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Atmospheric CO2

Oceanic DOM

700 Gt C

750 Gt C

Understanding how DOM is cycled in the
ocean is important to predict (among others):

• Greenhouse gas exchanges (CO2, CH4, etc)

• Elemental cycling (N, Fe)

• Foodweb dynamics and changes in 
biodiversity

INTRODUCTION

DISSOLVED ORGANIC MATTER IN THE OCEAN



Atmospheric CO2

Oceanic DOM

700 Gt C

750 Gt C

INTRODUCTION
DISSOLVED ORGANIC MATTER IN THE OCEAN



• Chemically diverse (thousands of compounds)

> 3000 formula
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• Chemically diverse (thousands of compounds)

• Variable reactivity (labile to refractory)

> 3000 formula

Kujawinski 2012 

Hansell and Carlson 2014 

Refractory Semi-
Refractory

Semi-
Labile

INTRODUCTION
DISSOLVED ORGANIC MATTER IN THE OCEAN



Phytoplankton

Prokaryotes

CO2

POM DOM

Prokaryotes uptake DOM… 

30 Gt C y-1

Linkage between DOM and prokaryotes

50 Gt C y-1

INTRODUCTION

6



… but also release organic compounds

Phytoplankton

Prokaryotes

CO2

POM DOM ?
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Phytoplankton

Prokaryotes

CO2

?
Refractory

DOM

Stored in the ocean’s
interior

The Microbial carbon pump
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What is the role of microbes shaping DOM 
composition in the NW Mediterranean?

Case study: 
DOM seasonal dynamics in the NW Mediterranean Sea

INTRODUCTION



The MOLA site. Sampled monthly since 2003. 9 depths for >15 environmental parameters

METHODS
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Characterizing dissolved organic matter in marine ecosystems

How much? DOC concentration
Element ratios? C:N:P
Optical properties? Absorbance and fluorescence of natural DOM
Major compounds? Carbohydrate, amino acid, lipid content
Molecular composition? High resolution mass spectrometry, NMR
Other properties: Sources, lability, size
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INTRODUCTION

Dissolved organic carbon accumulates in the upper mixed layer in summer



Why are DOC and phytoplankton decoupled?
Malfunctioning of the microbial loop

Phytoplankton

Bacteria

CO2

POM DOM 30 Gt C y-1

50 Gt C y-1

NH4, NO3, PO4



Why are DOC and phytoplankton decoupled?
Microbial carbon pump

Phytoplankton

Bacteria

CO2

?
Refractory

DOM

Stored in the ocean’s
interior



Question:

• How does DOM composition change along the year in the NW Mediterranean?

Working hypothesis:

• During the stratified period, DOM changes its composition:

• From phytoplankton derived DOM to bacterial-derived DOM
• From labile DOM to refractory DOM

Working plan:

• Characterize DOM composition changes with time (seasons) and depth (5 vs 500m)



Sampling scheme
• 2 years
• Monthly samples
• Surface (5m)

• One sample per season at 500m

2 L water samples

Filtration through 0.2 µm 

Acidification with HCl to ph <2

SPE extraction
(PPL cartridges)

Elution in methanol

METHODS
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DOM diversity indexes
- Simpson
- Distance
- Functional diversity

Molecular Formulae
Atom content:

CHONS

Compound class
- Peptides
- Polyphenols
- Highly unsaturated
- CRAMS
- Carbohydrates

Reactivity Indexes
- Double Bond equivalent
- Mass to charge
- Aromaticity Index
- Oxidative state
- H/C

DOM composition and properties based on FT-ICR MS 
METHODS



RESULTS

PC1 and PC2 explain component explain 27 and 12.6 % of the variance among the samples, respectively, 
accounting for 39.6 % of the variance

Principal Component Analysis

19



RESULTS

PC1 and PC2 explain component explain 27 and 12.6 % of the variance among the samples, respectively, 
accounting for 39.6 % of the variance

Principal Component Analysis

20



DOM diversity changes

DOM is more diverse in surface waters
and in summer, coinciding with DOM 

accumulation

RESULTS
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RESULTS

Molecular formulae and compound class distribution and changes
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RESULTS

Summer DOM samples coincide with higher prokaryotic abundances and enzyme activities
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RESULTS

Summer DOM samples coincide with higher prokaryotic abundances and enzyme activities

Are prokaryotes the main source of DOM in summer?



D-amino acids: biomarkers of bacterial DOM

The two mirror images of a chiral molecule are referred

to as optical isomers or enantiomers (from the Greek
evhqó1, ‘‘enemy’’). Most physical properties of enantiomers

are identical; however, they have distinct interactions with

plane-polarized light. When plane-polarized light passes
through a solution of chiral molecules, one enantiomer

rotates the plane of polarization in a counterclockwise (left-

hand) direction whereas the other enantiomer rotates the
plane of polarization in a clockwise (right-hand) direction.

In biological molecules, the most common basis of chirality
is a carbon atom bonded to four different groups, which is

termed a stereocenter (or chiral center). The three-dimen-

sional arrangement of the atoms bound to a chiral center can
be used to describe a molecule’s chirality. Different

nomenclature systems have been developed to describe the

chirality of molecules, but D- and L- prefixes are generally
used for amino acids and sugars as described in [4]. The

D/L nomenclature for amino acid configuration does not

refer to the optical activity of the amino acid per se, but
rather to the optical activity of the glyceraldehyde isomer

that the amino acid can be overlayed upon. The structures of

the L- and D-enantiomers of alanine are shown in Fig. 1.
While chemical synthesis routinely yields both enanti-

omers, most enzymes display marked substrate selectivity,

and as a consequence many biochemical processes gener-
ally utilize and yield particular enantiomers. For example,

L-amino acids are the predominant building blocks of

proteins; D-amino acids cannot be incorporated into pro-
teins via ribosomal synthesis. Similarly, nearly all naturally

occurring monosaccharides exist as D-sugars. The origins

of enantiospecificity in biological processes are unclear,

but it has been proposed that enantiomerically enriched

organic compounds were critical for the generation of
proto-life forms [5–7].

Even though L-amino acids are the dominant substrates

for ribosome-based protein synthesis, several roles for
D-amino acids in other biological processes have been

described. For example, D-aspartate is a major regulator of

adult neurogenesis [8] and D-serine acts as a co-agonist of the
N-methyl D-aspartate-type glutamate receptors in the brain,

which are involved in learning, memory, and behavior in
mammals [9–11]. D-serine is also the most abundant amino

acid in human urine and alters gene expression of uropath-

ogenic Escherichia coli (UPEC) [12].
It was noted more than 50 years ago that, in addition to

free amino acids, some peptides contain D-amino acids [13].

D-configured residues in peptides provide resistance to pro-
teases, which generally exhibit specificity for L-amino acid-

containing peptides, and also contribute to their bioactivity

(listed in Tables 1, 2). D-amino acids are incorporated into
the peptides via two different mechanisms. The first mech-

anism is posttranslational conversion of L- to D-amino acids

within peptides that were originally synthesized in ribo-
somes. The second mechanism requires the activity of

nonribosomal peptide (NRP) synthetases, which, unlike

ribosomal peptide synthesis, generates peptides independent
of messenger RNA. While posttranslational modification

occurs primarily in eukaryotes, NRP synthesis is more fre-

quent in bacteria. For example, dermorphin is an analgesic
1,000 times more potent than morphine [14, 15], achatin-I is

an excitatory neurotransmitter [16–18], and gramicidines

and tyrocidines have antimicrobial activity [19–23]. Con-
sidering that Tables 1 and 2 summarize most of the known

examples in the literature, D-amino acid-containing peptides

seem relatively unusual. However, peptides containing
D-amino acids have probably been overlooked. Furthermore,

there have been increasing numbers of reports on this subject

in the last few decades suggesting that there are likely to be
many more yet-to-be-discovered examples of D-amino acids

in nature.

Besides being occasionally incorporated in peptides,
D-amino acids have been known to be utilized as nutrients

to support bacterial growth [24–27], to regulate bacterial

spore germination, and to be components of the bacterial
cell wall. We briefly summarize the latter two previously

recognized roles of D-amino acids below. Then, we discuss

recent findings showing that D-amino acids have previously
unappreciated regulatory roles in the bacterial kingdom.

D-amino acids and bacterial spore germination

Bacterial sporulation is an adaptive response to environ-
mental stress, such as starvation, and involves a finely

L-Alanine D-Alanine

α α

Fig. 1 Chirality of alanine. Ball-and-sticks representation of the
enantiomeric forms of the amino acid alanine. Carboxyl group is
colored in red, amino group in blue, and R-group in yellow. Chiral
carbon is labeled as a. The molecules were designed with ChemDraw
Ultra 12.0 and Chem3D Pro 12.0 software

818 F. Cava et al.
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From Cava et al 2011

Major bacterial contribution to the ocean reservoir of detrital organic carbon
and nitrogen

Karl Kaiser1 and Ronald Benner
Marine Science Program, University of South Carolina, Columbia, South Carolina 29208

Abstract

Bacterial biomarkers (D-amino acids and muramic acid) were measured in various organic matter size
fractions collected in the North Pacific and North Atlantic, and they were used to quantitatively estimate bacterial
contributions to particulate and dissolved organic carbon and nitrogen reservoirs. The origins and yields of
biomarkers were determined in cultured marine bacteria, and the results indicated that D-amino acids are derived
from numerous macromolecules in addition to peptidoglycan and are not solely from peptidoglycan. Bacterial
detritus was a major component of particulate organic matter (POM) and is an important source of submicron-
size particles and colloids in the ocean. Peptidoglycan was a substantial component of POM but not of dissolved
organic matter (DOM). Compositional differences between POM and DOM primarily reflected the selective
incorporation of specific bacterial components into these reservoirs. Autotrophic and heterotrophic bacterial
sources were not quantified separately, but the presence of D-aspartic acid (D-Asx) and D-serine (D-Ser)
suggested that heterotrophic sources were substantial. The average reactivity of bacterial organic matter was
comparable to that of the bulk organic carbon pool. Bacteria were important sources of labile, semilabile, and
refractory dissolved organic carbon. Bacterial organic matter accounted for ,25% of particulate and dissolved
organic carbon and ,50% of particulate and dissolved organic nitrogen. These results demonstrate the
importance of bacteria in regulating the ocean carbon and nitrogen cycles.

The global cycles of carbon and nitrogen are driven by
photosynthetic carbon fixation and heterotrophic metabo-
lism. Diverse populations of Bacteria, Archaea, and
Eukarya control these processes, which are also the main
sources of nonliving organic matter in the ocean. The pool
of nonliving organic matter in the ocean is one of the
largest and most dynamic reservoirs of organic carbon on
Earth, yet the relative contributions from Bacteria,
Archaea, and Eukarya are unknown. Furthermore, it is
unclear whether autotrophic or heterotrophic organisms
are dominant contributors to marine organic matter.
Eukaryotic plankton dominate autotrophic production in
many regions of the oceans, and bacteria play a major role
in the autotrophic production in the vast subtropical gyres.
Heterotrophic bacteria utilize and transform a large
fraction of autotrophic production and thereby contribute
to the reservoir of nonliving organic matter in the ocean.

Recent reports have presented molecular evidence in
support of a major bacterial contribution to nonliving
organic matter in the oceans (Tanoue et al. 1995; McCarthy
et al. 1998; Benner and Kaiser 2003). Most of the
characterized biochemicals specifically occur in the bacte-
rial cell wall–membrane complex. Peptidoglycan is a unique
bacterial cell wall heteropolymer, and several studies have

indicated that this biopolymer is a ubiquitous constituent
of organic matter from freshwater, estuarine, and open-
ocean environments (McCarthy et al. 1998; Dittmar et al.
2001; Jones et al. 2005) and sedimentary organic matter
(Lomstein et al. 2006 and references therein).

Biomarkers provide a powerful tool for tracing biogenic
sources and diagenetic alterations of organic matter.
However, the effective use of biomarkers requires intimate
knowledge of the abundance and molecular distribution of
biomarkers among source organisms and the sensitivity of
biomarkers to diagenetic alterations (Hedges and Prahl
1993). Bacteria synthesize a variety of unique organic
compounds that can be used as indicators of bacterial
contributions to particulate organic matter (POM) and
dissolved organic matter (DOM) in the oceans. Many
bacterial biomarkers, including D-amino acids and mura-
mic acid (Mur), are commonly found in the cell wall
complex of bacteria. Although there is considerable
literature available about the occurrence of D-amino acids
and Mur in pathogenic bacteria, not much is known about
the abundance and distribution of these biomarkers in
marine bacteria. A comprehensive survey is needed before
D-amino acids and Mur can be applied to estimate
bacterial contributions in marine environments.

The most useful biomarkers for quantitative determina-
tion of bacterial detritus are of similar reactivity as bulk
bacterial carbon (C) and nitrogen (N). Few studies provide
information on the reactivity of biomarkers relative to
bacterial C and N, but existing studies indicate that D-
amino acids are fairly representative of total bacterial
amino acids and bulk C and N (Kawasaki and Benner
2006; Middelboe and Jørgensen 2006). Other laboratory
experiments with a mixture of algal and bacterial DOM
have shown that D-amino acids and bacterial DOM are less
bioreactive than algal DOM (Jørgensen et al. 1999; Amon

1 Corresponding author (karl@biol.sc.edu).
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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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Seasonal changes in amino acids (Von Jackowski et. al. 2024 Organic Geochem)

RESULTS

L-amino acids peak in Winter-spring
D- amino acids are higher in summer
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CONCLUSIONS

SPRINGWINTER SUMMER FALL

DOC

labile recalcitrant

Summer DOC accumulation leads to:
- A diversification of the DOM pool
- An accumulation of S containing compounds
- An increase in oxigenation state and double bonds
- An increase in bacterial-derived compounds

big small
carbohydrates, 

peptides S-containing
diverse



In SOLA (coastal Mediterranean Sea)

28Sánchez-Pérez et. al. 2020 STOTEN

DOC also accumulates…

…but episodic events do matter



29Sánchez-Pérez et. al. in prep

How does changes in P limitation affect DOM composition and lability over the year?



30Sánchez-Pérez et. al. in prep

GFC
GFF

Control (no additions)
Pi (+ 0.4 µmol PO4)
OP (+ 0.4 µmol P as ATP+Methyl phosphonate)

10 day incubations
2 phases:
Bacterial growth (first 3-4 days), bacterial mortality due to grazers (days 5-10)

How does changes in P limitation affect DOM composition and lability over the year?



DOM degradation experiments along the year

31Sánchez-Pérez et. al. in prep

January

April



DOM degradation experiments along the year

32Sánchez-Pérez et. al. in prep

January

April



Thank you
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Changes in fluorescent DOM peaks / DOC
RESULTS

Excitation 
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RESULTS

Molecular formulae changes
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RESULTS
Changes in reactivity indexes
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