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Compound-specific δ15N analysis of individual amino acids (δ15N-AA) represents a potentially important new
tool which may reveal the molecular-level basis for δ15N signature of dissolved organic nitrogen (DON) in the
ocean, as well indicate DON sources and specific mechanisms of alteration. Past work has indicated that
δ15N-AA may be effective at indicating the effects of microbial heterotrophy, however the influence of bacterial
degradation on δ15N-AA patterns has never been directly investigated. Here we measured molecular-level
changes in δ15N-AA patterns in freshly produced algal high molecular weight (HMW)DON due to heterotrophic
bacterial reworking, together with linked changes in enantiomeric (D vs. L) AA ratios and also the AA molar
percentage-based degradation index (DI). Our results show a strong increase in degradation withmicrobial con-
sumption of dissolved organic carbon (DOC), consistent with previous studies. The δ15N-AA data show system-
atically higher δ15N values formost individual AA after DOC bacterial reworking, resulting in average increases of
3–6‰ in δ15N of total proteinaceous material. The average deviation in the δ15N values of all AA (ΣV parameter)
also increasedwith degradation, indicating an increase in δ15N-AA pattern complexity, most likely due to select-
edmicrobial resynthesis of specific AA. These results show that δ15N-AA patterns have the ability to directly track
the effects of microbial resynthesis in DON. They indicate that δ15N-AA represents a highly specific tracer that
provides independent, and yet strongly complimentary, information vs. existing AA-based degradation indica-
tors. Together, our data suggests that heterotrophic microbial degradation in the oceanwould be expected to in-
crease δ15N values of the oceanic DON pool vs. autotrophic sources. This conclusion is consistent with recent
results on δ15N signatures of total and HMWDON pool in the open sea, however it also strongly implicates
bacterial sources as the likely mechanism for δ15N-DON changes. Reevaluating existing DON isotopic data in
light of these results may improve our understanding of the influence and mechanism of bacterial reworking
on DON long-term preservation in the marine water column.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Marine dissolved organic matter (DOM) represents the largest
reservoir of reduced carbon and nitrogen in the ocean, where its
bioreactive components largely fuel heterotrophic microbial activity.
However, the vast majority of ocean DOM, including both dissolved
organic carbon (DOC) and dissolved organic nitrogen (DON), is resis-
tant to degradation and acts to sequester carbon and nitrogen from
the atmosphere over timescales of decades to millennia (Carlson,
2002; Nagata, 2000). Understanding chemical nature and formation
pathways for refractory DON may be particularly important, because
it represents by far the largest reservoir of reduced N in the water
column, playing a key role in biogeochemical cycling in many oceanic
regions (e.g., Berman and Bronk, 2003; Landolfi et al., 2008; Wonga et

al., 2002). The biological inaccessibility of DON that is advected out of
surface acts as an important control on upper ocean biological cycles,
and its eventual remineralization at depth is a key “N pump,” funda-
mental to closing oceanic nutrient budgets (Hopkinson and Vallino,
2005; Jackson andWilliams, 1985; Williams, 1995). However, despite
this significance, the specific sources and molecular transformations
which lead to the enormous subsurface refractory DON pool remain
largely a mystery.

Heterotrophic bacteria are likely to be key agents in shaping both
the amount and composition of DON in the subsurface ocean, where
they remineralize about 40% of reduced nitrogen (Andrews and
Williams, 1971; Pomeroy, 1974; Suttle et al., 1990). In addition, less
well-understood heterotrophic processes may also transform the mo-
lecular character of preserved dissolved material. The “microbial car-
bon pump” (MCP; Jiao et al., 2010) has recently been proposed as
unifying framework for a growing consensus that bacterial activity
plays a central role in transforming labile components into increas-
ingly refractory DOM. However, and despite extensive research
(e.g., Azam and Malfatti, 2007; Mou et al., 2008; Riebesell et al.,
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2007; Suttle, 2007), the exact processes which produce this refractory
material, and especially which chemical forms can persist in the
ocean for millennia, are still not well understood.

The answers about constraints on reactivity are likely to be found
in the chemical identity of DOM, coupled with knowledge about bio-
chemical transformations with microbial activity (e.g., Benner, 2002).
Isolation and characterization approaches have suggested that, at
least at the broad functional level, proteinaceous material may be
the dominant DON nitrogen form, in particular in the subsurface
ocean (e.g., McCarthy and Bronk, 2008). Amino acids are the major ni-
trogenous component of DON that can be recovered at the molecular-
level at all depths (e.g., McCarthy and Bronk, 2008). They comprise
the main ON source from marine plankton (e.g. Hedges et al., 2002;
Cowie andHedges, 1992), and they dominate the sinking particulate or-
ganic nitrogen (PON) pool, even when they cannot be recovered at the
molecular level via hydrolytic protocols (e.g., Hedges et al., 2001).While
it is possible that currently unknown nitrogenous compoundsmay also
contribute, taken together current observations suggest that AA are the
single most promising molecular class to study sources, cycling and
transformations of the oceanic DON pool.

The central importance of bacteria in DON cycling, coupled with
importance of AA in molecular composition, therefore suggests a
focus on tracing microbial changes in composition, sources and
sinks of proteinaceous material. Molecular-level analysis of AA has
long been a powerful approach to investigate organic nitrogen (ON)
reactivity. Multiple proxies have been developed to study its charac-
ter and transformation, including diagenetic maturity indicators
from non-protein AA (e.g., Cowie and Hedges, 1994; Wakeham et
al., 1997), and also indices of degradation based on mol% composition
of individual AA, such as the degradation index (DI, Dauwe et al.,
1999; Dauwe and Middelburg, 1998) or the reactivity index (RI,
Jennerjahn and Ittekkot, 1997). However mol% patterns typically
also have limited source specificity (e.g., Cowie and Hedges, 1992).
An additional indicator of DOC source, and possibly diagenetic state,
has been enantiomeric (D/L) AA ratios (e.g. Kaiser and Benner, 2008;
Pérez et al., 2003). While L-AA dominate the total AA pool and serve
as a rapidly cycled substrate for bacterioplankton (Amon et al., 2001),
D-AA in oceanDOC are thought to derive mainly from bacterial sources,
either from peptidoglycan in cell walls or other natural products (Kaiser
and Benner, 2008; McCarthy et al., 1998; Shleifer and Kandler, 1972).
D-AA may be also associated with increasingly refractory DOC (Amon
et al., 2001; Jørgensen et al., 1999). However, major questions remain
regarding specific sources of D-AA, and interpretation of observed D/L
ratios with depth (Kaiser and Benner, 2008). A new set of tools permit-
ting a more exact understanding of mechanisms of degradation and/or
resynthesis would be key for organic geochemists to identify keymech-
anisms of DON reactivity and cycling.

Stable carbon (δ13C) and nitrogen (δ15N) compound-specific iso-
tope values of individual AAs (CSI-AA) can be used to address some
of these challenges, by making isotopic measurements directly on in-
dividual AA. In recent years CSI-AA has been rapidly developing as an
important new tracer for both source and transformation of nitroge-
nous material. In particular, δ15N CSI-AA patterns (δ15N-AA) have
been shown to have unique tracer potential to understand food
webs, track heterotrophic transformations, and understand the dia-
genesis of organic nitrogen (e.g., McCarthy et al., 2007; McClelland
et al., 2003; Popp et al., 2007; Sherwood et al., 2011). A CSI-AA pat-
tern represents the sum of the isotopic fractionations associated
with the biosynthetic pathways in central metabolism for each AA.
In heterotrophs and detrital ON, CSI-AA data represents both the au-
totrophic source signature (e.g. Hayes, 2001; Macko et al., 1986),
coupled with any subsequent alteration due to trophic transfers or
microbial resynthesis (e.g., Keil and Fogel, 2001; McCarthy et al.,
2004). Recent work on δ13C signatures of individual AA in DOC has
demonstrated the potential of CSI-AA for determining the importance
of microbial reworking, and also autotrophic versus heterotrophic

contributions to DOC (McCarthy et al., 2004; Ziegler and Fogel,
2003). McCarthy et al. (2007) further showed that source δ15N-AA
patterns are generally well preserved in DON and PON, and proposed
that microbial alteration to “starting” algal δ15N-AA signatures can
constitute a broad new index for the extent of microbial AA
resynthesis (ΣV parameter). Together, these studies suggest that
δ15N-AA can provide independent, but highly complementary, infor-
mation to more traditional AA parameters.

Here we investigate for the first time changes in δ15N-AA patterns
due to heterotrophic bacterial degradation and reworking in marine
DOC. We measured changes in δ15N-AA patterns, as well as D/L ratios
and DI index, in freshly produced algal HMWDOC with bacterial deg-
radation. A main aim is to develop a more quantitative understanding
of heterotrophic δ15N-AA signatures for marine DOM, and also to ex-
plore specific degradation mechanisms for proteinaceous material. At
the same time, these data represent the first direct experiments test-
ing the effects of bacterial degradation on the δ15N value of marine
DON. Our results show large changes in δ15N-AA signatures with on-
going bacterial degradation. Together, our results show that when
coupled with traditional AA proxies (AA D/L ratio and DI index),
δ15N-AA patterns provide unique insight into changes in marine
DOC at different stages of microbial degradation. At the same time
our results may have important implication for understanding the
role of bacterioplankton in shaping δ15N value of total DON in the
world ocean.

2. Materials and methods

The following methods text refers to Fig. 1, which provides an an-
alytical flow-chart detailing the experimental set-up and progression.

2.1. Phytoplankton cultures growth and harvest

Two Skeletonema marinoi cultures were purchased from the Center
for Culturing Marine Phytoplankton (CCMP) or the American Type
Culture Collection and grown in batch cultures independently in an
environmental chamber (~16 º C on a 14/10 light/dark cycle; light
levels between 100–200 μE m−2 s−1). Cultures grown on filtered arti-
ficial f/2 media (Guillard and Ryther, 1962), started in 20 liter volumes
and then transferred to a final volume of 200 L in barrels lined with
Hyclone gamma-sterilized tank liners, and circulated usingfiltered bub-
bled air. While all materials were sterilized or filtered prior to use, in
such large cultures it was not possible to maintain axenic conditions.
However, the heterotrophic bacterial biomass contribution was mea-
sured via flow cytometry, and was always b1% than total cell biomass.
Thus, the organic matter pool isolated from each incubation can be con-
sidered phytoplankton-derived. Hereinafter we refer to the two repli-
cate cultures as B1 (barrel 1), and B2 (barrel 2). Algal growth was
monitored with fluorescence, and both large cultures were targeted
for harvest and processing during exponential growth phase. Growth
data however, shows that while B1 was harvested during exponential
growth, B2 had already entered senescent conditions at time harvest
was initiated (Fig. 2). At harvest, phytoplankton cells (and all bacterial
biomass) were removed from the cultures by 0.1 μm hollow-fiber
microfiltration (e.g., Roland et al., 2008). A sample of higher molecular
weight (HMW) DOC (>1000 D) was then isolated by tangential flow
ultrafiltration (UF; see below) from 40 liters of culture. This “fresh”
plankton-derived HMW-DOC sample represented the starting material
for bacterial degradations.

2.2. Bacterial-DOC incubations and DOC sampling

The remaining 160 liters of DOC isolated from each phytoplankton
culture was then inoculated with pre-filtered surface seawater (0.6 μm
cartridges; opticap XL5 by Millipore) from the central Californian coast
(36.9 °N, 122.1 °W) at a 4% dilution. Both incubations were conducted
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in the dark at 15°C for 30 days. Subsamples for DOC concentrations
(reported in μmol C L−1) and for bacterial abundance (BA) (reported
as cell ml−1) were taken daily during the first two weeks, and every
two days during the following weeks of incubation.

Subsamples for HMWDOC were isolated from cultures after 8, 15
and 29 days in barrel 1, and after 9, 16 and 30 days of bacterial incu-
bation in barrel 2. A 100 kDa hollow-fiber microfiltration membrane
was first used to remove bacterial biomass, and then HMWDOM
(>1 kDa) was isolated following standard protocols (e.g., Benner et
al., 1997; McCarthy et al., 2007). Briefly, HMWDOC samples were iso-
lated using a spiral-wound 1 kDa polysulfone membrane (SOC 1812
cartridge, Separation Engineering Inc.). Salts were removed from ul-
trafiltration concentrates by diafiltration with 15–20 L of MQ water.
Desalted concentrates were frozen immediately after collection,
dried in a Savant Speed-Vac evaporator and pelleted for lyophiliza-
tion and hydrolysis.

2.3. Chemical and isotopic analysis

2.3.1. DOC and HMW-DOC concentration analysis
20 ml of 100 kDa and 1 kDa filtered water were transferred to pre-

combusted glass ampoules (450 C for 5 h) and kept acidified (pH: 1–2)
until analysis by High Temperature Catalytic Oxidation on a Shimadzu

Fig. 1. Diagram showing the experimental set up and sampling methodology.

Fig. 2. Growth curves for Skeletonema marinoi cultures, expressed as change of relative
flbuorescence units (RFU) with time in days (d) in the replicate large volume cultures
Barrel 1 (B1, full circles) and barrel 2 (B2, empty circles). The last point in each line repre-
sents the time when cultures were harvested. Solid lines represent fitted regressions: for
B1 linear regression ln(RFU)=0.13 (±0.11)+0.41 (±0.02) t(d); r2=0.98, Pb0.0001; for
B2 polynomial curve function ln(RFU)=−0.12 (±0.11)+0.90 (±0.01) t(d)−0.05
(±0.004)×t2(d); r2=0.99, Pb0.0001.
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TOC-VCPH (Benner and Strom, 1993; Sharp et al., 2002). Every day in-
strument and water blanks, together with a calibration curve based on
variable concentrations potassium hydrogen phtalate, were performed
to account for analytical blanks during DOC analyses. Community DOC
reference standards (44–45 μmol C L−1 and 2 μmol C L−1), provided
by D. A. Hansell andWenhao Chen (Univ. ofMiami), were used tomon-
itor the ultimate accuracy of DOC concentration data.

2.3.2. Ammonium (NH4) concentration analysis
20 ml of 100 kDa filtered culture water were transferred to dis-

posable polyethylene centrifuge tubes and kept frozen until analysis
on a Technicon AutoAnalyzer II (Solórzano, 1969).

2.3.3. Bacterial abundance and biomass
Bacterial abundancewasdetermined byflowcytometry,with allma-

terials sterilized prior to use. Samples taken from the cultures (1.6 ml)
were preserved with 1% paraformaldehyde (final concentration), let
stand for 15 min in the dark, then flash frozen in liquid nitrogen and
stored at −80 °C. Prior to analysis, the samples were thawed, stained
with Syto13 (Molecular probes) at 2.5 μM (diluted in DMSO). After
standing in the dark for a few min, bacteria were enumerated on a
Becton and Dickinson FACSCalibur cytometer. Bacterial biomass was es-
timated from bacterial abundance assuming a conservative conversion
factor of 20 fg C cell−1 (Lee and Fuhrman, 1997).

2.3.4. Bacterial growth efficiency (BGE) and CO2 yield
BGE was estimated as the ratio of bacterial production rate (μmol

C L−1 d−1 increase in bacterial biomass; ΔBB), to the consumption of
available carbon (μmol C L−1 d−1), which in turn was estimated from
the decrease in total DOC (ΔDOC). Therefore BGE (%) was calculated
as [ΔBB/−ΔDOC]×100). Bacterial C production rates were estimated
from the increase in cell number using a conservative C/cell factor of
20 fg C cell−1 (Lee and Fuhrman, 1997). Carbon utilization rates were
estimated from the decrease of DOC concentrations throughout the in-
cubation. We assume that the remainder of the C balance (100%-BGE)
corresponds to respiration, and results in metabolic CO2 release into
the ambient medium, which we call here the CO2 yield.

2.3.5. Total hydrolyzable amino acid (THAA) and D/L ratios
The total hydrolyzable amino acid (THAA) and enantiomeric mea-

surements were performed following hydrolysis for individual AA
using triflouroacetyl/isopropyl ester (TFA) derivatives, following previ-
ously published procedures (McCarthy et al., 2007; Silfer et al., 1991).
Briefly, lyophilized HMWDOM samples were hydrolyzed (6 N HCl) for
20 h at 110 °C. Samples were evaporated to dryness under a stream of
N2, and stored in a vacuum desiccator overnight. Individual AA were
then converted to TFA derivatives according to a modified protocol
after Silfer et al. (1991). After derivatization individual D- and L-amino
acid concentrations and molar percentage (mol%) were first measured
via gas chromatography coupled to mass spectrometry (GC–MS) on a
high sensitivity Agilent 5975B System, fitted with a chiral column
(Varian Chrasil-Val, 25 m, 0.25 mm ID). D/L ratios weremeasured for al-
anine (Ala), isoleucine (Ile), leucine (Leu), methionine (Met) and phe-
nylalanine (Phe) and mol% in each sample was measured for the same
AAs plus glycine (Gly), serine (Ser), valine (Val), proline (Pro), and
Tyrosine (Tyr). Aspargine and glutamine are deaminated during acid
hydrolysis protocols, and so are quantified as combined peaks: aspartic
acid+Aspargine (Asx) and glutamic acid+glutamine (Glx). Acid
hydrolisis can also induce racemization of amino acids (e.g., Frank
et al., 1979; Kaiser and Benner, 2005; Liardon et al., 1981), which
can result in overestimation of D-enantiomers. To correct for
hydrolysis-induced racemization we applied the correction equa-
tions proposed by Kaiser and Benner (2005), determined for the
same hydrolysis conditions. THAA, amino acid mol % and enantio-
meric data is shown in Table 1.

2.3.6. Compound specific isotopic amino acid analysis
δ15N values were subsequently measured within one week on the

same TFA derivatives using a Thermo Trace gas chromatograph (fitted
with a Agilent DB-5 column; 50 m, 0.5 mm ID; 0.25 μm film) coupled
to a Finnegan Delta-Plus isotope ratio mass spectrometer (GC-IRMS).
The minimum total mass required to measure δ15N values for the full
suite of recoverable individual amino acids under our analytical setup
was ~450 mg of HMWDOM isolate. For each HMWDOM derivative
sample 5 replicate injections were made, with an associated averaged
standard error of 1.1‰ across all amino acids measured. Under our
analytical conditions δ15N values were determined for the following
AA: Ala, Asx, Glx, Ile, Leu, Val, Gly, Ser, Met and Phe. Accurate δ15N
values for Met and Phe were not possible due to low concentrations
in several samples. Val, Pro and Tyr were chromatographically sepa-
rated, however these AA are not reported because either small peak
size and/or co-elution precluded accurate δ15N value determination
in most samples; their inclusion would therefore make direct inter-
comparison between samples impossible. Isotopic data is shown in
Table 2.

In our data presentation, we have ordered our AA isotopic results
according into the two groups (Trophic vs. Source AA) most common-
ly used in the CSI-AA marine literature. The “Trophic” AA group
(Tr-AA; Glx, Asx, Ala, Ileu, Leu and Val) are those which have strongly
elevated δ 15N values with each trophic transfer in animals, while the
“source” group (Gly, Ser, Met, Phe, sometimes Thr) have been ob-
served to have δ15N values which change little with trophic transfer,
at least for planktonic ecosystems (e.g., Chikaraishi et al., 2009;
McCarthy et al., 2007; McClelland and Montoya, 2002; Popp et al.,
2007). While the trophic vs. source designation is not likely to be di-
rectly relevant to microbial degradation, we have followed this con-
vention to make our data presentation directly comparable to most
extant litrature.

2.3.7. δ15N-AA parameter, ΣV
The ΣV parameter, a proxy for total heterotrophic resynthesis pro-

posed by McCarthy et al. (2007), is based on the variance of absolute
δ15N-AA values around the mean. This parameter therefore also in-
herently functions as a normalization, expressing only changes to
the relative δ15N-AA pattern, but eliminating inter-sample variation
proposed by McCarthy et al. (2007). We calculated ΣV using all com-
monly measured AA from our data set. ΣV therefore represents the
average deviation (e.g., Bevington and Robinson, 2003) in the δ15N
values:

∑V ¼ 1
n
∑Abs χið Þ ð1Þ

where χi, is the deviation in δ15N of each AA i from the average=
[δ15Ni−AVG δ15Ni], and n is the total number of AA used in the calcu-
lation. Using the overall average reproducibility for HMWDOM analy-
sis across our data set (±1.1 ‰), the average propagated standard
analytical error for the ΣV calculation is ±0.4‰.

2.3.8. DI index
The degradation index (DI), proposed by Dauwe and Middelburg

(1998), was calculated using all the mol% amino acid composition
measured in each HMWDOM sample. DI was determined according
to the formula proposed by Dauwe et al. (1999):

DI ¼ ∑
i

vari−AVG vari
STD vari

� �
� fac:coef i ð2Þ

where DI is the degradation index, vari is the mol percentage of amino
acid i, AVG vari and STD vari are its mean and standard deviation in
our data set, and fac.coef.i the factor coefficient for amino acid i based
on the first axis from Table 1 in Dauwe et al. (1999).
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2.4. Terminology

Our main focus is to examine δ15N-AA changes in DON pool with
bacterial degradation, and specifically heterotrophic bacterial change in
CSI-AA patterns. “Degradation,” however, is a broad concept, which in-
cludes a range of mechanistic processes. These include remineralization,
selective removal of more labile biochemicals, and also possibly the
incorporation of new molecules, either re-synthesized by bacteria,
or from de-novo bacterial synthesis. Throughout the manuscript we
therefore use “resynthesis” to indicate the heterotrophic synthesis of
AA, i.e. AA incorporated into new heterotrophic biomass. This term dif-
fers from the “de novo synthesis” in that the latter would also include
AA synthesis occurring in autotrophs from mineral C and N sources.
We refer to “salvage incorporation” to indicate the uptake and incorpo-
ration of existingAA into bacterial biomasswith both the C skeleton and
all N atoms unchanged. Finally, we use the term “remnant material” to
denote macromolecular proteinaceous material (or biomass) that has
not been hydrolyzed, and thus has survived heterotrophy with its pri-
mary AA structure and original isotopic signatures intact. Distinguishing
the relative importance of these fundamental individual processes is
necessary to understand the mechanistic basis for CSI-AA changes.

3. Results and discussion

3.1. Phytoplankton DOC sources

The growth curves of S. marinoi cultures at time of harvest (the last
time point of each curve in Fig. 2), indicated that despite the initial goal
of replicate cultures, the algal DOC source character was likely different
for B1 vs. B2. The B1 growth curve is strongly linear (r2=0.98,
Pb0.0001), indicating that algal DOC harvested from B1 represents
diatom exudates derived from exponential growth. In contrast, while
B2 was grown under identical conditions and time frame, it was not pos-
sible to harvest the cells and DOC until day 12. The growth curve by this
time is clearly non-linear (polynomial curve fit r2=0.99, Pb0.0001). This
suggests beginning of senescence, such DOC composition in B2may have
been influenced by differing DOM exudate compositions (Biddanda and
Benner, 1997; Biersmith and Benner, 1998), or contributions fromcytosol
material from deterioration and breakdown of phytoplankton cells.

DOC concentrations at the time of harvest (corresponding to the
initial conditions of bacterial incubations) did not show significant
differences within the two cultures, averaging 160±1.4 μmol C L−1.
However, the relative contribution of HMWDOC in the DOC of B2
was almost double (27 μmol C L−1, 17% of DOC) than that in B1
(14 μmol C L−1, 9% of DOC). The increased contribution of HMWDOC
from the senescent diatoms could be due to increased excretion of
HMWcarbohydrate-richmaterial (Biddanda andBenner, 1997), however
the strongly increased THAA concentrations in B2 (2926 nmol L−1)
vs. B1 (1701 nmol L−1) also suggests the release of protein-rich HMW
cytosol material associated with cell death and lysis. The C normalized
yields (% C yield) of THAA (% of organic carbon as AAs) are also a very
good indicator for microbial degradation of algal-derived amino acids

(Davis et al. 2009). In this study the calculated C normalized yields of
THAA at the HMWDOC fraction were significantly higher in B1 (11.2%)
vs. B2 (8.5%), consistent with B2 HMWDOC material having already un-
dergone some bacterial biodegradation. Accordingly, bacterial abun-
dances in the two cultures at harvest were also very different: total
bacterial cells in B2 (5.03×106 cells ml−1) were approximately an
order of magnitude greater than those in B1 (5.82×105 cells ml−1).
These observations suggest that DOC starting material for microbial deg-
radation experiments in B2 may have already undergone significant
heterotrophic degradation. Together, these observations indicate that
both the composition, and likely the degradation state, of DOC used for
further microbial incubations were quite different for B1 vs. B2. While
not our initial intention, this diversity DOC source character likely
strengthens the structure of our experiment, and allows us to compare
two different bacterial degradation scenarios that encompass wider and
more realistic scenario for heterotrophic degradation δ15N-AA patterns
in the real ocean.

3.2. Bacterial-DOC incubations

3.2.1. Change in DOC concentration and bacterial abundance
Fig. 3 shows the evolution of concentrations of DOC, HMWDOC and

bacterial abundance in incubations during first 16 days, which was the
period in which HMWDOC remained abundant enough to quantify AA
isotopic values. Initial DOC concentrations (day 0) are those present at
phytoplankton culture harvest discussed above. Bacterial abundances
are those generated by growth after seawater inoculation; since the
same 4% volume inoculation was used for each barrel, initial bacterial
abundances were therefore identical (4.3×104). Note again that these
bacterial abundance estimates are not to be confused with those
discussed above (at the end of the phytoplankton culture), since all
bacterial biomass in cultures was removed at harvest by the protocol
for HMWDOM isolation.

General degradation patterns were similar in both barrels, with max-
imum bacterial growth rates occurring during the first week of incuba-
tion, reaching maximum bacterial abundance of 3.93×106 in B1 and 2.6
x106 in B2. Both DOC and HMWDOC decreased with time, also reaching
very similar final values in both barrels, averaging 133±2 and 6.1±
0.4 μmol C L−1 for DOC and HMWDOC respectively. Bacterial utilization
rates, however, were always greater for the HMW fraction (2.2 and 2.7%
d−1 for B1 and B2 respectively) than for the total DOC (1.7 and 2.5% d−1

for B1 and B2 respectively). These rate differences with MW are consis-
tent with size-reactivity continuum ideas proposed by Amon and
Benner (1996), suggesting that algal-derived HMW material present in
both barrels at the start of degradations was more labile than total DOC.

Differences in the growth rates, carbon consumption, and growth
efficiency between the two barrels are also all consistent with the
quality of starting DOC being different in the two experiments. How-
ever, a comparison of specific values between barrels paints a more
complex picture of DOC quality. The calculated bacterial growth effi-
ciency was much higher in B1 (60%) than in B2 (18%), similar to the
higher end of BGE reported for marine coastal waters (e.g., del Giorgio

Table 1
Concentration of total hydrolyzable amino acids (THAA, nmol L−1), amino acid molar percentage (mol%), and D/L ratios of those AA with major D contributions. B1 and B2 refer to
barrel 1 and barrel 2 respectively, at the three incubation time points (T1, T2, T3) described in text for which HMWDOM was harvested. AA abbreviations are as defined in the
Materials and methods.

Experiment Time
(d)

THAA Trophic AA Source AA

Glx Asx Ala Ile Leu Pro Val Met Phe Gly Ser Tyr

(nmol L−1) mol% D/L mol% D/L mol% D/L mol% D/L mol% D/L mol% mol% mol% D/L mol% D/L mol% mol% mol%

B1 T1 1 1531 7.5 0.00 20.1 0.05 20.1 0.03 3.2 0.01 8.8 0.13 n.d. 19.6 0.8 0.07 2.6 0.03 10.2 6.2 0.03
B1 T2 8 1362 0.2 0.04 5.5 0.12 39.0 0.06 3.9 0.06 14.4 0.22 1.1 15.0 0.0 0.15 0.2 n.d. 11.7 8.1 0.02
B1 T3 15 44 0.3 1.15 4.7 0.96 2.9 0.09 3.8 0.08 2.6 0.23 0.1 2.0 2.6 0.15 n.d n.d. 19.7 60.8 0.08
B2 T1 1 2274 3.7 0.00 12.6 0.05 25.6 0.00 2.8 0.03 6.0 0.15 0.3 12.6 0.9 0.01 4.4 0.02 13.9 17.0 0.02
B2 T2 9 1922 5.4 0.06 19.2 0.63 27.4 0.01 4.0 0.02 8.1 0.16 0.8 18.0 0.1 0.15 n.d. n.d. 14.9 2.1 0.02
B2 T3 16 3 3.8 0.27 24.7 4.16 3.3 0.10 4.7 0.44 20.6 5.48 9.8 n.d. 9.3 0.68 n.d. n.d. 14.1 4.6 5.23
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and Cole, 1998). These higher values are consistent with the idea that
DOC in B1 was “fresher,” and therefore could be more efficiently incor-
porated into bacterial biomass, vs. B2. However, carbon consumption
rates for DOC, were significantly higher in B2 (2.5% d−1) than in B1
(1.7% d−1) (differences are outside the propagated error for daily con-
sumption rates), suggesting that some aspects of DOC character appear
to bemore labilewhen derived from the senescent DOC vs. the fresh ex-
udates. This observation is also consistent with the higher concentra-
tions of both, HMWDOC and THAA, found in B2 vs. B1. Together these
results would suggest that DOC excreted in exponential growthwas ac-
tually less labile in terms of its consumption rate vs. material likely de-
rived from senescence, however at the same time of higher “quality” as
a nutrient source for bacterial biomass formation. While somewhat
speculative based on such a small comparison, this result does seem
consistent with previous literature suggesting that the quality of the
DOC, rather than the rate of supply, may regulate BGE in natural aquatic
systems (Vallino et al., 1996).

3.3. Changes in THAA and D/L amino acid ratios in HMWDOM

As noted above (Materials and methods section) sample require-
ments for molecular-level AA isotopes required the isolation of the
HMWDOM fraction by ultra-filtration. HMWDOM dominates the
“semi-labile” DOM pool in aquatic systems, and so appears to be a
more important source of C and energy for bacterial growth and res-
piration than LMWDOM (e.g. Amon and Benner, 1994, 1996; Gardner

et al., 1996). While the overall chemical composition of HMWDOM is
typically similar to the total DOM pool, it also has younger 14C ages
(consistent with assumed greater reactivity), and differs in a number
of additional molecular level properties (e.g., Benner et al., 1992;
McCarthy et al., 1996; Walker et al., 2011). Our main goal here is to
specifically investigate molecular-level isotopic effects of bacterial
degradation on the dissolved hydrolysable AA from DOM. Therefore
we first examined changes in several key AA indexes for bacterial
degradation in the ultra-filtered DOM fraction, providing a basis for
comparing δ15N-AA changes with more established proxies.

Table 1 shows the evolution of THAA concentrations, individual
AA mol% composition and D/L ratios of those AA with major D contri-
butions, in both barrels, along bacterial incubations. THAA concentra-
tions and D/L ratios of AA in HMW-DOM showed dramatic and
statistically significant (Pb0.1) changes throughout the course of the
degradation experiment (Table 1, Fig. 4). THAA concentrationswere ini-
tially higher in B2 vs. B1, consistent with the elevated percentage of
HMWDOC, and decreased rapidly after inoculation, reaching very low
values (4–44 nmol L−1) after 15–16 days (Fig. 4, circles w/ lines). C
normalized yields of THAA fromHMWDOC fraction also decreased sub-
stantially in both barrels during degradation, reaching values of 0.05–
0.74% after 15–16 days. At the same time, therewas a parallel strong in-
crease in the contribution of D-AA to the THAA pool (Fig. 4, filled bars),
consistent with expectations from the literature for bacterial decompo-
sition and reworking of DOC (e.g., Jiao et al., 2010; Kaiser and Benner,
2008; McCarthy et al., 1998; Nagata, 2000; Shleifer and Kandler, 1972).

Fig. 3. The relationship of bacterial abundance (BA, in cell ml−1; black triangles with solid line), dissolved organicmatter concentration (DOM, in μmol C L−1; gray circles with solid line),
and high molecular weight dissolved organic matter concentration (HMWDOM, in μmol C L−1; gray circles with dashed line), vs. time (days) during the bacterial incubations. Upper
panel: barrel 1 (B1); Lower panel, barrel 2 (B2). T1, T2 and T3 represent the time points where HMWDOM fraction was isolated for further molecular-level and isotopic AA analysis.

37M.L. Calleja et al. / Marine Chemistry 149 (2013) 32–44



Author's personal copy

The dramatic change in proportion of D vs. L amino acids during
DOC decomposition (Table 1 and Fig. 4) may be related to two inde-
pendent, but complimentary factors. The first factor is the relative in-
crease in direct microbial sources. D-AA, in particular increases in
D-Ala, D-Glx and D-Asx, are characteristics of marine DOM (e.g., Lee
and Bada 1977, McCarthy et al., 1998; Kaiser and Benner, 2008),
and have commonly been interpreted to indicate the accumulation
of peptidoglycan remnants, or more generally bacterial-derived cell
wall material (e.g., Grutters et al., 2002; McCarthy et al., 1998;
Nagata, 2000; Pérez et al., 2003). However, the full range of specific
D-AA we measured also includes some D-AA not previously reported
as significant in the marine literature. Several were previously
detected as minor D-forms in some oceanic regions [i.e. D-Ile in the
Sargasso Sea (Lee and Bada, 1977); D-Leu in the Equatorial Pacific
(Lee and Bada, 1977; McCarthy et al., 1998); D-Phe in the Gulf of
Mexico (McCarthy et al., 1998). A much more diverse range of D-AA
have also been recently reported in microbial natural products differ-
ent than cell wall peptidoglycan sources (Cava et al., 2011; Vranova et
al., 2012).

A second related factor could also be different cycling rates of D vs.
L AA (e.g., Amon et al., 2001), with relatively slower remineralization
and recycling of D-AA containing biomolecules leading to progressive
increases in D/L ratios with continued degradation. The fact that the
largest increases in D/L ratios occurred in both barrels between the
second and third week of incubation (T2 to T3, Fig. 4), well after the
bacterial abundance had crashed (Fig. 3), suggests that relative
recycling rates may in fact be responsible for the very high D/L values
observed at T3. Together, the D/L data suggests that the degree of mi-
crobial alteration at the last time point in these experiments may sur-
pass that typically found in ocean regions where past work has been
conducted, such that minor D-AA were increasingly expressed. Over-
all, while the strong increase in D-AA (including those typically seen
in marine DOM) clearly indicates bacterial degradation, the range in
D-AA species we observe suggests that bacterially-derived D-AA in
the ocean may be more diverse than is currently recognized, as has
been recently suggested (Kaiser and Benner, 2008).

Changes in AAmol% and in DI index values were also in agreement
with those expected for progressive bacterial degradation. The DI
index values (discussed in more detail in Section 3.8) were consistent
with degraded material in all samples (Table 3), and decreased further
with incubation in both barrels, consistent with increasing degradation
state of remaining HMWDOM. DI value of−1.7 for our HMWDOMma-
terial at B1 after bacterial decomposition (Table 3) was very similar to

values reported by Yamashita and Tanoue (2003) for coastal surface
waters (~−1.7). Relative increases in the abundance (mol%) of Gly
and Ala have also been shown in previous studies to be associated
with diagenetically altered DOM (Amon et al., 2001; Dauwe et al.,
1999; Dittmar et al., 2001; Yamashita and Tanoue, 2003). Accordingly,
a gradual increase in Gly mol% was also observed with bacterial decom-
position in both barrels (Table 1) and it was one of the threemost abun-
dant AA after degradation, consistent with oceanic observations
(Hubberten et al., 1995; McCarthy et al., 1996; Yamashita and Tanoue,
2003). Ala mol% also increased after first week of incubation (period
of maximum bacterial growth), in both barrels, however it then
dropped strongly after 15–16 days (Table 1), coincidentwith near com-
plete THAA degradation and very low bacterial numbers. While it is be-
yond the scope of our experimental design to interpret such finer
details, overall the progressive trends for D-AA, DI index, and the
Mol% of specific bacterial marker AA of isolated HMWDOM are all con-
sistent with those for degraded organic material in the natural environ-
ment and indicate increasing contributions of bacterial biomass.

3.4. Amino acid compound specific isotopic ratios

To our knowledge this is the first study to directly examine
compound-specific AA changes induced by heterotrophic bacterial deg-
radation in any oceanic environment, and only the second (after Fogel
and Tuross, 1999) in any context. Due to rapidly decreasing THAA con-
centrations, δ15N-AA analyses were only possible at the first two time
points of incubation; i.e., day 1 (T1) and day 8 or 9 (T2, for B1 and B2,
respectively). We noted that the D/L ratios at T2 (Table 1), ranging
from 0.01 to 0.63, are generally more similar to those found in oceanic
HMWDOM, ranging from 0.04 to 0.61, (McCarthy et al., 1998), so this
time pointmay also be a closer comparison to the extent of natural deg-
radation. As noted above (Materials and methods) we have followed
current literature convention in ordering our AA δ15N results into Tro-
phic vs. Source AA groups (Fig. 5), a division based on observed behav-
ior of δ15N values with trophic transfer in animals (e.g., McClelland and
Montoya, 2002; Popp et al., 2007). While we do not expect animal tro-
phic transfer to be directly relevant to bacterial degradation, it has re-
cently been observed that the basic source vs. trophic-AA division also
closely corresponds to the relative δ15N fractionation of AA in autotro-
phic algae (Lehman, 2009), suggesting that this divisionmay in fact rep-
resent a fundamental baseline in both autotrophic and heterotrophic
sources. Further, an important question formany emerging δ15N-AA ap-
plications (e.g., Sherwood et al., 2011) is to what degree bacterial deg-
radation may alter information about ecosystem trophic structures
based on trophic vs. source-AA value offsets. Therefore, this presentation
simultaneously makes our data directly comparable to recent work, and
highlights implications for many evolving CSI-AA applications.

3.5. δ15N-AA patterns in excreted HMWDOM

The initial δ15N-AA patterns from the freshest HMWDOM produced
during exponential growth (B1, T1 in Fig. 5) are very similar to expecta-
tions from prior results from diverse plankton (e.g., Macko et al., 1987;
McCarthy et al., 2007; McClelland and Montoya, 2002; Lehman, 2009).
We did not directly measure the δ15N-AA patterns of algal cell biomass
from our experiments, primarily because ourmain goal was to examine
changes in the DOM pool; however, the close correspondence of
δ15N-AA patterns in the freshest HMWDOM to literature values at
least suggests little offset between biomass and excreted dissolvedma-
terial. In fresh algal biomass trophic-AA group δ15N values typically fall
within a relatively similar band relative to the Glx δ15N value. This is be-
cause Glx represents the central N pool for the cell, and themain source
of N for transamination to all other AA (e.g., Hayes, 2001). In contrast,
source-AA group δ15N values are almost always depleted vs. Glx be-
cause they increasingly express isotopic fractionation characteristic
of the enzymatic transamination reaction (Macko et al., 1986, 1987;

Fig. 4. The relationship of the sum of D/L ratios from all amino acids (Σ(D/L)all AA, bars), and
the concentration of total hydrolyzable amino acids (THAA, circles; nmol L−1), with bac-
terial incubation time (T1, beginning of the incubation; T2, after 8–9 days; T3, after
15–16 days) in barrel 1 (B1, black bars and circles) and barrel 2 (B2, gray bars and circles).
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Lehman, 2009). The δ15N-AA pattern in our “freshest” end-member (B1,
T1; Fig. 5) correspondswell with these expectations. Ala appears to be a
sole exception within the trophic-AA group. Its depletion vs. Glx could
be due to bacterial degradation that had already occurred at harvest,
however depleted Ala δ15N values have also previously been observed
in at least a few eukaryotic algal species (Lehman, 2009). Within the
source-AA group, Phe has δ15N values similar to Glx, therefore some-
what higher than typical for most prior δ15N-AA patterns in plankton
biomass. It is also possible that these values are related to early bacterial
alteration, a hypothesis possibly supported by initial negative DI values.
However at the same time, Phe is amongst the least abundant AA here
(2–4 mol%, Table 1), and these values could therefore be subject to
additional error.

Overall, whilewe cannot discount some influence of bacterial degra-
dation in our “freshest” HMWDOM, the overall similarity of δ15N-AA
pattern vs. those previously reported for algal biomass (e.g., McCarthy
et al., 2007) suggests that HMWDOM excreted during exponential
algal growth has similar δ15N-AA patterns as those expected from
bulk algal cells. Certainly when compared to the strongly changed
δ15N-AA patterns evident with degradation (Fig. 5, T2), the δ15N-AA
pattern in HMWDOM from B1 at T1 indicates the experiment has large-
ly captured a “fresh” plankton end-member. This observation suggests
that excreted algal DOM would likely have very similar δ15N-AA pat-
terns as bulk cells, with implications for the interpretation of δ15N-AA
patterns in natural DOM pool (McCarthy et al., 2007). This seems rea-
sonable bio-chemically, since all cellular AA are the products of the
same centralmetabolic pathways, however it has never beenpreviously
demonstrated.

3.6. Change in δ15N-AA with microbial degradation

Major differenceswere observed between the fresher (T1) andmore
degraded (T2) HMWDOM samples in both barrels (Fig. 5), and all the

degraded δ15N-AA patterns were also strongly shifted vs. the relatively
uniform δ15N-AA patterns characteristic of fresh plankton biomass
(Lehman, 2009) discussed above. An average enrichment of 3‰ and
6‰ after degradation for total proteinaceous material was observed in
B1 and B2 respectively (Figs. 5 and 6). In contrast with the uni-
directional enrichment of only the Tr-AA group that characterizes tro-
phic transfer in animals (e.g., Chikaraishi et al., 2009; McClelland and
Montoya, 2002), there was no obvious relationship between AA with
strongly altered δ15N values, and the trophic vs. source-AA groupings.
Further, the δ15N-AA patterns at T2 in each barrel are quite different.
In B1, the strongest individual AA fractionations were observed in Ala
and Gly, while most other δ 15N values were more modestly elevated.
In contrast at B2, at both T1 and T2 δ15N-AA patterns were very
different from the “fresh” material, and also from patterns expected
in algae. In the most degraded HMWDOM sample (B2 T2, according to
D/L ratios and DI values, Table 3), Asx, Leu and Gly stood out as having
extremely strong fractionations (7–15 ‰ in T2 vs. T1), however most
AA δ15N values were also substantially elevated.

Overall, these changes strongly support the hypothesis that bacte-
rial degradation results in a “scattering” of the autotrophic δ15N-AA
patterns (McCarthy et al., 2007). In contrast to trophic transfer in an-
imals, the metabolic diversity of microorganisms allows either sal-
vage incorporation or resynthesis of any AA. Therefore, McCarthy et
al. (2007) hypothesized that the exact effects of bacterial degradation
on δ15N-AA patterns may be highly variable, depending on exact
growth conditions and the range of substrates available. However, be-
cause a relatively consistent δ15N-AA pattern characterizes auto-
trophs, any bacterial AA resynthesis should also fundamentally alter
(“scatter”) the δ15N-AA pattern. This increase in “scatter” vs. autotro-
phic source patterns is quantified as the ΣV parameter (McCarthy et
al., 2007; discussed in more detail below). The clear changes to the
δ15N-AA pattern in our degradations, with higher ΣV values in
degraded HMWDOM samples (3.7‰) vs. “fresh” samples (2.4‰)

Fig. 5. δ15N amino acid values (δ15N-AA) for high molecular weight dissolved organic matter before and after bacterial degradation. Top panels: (A, B) show measured δ15N-AA
values of fresh HMWDOM, at start of degradation (T1, full circles) vs. degraded HMWDOM after 8–9 days (T2, empty circles) in barrel 1 (B1) and barrel 2 (B2) respectively.
Lower panels: (C, D) show the corresponding differences δ15N in value for each AA due to degradation (diamonds). Light line represents the zero line; i.e., the value if no δ15N
value change had occurred with degradation. Heavy dashed lines indicate the average value of δ15N differences for all AA (3‰ for B1 and 6‰ for B2). Amino acids with much higher
δ15N offsets than average are highlighted with open bars. (n.b.: as described in text, due to very rapid AA degradation it was not possible to make δ15N-AA at the last time point (T3)
shown in previous figures).
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(Table 3), as well as differences in exact results between B1 and B2, are
both consistent with these ideas. Further, these results are also consis-
tent with previous data for oceanic organic matter (McCarthy et al.,
2007), where the large differences observed in overall “scatter” of
δ15N-AA values between plankton (ΣV ranging from 1 to 1.5 ‰) and
more degraded sediment trap samples (ΣV ranging from 1.4 to 3.4‰)
were suggested to be linked to continuing bacterial resynthesis. Similar-
ly, Fogel and Tuross (1999) first observed that δ15N-AA patterns in fresh
plant protein had a narrow range of values, whereas degraded material
was also highly “scattered” (in that experiment, fractionation was ob-
served in almost every amino acid by differences of up to 15‰). Overall
our observations confirm that HMWDOM pool in both degradations
contain AA which have been resynthesized by bacteria, likely incorpo-
rating new nitrogen directly into the proteinaceous AA pool with large
isotopic fractionation.

The δ15N values changes for several AA also stand out within these
overall results. It is notable (and unfortunate) that due to very low con-
centrations at T2 in both barrels (due to rapid AA utilization) we were
not able to measure Phe δ15N values in either sample of degraded
HMWDOM. The Phe δ15N is the AA which has been proposed as the
best tracer for δ15N values at the base of foodwebs (e.g., Chikaraishi et
al., 2009), therefore its alteration with microbial degradation has
major implications for many paleoceanographic applications. Fogel
and Tuross (1999) observed Phe to be the only AA whose δ15N value
did not change in their degradation experiments, however whether
this is a general result remains an important open question. Finally,
Gly δ15N valuewas the only AA showing very large, and also consistent,
fractionation in both experiments (14.3 ‰ in B1 and 11.5 ‰ in B2;
Table 2, Fig. 5). While clearly only based on two cultures, this observa-
tion is also consistent with multiple previous studies which associate
the abundance of Gly to diagenetically altered DOM (Amon et al.,
2001; Dauwe et al., 1999; Dittmar et al., 2001; Yamashita and Tanoue,
2003), as well as our own Gly mol% data (Table 1). Very strongly
fractionated Gly δ13C values have also been observed in concert with
elevated mol% in degraded ocean particles (McCarthy et al., 2004).
These results suggest that together concentration, 13C and 15N isotopic
fractionation of Gly may constitute robust tracers for heterotrophic
bacterial reworking.

3.7. Overall δ15N change in HMW proteinaceous material: implication for
LMW and HMW DON in the oceans

A central result from both experiments is that the δ15N values of
individual AA in bacterially degraded material were generally shifted

tomore positive δ15N values (Fig. 6). In particular, every AAwith a large
fractionation between T1 and T2was strongly enriched (5–15‰) in the
more degraded HMWDOM. The only exceptions were Asx in B1 and Ile
in B2, both shifted to slightly more negative δ15N values (Fig 4, lower
panel). The relative shifts in δ15N values of DON in microorganisms
can be complex, depending in part on concentration and forms of inor-
ganicN available (Hoch et al., 1996). Fogel and Tuross (1999) conducted
degradation under conditions with very high ammonia concentrations
(millimolar), and showed that bacteria can incorporate this nitrogen di-
rectly into AA, resulting in much lighter δ15N signatures (Fogel and
Tuross, 1999). However the ammonia concentrations in our experi-
ments (0.9–1.9 μmol L−1)were very lowvs. those in these previous ex-
periments (Hoch et al., 1992, 1996; Fogel and Tuross, 1999). Perhaps
more important, these levels are similar to ranges expected for subsur-
face ocean (b5 μmol L−1, Brzezinski, 1988). Our results are also consis-
tent with the suggestion that bacterial decomposition of ocean DON
generally causes δ15N enrichment in residual material (Knapp et al.,
2005, 2011). The average enrichments of 3‰ and 6‰ for total protein-
aceous material observed in B1 and B2 respectively (Figs. 5 and 6) are
therefore consistent with greater overall δ15N enrichment correspond-
ing with more advanced water column DON degradation.

The magnitude and direction of the average δ15N isotope shifts we
observed also correspond well with a recently proposed conceptual
model which incorporates the microbial loop to explain observed
δ15N shifts in DON, and also the correspondence of δ15N values be-
tween upper-ocean DON and subsurface nitrate (Knapp et al.,
2011). In this hypothesis, DON is produced in the surface ocean by
the solubilization of suspended PON without isotope fractionation.
Subsequent microbial breakdown of DON then preferentially con-
sumes the light (15N depleted) substrate, resulting in substantial frac-
tionation (roughly 3 to 5‰) in residual DON. Together, this produces
a DON pool with elevated δ15N, and supplies regenerated dissolved
inorganic nitrogen (DIN) with low δ15N values back to the euphotic
zone. The average bulk DON δ15N values for 0 to 100 m reported in
the North Atlantic and North Pacific basins (3.9‰ and 4.7‰ respec-
tively, Knapp et al., 2005, 2011) are both slightly lower than the
HMWDON δ15N also reported for similar sites (4.7‰ in the North At-
lantic and 5.4‰ in the North Pacific, Meador et al., 2007). Both the
model proposed by Knapp et al. (2011) and our results here would
be consistent with enrichment in δ15N of HMWDON vs. LMWDON.
The recent work of Knapp and co-workers (Knapp et al., 2012), di-
rectly measuring for the first time the distinct nitrogen isotopic com-
position of both size fraction pools of DON, is also consistent with this
hypothesis.

Our experimental data can also further constrain the mechanism
for observed δ15N changes. One possibility to explain 15N-enriched
HMWDON is that, as in the hypothesis above, isotopic fractionation
occurs due to direct cleavage of N-bonds with an associated fraction-
ation (Knapp et al., 2011, 2012) produced by either photosynthetic
and/or heterotrophic activity. Our results here strongly suggest that
the reason for AA δ15N increase is due to resynthesis by heterotrophic
bacteria. The progressive incorporation of bacterial-sourced proteina-
ceous material into HMWDON is consistent with the strong change in
δ15N-AA patterns (indicating resynthesis), coupled with simulta-
neously increasing D/L ratios and DI index values (Fogel and Tuross,
1999; McCarthy et al., 2007). It might be argued that selective hydro-
lysis of 15N-depleted AA could also produce the changes in δ15N-AA
pattern we observe, however this would certainly not alter AA enan-
tiomeric ratios. Since enantiomeric ratios in natural ocean HMWDON
are also high, and presumed to unambiguously indicate bacterial bio-
mass input (Kaiser and Benner, 2008; McCarthy et al., 1997), we pro-
pose that heterotrophic bacterial origin is an alternate explanation for
elevated δ15N values of HMWDON, which ties together changes in
δ15N values with broader biomarker data. While this may seem like
a subtle mechanistic difference, it has important implications for un-
derstanding the role of ocean bacteria in creating refractory dissolved

Fig. 6. Distribution of mol% weighted average δ15N amino acid values (‰) before (T1)
and after (T2) bacterial degradation in barrel 1 (B1) and barrel 2 (B2). Changes in both
barrels show the clear increase in δ15N value of average proteinaceous material with
bacterial degradation. The horizontal line in the boxes represents the median, the
boxes extend from the 25% to the 75% quartile of the data distribution, and the vertical
lines indicate the 5% and 95% quartiles. Open circles represent individual data that falls
below or above the 5% and 95% quartiles.
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material (Jiao et al., 2010), as well as possibly shaping the isotopic sig-
nature of the oceans DON pool.

At the same time, the literature suggests that at some ocean loca-
tions the differences documented between δ15N values of PON, DON
and HMWDON are small; in particular for HMWDON, little difference
has been observed with increasing depth at some oceanic sites
(Benner et al., 1997; Meador et al., 2007). These authors hypothesized
that this lack of molecular-isotopic change with depth, at least for
HMW fraction, indicates that its AA composition was largely
“preformed” due to surface ocean biological processes, and/ or that
autotrophic prokaryotes might be major additional sources. In light
of our observations here, these results seem somewhat puzzling.
However, we note that earlier DON δ15N-AA measurements were
also not able to measure as many AA, nor with as great precision, as
we have in the current study. Future experiments coupling ancillary
proxies simultaneously with δ15N-AA measurements from different
DON size fractions may be able to clarify these issues.

3.8. D/L ratio, DI and ΣV parameters: complimentary proxies for degrada-
tion and bacterial resynthesis

δ15N-AA patterns can provide a direct understanding of proteina-
ceous δ15N value change at the molecular level due to degradation. As
noted above, the ΣV parameter has been proposed by McCarthy et al.
(2007) to track the degree of bacterial AA resynthesis. This represents
fundamentally different mechanistic information vs. that carried by
themore traditional proxies such as theDI index (providing information
on OMdegradation state, based inmol% composition of AA), or D/L ratios
(allowing the identification of OM most probable bacterial vs. algal
sources). Simultaneously examiningΣV, DI, and D/L ratiosmay therefore
provide a new level of detail into the role of heterotrophic bacteria in
shifting bulk isotopic values, as well as creating refractory organic
matter.

Decreasing values of DI indicate increasing degradation state, and it
has been widely used to determine OM general reactivity in particles
(e.g., Amon et al., 2001; Davis and Benner, 2007; McCarthy et al.,
2007; Yamashita and Tanoue, 2003). However, mechanistically, DI
changes are ambiguous: changing mol% distribution could equally
be due to selective remineralization, or to in-growth of bacterially-
derived material with unique composition. DI values derived from
THAA measured in our experiment were negative in all HMWDOM
samples analyzed (Table 3). Since exact DI values can vary depending
on the specific AA quantified by different methods, comparing only DI
trends is likely most robust. Starting HMWDOM from B2 (before bacte-
rial incubation) yielded substantially more negative DI values (−1.6)
vs. that fromB1 (−1.4), presumably because the senescent growth con-
ditions yieldedmore degraded initialmaterial, as indicated by the lower
C normalized yield of THAA at B2, in comparisonwith that at B1. In both
barrels the DI index of HMWDOM after bacterial incubation shifted to
more negative values (Table 3) and, accordingly, C normalized yield of
THAA decreased drastically within the first two weeks of incubation.
Together, these trends andDI values are all consistentwith assumptions
of degradation discussed above for the two barrels. This result indicates

that mol% composition of the HMWDOM pool has changed substantial-
ly on a time scale of days, due either to selective remineralization, or to
the resynthesis/incorporation of new bacterially-derived proteinaceous
material with characteristically different mol% composition.

The ΣV parameter has no direct connection to AA mol%. Instead, if
proteinaceous sources have the same δ15N-AA patterns (as in this
study), then ΣV indicates progressive change away from the δ15N-AA
distribution characteristic of primary producers. If mixtures can be
ruled out (as in this experiment), such shifts in AA δ15N values indicate
microbial resynthesis (McCarthy et al., 2007). Therefore, an observed
change in ΣV likely indicates the incorporation of new bacterial
biosynthate into the HMWDOM pool. Note, however, that ΣV is only
affected if resynthesis changes isotopic value.

Together, the interpretation made possible by DI, ΣV, and D/L ra-
tios together allows the most detailed view into HMWDOM degrada-
tion processes in our experiments. In B1, all three change in concert,
and are consistent with bacterial degradation simultaneously increas-
ing the overall δ15N value of proteinaceous material (Table 3, Fig. 6)
via the incorporation of new bacterially-produced material. In con-
trast, in B2 the parameters diverge. Starting HMWDOM in B2 was ap-
parently already substantially bacterially degraded, and the rapid
additional degradation which occurred caused a further (and larger)
increase in overall δ15N value (Fig. 6, Table 3). This was also coupled
with a larger change in DI index, and a larger increase in D/L ratios
(Fig. 4, Table 3) vs. B1. However, the ΣV values remained essentially
unchanged (Table 3). This contrast suggests one limitation of the ΣV
parameter: because it summarizes changes in δ15N-AA pattern, if
δ15N-AA values change in a relatively unidirectional way, then ΣV
will not be strongly changed. In B2, the ΣV value appears to capture
the relatively advanced bacterial degradation state in the senescent
culture at time of harvest, but not its further degradation.

It is also interesting to note that this difference in ΣV between the
two barrels also corresponds with similar differences in the BGE evo-
lution data. In B1 the BGE is calculated to be ~60%, indicating that
most of the carbon consumed is being incorporated into new bacterial
biomass, necessarily implying that AA are also being incorporated.

Table 2
Compound-specific δ15N values for individual amino acids in barrel 1 (B1) and barrel 2 (B2) at the two incubation time points (T1 and T2, 1 and 8–9 days respectively) for which
amino acids remained abundant enough for isotopic measurements. AA abbreviations are as defined in the Materials and methods.

Trophic AA Source AA

Experiment Time Glx Asx Ala Ileu Leu Val Gly Ser Met Phe

(d) δ15N(‰)±SE

B1T1 1 −9.8±1.4 −9.3±1.1 −15.8±0.9 −12.2±1.4 −13.4±1.2 −11.8±1.0 −15.1±2.5 −16.6±1.9 n.d. −9.1±0.8
B1T2 8 n.d. −10.4±1.0 −10.6±0.4 −11.4±1.6 −11.9±0.7 −9.1±1.0 −0.8±1.2 −15.5±1.1 −6.9±1.1 n.d.
B2T1 1 −16.8±2.0 −19.4±0.2 −20.5±2.5 −5.7±1.7 −23.9±0.6 −20.2±0.6 −16.6±1.6 −20.4±0.5 n.d. −14.4±1.9
B2T2 9 −11.2±1.7 −10.9±0.7 −17.4±0.9 −7.3±0.9 −10.8±0.7 −15.2±0.5 −5.1±1.4 −18.4±1.2 −6.4±1.4 n.d.

Table 3
Summary of amino acid and bacterial growth parameters for barrel 1 (B1) and barrel 2
(B2). Degradation Index (DI), summed D/L ratio (ΣB), ΣV resynthesis parameter (‰),
and the mol%-weighted average δ15N value for all hydrolyzable AA (δ15Navg (‰)), are
given for the initial time (T1) and after degradation (T2). The change in each parame-
ter (Δ) between T1 and T2 (Δ=T2−T1), along with calculated Bacterial Growth Effi-
ciency (BGE, %) and CO2 yields (%), for each barrel, are shown in the middle column.

B1 B2

BGE(%) 60 18
CO2 yield (%) 40 82

T1 Δ T2 T1 Δ T2

DI −1.4 −0.3 −1.7 −1.6 −0.7 −2.4
ΣD/L 0.3 0.3 0.7 0.3 0.8 1.0
ΣV(‰) 2.4 0.6 3.0 3.7 n.d. 3.7
δ15Navg(‰) −12.5 2.9 −9.6 −18.9 6.3 −12.5
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This seems consistent with ΣV increase in B1, since strong heterotro-
phic AA resynthesis might be expected to agree with high BGE. In B2,
however, ΣV does not significantly increase, and, accordingly, BGE is
much lower (~18%). Thus in B2, even as HMWDOC is being degraded
(and as DI index increases), more organic matter is remineralized vs.
incorporated into bacterial biomass.

Overall these results strongly support the idea that ΣV can indicate
bacterial resynthesis, but also suggest it may not be “linear”with deg-
radation. The relatively limited data available here is clearly an im-
portant caveat for detailed interpretation, and future degradation
experiments in diverse conditions will be needed to provide a firmer
basis for ΣV interpretation. Based on our results, it is also possible that
specific AA (for example, the δ15N value of Gly), or selected subset of
bacterial indicator AA, may turn out to be more consistent indicators
of heterotrophic bacterial resynthesis that the total δ15N-AA pattern.
However, in complex natural samples, any approach based on evalu-
ating only a few specific δ15N values may be unwise. Therefore the ΣV
parameter, coupled with close examination of δ15N-AA vs. the
expected autotrophic patterns, may be among the best way to evalu-
ate microbial resynthesis in complex natural systems.

4. Concluding remarks

A main frontier in marine biogeochemistry is the need to under-
stand the effects of microbial heterotrophy on the dissolved organic
pool in the oceans (e.g., Azam and Worden, 2004; Jiao et al., 2010;
McCarthy et al., 1997; Ogawa et al., 2001). Transformations within
microbial food webs are increasingly recognized as likely key in creat-
ing recalcitrant dissolved molecules, which ultimately regulate the
storage of reduced C and N in the ocean's interior (Jiao et al., 2010).
Specifically for DON, microbially-mediated change may be the central
mechanism for the redistribution of 15N in the water column, in par-
ticular in the euphotic zone where microbial activity could account
for discrepancies observed in 15N budgets (Knapp et al., 2011, 2012;
Somes et al., 2010). While clearly the data we report here are first ex-
periments, these findings break new ground in suggesting a direct
mechanistic explanation for changes in δ15N values observed in the
DON pool, and possibly also for δ15N offsets between DON molecular
weight fractions.

The increase we observed in average δ15N value of total AA pool
with bacterial degradation is consistent with recent observations for
both DON and HMWDON δ15N (Knapp et al., 2005, 2011) and strongly
points toward a central role for bacterial heterotrophy in explaining
this change. Specifically, our data suggests that incorporation of bacteri-
al proteinaceous material into the DON pool, vs. the isotopic fraction-
ation of algal production, is more likely as a main mechanism for DON
δ15N value changes. This difference implies that the cycling of N (and
presumably C) through bacterial biomass may be the key process
controlling preservation of DON. If correct, this conclusion would add
to accumulating recent work on the importance of the “microbial
carbon pump” as a framework for regulation of flux and preservation
of DOM in the deep sea (e.g., Jiao et al., 2011 and references therein).

Most broadly, our results indicate new potential for δ15N-AA mea-
surements to provide a detailed window into mechanisms of microbi-
al degradation on organic matter pools. We propose that δ15N-AA
measurements can reveal the direct molecular-level basis for bulk
δ15N values, and also δ15N change, in proteinaceous material, which
in turn makes up the large majority of detrital ON in POM, recent sed-
iments, and subsurface DON (e.g., Hedges et al., 2001; Knicker and
Hatcher, 2001; McCarthy et al., 1996).

Finally, for the ocean DON pool specifically, this research suggests
that δ15N-AA coupled with ancillary AA analyses and with parameters
for bacterial growth, may provide significant new insight into marine
DON at different stages of microbial transformation. Measuring DON
δ15N-AA patterns in contrasted ocean regions and depths, coupled
with specific AA biomarkers for processes occurring within the

microbial loop, may be a particularly powerful approach, due to the
large fractionations observed in individual AA vs. far smaller shifts
expected for bulk δ15N values. At the same time, considering bacterial
growth efficiency and trends in CO2 yields during DOC consumption
may help resolve uncertainties about respiration and dynamics of or-
ganic carbon and nitrogen in the deep ocean (Arístegui et al., 2002;
del Giorgio and Duarte, 2002). Further experimental and field data is
needed in order to reinforce this work, and to confirm compound spe-
cific constraints for tracking DON sources and bacterial reworking sig-
natures in the open ocean.
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