding the composition
and bacterial contribution to total DON (Table S1). Specifically, the L-
AA yield is often used as an indicator of reactivity, with a higher L-AA
yield indicating a greater proportion of the total ON is made of sup-
posedly labile L-AA (Davis et al., 2009; Kaiser and Benner, 2009). In
contrast, D-AA yields represent the relative proportion of total DON
which is bacterially derived, with a higher D-AA yield indicating greater
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bacterial contribution (Bourgoin and Tremblay, 2010; Kaiser and Ben-
ner, 2008; Tremblay and Benner, 2006, 2009). While the D-AA yields of
individual AA in total DOM are often used to quantify the percent of
bacterial DOC or DON, extremely variable and unreasonable (> 100%)
results were observed for total, HMW, and LMW SPE-DON (Fig. S7). We
suggest this is likely due to the lack of bacterial biomarker endmembers
specific for HMW and LMW SPE-DON, as well as several assumptions of
this calculation which could result in inaccurate values if not met
(Supplementary 4.0). Still, a comparison of D and L-AA yield trends with
depth can be informative about the reactivity of AA-containing mole-
cules in both size fractions.

One major implication from the D-AA and L-AA yields is that D-AA
present in HMW and LMW SPE-DON appear to have not only different
compositions, but also very different reactivities compared to total ON
in each size fraction. This would also be consistent with D/L ratio data
discussed above. An earlier bacterial degradation study suggested that
the four common D-AA (D-Ala, D-GIx, D-Ser, and D-Asx) all have similar
reactivity to total bacterial DON (Kawasaki and Benner, 2006). How-
ever, bacterial incubations which included some newly identified D-AA
indicated greater bioavailability of “canonical” D-AA (D-Ala, D-Asx, D-
Glx) which are all abundant in HMW material, vs. “non-canonical” D-AA
(D-Leu, D-Met, D-Val) (Wang et al., 2020), which are more abundant in
our LMW material. Additionally, recent work investigating marine DOM
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D/L ratios with radiocarbon age also indicated varying reactivity of
compounds containing D-Ala, D-Glx, D-Ser, and D-Asx versus D-Leu, D-
Val, and D-Phe overall longer timescales (Broek et al., 2019). The dif-
ference in D-AA yield depth trends in HMW versus LMW SPE-DON re-
ported here confirm and expand this idea (Fig. 2), implying a difference
in the lability, and likely also in molecular composition, of D-AA con-
taining compounds in HMW versus LMW SPE-DON.

In HMW DON, the consistent or increasing D-AA yield in the upper
ocean suggests HMW D-AA containing compounds are more refractory
than total HWW DON, while decreasing L-AA yields indicate L-AA
containing compounds are preferentially removed. This is further sup-
ported by the greater D-AA yield at HOT compared to BATS, which in-
dicates greater persistence of D-AA containing compounds compared to
total ON in the older waters at HOT. These observations are also
consistent with the increase in D/L ratios of some AA with depth in
HMW DON (Ala, Asx, Ser, Val, Fig. 4), suggesting removal of L-AA
compared to D-AA, as well as with the general expectation that D-AA
containing biomolecules are less labile than their L-AA counterparts.

In contrast to the HMW DON pool, the coupled decreases in both L-
and D-AA yields with depth in the LMW SPE-DON pool indicate that
both L- and D-AA containing compounds are preferentially utilized
compared to total LMW SPE-DON (Fig. 2). At the same time, the
maximum D/L ratios observed at 400 m for nearly every LMW D-AA in
both ocean basins (Fig. 4) imply a relative accumulation of LMW
bacterially sourced molecules in the mesopelagic. Based on similar ob-
servations at HOT, Broek et al. (2019) suggested an input of fresh,
heterotrophic bacterial material to the mesopelagic ocean. While exact
processes leading to these maxima are beyond the scope of this study, it
seems clear that unique processes are shaping the D-AA composition of
LMW SPE-DON and HMW DON pools, and that these appear to have
clear water column structure.

These observations may have important implications for how we
understand the nature of AA containing DON, which are often inter-
preted as “proteinaceous” material. Because free AA are a very minor
portion of total hydrolysable AA (Lee and Bada, 1977; McCarthy and
Bronk, 2008), measurable changes in L-AA and D-AA yields reported
here must be interpreted as either production or microbial degradation
of L-AA and D-AA containing macromolecules. However, the consis-
tently high concentrations of many bacterial D-AA, coupled with the
strong and universal correlations to L-AA distributions (Fig. 5), at least
suggest non-proteinaceous bacterial sources. This would also be
consistent with the relative reactivity of HMW and LMW SPE-DON D-AA
that we observed, indicating different dominant D-AA containing com-
pound classes in these two size fractions. For example, we would expect
proteinaceous material (larger peptides and partially degraded protein
fragments) and larger fragments of structural compounds (such as
peptidoglycan), to be retained in our HMW size fraction (> 2.5 kDa). In
contrast, compounds isolated in our LMW SPE-DON size fraction are
more likely to either be less-labile, smaller, AA-containing natural
products or else fragments of larger biomolecules (discussed further in
Section 4.4.2). Together with the results above, such considerations
suggest the differing reactivities of D-AA containing compounds in
HMW DON and LMW SPE-DON are linked to distinct biomolecule
compositions, and since D-AA are not found in proteins, in turn that
many may not be “proteinaceous.” For example, lipopeptides, side-
rophores, pigments, and bacterial signaling molecules can all have both
D and L-AA (Asano and Liibbehiisen, 2000; Cava et al., 2011; Kaiser and
Benner, 2008; Radkov and Moe, 2014; Schleifer and Kandler, 1972).
Further, the role of many D-AA produced by bacteria remains unknown,
meaning there are also likely multiple additional D-AA containing
molecule classes which remain to be characterized (Radkov and Moe,
2014).
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4.4. Degradation signatures of HUW and LMW SPE-DON: Bacterial
source or progressive degradation?

4.4.1. Correlations with A'*C: Progressive bacterial degradation of HMW
DON?

To explore potential bacterial alteration over ocean mixing time-
scales, we investigated relationships between AA-based proxies and
AMC. If bacterial alteration of HMW DON with ocean circulation is
progressive, as opposed to simply occurring in the biologically most
active surface zone, then we would expect degradation parameters to
correlate with A'*C. While total DOM A'“C likely does not exactly
represent the A*C of DON, the AC of protein-like HMW material in-
dicates it is at least a reasonable proxy (Loh et al., 2004). The strong
relationships observed between almost all AA-based proxies and A*C in
the HMW DON pool would seem to validate using bulk A'*C ages, and to
indicate that bacterial degradation is progressively changing surface
produced HMW DON with radiocarbon age on millennial timescales
(Fig. 8). Only the D-AA yield (in contrast to %Dya) is not significantly
correlated with A'#C, suggesting that changes to AA composition in this
size fraction are due to net removal of L-AA rather than addition of D-AA.
These full water column data therefore seem to suggest a continuous and
progressive degradation of HMW DON over >3500 years of DOM age,
with bacteria selectively removing labile L-AA from HMW DON, while
also changing the relative mol % contribution of AA (DI) and increasing
the relative proportion of refractory D-AA, Gly, and the NPAA in HMW
DON.

However, consideration only of deeper data (for samples between
400 m and 2500 m) completely changes this interpretation, as most of
the same proxies no longer have any relationship with A*C (Fig. S6).
Additionally, PCA of D/L ratios and degradation proxies indicate surface
HMW DON has a distinct composition from all subsurface (> 400 m)
samples (Fig. 7B). Considering the expected relative lability of pro-
teinaceous HMW DON (Amon et al., 2001; Amon and Benner, 1996), the
lack of further changes to AA composition with age beyond the meso-
pelagic (representing a radiocarbon age difference > 2000 years be-
tween mesopelagic and deep waters at HOT) might be seen as surprising.
However, it appears that by the time advected HMW DON reaches mid-
thermocline depths, AA-containing molecules remaining are relatively
stable and undergo little further compositional change with time. Only
the XV offset in deep waters between the ocean basins would seem to
contradict this, although this offset is only based on a few data points.
Still, this could potentially suggest that if continuing slow bacterial
remineralization is the main mechanism for this older HMW DON, CSI-
AA patterns alone would reflect this process in very old DOM.

Overall, for HMW DON, these results are generally consistent with a
“two-pool” model; reactive semi-labile HMW DON appears produced
and then restricted to the upper water column, while an additional
“background” HMW DON pool appears to be relatively refractory and
unchanging in mesopelagic and deep ocean. This is consistent with
radiocarbon measurements of “protein-like” HMW DON, estimating this
material to be 3000-4000 years old (Loh et al., 2004). Additionally, a
similar concept was proposed based on solid-state NMR results, which
suggested HMW DON is composed of two chemically distinct pools with
varying reactivities (Aluwihare et al., 2005). If almost all HMW DON is
in fact proteinaceous material (Aluwihare et al., 2005; McCarthy et al.,
1997), these results would further imply bacterial alteration of pro-
teinaceous material produces stable compounds which can persist for
thousands of years. Indeed, the observation that most AA-based degra-
dation proxies behave in similar, expected ways in the HMW DON
fraction may itself be further evidence for a predominantly proteina-
ceous N pool in HMW material.

4.4.2. Direct surface bacterial source of LMW SPE-DON?

The discrepancies between degradation state of LMW SPE-DON as
predicted by different degradation parameters suggests a disconnect in
how individual parameters reflect “degradation” in this size fraction
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(Fig. 6). As noted above (Section 3.6), most parameters linked to D or L-
AA yields indicated increased degradation or bacterial source in the
LMW SPE fraction when compared to the HMW fraction at all depths (%
Dna, %NPAA, mol% Gly, and %C-AA), consistent with expectations
based on older average radiocarbon ages for this size fraction. However,
in contrast, the 5°N-based SV parameter indicated less bacterial
resynthesis in LMW SPE-DON at all depths compared to HMW DON,
with values close to what would be expected from autotrophic produc-
tion. Additionally, the substantially lower %D-Ala and similar DI values
compared to HMW DON indicated equivalent or less bacterial degra-
dation to LMW SPE-DON (Fig. 6). We suggest a few possible in-
terpretations consistent with the data reported here, which we note are
not mutually exclusive.

One is the potentially different composition of LMW AA-containing
molecules hypothesized above (Section 4.3). If substantial LMW
nitrogenous material is in fact bacterial, but not proteinaceous, then the
“baseline” levels of many degradation parameters might be very
different in comparison with proteinaceous N which dominates HMW
material. This possibility is supported by a lack of significant relation-
ships between %D-Ala and %Dya versus DI in the LMW SPE-DON size
fraction, which suggests DI does not record bacterially mediated
changes in this material (Supplementary 5.0, Fig. S8). As noted above,
unique biomolecular sources of D-AA containing compounds in LMW
SPE-DON would also be consistent with previous work reporting D-AA
content in the LMW DON pool (Broek et al., 2019; Kaiser and Benner,
2008).

A second possibility is that patterns of D-AA, NPAA, and most AA
yields in LMW SPE-DON reflect well preserved bacterial source signa-
tures, irrespective of composition, which are created in the surface
ocean and then undergo little subsequent bacterial alteration even on
millennial timescales. Production of refractory, LMW DOM can occur via
direct bacterial release during growth or viral lysis (Gruber et al., 2006;
Ogawa et al., 2001), consistent with LMW D-AA potentially representing
a “fresh” bacterial source signal. In this scenario, bacterial production
would produce LMW molecules with inherently lower L-AA yields (and
lower %C-AA) and a greater contribution of bacterially derived mole-
cules (D-AA and NPAA), compared to HMW molecules. This interpre-
tation would be most consistent with the low XV values, which are all
close to ranges for autotrophic algae (Section 2.9, McCarthy et al.,
2007). The limited relationships between A'*C values and bacterial
proxies in LMW SPE-DON further support this idea (Fig. 8), and could
imply that at least D-AA, DI and NPAA are a predominantly a surface
bacterial source signature. Indeed, the significant decrease in D-AA yield
with AC in the LMW SPE-DON (Fig. 8f), is the opposite of what would
be expected if the relative D-AA contribution in this material were
increasing with age. Similarly, PCA of AA-based proxies shows no sep-
aration of LMW SPE-DON samples by depth or ocean basin, indicating
all LMW SPE-DON samples investigated here have a similar composition
and degradation state everywhere we sampled in the ocean (Fig. 7).
Together, these data support the idea that D-AA in LMW SPE-DON could
be predominantly an indicator of refractory bacterial AA-containing
molecules produced in the surface ocean, with no real impact from
further progressive heterotrophic degradation or resynthesis.

Finally, it is important to note, however, that the depth and sampling
limitations inherent in these data do not tightly constrain the timescales
of these processes. Even the youngest HMW material isolated from the
surface has average A'*C ages of hundreds of years, while the LMW
material is far older, by mass balance representing a mixture of newly
produced LMW SPE-DON and refractory background material. Our data
set therefore suggests that in contrast to HMW DON, no major compo-
sitional changes occur in LMW SPE-DON over hundreds to thousands of
years. Put another way, any alteration of LMW AA-containing molecules
on decadal timescales would appear “preformed” in our sample set.
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4.5. How representative is LMW SPE-DON of the total LMW DON pool?

While these data are specific only to the LMW SPE-DON isolated in
this study, it is possible our data and conclusions may extend to a larger
portion of the total LMW DON pool. For our AA data specifically, the
similarity of the AA composition (Figs. S2, S4) and most degradation
state parameters (Fig. S5) between the UF permeate and LMW SPE-DON
suggests our LMW SPE-DON samples may be fairly representative of
overall AA composition in total LMW DON. While D/L AA data was
somewhat more variable (Fig. S3), the lack of evidence for any total AA
selectivity, and the basic fact that SPE resin is non-chiral, both suggest
that such offsets are due to analytical variation discussed above in low
permeate D-AA concentrations. Together with the similar recoveries of
total hydrolysable AA and DON in our LMW SPE size fraction (Table 1),
the available data thus suggest that despite SPE recovering a relatively
modest fraction of total LMW AA, the LMW SPE material is mostly non-
selective for AA targeted here. This conclusion is also supported more
broadly by bulk §'°N data published previously (Broek et al., 2017)
which show that total LMW DON has a very similar 5'°N value as LMW
SPE-DON.

Therefore, while we cannot confidently say exactly to what degree
these results apply to the total LMW DON pool, together these data
indicate that our conclusions likely extend beyond the LMW SPE-DON
material we directly isolated. The exact correspondence, however, will
be key topic for future experiments. We suggest future experiments
should be designed to test what portion of the total LMW DON pool is
represented by LMW SPE-DON with rigorous mass and isotope mass
balances for total LMW DON and the fraction which can be resin iso-
lated. Finally, at the same time, it should be stressed that while the
isolated proportion may seem modest, the directly isolated material in
this study alone (HMW ultrafiltered DON and LMW SPE-DON) together
makes up by far the greatest proportion of total DON and total dissolved
AA ever directly investigated.

4.6. Two independent pools of DON?

Taken together, a comparison of D/L ratios, relative AA molar
abundance data, and degradation state proxies for HMW and LMW SPE-
DON shows clear compositional differences between these two size
fractions at every depth (Figs. 4, 6, Fig. S2). PCA further indicated that
HMW and LMW SPE-DON are compositionally distinct (Fig. 7). At the
same time, within each size fraction, AA composition was remarkably
similar with depth between the Atlantic and Pacific Oceans (Figs. 3, 4, 6,
Fig. S2) and there was little evidence that the AA composition of either
size fraction undergoes significant changes on timescales amenable by
A%C data (Fig. 8, Fig. S6). While our LMW SPE-DON only represents a
subset of the total DON pool, as noted above comparisons of the AA
composition and parameters with total LMW DON (via the UF permeate)
and LMW SPE-DON do not indicate drastic differences.

Overall, these results may suggest a departure from current as-
sumptions that progressive bacterial degradation produces refractory,
LMW DON. Where we hypothesized an approximate continuum of
degradation and D-AA composition with radiocarbon ages between the
HMW and LMW SPE-DON pools, instead the distinct AA compositions
we observed seem to suggest that AA compositional differences may be
“preformed” in HMW and LMW material in the surface ocean. The
somewhat surprising general lack of changes to DON AA composition or
degradation state with A'C data we observed in both pools supports
this idea, suggesting that, at least in the subsurface ocean, AA-containing
molecules in HMW and LMW SPE-DON cycle independently. While this
is a hypothesis that remains to be tested, this interpretation would be
consistent with previous studies specific to the DON pool, which sug-
gested independent production and cycling of HMW and LMW DON
(Broek et al., 2019; Knapp et al., 2012). Additionally, it would call into
question whether the “size-age-reactivity” idea, widely applied to the
DOC pool (e.g., Amon and Benner, 1994, 1996; Walker et al., 2014,
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2016), could apply to DON in the same way. However, we again note
that if size-continuum changes are very rapid in the surface ocean, this
linkage could not be tested by A'*C data correlations and could poten-
tially still be consistent with the separate AA compositional pools we
observe. Targeted experiments measuring the evolution of all these
parameters simultaneously in culture would be useful in addressing this
possibility.

5. Conclusions

We report here an expanded suite of D-AA measured directly in both
HMW and LMW SPE-DON at BATS. These data are interpreted in the
context of existing data at HOT and are paired with DOM A'C ages and
multiple independent bacterial AA-based proxies. Our new data confirm
recent observations that three novel D-AA are ubiquitous in marine DON
(D-Leu, D-Val, and D-Phe). Additionally, we report two new D-AA which
have never previously been reported in any natural water (D-Tyr and D-
Lys). D/L ratios of all five D-AA are greater in the older, LMW SPE-DON
size fraction, suggesting they may be developed as novel tracers for
bacterially produced, most refractory DON molecules. The clearly
distinct D-AA compositions within the HMW and LMW SPE-DON pools
at all ocean depths suggest that AA containing molecules in DON are
more diverse than previously believed. We hypothesize that these dif-
ferences are indicative of unique D-AA containing molecules in HMW
versus LMW SPE-DON, many of which may not be proteinaceous.

By coupling D-AA composition with multiple measures of bacterial
source, degradation and radiocarbon age, we also evaluated how
different measures of DON reactivity and degradation change over time
in the HMW versus LMW SPE-DON pools. All AA-based proxies indicated
heterotrophic bacterial alteration of HMW DON throughout the meso-
pelagic, supporting the paradigm of a surface produced, semi-labile
HMW DON component which is then progressively altered by bacte-
ria. However, in the subsurface, a lack of relationships between most
AA-based proxies and A1*C indicated a “background” pool of HMW DON
which appears relatively refractory.

In contrast, in the LMW SPE-DON pool, AA-based proxies yielded
conflicting results regarding degradation state, with some indicating
LMW SPE-DON is more refractory and degraded than HMW DON, while
others indicated LMW SPE-DON is less degraded and potentially pre-
dominantly autotrophic. Additionally, in contrast to HMW DON, few
significant relationships were observed between A'#C and AA-based
degradation proxies. We hypothesize that together these data indicate
that bacterially derived LMW AA-containing molecules produced in the
surface ocean may be intrinsically more refractory, and therefore less
susceptible to degradation than HMW bacterial AA-containing
molecules.

Overall, the distinct L-AA and D-AA signatures of HMW and LMW
SPE-DON, coupled with the consistent AA composition and degradation
state parameters in the deep, older background pool of both size frac-
tions, suggest separate pools of material. This interpretation runs
counter to expectations that the AA composition of HMW DON would
progressively shift towards that of LMW DON. Instead, our results
indicate independent composition, sources, and cycling of AA-
containing molecules in HMW and LMW SPE-DON. If true, this hy-
pothesis would represent a paradigm shift for DON cycling, suggesting
the most refractory, AA-containing compounds in LMW DON may be
preformed in the surface ocean. While these results are most directly
applicable to the LMW SPE-DON isolated in this study, the AA compo-
sition and degradation parameters of LMW SPE-DON and total LMW
DON (UF permeate) were similar, indicating that these conclusions may
apply to a greater portion of the total LMW DON pool than we directly
isolated here. Finally, our data also support a growing body of work
suggesting that amide functionality in marine DON may not be limited
to proteinaceous material, but likely encompasses a far more diverse
range of other, currently uncharacterized, N-containing molecules.
Future work identifying the composition of non-proteinaceous

14

Marine Chemistry 241 (2022) 104104

nitrogenous material will aid in determining potential sources and
degradation processes of refractory organic nitrogen.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.marchem.2022.104104.
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