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Abstract

Dissolved organic nitrogen (DON) represents the largest reservoir of fixed N in the surface ocean and a significant portion
accumulates in the deep sea, where it can persist for millennial time scales. However, like the dissolved organic carbon (DOC)
pool, the origin and composition of long-lived, refractory DON remains largely unknown. In recent years, the ‘‘microbial
carbon pump” hypothesis has emerged from abundant evidence showing that microbial processes are primarily responsible
for refractory DOC accumulation. However, a similar mechanism for DON has rarely been investigated. In the study of
DON, spectroscopic evidence has indicated a primarily amide composition, implying a dominant contribution from peptides.
Therefore, if an analogous ‘‘microbial nitrogen pump” controls refractory DON accumulation, the amino acid component
should bear increasing signatures of microbial origin with increasing age. Here we investigate the microbial sequestration
of N via the production of refractory DON, for the first time considering together DOM D14C with amino acid (AA) molar
abundance (Mol%) and D/L ratio (as a tracer for prokaryotic input). Measurements were made on a unique set of high and
low molecular weight (HMW, LMW) DOM isolates with 14C ages and chemical compositions generally consistent with semi-
labile and refractory DOM respectively. The samples were collected in the North Pacific Subtropical Gyre where deep waters
contain some of the oldest DOC in the world ocean. We observe higher D/L ratios in older, LMW DOM isolates for almost
all analyzed AAs. Using mass spectral data, we also quantify three D-AAs in all samples (D-valine, D-phenylalanine, and
D-leucine), which have not previously been confirmed in ocean DOM. These newly identified D-AAs are concentrated in
the LMW refractory DOM fraction and have oceanographically consistent depth profiles. Our results suggest that several
novel D-AA subgroupings may be unique tracers for different prokaryotic source processes. D-alanine appears to have largely
independent cycling from the other D-AAs with a connection to the production of HMW DON, which we hypothesize is
linked to water column peptidoglycan. In contrast, D-leucine, D-valine, and D-phenylalanine appear to be most strongly
related to the production of LMW DON. Trends in both the HMW and LMW fractions suggest a linkage to sinking particles
and local microbial transformations, implying that LMW DON has a direct biological source rather than originating from
successive microbial reprocessing of HMW DON. Taken together, our observations are consistent with the dominant produc-
tion of refractory LMW DON by prokaryotic organisms and suggests that different AA sub-groupings that can be used to
track different processes within the DON pool.
� 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Marine dissolved organic matter (DOM) exerts a critical
influence on climate, the microbial food web, and ocean
nutrient regimes. This carbon (C) reservoir is comparable
in size to atmospheric CO2, and equivalent to more than
five years of global net primary production (Woodward,
2007; Hansell et al., 2009). Ocean DOM likely originates
almost entirely from marine primary production (Hansell
et al., 2009), however only a small fraction is identifiable
as common biomolecules (Benner and Amon, 2015).
Despite major advances in techniques to study the DOM
pool, most remains structurally unidentified at the molecu-
lar level (Repeta, 2014). This is particularly true in the sub-
surface ocean, where DOM is characterized by average
radiocarbon (14C) ages of 4000–6000 years (Williams and
Druffel, 1987), and is dominated by low molecular weight
compounds (Benner and Amon, 2015) with an enormous
diversity of molecular structures (Koch et al., 2005).

Many explanations for the preservation of long-lived, or
refractory DOM have been proposed, including non-
marine origin, abiotic condensation reactions, microenvi-
ronments, particle interactions, photochemistry, and
hydrothermal sources (Hedges, 1992; Benner and Ziegler,
1999; Nagata and Kirchman, 1999; Hedges et al., 2000;
Kirchman, 2004; Eglinton and Repeta, 2006; Ziolkowski
and Druffel, 2010; McCarthy et al., 2010; Arrieta et al.,
2015). Recent work, however, has increasingly focused on
microbial control of DOM cycling (Kaiser and Benner,
2008; Yamaguchi and McCarthy, 2018), showing that
refractory DOM compounds are characterized by novel
molecular structures and/or low concentrations that cause
metabolic costs to outweigh the benefits of biological uti-
lization (Hertkorn et al., 2013; Dittmar, 2014; Arrieta
et al., 2015). Bacteria not only degrade and metabolize
OM, but can significantly contribute material to the bulk
OM pool, for example: in DOM, marine snow, and sedi-
ments in lakes and oceans (Simon et al., 1990; Gweon
and Fisher, 1992; Lehmann et al., 2002; Tremblay and
Benner, 2006; McCarthy et al., 2007; Kaiser and Benner,
2008; Alkhatib et al., 2012; Carstens and Schubert, 2012;
Niggemann et al., 2018). It has been clearly shown in labo-
ratory experiments that heterotrophic microbes can pro-
duce refractory DOM from simple organic molecules and
common biopolymers, characterized by increased structural
complexity and decreased nutrient and energy content,
(Ogawa, 2001; Benner and Amon, 2015; Lechtenfeld
et al., 2015). The production of refractory DOM and asso-
ciated carbon sequestration by bacteria, archaea, and
viruses has, in recent years, been termed the ‘‘microbial car-
bon pump” (MCP; Jiao et al., 2010). The MCP idea repre-
sents a synthesis of a large number of prior studies which
have examined the importance of microbial source and pro-
cesses in the production of refractory molecules (Benner
and Amon, 2015). Multiple specific mechanisms have been
hypothesized as potential explanations for the formation of
refractory DOM via an MCP, including the diversity of
bacterial metabolic pathways, promiscuous exoenzymes,
structural modification, and selective remineralization asso-
ciated with microbial degradation (Jiao et al., 2010).
In contrast, the production of refractory DON and asso-
ciated N sequestration via a microbial nitrogen pump
(MNP; Yamaguchi andMcCarthy, 2018) in many ways pre-
sents a greater puzzle. As with the more commonly explored
MCP, this idea represents a shorthand to synthesize multiple
past studies aimed at understanding bacterial sources and
transformations. However, in contrast to the enormous
complexity of DOC chemical functionality, solid state 15N
NMR analysis has indicated that DON is composed almost
entirely of amide nitrogen (McCarthy et al., 1997; Mao
et al., 2012; Sipler and Bronk, 2014). This observation
strongly suggests that a very limited range of common bio-
chemical structures, such as peptides and N-acetyl amino
polysaccharides, are the dominant biomolecular compo-
nents at all ocean depths (McCarthy et al., 1997;
Aluwihare et al., 2005). These compound classes are among
the most labile of all biochemicals (Cowie and Hedges, 1992;
Jørgensen et al., 2014), and the amide linkage itself indicates
relatively intact biopolymers (McCarthy et al., 1997). Nev-
ertheless, deep ocean D14C data suggests this same material
survives over multiple ocean mixing cycles (Loh et al., 2004),
while spectroscopic data has indicated rapidly diminishing
amino sugar contribution in the subsurface ocean
(Aluwihare et al., 2005). Together, these observations have
suggested that proteinaceous material is the dominant sub-
surface compound class, even in refractory DON
(McCarthy et al., 1997; McCarthy and Bronk, 2008). At
the same time, primary production remains N-limited in
the subtropical gyres despite the presence of micro-molar
concentrations of DON (Moore et al., 2013; Sipler and
Bronk, 2014). Taken together these observations present a
conundrum: although both phytoplankton and hetero-
trophic bacteria can use DON (Bronk et al., 2007; Sipler
and Bronk, 2014), and spectroscopic properties suggest that
it is dominated by common, labile biochemical classes, rela-
tively refractory DON is apparently produced in surface
waters and persists for millennia in the deep ocean.

If the formation of refractory DON is in fact directly
linked to microbial source, then an MNP presumably
depends largely on transformations of the combined amino
acid (AA) fraction of the DOM pool (Yamaguchi and
McCarthy, 2018). AAs are the largest identifiable compo-
nent of DON and therefore represent the main biochemical
class which could be used to investigate the microbial pro-
duction of refractory DON at the molecular level (Eglinton
and Repeta, 2006; McCarthy and Bronk, 2008). The struc-
tural diversity and differential utilization of AAs provides a
wealth of molecular tracer potential. Molar percentage met-
rics have long been used as powerful indicators of relative
degradation state and recalcitrance (Dauwe et al., 1999;
Yamashita and Tanoue, 2003; McCarthy et al., 2004;
Lechtenfeld et al., 2014; Lechtenfeld et al., 2015). However,
for investigating direct bacterial source, the D-enantiomer
of AAs (D-AAs) represent arguably the most powerful
molecular tracer. The synthesis and incorporation of
D-AAs into biochemicals is confined almost exclusively to
prokaryotic organisms, making D-AAs among the few
unambiguous proxies for bacterially derived molecules in
the modern ocean (McCarthy et al., 1998; Kaiser and
Benner, 2008; Radkov and Moe, 2014).
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Finally, a growing body of recent research has shown
that molecular size (or molecular weight) of dissolved
organic matter is directly associated with both its reactivity
and composition reviewed by Benner and Amon (2015),
and is also directly correlated with DOM 14C age distribu-
tions (Walker et al., 2011; Walker et al., 2014; Walker et al.,
2016). Specifically, observations of bulk molecular and iso-
topic properties suggest DOM exists in a continuum of size,
age, and biological reactivity: high molecular weight
(HMW) DOM is dominated by more freshly produced,
semi-labile material, while lower molecular weight (LMW)
DOM has far older 14C ages, contains fewer identifiable
biomolecules, and is generally more biologically refractory
(Walker and McCarthy, 2012; Benner and Amon, 2015;
Walker et al., 2016; Broek et al., 2017). These sized based
trends combined with the MCP conceptual framework sug-
gest that successive microbial utilization and reprocessing
corresponds with the production of smaller and increas-
ingly refractory compounds. If microbial processes are pri-
marily responsible for refractory DON formation, one
might therefore expect a direct relationship between
DOM molecular weight, 14C age and abundance of bacte-
rial tracers.

Here we directly examine these ideas using a novel
approach coupling D14C data with AA D/L enantiomeric
ratios and relative AA molar abundance (AA-Mol%) mea-
surements of separately isolated HMW and LMW DOM
fractions from the North Pacific Subtropical Gyre. This site
is the largest ocean biome on earth, and has deep waters
which represent the endmember of overturning ocean circu-
lation and contain the ocean’s oldest DOM. Our main goal
is to test the hypothesis that a linkage of D-AA with D14C
age would implicate bacteria as the direct sources for the
progressive accumulation of refractory DON in the ocean.
In addition, our large-volume DOM isolations allowed
application of GC–MS analyses to identify an expanded
suite of novel D-AAs not previously reported in marine
DOM, but highly concentrated in the more refractory,
LMW fraction. Together our results indicate that D-AA
tracer potential in DOM is substantially greater than previ-
ously recognized. While our data strongly supports the
basic MNP idea, it also suggests some surprising conclu-
sions about the link between bacterial sourced refractory
DON and molecular weight in the ocean.

2. EXPERIMENTAL METHODS

2.1. Water sampling

Our analyses were conducted on subsamples of the high
molecular weight ultrafiltered DOM (HMW UDOM) and
low molecular weight solid phase extracted DOM (LMW
SPE-DOM) fractions previously described in Broek et al.
(2017). These DOM samples were collected using a sequen-
tial sampling approach in which HMWDOM was first con-
centrated using a large-volume tangential-flow
ultrafiltration (UF) system, at high concentration factor
(CF; �1000). LMW DOM which permeated the UF system
was then isolated by solid-phase extraction (SPE). Broek
et al. (2017) describe extensive testing and comparison of
LMW isolates, showing that the isolated LMW material
has isotopic ratios and bulk properties representative of
total LMW DON (see additional discussion in Section 4.1).
Sampling was conducted at the Hawaii Ocean Time Series
Station ALOHA (A Long-Term Oligotrophic Habitat
Assessment; 22�450N, 158� 000W) aboard the R/V Kilo
Moana cruises KM1418 (late Summer 2014) and KM1506
(Spring 2015). A full description of the sampling protocol
and materials is presented in the appendix (appendix sec-
tion 1.1) and is detailed elsewhere (Broek et al., 2017).
The HMW ultra-filtered material represents 17 ± 1% and
9 ± 2% of total DOC in the surface (7.5 m) and subsurface
(400–2500 m) respectively, and the LMW SPE-DOM frac-
tion represents 23 ± 2% of the remaining LMW DOC in
the surface and 32 ± 2% in the subsurface. A thorough dis-
cussion of the extraction efficiency of the combined UF/
SPE is presented in Broek et al. (2017).

2.2. Sample preparation

Liquid-state acid hydrolysis was used to liberate individ-
ual AAs following the recommendations for reduction of
racemization blanks (Kaiser and Benner, 2005). A 3.75
mgC subsample of HMW UDOM or LMW SPE-DOM
material, representing approximately 20 L (surface) and
100 L (mesopelagic and deep) of seawater for HMW
UDOM, and 20–30 L of seawater for LMW SPE-DOM,
were weighed into combusted vials (450 �C/5 hrs). 3 mL
of 6 M HCl was added, vials were purged with N2 and
heated to 110 �C for 20 hr. Acid hydrolysis completely
deaminates asparagine (Asn) to aspartic acid (Asp) and glu-
tamine (Gln) to glutamic acid (Glu), therefore the abbrevi-
ations Asx and Glx are used throughout to denote the
combination of Asp/Asn and Gln/Glu respectively. HCl
was removed under a stream of N2, and the hydrolysates
were re-dissolved in 1 mL of 0.1 M HCl. Hydrolysates were
then purified using cation-exchange chromatography (Bio-
Rad AG50W-X8, 200–400 mesh), following the methods
of Takano et al. (2010). The ammonium hydroxide in eluted
column samples was removed using the Jouan centrifugal
evaporator (Societe Jouan, Saint-Herblain, France) at a
chamber temperature of 55 �C, and amino acids were then
protonated by dissolving in 1 mL 0.1 M HCl. Trifluo-
roacetyl isopropyl ester derivatives were prepared following
the general protocol of Silfer et al. (1991), with modifica-
tions discussed in Décima et al. (2017). AAs were further
purified by solvent extraction followed by re-acetylation,
as described by Décima et al. (2013) and samples were
stored at �20 �C for up to two weeks before analysis.
Immediately before chromatography, samples were dried
under a N2 stream and re-dissolved in ethyl acetate.

2.3. GC–MS analysis and quantification

AA enantiomers were analyzed by gas chromatography-
mass spectrometry (GC–MS; Agilent 7890A + 5975B)
using a chiral column (Altech Chirasi-L-Val, 50 m length,
0.25 mm internal diameter, 0.16 lm film thickness). 1 lL
of sample was injected through a splitless inlet at 200 �C,
using helium carrier (0.9 mL/min). Individual amino acids
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were separated using a 4-ramp, 57.5 min temperature pro-
gram: 45 �C start; 2 �C/min to 75 �C; 4 �C/min to 110 �C;
1 �C/min to 125 �C; 4 �C/min to a final temperature of
200 �C. Quantification was based on retention times for
authentic D and L standards of each AA, coupled with
ion peak areas obtained using single-ion monitoring, based
on the following characteristic ion fragments (m/z): Alanine
(Ala), 140; valine (Val), 168.1; threonine (Thr), 153; glycine
(Gly), 126; isoleucine and leucine (Ile and Leu), 182.1; ser-
ine (Ser), 138; proline (Pro), 166.1; aspartic acid/asparagine
(Asx), 184; glutamic acid/glutamine (Glx), 180; and pheny-
lalanine (Phe), 190.1. Total amino acid yields, and relative
abundance were quantified using mixed L-AA standards
in a linear four-point calibration curve ranging from 1 to
1000 lmol/AA. For each AA, peak areas for both enan-
tiomers were converted to molar quantities using a calibra-
tion curve for the corresponding ion fragment. Molar
percentage abundance (Mol%) for each AA measured was
calculated using the sum of the D and L enantiomers.

2.4. Racemization corrections and data analysis

Measured AA enantiomeric ratios were corrected for
racemization during sample preparation following the
approach of Kaiser and Benner (2005). This approach cor-
rects for racemization during hydrolysis by combining the
average racemization for free AAs and the AAs in a pro-
tein, measured by Kaiser and Benner (2005). Final racem-
ization corrections consist of two main components:
racemization during hydrolysis, and subsequent racemiza-
tion during derivatization. Since our hydrolysis conditions
are identical to those examined in Kaiser and Benner
(2005), we used their previously published hydrolysis cor-
rections. However, we also independently quantified the
racemization occurring under the analytical conditions used
for this study, based on replicate measurements of the aver-
age %D-AA in a pure L-AA standard mixture. The
racemization-corrected %D-AA we report considers both
the hydrolysis and racemization blanks, calculated as
described by Kaiser and Benner (2005) (see Appendix sec-
tion 2.0). Finally, we also tested for potential racemization
during our cation-exchange chromatography purification, a
step which uses ammonium hydroxide to elute AAs that has
not previously been included or tested in a D-AA analysis
protocol. Similar to the racemization quantifications exper-
iments discussed above, we used an L-AA standard mixture
containing 9 AAs and measured the D/L AA ratio with and
without this purification step. There was no observed
increase in D-AA abundance beyond our racemization
blanks for any of the analyzed AAs introduced by this pro-
cess (appendix Fig. 1).

Statistical analysis was conducted using the JMP statis-
tical software package (SAS, Version 12). Statistical signif-
icance of the difference between means was determined
using t-tests, with significance levels stated in the text. Rela-
tionships between variables are described using orthogonal
least-squares regressions, with the ratio of the x and y mea-
surement error variance determined from univariate vari-
ance estimates of the x and y variables. Relevant p-values
are noted in the text.
3. RESULTS

3.1. Amino acid Mol%

The relative molar abundance of AAs in our two DOM
fractions (Fig. 1) is generally comparable to previous mea-
surements in ocean DOM (McCarthy et al., 1998; Kaiser
and Benner, 2009). Ala and Gly are the most abundant
AAs in both HMW and LMW DOM; averaged across both
fractions these AA make up 16 ± 5% and 22 ± 5% of the
total AAs respectively. Asx and Glx are the next most
abundant, with Mol% values of 13 ± 5% and 8 ± 2%
respectively. The remaining AAs on average each represent
4 ± 1% of the total AA pool. However, there are also sev-
eral clear differences in Mol% distributions between
LMW and HMW fractions. Ala and Gly have the greatest
Mol% offset between DOM size fractions (Fig. 1), however,
the two AAs have opposite relationships with respect to
MW. The Mol% of Ala is approximately 7% lower in the
LMW fraction (T = 3.45, df = 14, p < 0.01), whereas Mol
% of Gly is approximately 7% higher (T = 3.06, df = 14,
p < 0.01).

In addition to the large Mol% offsets for Ala and Gly
between fractions, there are smaller, but significant
(p � 0.05), offsets in Mol% of Asx, Phe, Val, Thr, Ile, and
Pro between the size classes. Among these AAs, Asx and
Thr are elevated in the HMW fraction, whereas Phe, Val,
Ile, and Pro are more abundant in the LMW fraction.

3.2. Amino acid D/L ratios

The D/L ratios of the four D-AAs that have been widely
reported in marine HMW DOM literature (Ala, Asx, Ser,
and Glx) range from 0.2 to 0.7 (Fig. 2), consistent with pre-
vious measurements of similar HMW material (McCarthy
et al., 1998; Kaiser and Benner, 2008; Appendix Fig. 2).
The D/L ratios in the LMW fraction are generally higher
than in the HMW fraction, with the exception of Ala, in
which this trend is the opposite. D-Ala also has the largest
and most significant offset between HMW and LMW frac-
tions of the 4 previously reported D-AAs (average off-
set = 0.21 ± 0.14, T = 4.38, df = 14, p < 0.01). The D/L
ratio of Ala is also generally the highest of all the chiral
AAs (Average D/L = 0.55 ± 0.16). The D/L ratios of all
AAs other than Ala are always higher in the LMW fraction
relative to HMW (average offset = 0.11 ± 0.05). The gen-
eral offsets in D/L ratios are consistent at all depths
sampled.

In addition to the D-AAs reported previously, we report
here for the first time three additional D-AAs. These
D-AAs (D-Leu, D-Val, and D-Phe) all have large and sig-
nificant (p > 0.01) offsets in D/L ratios between HMW
and LMW fractions (average offset = 0.12 ± 0.05), largely
driven by the very low D/L ratios (average D/L = 0.05
± 0.02) within the HMW fraction (Fig. 2). All three
D-AAs were positively identified by GC–MS fragmentation
patterns, and the reported abundance and D/L ratios were
corrected for both racemization and derivatization blanks,
as described previously (see experimental methods 2.4;
appendix 2.0). Finally, it should also be noted that despite



Fig. 1. Average AA Mol% in HMW Semi-Labile and LMW Refractory DOM Fractions. The relative distribution of most AAs is generally
similar for both fractions. Ala and Gly are the most abundant AAs in both HMW and LMW DOM; averaged across both fractions these AA
make up an average of 16 ± 5% and 22 ± 5% of the total AAs respectively. However, Mol%-Ala is highest in HMWDOMwhile Mol%-Gly is
highest in LMW DOM. In addition, the relative Mol% of Asx and Thr are higher in HMWDOM, whereas Phe, Val, Pro, and Ile have higher
relative abundance in LMW DOM. Blue bars = AA-Mol% distribution in HMW UDOM, red bars = AA-Mol% distribution in LMW SPE-
DOM. Error bars represent the standard error of the mean AA-Mol% across depth- and cruise-averaged values (n = 8). Stars (*) indicate AAs
for which the Mol% offset between fractions is significant (t-test, p � 0.05).

Fig. 2. Average AA D/L ratio in HMW Semi-Labile and LMW
Refractory DOM Fractions. The average AA D/L ratio is higher in
the LMW refractory DOM fraction compared to HMW semi-labile
DOM for all AAs except for Ala. ‘‘Previously reported” refers to
D-AAs that have been commonly identified in the literature in both
HMW and total DOM. ‘‘Newly identified” refers to D-AAs
confirmed in DOM here for the first time, based on GC–MS
fragmentation patterns. Blue bars = D/L ratio in HMW UDOM,
red bars = D/L ratio in LMW SPE-DOM. Error bars represent the
standard error of the mean D/L ratio across depth- and cruise-
averaged values (n = 8). Stars (*) indicate AAs for which the D/L
offset between fractions is significant (t-test, p � 0.01). (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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the large 14C age offset between the HMW and LMW frac-
tions, the observed offsets in D/L ratio between fractions
cannot be due to abiotic racemization alone. For example,
in 3500 years (approximately the 14C age offset between
HMW and LMW fractions at 2500 m) abiotic racemization
of Phe would be expected to increase its %D abundance by
1.4% (Bada, 1971), however the %D-AA of LMW Phe at
that depth is approximately 50% higher than in the younger
HMW material.
3.3. Water column structure of [D-AA], D/L ratio and AA

Mol%

The concentration of individual D-AAs through the
water column largely mirrors that of the total DOM pool,
with the highest concentrations in the surface, decreasing
with depth to a relatively constant value below 850 m, con-
sistent with expectations for a dominant surface derived
source (Appendix Fig. 3). The average total D-AA concen-
tration in the surface ocean is 9.4 ± 0.1 nM in the HMW
fraction and 3.0 ± 0.2 nM in the LMW fraction. In the
deep ocean (2500 m) the total D-AA abundance decreases
to 2.4 ± 0.1 nM and 1.2 ± 0.1 nM in the HMW and
LMW fractions respectively. Consistent with D/L ratio
trends described above, D-Ala is by far the most abundant
D-AA, with concentrations as high as 8 nM in surface
HMW material. The three newly reported D-AAs (D-Phe,
D-Leu, and D-Val) have the lowest concentration through-
out the water column, with sub-nM concentrations in both
MW fractions. Despite the oceanographic consistency of
concentration profiles, there are some variations in the rel-
ative proportions of different AAs through the water col-
umn, most notably in excursions of the Mol% of Gly,
Ala, Phe, and Leu at 400 m (Appendix Fig. 4). There is also
notable depth variation in D/L ratio of select AAs, how-
ever, only the ‘‘new” D-AA (Leu, Val, and Phe) have signif-
icant changes in D/L ratio with depth, specifically Leu and
Val, which have a clear structure with statistically signifi-
cant offsets between both surface and subsurface and
HMW and LMW fractions (Fig. 3). For these AAs, D/L
ratios are lowest in the surface, increasing to maximum val-
ues at 400, then decreasing again to apparently constant
value in the deep ocean (i.e., similar values observed at
850 m and 2500 m). While these trends are generally consis-
tent for both HMW and LMW fractions, the structure is
exaggerated in the LMW fraction, based on a greater eleva-
tion of D/L ratio of both Leu and Val at 400 m in the
LMW SPE-DOM samples. There is also some depth struc-



Fig. 3. AA D/L Ratio Depth Profiles in HMW Semi-Labile and LMW Refractory DOM Fractions (Leu, Val, Phe only). All three of the
‘‘newly identified”D-AAs (Leu, Val, and Phe) have significant changes in D/L ratio with depth within the LMW fraction, specifically Leu and
Val, which have a clear structure with statistically significant offsets between surface and subsurface and maxima at 400 m. Each point
represents the average value of duplicate sampling seasons. Blue symbols, dashed line = HMW DOM; red symbols, solid line = LMW SPE-
DOM. Error bars represent the propagated standard error associated with racemization corrections and season-averaged D/L ratios. (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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ture in the D/L ratio of Phe (Fig. 3), however only in the
more refractory LMW fraction, with a maximum Phe D/
L ratio at 400 m decreasing to consistently lower values
below 850 m, but no significant offset between the surface
and 400 m. The lack of any significant depth structure in
D/L ratio among the other D-AAs (Appendix Fig. 3) is
consistent with previous published D/L measurements of
Ala, Asx, Glx, and Ser in both HMW and total DOM
(McCarthy et al., 1998; Nagata et al., 2003; Pèrez et al.,
2003; Kaiser and Benner, 2008; Kaiser and Benner, 2009).

3.4. Relationships between D/L ratio, Mol% AA, and D14C

The D/L ratio and Mol% of individual AAs are directly
linked across the entire size/age spectrum of marine DOM
(Fig. 4). At the individual AA level, AAs with higher
Mol% have greater contributions of their D-enantiomer,
regardless of season, depth, or size class. This correlation is
individually stronger within the HMW fraction (R2 = 0.86)
than in the LMWfraction (R2 = 0.69) (Appendix Fig. 4), lar-
gely driven by the very high abundance and D/L ratio of Ala
within theHMWfraction. However, evenwithAla removed,
a significant correlation between Mol% and D/L ratio
remains for all other AA (R2 = 0.47; Appendix Fig. 5).

In contrast to Mol%, there was generally little linear cor-
relation between D/L ratio of individual AAs and D14C age
of corresponding HMW or LMW DOM samples. How-
ever, there were clear offsets in AA D/L ratios between
old and young material, corresponding to the 14C ages in
LMW and HMW DOM fractions respectively. When all
samples are considered together, there are apparent signifi-
cant correlations (p < 0.05) between the D/L ratio and D14C
for three AAs: Phe, Val, and Leu (Fig. 5; left panel). How-
ever, when considered within either HMW or LMW frac-
tions individually these correlations are no longer
statistically significant (Fig. 5; right panel), suggesting that
change in D/L ratio of these AAs may not actually be lin-
early related throughout the entire age/size spectrum. Ala
also had substantial offsets between D/L ratios in older
LMW material and younger HMW material, however no
statistically significant correlations within MW fractions
(Figs. 5 and 6). As noted above, D-Ala was also unique
in that the D/L ratios were offset in the opposite
direction compared to all the other D-AAs (i.e., more
D-enantiomer in the younger, HMW material) (Fig. 6).
Finally, for three AAs (Asx, Ser, and Glx) there were no
correlations with DOM age, and no offsets between MW
fractions (Appendix Fig. 6). Overall, for all D-AAs except
for these three, there appears to be clear offsets in D/L ratio
at all depths between the two MW fractions, however little
evidence for a continuous relationship between DOM age
and D/L ratio.

4. DISCUSSION

Prokaryotic organisms dominate the synthesis and
incorporation of D-AAs in the marine environment.
D-AAs are a ubiquitous component of bacterial biomole-
cules such as in the peptide inter-bridge of bacterial pepti-
doglycan, providing one of the few unambiguous
molecular tracers for bacterially synthesized AAs. As such,
D-AAs are one of the most widely used tracers for bacterial
influence in biogeochemical cycles and have been used as
indicators of the contribution of bacterial carbon or nitro-
gen in a number of environments such as marine and lacus-
trine DOM and sediments (McCarthy et al., 1998; Grutters
et al., 2002; Benner and Kaiser, 2003; Jorgensen et al., 2008;
Carstens and Schubert, 2012; Carstens et al., 2012).
Further, because D-AAs are contained within a major bio-
chemical constituent of the DON pool, they can provide a
more direct tracer for microbial contributions to the DON
pool than extrapolations from DOC properties. Therefore,
the significant 14C age differences between our HMW and
LMW DOM fractions combined with the elevation of
D/L ratio across all D-AAs (except Ala) within the LMW
fraction suggests that there is a larger prokaryotic contribu-
tion to LMW refractory marine DOM than the fresher
HMW DON pool.



Fig. 4. Positive Correlation Between AA-Mol% and D/L Ratio Across All Amino Acids in Both HMW Semi-Labile and LMW Refractory
DOM Fractions. Each point represents the average Mol% and D/L ratio of all samples for each AA, error bars represent the standard
deviation of all samples (n = 8). R2 = 0.77, t = 6.4, df = 14, p > 0.01.
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4.1. D-AA comparison to previous measurements of HMW

UDON and total LMW DON

The measured D/L ratios for the four D-AAs that have
been widely reported in DOM (Ala, Asx, Ser, and Glx) cor-
respond closely with previous direct measurements in
HMW UDOM, and also with D/L ratios for LMW
DOM previously calculated by difference (e.g., McCarthy
et al., 1998, Kaiser and Benner, 2008; Appendix Fig. 2).
The similar D/L ratios in the HMW DOM pool are not
unexpected, however this comparison confirms that the
specific protocol used here, including the new cation-
exchange purification and our derivative-specific racemiza-
tion corrections, yield results directly comparable with past
approaches.

The similarity for the D/L ratios measured directly in
our LMW SPE-DOM fraction and those previously calcu-
lated for total LMW DOM are more noteworthy. The prior
LMW results (Kaiser and Benner, 2008) were derived by
difference (total DON minus HMW UDON) for the entire
operational LMW pool (�75–90% of total DON permeat-
ing a UF membrane). The fact that these values are identi-
cal within error to our direct measurements is remarkable,
given the completely different sampling times, isolation,
and subsequent analysis conditions. Most important, this
result suggests that our new coupled UF/SPE isolation pro-
tocol, despite directly recovering only 20–40% of LMW
DOM, captures a representative fraction of the LMW AA
pool. This conclusion is further supported by available
d15N data, which suggests the portion of LMW DON we
capture is also isotopically representative of the total
LMW pool’s d15N values (Broek et al., 2017). Together,
this highlights a major advantage of our new method:
because of the low concentration of D-AAs in deep ocean
DOM, calculations that rely on mass balance to determine
the properties of the LMW DOM pool are associated with
high uncertainty. In contrast, direct measurements on large,
organic–rich isolates can be far more precise, allowing a
wider variety of direct molecular measurements compared
to quantification at ambient concentrations.

4.2. Unique behavior of D-Ala: a potential tracer for

peptidoglycan and labile HMW bacterial material

Ala emerged as unique across multiple aspects of our
data set. D-Ala is the most abundant D-AA in all samples,
and the relationship between the D/L ratio of Ala and
DOM age and molecular weight is consistently the opposite
from that of all other D-AAs (Fig. 2). These observations
are also consistent with trends in Mol% (Fig. 1), together
suggesting that D-Ala may be uniquely associated with
highly labile bacterial source biochemicals with more rapid
cycling than other D-AA containing compounds. This
observation is also consistent with a maximum in Mol%
Ala at 400 m in the HMW fraction (Appendix Fig. 4), sug-
gesting that microbial processes in the water column con-
tribute Ala predominantly to the HMW DOM pool.
Multiple studies examining relative AA abundance changes
with degradation have found that Mol% Ala generally
increases with microbial alteration (Dauwe et al., 1999;



Fig. 5. D/L Ratio vs. D14C of AAs with Significant D/L Offsets Between HMW Semi-Labile and LMW Refractory DOM Fractions (Leu,
Val, Phe). The three ‘‘newly identified” D-AAs (Leu, Val, and Phe) have significant offsets in average D/L ratio between HMW semi-labile
and LMW refractory DOM fractions. As a result, when all samples are considered together, there are significant correlations (p < 0.05)
between the D/L ratio and D14C (left panel). However, when considered within either HMW or LMW fractions these correlations are no
longer statistically significant (right panel), suggesting that change in D/L ratio of these AAs may not actually be linearly related throughout
the entire age/size spectrum. Each point represents a single sample. Red symbols = LMW SPE-DOM, blue symbols = HMW UDOM. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. D/L ratio vs. D14C of Alanine. Similar to Leu, Val, and Phe, the average D/L ratio of Ala is significantly different between HMW semi-
labile and LMW refractory DOM fractions. As a result, when all samples are considered together, there are significant correlations (p < 0.05)
between the D/L ratio and D14C (left panel). However, when considered within either HMW or LMW fractions these correlations are no
longer statistically significant (right panel), suggesting that change in D/L ratio of these AAs may not actually be linearly related throughout
the entire age/size spectrum. Each point represents a single sample. Red symbols = LMW SPE-DOM, blue symbols = HMW UDOM. (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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Lee et al., 2000; Yamashita and Tanoue, 2003; Calleja et al.,
2013). Within this framework, coupled with size-reactivity
relationships, our results are unexpected. Past observations
would predict that LMW DOM should be more degraded,
and so might be expected to have both more total Ala and
higher D/L Ala ratios. However, in our data, the higher
D/L ratio and Mol% values in HMW DON compared to
LMW DON suggests that biomolecules most enriched in
D-Ala are concentrated in the HMW pool, and that
D-Ala progressively grows into only the HMW pool with
microbial processing.

We hypothesize that the most likely D-Ala source con-
sistent with these observations is peptidoglycan, a structural
polymer containing D-AAs, which is a major component of
bacterial cell walls (Schleifer, 1972; McCarthy et al., 1998).
Peptidoglycan is a large polymerized macromolecule, which
has been shown to be quite labile in seawater, with partic-
ularly rapid remineralization of the peptide component
after hydrolysis (Nagata et al., 2003). Based on carbohy-
drate to D-AA ratios, previous work has indicated that
intact peptidoglycan subunits likely constitute <0.1% of
DON (Kaiser and Benner, 2008). While this might rule
out the hypothesis of a main peptidoglycan source, there
is evidence that degradation of peptidoglycan may obscure
estimates based on molecularly identifiable sugar mono-
mers. The work of Nagata and coauthors used radio-
labeling experiments to show that intact peptidoglycan is
rapidly broken into smaller molecular fragments during
microbial degradation which are both resistant to further
degradation, and importantly are no longer identifiable by
standard chromatographic techniques (Kitayama et al.,
2007). These direct marine degradation experiments suggest
that peptidoglycan added to the dissolved phase would
likely be rapidly degraded and structurally modified, such
that intact D-Ala originally contained in peptide inter-
bridges would not persist within the refractory LMW pool.
It should also be noted that despite the dominance of D-Ala
as a major component of peptidoglycan in cell walls, D-Ala
also has other possible bacterial molecular sources such as
lipopolysaccharides and lipopeptides (Kaiser and Benner,
2008). We therefore cannot exclude the possibility that
other relatively labile, D-Ala rich microbial biomolecules
could also contribute to these trends.

4.3. ‘‘New’’ D-AAs: potential tracers for refractory DON

production

A novel aspect of our data is the identification of three
D-AAs (D-Phe, D-Leu, and D-Val) not previously identi-
fied in the DOM literature, but present in all of the samples
measured for this study. While some prior work has sug-
gested the presence of minor amounts of these compounds
in HMW DOM (McCarthy et al., 1998; Yamaguchi and
McCarthy, 2018), reported abundances were both low
and inconsistent, often indistinguishable from blanks. This
is likely explained by the much lower abundance of these
compounds in HMW UDOM samples compared to our
LMW fraction. Further, earlier GC-FID or LCMS data
was not able to make positive molecular identifications;
DOM hydrolysate mixtures are notoriously complex, with
multiple small and often overlapping peaks that cannot
readily be identified based only on retention times
(McCarthy and Bronk, 2008; Yamaguchi and McCarthy,
2018). In our data, GC–MS fragmentation data and quan-
tification based on single-ion monitoring unambiguously
shows that in addition to the four D-AAs widely measured
in DOM previously, these three D-AAs are present in every
DOM sample. Finally, the measurements of LMW DON
D/L ratios of these D-AAs would likely not be possible
with current instrumentation without the direct isolation
and concentration of LMW DON used in our protocols.

The observations of strong enrichment of these D-AAs
in LMW DOM relative to HMW DOM (Fig. 2), as well
as the clear depth trends in the LMW fraction (including
observed maxima at 400 m; Fig. 3), suggest these novel
D-AAs are most strongly linked to the production of
LMW, refractory DOM. While all D-AAs measured
(except for D-Ala, as discussed above) were more abundant
in older, LMW material, the relationships for D-Val,
D-Leu, and D-Phe are clearly distinct. Of all 7 D-AAs we
measured in this study, only these had clear and repeatable
structure in D/L ratio with depth between cruises. The syn-
chronous depth structure for these compounds (Fig. 3) sup-
ports the hypothesis that they trace the same source
material, with cycling in the upper water column distinct
from the other D-AAs. More significantly, however, the
variable behavior of AAs at 400 m compared to the other
depths suggests that local processes are resulting in active
transformations within or additions to the LMW pool. This
depth is within the ‘‘twilight zone” region of maximum par-
ticle flux attenuation, where sinking material from the
euphotic zone is most rapidly remineralized by hetero-
trophic bacteria (Buesseler et al., 2007). While we do not
have enough resolution to assess if 400 m in fact represents
the exact maxima or minima in our measurements, we
hypothesize that the offsets from surface to 400 m could
be influenced by input of fresh, heterotrophic bacterial
material. This demonstrates that despite the old average
age of LMW DON, at least a portion of this material in
the mesopelagic is involved in active cycling processes oper-
ating on timescales much shorter than that of ocean circu-
lation. We also note that the waters around 400 m at
Station Aloha are ventilated in the North Pacific outside
of the subtropical gyre. Therefore, it is possible that the
waters at this depth bear some unique signature of this
other water mass. However, we have not observed any clear
evidence for the influence of this water mass in other prop-
erties of our isolated DOM fractions (such as an inversion
in 14C age). Further, significant offsets in our measured
properties between adjacent water masses would still be
consistent with transformations of both the HMW and
LMW fractions occurring on time scales much less than
that of global ocean circulation.

To our knowledge, there are no currently known marine
bacterial sources of D-Leu, D-Val, and D-Phe. While future
work will therefore be required to identify the molecular
sources of these compounds, these observations suggest
they trace the same, or perhaps very similar, classes of bac-
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terial biomolecules. We hypothesize that these compounds
may be useful new tracers for understanding microbial pro-
duction of the most refractory DOM.

Finally, we note that Gly, despite being a major AA in
HMW DOM (and dominating AA Mol% in LMW
DOM), cannot be included in a similar analysis since Gly
is non-chiral, and so has no D-enantiomer. However, its
elevated Mol% within the LMW SPE-DOM fraction sug-
gests that it might also be a useful AA for tracking the pro-
duction of refractory LMW DON. This is consistent with
the studies discussed in Section 4.2 which demonstrated
that Ala and Gly represent the most useful AAs for track-
ing microbial influence in total organic matter (Dauwe
et al., 1999; Lee et al., 2000; Yamashita and Tanoue,
2003; Kaiser and Benner, 2012; Calleja et al., 2013). We
hypothesize that measuring the d15N value of Gly might
be one way to directly test this idea, since d15NGly has been
shown to increase dramatically (+10 to +15‰ increase)
during bacterial degradation of DOM (Calleja et al., 2013).

4.4. DOM 14C age, MW fractions and D/L ratios:

implications for a microbial N pump & DON size-reactivity

‘‘continuum’’

This data set has allowed us to directly test the microbial
N pump idea and investigate the hypothesis that microbes
are directly responsible for the production of refractory
DON and the associated sequestration of N within the mar-
ine DON pool. We hypothesized that a continuous relation-
ship between AA-D/L ratio and DOC D14C would indicate
a progressive increase in microbial influence along a size-
reactivity continuum, with slopes reflecting relative rates
of input for individual D-AA sources. In contrast, size-
based discontinuities in slopes might indicate distinct
sources for different D-AAs or unique degradation pro-
cesses within the semi-labile and refractory DOM pools.

Our primary finding of higher overall D/L ratios in
older, LMW material relative to younger HMW DOM
strongly supports our basic hypothesis. However, the unex-
pected finding that there are little to no significant trends
between D/L ratios and D14C which apply across both
MW fractions was in contrast to our original hypothesis.
The apparent discontinuity between HMW and LMW in
the D14C regressions suggests that the behavior of these
D-AAs might be more consistent with separate sources to
HMW and LMW DON. This interpretation is an apparent
departure from a size-reactivity ‘‘continuum” prediction,
where LMW is derived from the degradation of HMW
material. It would instead suggest a somewhat more com-
plicated relationship, with more independent HMW and
LMW DON pools, perhaps formed from different surface
sources, or through different mechanisms. As mentioned
above, the D-AA depth trends within the LMW material
suggest it is being transformed on timescales much shorter
than global ocean circulation, and the unique behavior of
different AAs in each MW fraction demonstrates active
cycling in both fractions. At the same time, the variation
in distribution and apparent behavior of both fractions sup-
ports the idea that D-AAs likely have distinct microbial
source biomolecules, as suggested by Kaiser and Benner
(2008), as well as likely diversity in the cycling dynamics
of the sources traced by each group.

The unified relationship between D/L ratio and molar
abundance across all D-AAs (Fig. 4) was also an unex-
pected finding. Because of the greater number of D-AAs
measured here, including the newly confirmed D-AAs that
exist at low concentrations in both size classes, this relation-
ship likely could not have been identified in past work.
Overall, this apparent coupling of D/L ratio and molar
abundance links bacterial source with relative AA concen-
tration across all seven chiral AAs we now recognize in
marine DOM, indicating that the most abundant AAs
derive disproportionately from non-protein bacterial
sources. This suggests that the relative abundance of all
AAs within marine DOM is predominantly shaped by input
from prokaryotic sources.

5. SUMMARY AND CONCLUSIONS

To test the ‘‘microbial N pump” hypothesis, we mea-
sured AA enantiomers and AA Mol% distributions in con-
junction with 14C ages for independently isolated HMW
and LMW DOM fractions. D-AAs are direct biomarkers
for prokaryotic source within the largest identifiable
DON compound class and D14C data provides an average
age for each DOM fraction as a proxy for reactivity. Cou-
pling these measurements allowed a first direct assessment
of the prokaryotic contribution to different DON pools
with greatly contrasting ages, recalcitrance, and bulk chem-
ical properties, from the surface to the deep ocean in the
North Pacific Subtropical Gyre.

When Ala is excluded, total D-AA abundances are high-
est in the samples with the oldest 14C age, strongly support-
ing the idea that prokaryotic organisms represent a direct
source of refractory DON. We observed similar D/L ratios
as previously published work for the four AAs widely
reported in marine DOM (Ala, Asx, Glx, and Ser) in both
HMW and LMWmaterial. However, GC–MS analysis also
allowed identification and quantification of three additional
D-AAs (D-Leu, D-Val, and D-Phe) present at all depths in
all samples, although strongly concentrated in LMW
DOM. Despite the lower concentrations of these newly con-
firmed D-AAs, their concentration profiles show oceano-
graphically consistent trends within and between size
fractions, confirming that they are real compounds with
unique tracer potential. We observed consistent and unique
relationships between D/L ratio, AA-Mol%, and D14C
among different AAs, suggesting that a number of key
D-AA subgroupings may represent unique proxies for
specific bacterial sources.

D-Ala emerged as unique within almost all aspects of
our data set. Consistent with previous reports, D-Ala was
the single most abundant D-AA in our DOM samples.
However, in contrast to the relationship between D/L ratio
and 14C age for all the other D-AAs, we observed lower D/
L ratios of Ala in the older, refractory, LMW DOM frac-
tion, and higher D/L ratios in the younger, semi-labile,
HMW fraction. This distinct relationship was accompanied
by analogous Mol% trends, with significantly lower Mol%
Ala in refractory DOM compared with semi-labile DOM.
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We therefore hypothesize that D-Ala cycling is linked to the
input and subsequent degradation of semi-labile peptido-
glycan material. This is in contrast to other D-AAs, which
may have more diverse bacterial origins and slower degra-
dation rates.

Aside from Ala, the offset in D/L ratios between semi-
labile HMW and refractory LMW DOM was largest for
the newly confirmed D-AAs, suggesting these may be the
best D-AA tracers for bacterial contribution to the refrac-
tory DON pool. Further, the depth trends in both AA
Mol% and D/L ratio are nearly identical for these AAs, sug-
gesting that they may trace the same microbial source mate-
rials. The minimum and maximum of AA Mol% and D/L
ratio respectively in the upper mesopelagic also suggest a
potential linkage to sinking particle sources. Future work
will be required to investigate the most likely biomolecular
sources for these D-AAs, however we hypothesize that
together D-Val, D-Leu, and D-Phe have potential as new
tracers for the most refractory bacterial material accumulat-
ing in the ocean’s DON pool. Overall, our data suggests that
within the expanded group of 7 D-AAs now identified, sub-
groups of D-AAs trace individual microbial sources with
unique cycling rates and demonstrates a significant expan-
sion of tracer potential for D-AAs in ocean DOM.

Together, our data set strongly supports a microbial N
pump, however, not necessarily one that operates exactly
as expected from the current interpretation of a DOM
size-age ‘‘continuum”. While the D-AA enantiomers are
generally concentrated within the refractory LMW pool,
the lack of continuity in D/L ratio across a 14C age spectrum
raises the possibility that although refractory LMW DON
has a clear microbial source, it is not necessarily derived
from microbial degradation of semi-labile HMW DON,
but rather from independent microbial sources in the upper
ocean. We caution, however, that this interpretation is in
part based on the assumption that trends in DON or AA
14C ages generally follow those of total DOM, and also that
they are mostly surface derived. While this seems very likely
based on past work (Loh et al., 2004) as well as methodolog-
ical tests with both ultrafiltration (Walker et al., 2011) and
SPE sorbents (Flerus et al., 2012; Broek et al., 2017), we sug-
gest that future work aimed at both determining exact ages
of purified AAs in the ocean, coupled with an expanded
understanding of specific molecular sources of different
D-AAs, could lead to a far more detailed mechanistic under-
standing of how different bacterial communities contribute
to the formation of refractory DON in the oceans.
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