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A B S T R A C T

The reservoir of dissolved organic carbon (DOC) in the ocean is modified by multiple input and removal pro-
cesses. Incubation experiments as well as measurements of oceanic DOC have demonstrated that the high mo-
lecular weight (HMW) fraction of DOC typically has a younger radiocarbon age and is more reactive biologically
than the low molecular weight (LMW) fraction of DOC. These observations have been summarized as a ‘size-
reactivity continuum’ of DOC reactivity, but mechanistic explanations for these observations have been lacking.
Here we describe how our recent discovery of ‘selfish’ HMW organic matter uptake among bacteria in surface
ocean waters may help explain the rapid removal of HMW DOC. ‘Selfish’ substrate uptake by bacteria en-
compasses rapid binding and partial hydrolysis of intact polysaccharides on the outer membrane of bacteria,
seamlessly followed by the transport of large oligosaccharide fragments into the periplasm with little to no loss
of LMW hydrolysis products. ‘Selfish’ bacteria therefore process HMW substrates in a manner distinct from
bacteria that carry out extracellular hydrolysis that yields LMW hydrolysis products in the environment.
Recognition of the presence and prevalence of selfish bacteria in the ocean has profound implications for carbon
flow – the source and quantity of LMW substrates made available to non-extracellular-enzyme producing bac-
teria – as well as for efforts to model and measure bacterial interactions during organic matter degradation. This
discovery also highlights the importance of targeted substrate binding and uptake as key (often understudied)
factors in geochemical investigations of microbially driven carbon cycling in the ocean. We conclude with some
speculative thoughts about the factors that may determine the prevalence of selfish substrate uptake in the
environment.

1. Introduction

Marine dissolved organic carbon (DOC) is one of the largest actively
cycling carbon reservoirs on earth. It is comparable in magnitude to
atmospheric CO2 (Hansell, 2013) and thus an essential component of
the global carbon cycle. DOC has a multitude of sources, including
phytoplankton production, exudation, grazing, viral lysis, solubilization
from particulate organic carbon (POC), and riverine input; the major
DOC sink in the ocean is consumption by heterotrophic microbial
communities (Carlson and Hansell, 2015). Concerted study over the last
several decades has added considerably to our knowledge of the DOC
reservoir and its cycling. For example, high resolution measurements of
DOC at different depths and locations, combined with knowledge of
ocean circulation times, have led to estimates of DOC production and
decomposition on broad scales (Hansell, 2013). DOC has also been
operationally defined to have ‘labile’, ‘semi-labile’, and ‘refractory’

fractions, based on bioassays and on estimations of turnover times in
the ocean (Carlson, 2002). Measurement of bulk DOC characteristics
such as 14C age and molecular size (e.g. Guo et al., 1996; Walker et al.,
2016), as well as direct measurements of bacterial growth and re-
spiration (Amon and Benner, 1994, 1996), have demonstrated that the
high molecular weight (HMW) DOC fraction is generally younger and
more biologically reactive than the low molecular weight (LMW)
fraction, observations that have led to the idea of the ‘size-reactivity
continuum’ (Amon and Benner, 1996; Benner and Amon, 2015), the
concept that the reactivity of DOC decreases with decreasing molecular
size.

Beyond these observations and measurements, however, the specific
factors controlling the rate, location, and extent to which DOC is
transformed and remineralized by heterotrophic microbial commu-
nities in the ocean are still not well understood. In accordance with its
average 14C age, HMW DOC is considered ‘fresher’ (Amon and Benner,

https://doi.org/10.1016/j.marchem.2018.09.008
Received 24 May 2018; Received in revised form 26 August 2018; Accepted 19 September 2018

⁎ Corresponding author at: Dept. of Marine Sciences, CB #3300, 3117A Venable Hall, University of North Carolina-Chapel Hill, Chapel Hill, NC 27599-3300, USA.
E-mail address: arnosti@email.unc.edu (C. Arnosti).

Marine Chemistry 206 (2018) 93–99

Available online 20 September 2018
0304-4203/ © 2018 Published by Elsevier B.V.

T

http://www.sciencedirect.com/science/journal/03044203
https://www.elsevier.com/locate/marchem
https://doi.org/10.1016/j.marchem.2018.09.008
https://doi.org/10.1016/j.marchem.2018.09.008
mailto:arnosti@email.unc.edu
https://doi.org/10.1016/j.marchem.2018.09.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marchem.2018.09.008&domain=pdf


1996) – more recently produced (Walker et al., 2016) – than LMW DOC,
but specific compositional or structural features of the HMW DOC pool
that might account for this enhanced reactivity are undefined. This lack
of knowledge is due in part to the fact that HMW DOC defies the types
of detailed structural analyses that have been used to characterize ex-
tractable LMW DOC (e.g., Koch et al., 2005; Kujawinski et al., 2009).
The HMW DOC fraction has been characterized using chemical mea-
surements that provide information about monomeric constituents
(Benner et al., 1992; Kaiser and Benner, 2009) and NMR measurements
that provide information about bulk structure (Aluwihare et al., 1997;
Hertkorn et al., 2006), but these analyses yield no information on the
order in which constituents are linked together, or about the three-di-
mensional structure of the intact HMW DOC. We know, therefore, that a
substantial fraction of HMW DOC consists of carbohydrates, including
neutral sugars, and that its concentration is lower in the deep ocean
than in the upper mesopelagic/ surface ocean (Benner and Amon,
2015). Important structural features of this HMW DOC are elusive.

DOC structure requires critical consideration, however, given the
importance of heterotrophic microbes in DOC cycling. Prokaryotic
processing of HMW DOC requires structurally selective extracellular
enzymes to initially hydrolyze a substrate prior to uptake (Arnosti,
2011): enzyme-substrate ‘fit’ is central to HMW DOC remineralization.
Information about these enzymes in the ocean has been obtained
through studies that have highlighted the diversity and succession of
genes corresponding to hydrolytic enzymes and substrate transporters
that characterize different phytoplankton bloom phases (Teeling et al.,
2012, 2016) and distinguish microbial communities at distinct loca-
tions (Gomez-Pereira et al., 2012; Landa et al., 2016). These field stu-
dies are complemented by studies of bacterial isolates that have pro-
vided essential information about differences in the physiology and
substrate usage of phylogenetically related species (e.g. Wegner et al.,
2013; Kabisch et al., 2014; Xing et al., 2014).

Although such metagenomic, genomic, microbiological and bio-
chemical approaches have yielded new information about the enzy-
matic potential of organisms and communities, experimental methods
to measure extracellular enzyme activities in the field have not kept
pace. The most widespread methods to measure enzymatic hydrolysis
rates use small substrate proxies, in which a monomer (typically glu-
cose or leucine) is hydrolyzed, yielding a free fluorophore (e.g. Hoppe,
1983; Piontek et al., 2014); hydrolysis is measured as an increase in
fluorescence. This method is robust, straightforward, and facilitates
data comparison across time and environments, but it does not yield
information about the structural specificities of enzymes that hydrolyze
HMW substrates, nor does it measure the activities of midchain-
cleaving (endo-acting) enzymes essential to the hydrolysis of HMW
substrates (Warren, 1996). Moreover, measurements made with a single
substrate proxy may in fact integrate the activities of multiple enzymes
(Steen et al., 2015). We thus have a considerable gap between knowl-
edge of gene sequences and proteins on the one hand, and measure-
ments of the activities and structural specificities of enzymes that hy-
drolyze HMW substrates in marine waters on the other.

An alternative approach to measure and compare the enzymatic
hydrolysis rates of structurally-distinct HMW substrates relies on the
use of fluorescently-labeled (FLA-) polysaccharides. By covalently
linking fluorophores to specific HMW polysaccharides or plankton ex-
tracts, hydrolysis can be measured as the change in the molecular
weight distribution of the polysaccharides with time (Arnosti, 2003).
Measuring hydrolysis of polysaccharides in the ocean is highly relevant
to HMW DOC degradation, since polysaccharides constitute a high
percentage of marine organic matter (Cowie and Hedges, 1984; Skoog
and Benner, 1997; Biersmith and Benner, 1998) including DOC (Benner
et al., 1992).

We have measured polysaccharide hydrolysis rates across a wide
range of sites in the surface ocean (Arnosti et al., 2011), and in a limited
number of depth profiles (e.g. Steen et al., 2012; Hoarfrost and Arnosti,
2017; Balmonte et al., 2018). These measurements have revealed large-
scale patterns in microbial enzyme activities: the spectrum (number of
different types) of polysaccharides hydrolyzed decreases from tempe-
rate to polar latitudes, from coastal to open-ocean waters, and with
depth in the ocean (Arnosti et al., 2011; Steen et al., 2012; D'Ambrosio
et al., 2014; Hoarfrost and Arnosti, 2017; Balmonte et al., 2018). These
broad-scale gradients in activities are also consistent with broad-scale
gradients in the composition of microbial communities (Pommier et al.,
2007; Fuhrman et al., 2008; Zinger et al., 2011; Arnosti et al., 2012),
suggesting that there are underlying connections between the compo-
sition of microbial communities and their enzymatic functions. The
nature and types of HMW substrates that are remineralized in a given
location thus is a function of microbial community capabilities, as well
as organic matter structure.

2. A widespread, previously overlooked mechanism of HMW
substrate uptake in the ocean

In order to investigate more closely patterns in microbial commu-
nity composition and enzymatic function, during a latitudinal transect
along the Atlantic Ocean we incubated seawater with fluorescently-la-
beled polysaccharides (Reintjes et al., 2017; revised). We intended to
track changes in microbial community composition as polysaccharides
were hydrolyzed in shipboard incubations, but we ended up with far
more than we bargained for: fluorescence microscopy at sea demon-
strated that a considerable fraction of the total cells showed staining by
the fluoresceinamine (FLA)-labeled polysaccharides added to the in-
cubations (Fig. 1). This result was surprising in many ways: we had not
expected that bacteria would take up the fluorescent tag along with part
of the polysaccharide. Furthermore, since each fluorescent poly-
saccharide bears only a few fluorophores (Arnosti, 2003), the intensity
of the fluorescent staining means that a considerable quantity of HMW
substrate must have been transported into the cell. Moreover, the
staining with FLA-polysaccharides was rapid – initial staining was
visible after just 30 min (Fig. 1a), and generally increased with in-
cubation time (Fig. 1b-d). Subsequent microscopic examination using
super-resolution structured illumination microscopy (Schermelleh

Fig. 1. Time series super-resolution structured illumination microscopy images of bacterial cells from the Northern Atlantic Ocean showing uptake of fluorescently
labeled laminarin (green). Cells are counter stained with DAPI (blue). Cells were samples after a) 30 min, b) 3 days, (c) 6 days, and d) 12 days, and show an increase in
substrate staining over time. Scale bar = 1 μm. (reproduced from Reintjes et al., 2017).
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et al., 2010) showed that the stain was localized within the periplasmic
space, not just stuck to the outer membrane. Furthermore, HMW sub-
strate uptake is an active process: killed controls showed no staining
(Reintjes et al., 2017).

Using fluorescence in situ hybridization (FISH), we identified some
of the bacteria stained with FLA-polysaccharides as members of phylum
Bacteroidetes (Fig. 2). This information indicates a potential mechanism
for HMW substrate uptake: intestinal members of the Bacteroidetes have
been identified as using a mode of uptake in which polysaccharides are
bound to the outer membrane, hydrolyzed, and transported as large
fragments into the periplasmic space with little or no release of hy-
drolysis product into the external medium (Cuskin et al., 2015; Fig. 3).
This type of substrate uptake in members of the Bacteroidetes has been
linked to the presence of distinct sets of binding proteins, hydrolytic
enzymes, and cross-membrane transporters (Martens et al., 2009;
Koropatkin et al., 2012). Those Bacteroidetes, from the class Bacteroidia,
however, are part of the gut microbiome (Rakoff-Nahoum et al., 2014;
Rogowski et al., 2015), an anoxic, warm, organic carbon-rich en-
vironment that is densely populated with bacteria: in other words, an
environment very different from the surface ocean. The mechanism
itself is thus not unknown, but the fact that a considerable fraction (up
to 26%; Fig. 4) of the pelagic bacterial community in the sparsely po-
pulated, oxic, cool, comparatively carbon-poor waters of the surface

ocean should use such a mechanism was completely unexpected. Fur-
thermore, an analogous mechanism of periplasmic substrate processing
was recently demonstrated for the gram-negative bacterial phylum
Planctomycetes (Boedeker et al., 2017; Fig. 4). A notable fraction of the
substrate-stained cells, moreover, was not identifiable with the selected
set of FISH probes that we used (Fig. 4). This result indicates that up-
take of large fragments of polysaccharides extends well beyond these
two phyla, and likely includes other gram-negative bacteria that possess
an outer membrane as well as a cellular membrane. Intriguingly, all six
of the polysaccharides that we tested were taken up by at least some
bacterial cells (Reintjes et al., revised), indicating that this mode of
substrate acquisition is used to take up a considerable variety of poly-
saccharides. We thus have evidence for a previously unrecognized
mode of organic matter acquisition in the surface ocean, a mode of
substrate acquisition that has been termed ‘selfish’, since the gut bac-
teria in which this mechanism has been identified do not share hy-
drolysis products with other organisms (Cuskin et al., 2015).

3. A rouges' gallery of organic matter degradation: selfish,
producing, and cheating bacteria

Recognition of selfish uptake changes previous conceptions about
interactions among members of microbial communities during HMW
substrate degradation. Models and measurements of organic matter
degradation by microbial communities have reflected the perspective
that degradation of HMW organic matter requires production of sui-
table enzymes by a fraction of the microbial community. Other mem-
bers of the community can potentially benefit from this production by
taking up hydrolysis products without investing in enzyme production
(e.g. Folse III and Allison, 2012; Mislan et al., 2014; Fig. 5a). Economic
and ecological analyses of this scenario have focused on the cost-benefit
calculus of these organisms, which have been characterized as ‘produ-
cers’ and ‘cheaters’, respectively (Allison, 2005; Kaiser et al., 2015). For
example, the cost of enzymes may be most effectively returned to the
producing cells – and the benefits to cheaters reduced – through stra-
tegies such as production within sufficiently thick biofilms, which re-
duces diffusive loss of hydrolysate. Conversely, in high-flow environ-
ments such as sinking marine snow, producing cells can also
outcompete cheaters since hydrolysate is rapidly removed, preventing
cheaters from benefitting from enzyme activities (Drescher et al.,
2014). In a similar manner, production of enzymes by a free-living
bacterium might pay off if the enzymes were attached to the surface of
the cell, rather than released into the environment (Traving et al.,
2015)

These scenarios become considerably more complex, however,
when selfish bacteria are included (Fig. 5b). Substrate loss by selfish
bacteria is very low (Cuskin et al., 2015), such that cheating bacteria
are minimally subsidized by their activities, irrespective of the broader
environmental context. Selfish bacteria preferentially consuming a

Fig. 2. Super-resolution structured illumination microscopy images of environmental Bacteroidetes cells showing uptake of FLA laminarin. (a) DNA stained by DAPI
(blue), (b) fluorescently labeled laminarin (green), (c) identification of Bacteroidetes cells using group specific FISH probe (CF319a, red), (d) overlay image. Scale
bar = 2 μm.

Fig. 3. Hypothesized mechanism of ‘selfish’ polysaccharide uptake. The re-
cognition, binding, and initial hydrolysis of the polysaccharide occurs at the
outer membrane via SusD, SusE, SusF (Rogowski et al., 2015). The oligo-
saccharides produced are subsequently transported into the periplasm via
SusC/D; further hydrolysis occurs in the periplasm via glycosyl hydrolases
(GH). Stars represent fluorophore attached to fluorescently labeled substrates.
(Modified from Reintjes et al., 2017; after Koropatkin et al., 2012).
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specific substrate would imply that the flux of carbon to other bacteria
would be reduced (Fig. 5b) compared to situations in which producing
bacteria dominate initial hydrolysis (Fig. 5a). Under these conditions,
the population of cheating bacteria may be affected by reduced sub-
strate availability.

Nonetheless, selfish uptake is not the only mechanism important for
substrate degradation in the ocean: for example, other bacteria that are
known to hydrolyze polysaccharides or harbor genes that correspond to
enzymes for hydrolysis of HMW substrates – notably members of the
Alteromonadales (Teeling et al., 2012; Wietz et al., 2015; Taylor and
Cunliffe, 2017) – responded in our experiments, as identified via next
generation sequencing, although they did not display a selfish uptake
mechanism (Reintjes et al., revised). Moreover, hydrolysis with extra-
cellular production of intermediate as well as lower molecular weight
substrates (a producing mode; Fig. 5a) is known from experiments with
bacterial isolates, as well as from incubations of polysaccharides in
seawater and sediments (Arnosti and Repeta, 1994; Arnosti, 2008;

Neumann et al., 2015). Selfish and producing bacteria thus coexist with
cheating bacteria, in complex interactions that have yet to be explored
(Fig. 5b). This exploration will also require renewed efforts in mod-
eling, given the fact that (based on knowledge of members of the
Bacteroidetes) selfish uptake requires considerable cellular investment,
involving multiple substrate binding proteins and hydrolytic enzymes
(Martens et al., 2009; Rakoff-Nahoum et al., 2016).

Efforts to determine which organisms are associated with a specific
type of behavior are complicated by the fact that selfish and producing
modes of substrate acquisition cannot neatly be divided by phylogeny:
members of the Bacteroidetes (the best-investigated organisms, owing to
their importance in the gut microbiome) fall in both groups (Rakoff-
Nahoum et al., 2014). Indeed, closely-related bacterial species have
been demonstrated to have distinctly different enzymatic repertoires
and substrate preferences (e.g., Xing et al., 2014). Moreover, many
Gammaproteobacteria are known to be producers, secreting enzymes
that are active in the external environment (Fig. 5a);

Fig. 4. Relative abundance of cells (percent of total DAPI-stainable cells) stained with fluorescently labeled chondroitin, xylan, and laminarin after 6 days of
incubation at five stations in the Atlantic Ocean. A fraction of the substrate-stained cells could be identified using group specific FISH probes (color key at right). Data
replotted from Reintjes et al. (2017).

Fig. 5. a) Microbial communities include organisms that produce extracellular enzymes (‘producers’; yellow, with enzymes in black) to hydrolyze HMW substrates
(schematically indicated with orange circles connected by black lines) to sizes sufficiently small for uptake. The color gradient in the background denotes diffusion of
hydrolysis products away from the producers. Some of the hydrolysate is taken up by ‘cheating’ organisms (orange) that did not produce the enzymes. b) ‘Selfish’
bacteria (green/yellow) take up HMW substrates without releasing LMW hydrolysis products to the external environment. Presumably, they compete with producers
(yellow), which hydrolyze substrates in the external environment. Cheaters (orange) may have less substrate available (compare to scenario a) under conditions in
which selfish bacteria predominate.
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Gammaproteobacteria typical respond rapidly to increases in substrate
concentrations (Sarmento et al., 2016; Sperling et al., 2017). Many
members of the Gammaproteobacteria carry genes related to quorum
sensing (Drescher et al., 2014; Krupke et al., 2016) and thus collectively
may hydrolyze substrates in a manner in which the wider community
benefits from enzymatic hydrolysis (Fig. 5a). Making sharp distinctions
between producing and cheating behavior may therefore prove to be an
oversimplification: experiments with pure cultures of bacteria have
demonstrated that only a fraction of the organisms may turn on the
genetic pathway to hydrolyze a given substrate at any time, whereas a
wider fraction of the cells may take up the hydrolysate (Baty III et al.,
2000a,b). More recently, focused investigation of a member of the gut
Bacteroidetes demonstrated that Bacteroides ovatus carried out selfish
uptake and external hydrolysis concurrently, with the hydrolysate
benefitting Bacteroides vulgatus, which then provided a growth factor
benefitting B. ovatus (Rakoff-Nahoum et al., 2016). The rogues' gallery
thus likely also contains previously unrecognized pathways of co-
operation among these groups.

4. The role of substrate binding and transport in organic matter
degradation: selfish bacteria collect HMW DOC

Whether and which selfish bacteria are entirely selfish, merely op-
portunistic, or perhaps collaborate in their mode of substrate processing
in ocean waters remains to be determined. In any case, identification of
a selfish mode of substrate processing highlights the importance of
targeted binding and uptake as factors in microbial degradation of or-
ganic matter, where consideration of structural ‘fit’ for substrate
binding and transporters, as well as for extracellular enzymes, requires
further attention.

In the organic geochemical literature, the importance of targeted
substrate binding by microbes for the most part has been overlooked.
Methods most commonly used to measure microbial processing of or-
ganic matter typically are focused on LMW substrates, but LMW sub-
strate proxies do not fit the comparatively complex biochemical ma-
chinery of binding proteins (Fig. 3; Warren, 1996). Similarly, uptake of
LMW substrates such as glucose or amino acids is frequently measured
in incubations (e.g., Rich et al., 1996; Ouverney and Fuhrman, 2000;
Bryson et al., 2016). These substrates are processed differently – and in
some cases, by different organisms – than HMW substrates (Cottrell and
Kirchman, 2000; Elifantz et al., 2005). Mono-, di- and trisaccharides are
primarily taken up by ABC transporters that do not accommodated
molecular weights above 600 Da (Davidson et al., 2008).

The requirement for sufficient substrate length (e.g., a tetra-
saccharide; Martens et al., 2009) to fit binding domains and transpor-
ters for processing HMW substrates means that most previous mea-
surements of enzymatic hydrolysis likely have not captured a large
fraction of HMW substrate processing activity. This consideration ap-
plies to organisms that carry out selfish hydrolysis and uptake, as well
as producing bacteria (Fig. 5a) that hydrolyze substrates with cell-
surface associated and/or freely-released enzymes, since such enzymes
frequently contain structure-specific binding domains, as well as cata-
lytic domains (Rogowski et al., 2015). Members of the Verrucomicrobia,
for example, have been identified in coastal waters as bacteria that bind
polysaccharides to the cell exterior (Martinez-Garcia et al., 2012);
Verrucomicrobia likely also hydrolyze a range of polysaccharides
(Cardman et al., 2014), but they have not yet been identified among the
selfish bacteria. Targeted substrate binding thus is an essential – and
often overlooked – facet of organic matter degradation by microbial
communities. Substrate binding encompasses the binding of HMW DOC
to microbial cells via substrate binding domains, either specific proteins
or modules of cell-surface-attached extracellular enzymes (Boraston
et al., 2004; Carvalho et al., 2014). From this perspective, the greater
reactivity and comparatively rapid removal from ocean waters of HMW
DOC is linked at least in part to the specific substrate binding and up-
take capabilities of microbes.

As portrayed by the size-reactivity continuum (Fig. 6), the greater
reactivity of HMW organic matter is thus in part due to the fact that a
considerable fraction of bacteria in the surface ocean (Fig. 4) have the
ability to bind specifically and rapidly HMW substrates. This point is
illustrated vividly by the observation that approximately 5% of total
cells took up laminarin within a few minutes of substrate addition in
our Atlantic transect (Reintjes et al., 2017), the time required to add
substrate, mix the sample, and filter the initial sub-sample. Obtaining
specific HMW substrates in a targeted manner can optimize return on
investment, a strategy that appears to be effective in diverse environ-
ments. Our observation that selfish behavior is measurable for all
substrates and stations investigated to date (Reintjes et al., 2017; re-
vised) suggests that this mode of substrate processing is sufficiently
widespread to affect HMW DOC reactivity in the ocean.

5. Looking forward

Selfish uptake is thus an effective acquisition strategy to sequester
specific polysaccharides in strikingly different environments: the warm,
carbon-rich, anoxic human gut and the cool, carbon-poor oxic surface
ocean (Rakoff-Nahoum et al., 2016; Reintjes et al., 2017; revised). Why
does the same strategy work in such contrasting environments? Where
else might selfish uptake be found? What factors constrain this mode of
substrate processing? For the most part, these questions await further
investigation, although some speculation may be in order here. The
examples from the human gut for the most part involve specific mem-
bers of the Bacteroidetes that process selected highly complex poly-
saccharides in a selfish manner (Cuskin et al., 2015; Rakoff-Nahoum
et al., 2016); the investment in enzymes and uptake systems must be
considerable. Moreover, the human gut is a densely populated en-
vironment where competition for resources is intense. Complexity of
the target polysaccharide thus may be one consideration: degradation
of a more complex substrate that requires more resources to access may
be worthwhile when the ‘return on investment’ is in a way guaranteed.
A comparable example in the surface ocean may be seen for chondroitin
sulfate. Selfish uptake of this sulfated polysaccharide is frequently as-
sociated specifically with members of the bacterial phylum Planctomy-
cetales (Reintjes et al., 2017; revised), which may be the organisms
enzymatically best suited to degrade this complex substrate.

We also observe very rapid selfish uptake of laminarin, however, a
comparatively simple polysaccharide. At all five stations where we
worked in the Atlantic Ocean, in fact, selfish uptake of laminarin was
measurable shortly after addition of substrate (Reintjes et al., 2017).
Since our experiments with pure cultures of Gramella forsetii demon-
strated that prior exposure to laminarin led to induction of enzymes

Fig. 6. The size-reactivity continuum reconsidered: specific bacteria use selfish
uptake to rapidly utilize HMW organic matter. (Organic matter continuum
modified from Benner and Amon, 2015.)
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(Kabisch et al., 2014) and much more rapid initial uptake (Reintjes
et al., 2017), we speculate that (i) laminarin (an energy storage product
of phytoplankton including diatoms; Painter, 1983) is a common sub-
strate in the ocean – since bacteria from distinct surface waters reacted
with a speed suggesting that they had been recently exposed to this
polysaccharide – and (ii) selfish uptake can also be an effective strategy
used by a range of different bacteria (Fig. 4) to hoard ‘simple’ poly-
saccharides in the face of competition. The hypothesis that selfish up-
take may be a workable strategy under different conditions of substrate
complexity and competition also is supported by our observation that in
surface waters of the Atlantic Ocean, the spectrum as well as the extent
of selfish uptake varied by location (Reintjes et al., 2017; revised).

The role of targeted cell-surface binding of substrates has received
little previous attention in discussions of DOC cycling in the ocean. Our
serendipitous observation of a widespread and surprisingly rapid mode
of substrate uptake that depends critically on specific binding and
transport into the cell suggests that selective uptake of HMW DOC may
underlie the size-reactivity continuum (Amon and Benner, 1996) of
DOC. Selfish behavior may also occur in other parts of the ocean such as
sediments, and in other environments. Identifying the environments in
which selfish uptake occurs, the factors that constrain selfish uptake,
and the conditions under which a variety of substrate degradation
strategies are effective, will help provide mechanistic understanding of
DOC processing. Such observations and measurements are an essential
aspect of developing an overall mechanistic understanding of organic
matter degradation in the ocean.
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