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Abstract
Heterotrophic bacteria in the ocean initiate biopolymer degradation using
extracellular enzymes that yield low molecular weight hydrolysis products in
the environment, or by using a selfish uptake mechanism that retains the
hydrolysate for the enzyme-producing cell. The mechanism used affects the
availability of hydrolysis products to other bacteria, and thus also potentially
the composition and activity of the community. In marine systems, these
two mechanisms of substrate processing have been studied in the water
column, but to date, have not been investigated in sediments. In surface
sediments from an Arctic fjord of Svalbard, we investigated mechanisms of
biopolymer hydrolysis using four polysaccharides and mucin, a glycopro-
tein. Extracellular hydrolysis of all biopolymers was rapid. Moreover, rapid
degradation of mucin suggests that it may be a key substrate for benthic
microbes. Although selfish uptake is common in ocean waters, only a small
fraction (0.5%–2%) of microbes adhering to sediments used this mecha-
nism. Selfish uptake was carried out primarily by Planctomycetota and Ver-
rucomicrobiota. The overall dominance of extracellular hydrolysis in
sediments, however, suggests that the bulk of biopolymer processing is car-
ried out by a benthic community relying on the sharing of enzymatic capabil-
ities and scavenging of public goods.

INTRODUCTION

Most organic matter synthesized by phytoplankton and
macroalgae in the ocean is in the form of biopolymers,
high molecular weight (HMW) compounds including
polysaccharides and proteins (Biersmith &
Benner, 1998; Hedges et al., 2002; Percival &
Mcdowell, 1990). A considerable fraction of these bio-
polymers is processed and degraded by heterotrophic
microbial communities, which respire the organic car-
bon back to CO2 (Azam & Malfatti, 2007). To consume
biopolymers, however, these communities must first
hydrolyze them to sizes suitable to be taken into the
cell. This hydrolysis can occur via two distinct mecha-
nisms: extracellular hydrolysis that produces low
molecular weight oligomers in the environment, or

selfish uptake, in which hydrolysis is closely coupled to
the transport of large fragments of biopolymers into the
cell (Cuskin et al., 2015; Reintjes et al., 2017). The bal-
ance between extracellular (external) hydrolysis and
selfish uptake affects the availability of low molecular
weight oligomers to heterotrophic bacteria that do not
or cannot produce extracellular enzymes, and therefore
influences the size distribution of organic matter and
potentially the composition and activity of the heterotro-
phic bacterial community (Arnosti et al., 2018).

Selfish uptake was initially described among human
gut bacteria (Cuskin et al., 2015), and only recently rec-
ognized in the ocean (Reintjes et al., 2017). Nonethe-
less, selfish uptake appears to be quite common
among pelagic bacteria—up to 60% of total cells during a
summer sampling campaign (Giljan et al., 2022)—and
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is phylogenetically widespread among Bacteroidota,
Gammaproteobacteria, Planctomycetota and Verruco-
microbiota (e.g. Giljan et al., 2022; Reintjes et al., 2017;
Reintjes et al., 2019; Brown et al., 2024).

To date, however, these distinct substrate proces-
sing mechanisms have not been investigated in sedi-
ments, despite the fact that a significant fraction of
marine organic matter is remineralized in shallow
coastal sediments (Huettel et al., 2014;
Middelburg, 2018). Sedimentary environments differ
greatly from the water column, for example in fluid flow
and the presence of surfaces, which potentially provide
greater opportunities for bacteria to interact. Sediments
also differ from the water column in bacterial commu-
nity composition (Miksch et al., 2021; Probandt
et al., 2017; Teske et al., 2011), as well as in the
breadth of polysaccharide hydrolase activities
(Arnosti, 2008; Arnosti, 2015; Teske et al., 2011): the
spectrum of active enzymes is typically far broader in
sediments than in the overlying water column
(Arnosti, 2008, Arnosti, 2015, Teske et al., 2011). In
short, there are considerable unknowns with respect to
the manner in which bacteria use extracellular
enzymes, process substrates and interact in sediments
(Arnosti et al., 2014; Arnosti et al., 2019).

Given differences in community composition and
breadth of enzymatic function in sediments compared
to the water column, as well as the high external
hydrolysis rates and the broad spectrum of enzyme
activities previously measured in Svalbard sediments
(Arnosti, 2008; Cardman et al., 2014; Teske
et al., 2011), we hypothesized that the relative rela-
tionships between selfish uptake and external hydroly-
sis of biopolymers would be different in sediments
compared to the water column. We measured the
extent of selfish uptake and rates of external hydroly-
sis in surface sediments sampled in spring and late
summer in Isfjorden, an Arctic fjord of Svalbard, an
archipelago in the Arctic Ocean at 78� N. We focused
especially on processes carried out by organisms
adhering to sediments, and not in the porewater,
since they are the ones most likely to benefit from
surface adhesion and the nearby presence of other
bacteria. We identified the organisms responsible for
degrading biopolymers, and also measured the
growth dynamics of the bacterial community. In polar
environments, fresh phytoplankton productivity occurs
only during part of the year. Therefore, we investi-
gated the hydrolysis and uptake of a suite of polysac-
charides that likely are present at least seasonally in
the environment. In addition, we investigated the
hydrolysis and uptake of mucin, a glycoprotein
derived from marine animals such as invertebrates
(Davies & Hawkins, 1998; Riemann & Schrage, 1978;
Smith et al., 1995; Stabili et al., 2019) that presum-
ably is present year-round in sediments.

EXPERIMENTAL PROCEDURES

Sampling

Sediment samples were collected in Isfjorden, Sval-
bard, at station 5 (N78�06.4050, E14�21.0700 ± 20 m)
on 25 April and 13 September 2019, and on 29 June
2022. During the first two sampling trips, sediment was
collected with a van Veen grab; sampling in June 2022
was carried out with an Ellrott grab (Moncada
et al., 2024). The top two centimetres of the sediments
were subsampled. All sediments consisted of fine and
medium-grained sand, but September sediments also
had a contribution of silt (Miksch et al., 2021). Sediment
temperatures in April, September and June were 2.2�C,
4.5�C and 5.2�C, respectively; salinity was 35, 32 and
34 PSU. Chlorophyll a concentration was 8, 2.5 and
1.8 μg L�1, and in surface sea water and 400, 589
and 1800 μg L�1 in surface sediments in April, June
and September, respectively (for further details see
Miksch et al., 2021).

Polysaccharides and glycoprotein
substrates

Four polysaccharides and one glycoprotein (all obtained
from Sigma-Aldrich) were selected for our incubations:
laminarin (from Laminaria digitata), xylan (from beech-
wood), chondroitin sulphate (from shark cartilage), fucoi-
dan (from Fucus vesiculosus) and mucin (from porcine
stomach). The four polysaccharides are derived from
phytoplankton and/or enzymes hydrolyzing these poly-
saccharides have been demonstrated to occur in marine
bacteria (for review see Arnosti et al., 2021). Mucins are
slimes (glycoproteins of 0.5–2.0 MDa) secreted by inver-
tebrates. They are characterized by the presence of a
central protein core with heavily glycosylated side-chains
(Bansil & Turner, 2006). The levels of glycosylation differ,
however the carbohydrate content of mucins is usually
around 80% (Bansil & Turner, 2006). The polysaccha-
rides, as well as the mucin, were fluorescently labelled
with fluoresceinamine and purified according to Arnosti
(2003). Except as otherwise noted, added FLA-PS con-
centrations were 100 μM monomer equivalent. Note that
for simplicity, in the following text we will include the fluo-
rescently labelled glycoprotein, mucin, in the abbreviation
for fluorescently labelled polysaccharides (FLA-PS).

Incubations with fluorescently labelled
polysaccharides (FLA-PS)

In April, immediately after collection of the sediments,
180 ml of bulk sediments were carefully resuspended
in approximately 4.5 L of sterile artificial seawater
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(ASW: 450 mM NaCl, 59.6 mM MgCl2, 56.5 mM
MgSO4, 13.2 mM CaCl2, 9.7 mM KCl, 0.8 mM KBr,
0.3 mM H3BO3, 0.1 mM SrCl2, pH 8.0) and then the
sediments were allowed to settle, and the overlying
ASW was decanted. This procedure was carried out
three times. The main intention of washing was to
remove planktonic bacteria from the porewater in order
to focus on the identities and activities of the sediment
grain-associated bacterial community. This procedure
was also intended to remove dissolved organic carbon
contained in porewater so that the resident community
would have only particulate organic matter (and the
added substrates) to hydrolyze.

Batch incubations of sediments were set up by add-
ing 10 ml of sterile ASW to 3 ml of sediments in 50 ml
polypropylene tubes. Three replicates were then
amended with one of the five selected FLA-PS to a final
100 μM monomer equivalent concentration, assuming
a molecular weight of 500 kD for mucin, and an amino
acid: hexose ratio of 1:1. The killed controls consisted
of sediment subsamples that were previously fixed in
3.5% formaldehyde (final concentration) for 1 h at room
temperature that were also incubated with the FLA-PS.
All samples were incubated close to in situ tempera-
tures at 4�C in the dark. The incubations were sub-
sampled after 20 min (referred to as t0), 1.5 d (t1), 3.5 d
(t2), 6.5 d (t3), 10.5 d (t4) and 17.5 d (t5) of incubation.
For measurements of extracellular enzymatic activities,
1 ml of supernatant was sampled with a syringe, filtered
through a 0.2 μm Nalgene filter (SCFA membrane,
Thermo Scientific) and frozen at �20�C until analysis.
Sediment-associated bacteria—and their sediment-
associated enzymes have access to dissolved FLA-
PS, thus when we subsample the liquid phase, we
sample the lower molecular weight hydrolysis products
of their enzymatic activity. Additionally, sediment grains
from the slurry were used to determine total cell num-
bers, to identify selfish cells and do fluorescence in situ
hybridization (FISH). For this purpose, 250 μl of sedi-
ment were transferred with cell-saver tips to
Biosphere® screw cap micro tubes (2.0 ml, with gradu-
ation) and fixed with 750 μl formaldehyde (1.5% final
concentration) for at least 1 h at room temperature.
After subsampling, sediments and FLA-PS-amended
ASW were carefully mixed and incubation was
continued.

Sampling was similar for silty sediments collected in
September: 300 ml were carefully resuspended imme-
diately after collection, as described above, in a total of
10 L ASW. Three replicates each of 2.5 ml sediments
were slurried with 8 ml ASW, which were amended with
FLA-PS. Additionally, unamended controls without
added FLA-PS were used to follow cell growth during
the time course of incubation. Formaldehyde-fixed
samples were also incubated with the polysaccharides,
serving as killed controls. The formaldehyde concentra-
tion could not be defined, however, as there was

massive precipitation in the solution that could not be
re-dissolved completely aboard ship. Samples were
incubated at 4�C in the dark.

Subsampling was done after 20 min (t0), 0.25 d (t1),
1 d (t2), 2 d (t3), 4 d (t4) and 10 d (t5) of incubation.
Using cell saver tips, 1.3 ml homogenized sediment
slurry (composed of �300 μl sediment and � 1000 μl
FLA-PS-amended ASW) was transferred into
Biosphere® screw cap micro tubes. For measurements
of extracellular enzymatic activities, �1 ml of superna-
tant was subsampled with a syringe, filtered through a
0.2 μm Nalgene filter (SCFA membrane, Thermo Scien-
tific) and frozen at �20�C until analysis. For FISH,
300 μl of sediment was fixed with 750 μl formaldehyde
(1.5% final concentration) for at least 1 h at room
temperature.

Incubations with different mucin
concentrations

To examine cellular growth, external hydrolysis and
selfish uptake as a function of mucin concentration,
sediment samples were also collected in June 2022.
For these experiments, intact sediment samples
(no washing or removal of porewater) were incubated
with three different mucin concentrations: three repli-
cates of 3 ml sediment subsamples were incubated
with 10 ml of autoclaved and 0.2 μm sterile-filtered
ASW, which was amended with either 10, 100, or
1000 μM FLA-mucin and incubated for 3 days at 4�C.
Killed controls were prepared by using a domestic pres-
sure cooker for 30 min to sterilize the sediments prior to
substrate addition. Subsampling was done after 20 min
(t0), 1 day and 3 days of incubation and processing of
samples as described above.

Measurement of extracellular enzymatic
activities

Polysaccharide (and mucin) hydrolysis rates were mea-
sured via changes with time in the molecular weight of
the added FLA-PS (described in detail in
Arnosti, 2003). In brief, samples were thawed and
injected on a system of two Sephadex gel columns
(G-50 and G-75, linked in series), which separate
organic biopolymers as a function of molecular size.
The fractions were detected via fluorescence (ex:
490 nm; em: 530 nm) of the fluoresceinamine cova-
lently attached to the polysaccharides and fragments.
Columns were standardized with FITC-dextrans, FITC-
galactose and free fluoresceinamine.

For the April and September samples, instead of
using the standard method for killed controls (use of an
autoclave aboard ship was not possible), the sediment
slurry was amended with formaldehyde (3.5% final
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concentration) for 1 h at room temperature. Especially
in the laminarin and xylan incubations, this technique
was clearly unsuitable, since it resulted in enzyme
activities that were almost as high as those measured
in the active incubations. Cell growth was also measur-
able (Table S1). One possible reason for the activity in
the controls was an insufficiently high formaldehyde
concentration to kill the cells and to inactivate extracel-
lular enzymes such as laminarinases and xylanases.
While in April killed controls only slight cell growth was
detected, cell growth in September samples was more
pronounced, most likely because of low formaldehyde
concentrations, due to precipitation of the added form-
aldehyde. For example, in killed controls with xylan,
mucin and fucoidan, cell numbers increased 2.0-, 1.6-,
and 2.9-fold in course of the experiment while
increases in April incubations where between 1.0- and
1.3-fold. A correction of the rates by the values mea-
sured in the killed control would result in hydrolysis
rates close to zero, which is unlikely, as rapid hydroly-
sis of laminarin and xylan has previously been reported
for Arctic sediments (e.g. Arnosti, 2008; Cardman
et al., 2014). Therefore, here we show hydrolysis rates
for laminarin and xylan that were not corrected by the
rates for the corresponding killed controls. Notably,
however, killed controls for mucin, chondroitin sulphate
and fucoidan showed no or very low enzyme activities
despite considerable cell growth, especially for the
September samples (Table S1). We speculate that
these differences arise from the extent to which
enzymes may already be present in cells versus
enzymes that require induction. In addition, we specu-
late that a broader fraction of the bacterial community
has enzymes that hydrolyze comparatively simple poly-
saccharides such as laminarin and xylan, compared to
the likely larger and more specialized enzyme comple-
ment required to hydrolyze mucin, chondroitin and
fucoidan (see Section 4).

Separation of cells from sediment grains

All formaldehyde-fixed samples were washed three
times with 0.2 μm-sterile-filtered 1� phosphate-
buffered saline (PBS; 13.7 mM NaCl, 0.27 mM KCl,
1 mM Na2HPO4, 0.2 mM KH2PO4). Afterwards, they
were sonicated on ice with a Sonopuls GM Mini20
equipped with a microtip MS 2.5 (Bandelin, Berlin,
Germany). Samples collected in April (sandy sedi-
ments) were sonicated three times at a setting of 30 s,
an amplitude of 86% and pulse of 0.2 s. Supernatants
were collected and replaced by 750 μl 1�PBS. Aliquots
of combined supernatants were filtered through a
47 mm (0.2 μm pore size) polycarbonate filter (GTTP,
Millipore, Eschborn, Germany), applying a gentle vac-
uum of <200 mbar. Silty sediments collected in

September were sonicated only once. An aliquot was
taken from the tube, diluted and filtered. After drying,
the filters were stored at �20�C until further analysis.

FISH for visualization and quantification of
selfish bacteria

FISH was carried out with slight modifications of the
protocol by Manz et al. (1992). The hybridization mix
contained 0.9 M NaCl, 0.02 M Tris–HCl (pH 8), 10%
(wt/vol) dextran sulphate, 0.02% (wt/vol) sodium dode-
cyl sulphate, 1% (wt/vol) blocking reagent (Roche,
Mannheim, Germany), x% (vol/vol) formamide (accord-
ing to the individual probe requirements) and
0.83 pmol μl�1 4�Atto594-labelled oligonucleotide
probe. Hybridization was carried out in a humidity
chamber equilibrated with 2.25 M NaCl and identical
formamide concentration as in the hybridization buffer
at 46�C for 3 h. Filter sections were subsequently
washed in prewarmed buffer (0.08–0.225 M NaCl,
depending on formamide concentration in the hybridi-
zation buffer, 20 mM Tris–HCl (pH 8), 0.05 M EDTA
(pH 8), 0.02% (wt/vol) sodium dodecyl sulphate) for
15 min at 48�C. Filter sections were removed from the
buffer, air-dried on Whatman paper and mounted in
CitiFluorAF1 (CitiFluor Ltd., London) and Vectashield
(Vector Laboratories, Burlingame, CA) containing
1 μg ml�1 DAPI (40,6-diamidino-2-phenylindole; Sigma-
Aldrich, Steinheim, Germany).

Selfish bacteria were quantified by epifluorescence
microscopy (Reintjes et al., 2017, 2020). FISH signals
and FLA-PS uptake were visualized by epifluorescence
microscopy (Nikon Eclipse 50i). For quantification of
FLA-PS stained cells (selfish bacteria), 100 fields
of view were manually counted. For identification of
these selfish bacteria, �100 FLA-PS stained cells were
analysed with each FISH probe (for September, >25
FLA-PS stained cells; FLA-xylan stained cells were not
analysed). For quantification of total FISH-stained cells,
20 to 30 fields of view were counted. Imaging was done
by a laser scanning microscope (LSM780, Zeiss, Jena,
Germany) equipped with an Airyscan detector. Probe
sequences, permeabilization conditions and formamide
concentrations are given in Table S2.

Quantification of Actinomarinales (probe ACM1218)
and Microtrichales (probe MIT1218) was not reliable
using 4xAtto594-labelled probes because the signal
was too low. As FLA-PS signals were not expected in
these Gram-positive clades due to the absence of a
periplasm, we quantified total Actinomarinales and
Microtrichales via FISH with horseradish peroxidase
(HRP)-labelled probes followed by fluorescently
labelled-tyramide signal amplification (CARD) as
described previously (Miksch et al., 2021; Pernthaler
et al., 2002).
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Phylogenetic tree reconstruction and
oligonucleotide probe design

Oligonucleotide probes for the identification of the Ver-
rucomicrobiota genera Rubritalea, Luteolibacter, Rosei-
bacillus, Haloferula and Persicirhabdus were
developed. Probe design was targeted towards these
genera as they were most abundant based on relative
16S rRNA gene abundance (Miksch et al., 2021). As a
prerequisite for probe design, a phylogenetic tree was
reconstructed from 441 full-length Verrucomicrobiota
16S rRNA genes selected from the SILVA database
SSU Ref138.1 (Pruesse et al., 2007, Quast
et al., 2013, released Aug 2020). The tree was calcu-
lated using a maximum likelihood method (PHYML)
with GTR correction. A filter that excluded positions
with more than 50% variability was implemented, which
resulted in 1381 valid sequence positions for tree cal-
culation. Selected sequences belonging to the phylum
Planctomycetota were used as outgroup. Partial Verru-
comicrobiota 16S rRNA gene sequences from Isfjor-
den, Svalbard sediments (Miksch et al., 2021)
spanning the V3–V4 hypervariable region were
imported into the database and added to the tree under
Parsimony criteria without allowing changes in the
overall tree topology.

Probe design was done using the Probe Design tool
of the ARB software package version arb-devel-6.1.
rev18634 (Westram et al., 2011). Additionally, a set of
competitors (Manz et al., 1992) and helpers (Fuchs
et al., 2000) flanking the 50 and 30 ends of the target
sequences was designed and used in equimolar con-
centrations with the probe.

DNA extraction and microbial diversity
analyses

DNA was extracted from April sediments and
September 2019 homogenized sediment slurries sub-
sampled at t0 and t5 using the Power Soil Kit (Qiagen,
Hilden, Germany). Amplification of 16S rRNA gene
fragments was done using the primers S-D-Bact-
0341-b-S-17 and S-D-Bact-0785-a-A-21 (Herlemann
et al., 2011). Amplicons were sequenced on an Illumina
(San Diego, CA) platform (HiSeq2500, 2�250 bases,
paired-end) at the Max Planck-Genome Center in
Cologne (Germany). Sequences were processed using
BBTools version 37.62 (Bushnell et al., 2017), mothur
v.1.38.1 (Schloss et al., 2009) and after subsampling to
10,000 reads per sample, classified using the SIL-
VAngs pipeline and database SSU 138.1 Ref NR99
(Quast et al., 2013). Plotting was done using R
(Team, 2019; Wickham, 2017). For details see Miksch
et al. (2021). Script is deposited at: https://github.com/
smiksch/16_S_rRNA_processing_looking_at_seasona
lity_in_sediments.

Amplicon sequence variants analysis

Amplicon sequence variants (ASVs) were determined
from processed sequences using the DADA2
(v. 1.30.0, Callahan et al., 2016). We followed the stan-
dard pipeline (https://benjjneb.github.io/dada2/tutorial.
html) with the following parameter settings for filterAnd-
Trim(): truncLen = c(220,220), maxN = 0, maxEE = c
(2,2), truncQ = 2. After merging of forward and reverse
reads with DADA2 an ASV count table was built for sta-
tistical analysis. Absolute singletons were removed,
abundances of ASVs were normalized to relative abun-
dances, and an NMDS ordination was calculated using
the vegan package v. 2.6–4 (Oksanen et al., 2019) with
the function metaMDS() and Bray–Curtis dissimilarity
(Bray & Curtis, 1957). Plotting was done using ggplot2
(Wickham, 2016).

RESULTS

Extracellular enzyme activities

Hydrolysis rates for laminarin, xylan and mucin were
considerably higher than for fucoidan and chondroitin in
both April and September (Figure 1). The highest lami-
narin, xylan and mucin hydrolysis rates were measured
in the September incubations, with maximum rates in
the range of 6000 nmol monomer L�1 sediment h�1;
maximum rates for these substrates in April were in the
range of 1500–3000 nmol monomer L�1 sediment h�1.
Considering the difference in initial sampling intervals
(rates measured first after 1.5 days in April, vs 0.3 days
in September), however, it is possible that maximum
rates occurred prior to the first sampling timepoint in
April. Differences in rates at similar timepoints for the
two sampling dates (e.g. 1.5 days vs. 1 day) were smal-
ler, although September rates were generally still
higher. Twice as high initial cell numbers in September
sediments (5.9 � 108 cells ml�1) versus April sedi-
ments (2.9 � 108 cells ml�1) might have also contrib-
uted to higher rates in September incubations.

Hydrolysis rates for chondroitin and fucoidan were
considerably lower than for the other three substrates,
and the maximum hydrolysis rates were measured at
later timepoints. Considerable rates of chondroitin
hydrolysis (�700–800 nmol monomer L�1 sediment
h�1) were first measurable after 3.5–4 days, and
increased to �1000 nmol monomer L�1 sediment h�1

by day 10 of incubation for both April and September
incubations. In April incubations, fucoidan hydrolysis
rates were somewhat lower than chondroitin
hydrolysis rates, whereas in September incubations,
they were similar.

Sediments treated for 1 h with 3.7% formaldehyde
at 20�C and amended with xylan and laminarin showed
high extracellular hydrolysis rates. Hydrolysis, however,
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was not detected in killed controls of more complex
substrates such as chondroitin sulphate, fucoidan and
mucin. These results may be due to the presence of
viable cells after formaldehyde fixation: cell growth was
detected in formaldehyde-treated sediments from
September (Table S1). The precipitated formaldehyde
solution used (and therefore arbitrary concentration)
was likely insufficient to effectively kill the cells. Further-
more, the presumably higher level of organic matter in
silty September sediments might have bound much of
the formaldehyde. Nevertheless, no selfish uptake was
observed in formaldehyde-treated controls in
September. Much of the hydrolysis measured in the
formaldehyde-treated controls may be explained by
the presence of extracellular enzymes that were insuffi-
ciently inactivated. The observation that fixation experi-
ments (40% formaldehyde for 2 h at 4�C) with different
enzymes extracted from rat liver have shown a residual
activity compared to unfixed enzymes of 52% for acid
phosphatase, 29% for catalase 29% and 50% for β-
glucuronidase (Hopwood, 1967) support this
explanation.

Selfish substrate uptake

Selfish uptake of all substrates tested was detected in
both April and September incubations (Figure 2 and
Table S1). However, only a small fraction of the benthic
bacterial community used this mechanism of polysac-
charide processing. In April, the fraction of selfish bac-
teria was greatest after 1.5 days and decreased with
time. The highest abundance of FLA-PS stained cells
was found in the laminarin incubations (mean ± stan-
dard deviation; 2.1 ± 0.2% of total cells). The highest
numbers of FLA-mucin stained cells were detected
after 3.5 days (1.4 ± 0.1% of total cells). Other incuba-
tions showed smaller fractions of FLA-PS stained cells
(chondroitin sulphate: 1.1 ± 0.6%; fucoidan: 0.8
± 0.3%; xylan: 0.8 ± 0.1%). In the September incuba-
tions, the overall fraction of selfish bacteria was lower
than in April. The highest abundance of FLA-PS
stained cells was found in mucin incubations after
0.3 days (1.6 ± 0.4% of total cells). The laminarin incu-
bations showed only a small fraction of selfish bacteria
(0.1–0.5% of total cells). Similarly low fractions of
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F I GURE 1 Hydrolysis rates of polysaccharides in homogenized surface sediments (0–2 cm) from Isfjorden, Svalbard. (A), April incubation;
(B), September incubation. Error bars show the standard deviations of triplicate incubations. *Note, hydrolysis rates of laminarin and xylan were
not corrected by values measured in killed controls as controls were insufficiently inactivated by formaldehyde fixation.
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selfish bacteria were found for uptake of xylan (0.2
± 0.0% of total cells), chondroitin sulphate (0.3 ± 0.1),
and fucoidan (0.6 ± 0.1). Killed controls showed no self-
ish uptake of any of the substrates.

Three dominant morphotypes of FLA-PS stained cells
were detected in the April incubations (Figure 3): (i) an
oval, coccoid type, which dominated in all incubations
(Figure 3A), and (ii) and rods with an apolar or (iii) bipolar
FLA-PS signal (Figure 3B,C), which were most often
detected in April incubations and only rarely in
September. In the September incubations, a fourth, oval
morphotype was identified that had curved ‘parentheses’
of substrate staining on either side of the DAPI-stained
DNA (Figure 3D). In general, FLA-laminarin and FLA-
mucin signals were brighter than FLA-chondroitin and
FLA-fucoidan signals in both April and September.

Identification of FLA-PS stained cells

To identify bacteria taking up specific FLA-PS, FISH
probes were used for samples collected over the initial

timepoints (1.5 and 3.5 days in April; 0.3 and 1 day in
September); the fraction of selfish bacteria was too
small at the other timepoints to allow counting of a sta-
tistically sufficiently high number of FLA-PS stained
cells. For all FLA-PS, Planctomycetota made up the
largest fraction of selfish bacteria, constituting
76 ± 16% of total selfish bacteria taking up laminarin,
45 ± 2% taking up mucin, 71 ± 8% taking up xylan,
49 ± 12% taking up chondroitin sulphate, and 63 ± 7%
taking up fucoidan in April incubations, as well as
84 ± 5% of total selfish bacteria taking up chondroitin
sulphate and 69 ± 11% taking up fucoidan in
September incubations (Figure 2). Their contribution to
laminarin and mucin uptake in the September incuba-
tions was lower, at 37 ± 6% and 28 ± 8%, respectively.
Selfish Planctomycetota were typically coccoid or oval.
The substrate signals appeared either condensed close
to one pole or distributed in the periplasm
(Figure 3E–J). For some cells, the distribution of sub-
strate signals indicated massive invaginations of the
cytoplasmic membrane that are well known for Plancto-
mycetota (Boedeker et al., 2017).
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F I GURE 2 Relative abundance of FLA-PS-stained cells (selfish uptake) for all April (upper panel) and September (lower panel) incubations
and timepoints. For early timepoints (1.5 and 3.5 days in April; 0.3 and 1 day in September), FISH was used to target these selfish cells. A large
fraction was identified as members of Planctomycetota (light blue; PLA46) and Verrucomicrobiota (dark blue, EUB338-III). Bacteroidota
contributed a very small fraction (red; CF319a) in laminarin, mucin and fucoidan incubations from April only; the remaining, yet unidentified FLA-
PS-stained cells are indicated by grey colour. FLA-xylan stained cells could not be specifically identified in September incubations due to their
low cell numbers. For simplicity, bars show the mean of three replicates (individual values are given in Table S1). n.a., not analysed.
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The second most abundant fraction of benthic self-
ish bacteria were members of the phylum Verrucomi-
crobiota. They were usually rod-shaped, with a polar or
bipolar localized substrate signal (Figure 3K–M).

Rarely, oval to coccoid morphotypes were detected
(Figure 3N). Verrucomicrobiota also constituted a large
fraction of selfish bacteria, constituting 69 ± 11% and
60 ± 7% of selfish bacteria in mucin and laminarin

(I) (J)

(E) (F) (G) (H)

(S)(R)(Q)(P)

(L) (M) (N) (O)(K)

(D)(C)(B)(A)

F I GURE 3 Legend on next page.
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incubations, respectively, from September. Most identi-
fied selfish Verrucomicrobiota cells showed a charac-
teristic substrate signal in which the FLA-PS were in a
‘parentheses’ pattern around the DAPI stain
(Figure 3D,O). In April incubations, Verrucomicrobiota
made up 31 ± 3%, 25 ± 5% (laminarin), 8 ± 1% (chon-
droitin), 7 ± 2% (xylan) and 7 ± 4% of total selfish
bacteria.

In contrast to the Planctomycetota and Verrucomi-
crobiota, Bacteroidota made up only a small fraction of
FLA-PS stained cells (<1%) in April incubations; they
showed no selfish uptake in September (Figure 2). No
selfish Gammaproteobacteria or Actinobacteriota were
detected. The fraction of unidentified FLA-PS-stained
cells, however, was 5 to 30% of the total, so there are
additional clades beyond those we investigated that
use a selfish mechanism of polysaccharide uptake.

Diversity, identification and quantification
of members of Verrucomicrobiota

In incubations with FLA-mucin, a major fraction of self-
ish bacteria was identified as Verrucomicrobiota. To fur-
ther identify members of this group, we analysed the
diversity of verrucomicrobial sequences retrieved con-
currently from the same sampling site (Miksch
et al., 2021). The genera Rubritalea, Luteolibacter,
Roseibacillus, Haloferula and Persicirhabdus contrib-
uted to 45% of Verrucomicrobiota reads (Figure S1).
The abundance of these genera in the September
mucin incubation at the final 10 day timepoint are
shown in Figure S2.

A new oligonucleotide probe RUB390 targeting
these genera (group coverage 90%) was designed and
tested (Table S2), demonstrating a notable contribution
to Verrucomicrobiota, and to selfish cells. In particular,
in the April mucin incubation, targeted cells comprised
at least 60% of the total Verrucomicrobiota cells at
1.5 days, and up to 85% by 3.5 days (Figure S3). In the
September mucin incubation, these five genera
accounted for at least 40% of Verrucomicrobiota cells
in the 8 h sample. Selfish cells constituted a consider-
able fraction of the Rubritalea, Luteolibacter, Roseiba-
cillus, Haloferula and Persicirhabdus cells: in the April

1.5 and 3.5 day samples, approximately 30% of the
Verrucomicrobiota cells showed selfish uptake of mucin
(Figures 3P–S and S3); cells belonging to the five tar-
geted genera made up more than half of selfish cell
after 3.5 days. After 0.3 days in the September mucin
incubation, up to 40% of the detected Verrucomicro-
biota cells showed selfish uptake; ca. half to two-thirds
of these selfish cells belonged to the targeted genera.

Influence of substrate concentration on
mucin processing mechanisms

To investigate the potential influence of differences in
mucin concentrations on mechanisms of substrate utili-
zation, an additional incubation series was set up in
June 2022. Surface sediments were amended with
FLA-mucin at three different concentrations (10, 100
and 1000 μM monomer equivalent), and incubated for a
total of 3 days. Independent of substrate concentra-
tions, no increase in total cell numbers was observed
after 1 day; cell numbers in all incubations were
approximately 3.3 ± 0.5 � 108 cells ml�1 sediment. By
day 3, however, cell numbers in the 100 μM-
incubations had increased to 4.9 ± 0.4 � 108 cells
ml�1, and cell numbers in the 1000 μM incubations had
doubled to 6.7 ± 0.9 � 108 cells ml�1 sediment
(Figure 4A). In the 10 μM incubations, however, cell
numbers at 3 days were similar to initial numbers.

The fraction of selfish bacteria differed somewhat at
day 1, despite constant total cell numbers in the incuba-
tions. In the 10 μM incubation, selfish bacteria consti-
tuted only 0.15 ± 0.11% of total cells, whereas in the
100 μM and 1000 μM incubations, selfish bacteria
made up 2.5 ± 0.1% of total cells and 2.0 ± 0.5% of
total cells, respectively (Figure 4B). The fraction of self-
ish bacteria was slightly higher by day 3 in the 10 μM-
incubations, but in the other incubations, increased cell
growth led to a decrease in the fraction of selfish bacte-
ria, to 0.4 ± 0.2% and 1.3 ± 0.6% of total cells in the
100 μM and 1000 μM incubations, respectively.
The overall numbers of selfish cells in the 1000 μM
incubations did slightly increase between day 1 and
day 3 (6.2 ± 1.2 vs. 8.3 ± 2.5 � 106 FLA-mucin-stained
cells ml�1 sediment; Table S3).

F I GURE 3 Laser scanning micrographs of cells stained by DAPI (blue) and FLA-PS (green) from incubated sediments. (A) Oval, coccoid
morphotype of FLA-PS stained cells that dominated in all incubations; (B, C) rod-shaped morphotypes with an apolar or bipolar FLA-PS signal;
most often detected in incubations from April, rarely in September; (D) oval morphotype that had curved ‘parentheses’ of substrate staining on
either side of the DAPI-stained DNA and only occurred in incubations from September; (E-J) Planctomycetota-specific FISH probe (PLA46, red).
Substrate-uptake resulted in similar phenotypes independent of the substrate amended (E-G, mucin; H, chondroitin sulphate; I, laminarin; J,
fucoidan) and month of sampling (April vs. September). (K–O) Verrucomicrobiota-specific FISH probe (EUB338-III, red). In general, identified
FLA-PS-stained cells were oval-shaped with different degrees of elongation. They usually localized the substrate signal either (K, M) at one side
(apolar) or (L, O) on both sides of the cell (bipolar). (N) In April, FLA-PS-Verrucomicrobiota cells rarely were coccoid. (O). In September, the
dominant FLA-PS-Verrucomicrobiota phenotype showed a bipolar fluorescence signal. (P–S) A considerable portion between 10 and 75% of
FLA-PS-Verrucomicrobiota could be identified by probe RUB390 (red) targeting Rubritalea, Luteolibacter, Roseibacillus, Haloferula and
Persicirhabdus. Scale bar (applicable to all panels): 1 μm.
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Extracellular hydrolysis rates in these incubations
increased with time, and scaled generally with sub-
strate amendment: at day 1, hydrolysis was consider-
able only in the 1000 μM incubations, but by day
3, hydrolysis was measurable in all incubations, at
185 ± 48 nmol monomer L�1 sediment h�1,
1606 ± 293 nmol monomer L�1 h�1 and
4535 ± 1273 nmol monomer L�1 h�1, for the 10, 100
and 1000 μM incubations, respectively. Killed controls

(sediments boiled in a pressure cooker) showed no
selfish uptake, and no extracellular enzyme activities.

Cell counts

Cell counts in the incubations varied by substrate, incuba-
tion time and month of sampling (Table S1 and
Figures S4 and S5). Cell numbers at t0 were higher in silty
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F I GURE 4 Incubations of Isfjorden sediments with different concentrations (10, 100 and 1000 μM) of FLA-mucin. (A) Total cells, (B) relative
abundance of FLA-mucin-stained cells and (C) hydrolysis rates. Incubation time is indicated. b.d.: below detection limit.
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September sediments compared to the fine sands col-
lected in April, at 7–10 � 108 cells ml�1 sediment, and 2–
4 � 108 cells ml�1, respectively. In all incubations, cell
counts increased over time by a factor of 1.4–3.5, reach-
ing a maximum by day 4 (for September) or day 10.5 (for
April). Cell numbers in xylan incubation, replicate A, from
April increased the most, by a factor of 5.1, and reached a
maximum of >19 � 108 cells ml�1 sediment (Figure S4).
Cell numbers in the April killed controls increased by 30%
in the laminarin and xylan incubations (from �3.2 to
4.3 � 108 ml�1 sediment), while they remained about con-
stant in the mucin, chondroitin and fucoidan incubations.
Cell numbers in the September killed controls increased
by 10%–280% during the course of the experiment in all
incubations (Table S1), clearly indicating that the formal-
dehyde inactivation had been insufficient.

Bacterial community composition in the
incubations

Sequencing of 16S rRNA genes was carried out on
subsamples from timepoints t0 and t5 (17.5 days in

April, 10 days in September incubations) to compare
temporal changes in the bacterial community composi-
tion in the incubations and to identify bacteria that may
have responded to the addition of FLA-PS (Figure 5). In
general, bacterial communities in incubations sub-
sampled at the starting point and endpoint (17.5 days
of incubation in April, 10 days in September) of the
experiment were very similar. The overall absence of
changes during incubation was independent of sub-
strate type or months of sampling and confirmed by an
ASV-level NMDS plot (Figure S6). In the April incuba-
tions, a strong response was only evident in replicate A
of the xylan incubation, in which Bacteroidota of genera
Lutibacter and Marinifilum increased in abundance from
�1% to �15–20% of total reads after 17.5 d. A minor
increase of read frequencies was detected for clade
Sva1033, Desulfomusa (Desulfobacterota) and Psy-
chrilyobacter (Fusobacteria) in the same incubation as
well as for Ilumatobacter and Actinomarinales (both
Acidimicrobiia) in fucoidan incubation replicate C. For
all substrates, an increase of reads affiliated with uncul-
tured Colwelliaceae was detected (from 1% to 5%). In
the September incubations, a strong response was
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Ilumatobacter
Actinobacteriota other
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Cyclobacteriaceae unc.
Flavobacteriaceae unc.

Algibacter
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B2M28
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F I GURE 5 Relative abundance of bacterial families and genera at t0 and t5 for all substrates and for the unamended control incubations for
April and September. The size of the bubble represents the relative abundance (%) of each taxon. Taxonomy based on SILVA SSU138.1 Ref
NR99 database. Only taxa that accounted for >2% of total reads in at least one of the samples are shown. Taxa with minor abundance were
clustered on higher taxonomic levels and displayed as “other.” Chond: chondroitin sulphate; Fuc: Fucoidan; Lam: laminarin; Muc: mucin; NA:
unamended incubation; Xyl: xylan.
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found only in fucoidan incubation replicate A, where Izi-
maplasma (Firmicutes) increased from 2% to 15% of
total reads. Furthermore, in all three fucoidan replicate
incubations, Algibacter reads increased slightly from
1% to 2–4%. Other taxa did not show a clear response
to substrate addition. In the unamended control incuba-
tions, no changes in the bacterial community composi-
tion were detected between initial and late timepoints.

Quantification of major taxa

At t0, the bacterial community was characterized by
8 ± 3%/12 ± 4% Gammaproteobacteria (of total cells;
mean of three replicates ± SD of each of five FLA-PS
incubations for April/September series), 6 ± 2%/19
± 5% Bacteroidota, 7 ± 2%/2 ± 1% Planctomycetota,
1 ± 0.4%/2 ± 1% Verrucomicrobiota, 4 ± 1%/2 ± 1%
Actinomarinales and 4 ± 2/1.4 ± 0.7% Microtrichales
(Figures S4 and S5; Miksch et al., 2021). In the course
of the April incubations, Bacteroidota showed the stron-
gest increase in cell numbers with, on average, 3.0
± 0.8-fold (laminarin), 4.2 ± 0.8-fold (fucoidan), 4.6
± 3.2-fold (mucin), 3.4 ± 1.4-fold (chondroitin sulphate)
and 13.2 ± 15.7-fold (xylan). In September, their
increase was more moderate with 2.1 to 3.0-fold
(increase in NA control by 1.5-fold). Planctomycetota
and Verrucomicrobiota cell numbers increased by a
factor of 2.4 to 4.3 and 2.3 to 4.3 (average for each of
five FLA-PS incubations), respectively, with no clear
preference for a specific substrate. Actinomarinales
grew most in the April laminarin (4.3 ± 4.1 fold), mucin
(4.6 ± 3.6) and fucoidan (3.2 ± 1.1 fold) incubations
while in the September incubations, cell numbers
remained constant for all substrates except fucoidan
(2.6 ± 2.3-fold increase vs. t0). Also, Microtrichales cell
numbers increased remarkably in all incubations inde-
pendent of the substrate with 1.7 to 2.5-fold in April and
2.4 to 3.9-fold in September (in NA control increase by
1.3-fold vs. t0). For Gammaproteobacteria, we detected
the lowest increase in cell numbers with 1.1 to 1.6-fold
for fucoidan, laminarin, chondroitin sulphate and xylan,
and 2.8 for mucin in April and 1.5 to 2.1-fold in
September incubations, where increase of Gammapro-
teobacteria was even greater in unamended NA control
(3.4-fold increase vs. t0).

DISCUSSION

Active external hydrolyzers and
specialized selfish bacteria characterize
surface sediments

The bacteria adhering to surface sediments from Isfjorden
actively hydrolyzed all of the FLA-PS externally. The
broad range of substrates hydrolyzed in sediments is

consistent with previous results from other locations in
Svalbard (Arnosti, 2008; Cardman et al., 2014; Teske
et al., 2011). Moreover, hydrolysis rates of mucin, a glyco-
sylated protein, were also high, consistent with high pepti-
dase activities in Svalbard sediments from other locations
(Arnosti, 2015). We recognize that by resuspending the
sediments and removing the porewater, dissolved organic
carbon (DOC) was removed; we may have also removed
bacteria and/or grazers that were only loosely attached to
the sand grains, and in any case we disturbed interactions
among spatially related organisms, all of which potentially
change enzyme activities. Nevertheless, the cell numbers
in resuspended sediments from April and September
2019 are similar to unresuspended sediments (Miksch
et al., 2021; Probandt et al., 2017) and rates measured
(Figure 1) are similar to rates measured in homogenized
muddy sediments from other Svalbard fjords
(Arnosti, 2008, Cardman et al., 2014, Teske et al., 2011).

All of the biopolymers tested were also selfishly
taken up by bacteria adhering to sediments. However,
FISH analyses demonstrated that the selfish uptake
mechanism was used by only a small (�1–2%;
Figure 2) and specific fraction of the total bacterial com-
munity. The low prevalence and high specialization of
the sedimentary selfish bacteria contrasts strikingly with
the prevalence of selfish uptake in the water column,
where frequently 10–25% of total bacterial cells are
identified as selfish (Reintjes et al., 2019; Reintjes
et al., 2020). The high prevalence on Isfjorden sedi-
ment grains of selfish Planctomycetota and Verrucomi-
crobiota (Figure 2) also contrasts with the selfish
bacteria characteristic of the water column, which have
typically been shown to include a substantial contribu-
tion of Bacteroidota (e.g. Reintjes et al., 2019; Reintjes
et al., 2020), and/or a comparatively even mixture of
Bacteroidota, Planctomycetes, Gammaproteobacteria
and/or Verrucomicrobiota (Brown et al., 2024). Overall,
these organisms make up the majority of selfish bacte-
ria adhering to sediment particles (Figure 2). These
observations suggest that the Planctomycetota and
Verrucomicrobiota play a significant role in sediments.
In Isfjorden, enthic and pelagic Planctomycetes and
Verrucomicrobiota are taxonomically different at the
genus and/or species level (Miksch et al., 2021). These
differences are reflected in the use of different polysac-
charide utilization mechanisms. The identity of the
remaining ca. 30% fraction of selfish bacteria that were
not labelled with the FISH probes used remains to be
established.

Sedimentary communities are actively
growing but compositionally stable

During the incubations, cell numbers increased sub-
stantially, but community composition nonetheless
remained relatively stable (Figures 5 S4, S5 and S6). In
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particular, the addition of FLA-PS to sediments did not
result in major changes in the relative abundance of
bacterial taxa on the level of genera and families, as
determined by 16S rRNA sequencing (Figure 5). This
overall stability contrasts strongly with seawater incuba-
tions, which over similar timescales showed major rela-
tive changes in the abundance of genera of
Gammaproteobacteria (e.g. Colwellia, Glaciecola, Mari-
nomonas) and Bacteroidota (e.g. Flavicella, Reintjes
et al., 2020). The relatively stable community composi-
tion throughout the incubation suggests that these sedi-
mentary bacterial communities possess a sufficient
range of enzymatic tools to process and share the sub-
strates they encounter (Arnosti, 2008). Major relative
changes in community composition in our incubations
were comparatively rare, and when they occurred, were
typically seen only in one of the three replicates
(Figures 5, S4 and S5). These compositionally stable
but actively growing communities included different
taxa of the Bacteroidota, Planctomycetota, Verrucomi-
crobiota and Proteobacteria, all of which have been
identified as polysaccharide degraders (Boedeker
et al., 2017; Martinez-Garcia et al., 2012; Reintjes
et al., 2020; Sichert et al., 2020; Teeling et al., 2012;
van Vliet et al., 2019; Wietz et al., 2015). FISH counting
demonstrated that the Bacteroidota cell numbers
strongly increased compared to the unamended con-
trols, with 3-fold to 5-fold cell increases (31-fold for
xylan replicate A) in April versus 2- to 3-fold in
September incubations (Figures S4 and S5). These
changes are consistent with metatranscriptomic data
from the same sampling site, which showed strong
upregulation in relative transcript frequencies in several
Bacteroidota bins (Miksch et al., 2024). The Bacteroi-
dota are likely external degraders, however, since self-
ish Bacteroidota constituted only a minor fraction of the
selfish microbial community (Figure 2).

Verrucomicrobiota cell numbers in the laminarin,
chondroitin sulphate and fucoidan incubations
increased 3–4-fold in the presence of substrates, com-
pared to incubations without substrate (1.9-fold
increase; Figure S5), suggesting that they are very
responsive to substrate availability. Nonetheless, they
were a numerically small fraction of the overall commu-
nity, suggesting that they fill specialized niches. Other
studies have also demonstrated the role of Verrucomi-
crobiota in polysaccharide degradation, highlighting
their highly specialized metabolic repertoire (Martinez-
Garcia et al., 2012, Sichert et al., 2020, van Vliet
et al., 2019, Orellana et al., 2022, Giljan et al., 2022).

Like the Bacteroidota, benthic Gammaproteobac-
teria constituted a considerable fraction of the commu-
nity (Figure 5). However, they did not show
disproportionate increases in cell numbers during the
course of the incubations (Figures S4 and S5), nor did
they show selfish uptake (Figure 2). Selfish Gamma-
proteobacteria have been identified in some locations

in the upper water column (Reintjes et al., 2019) and
more recently they have also been identified in the
deep ocean (Brown et al., 2024). The lack of a strong
growth response of Gammaproteobacteria was some-
what surprising, since they are frequently identified as
opportunistic bacteria that readily respond to an
increase in organic matter (Buchan et al., 2014; Teeling
et al., 2012). In any case, these organisms were likely
among the external hydrolyzers.

Mucin may serve as an important
substrate for benthic bacteria

We initially tested the glycoprotein mucin as a substrate
since previous transcriptomic studies had indicated sub-
stantial presence/upregulation of relevant genes (Miksch
et al., 2024). Rates of mucin hydrolysis were robust in
both April and September (Figure 1), and selfish
uptake—carried out primarily by members of the Verruco-
microbiota and Planctomycetota—was rapid (Figure 2).
Although Verrucomicrobiota are numerically minor mem-
bers of the bacterial community in Isfjorden sediments
(Miksch et al., 2021), a remarkable one-third of all Verru-
comicrobiota cells was capable of selfish uptake of mucin.
Concurrent rapid hydrolysis and selfish uptake suggest
that the sedimentary microbial community is regularly
exposed to mucin. The use of mucin from porcine stom-
ach further suggests that various forms of mucin from
diverse invertebrate sources might be accessible to the
community. The selfish uptake by Verrucomicrobiota and
Planctomycetota may be aimed at securing a resource in
the face of competition by external hydrolyzers (Arnosti
et al., 2021). Moreover, previous studies have shown that
mucin can have priming effects, causing increased micro-
bial activities and a strong short-term increase in the turn-
over of sedimentary organic matter (Hannides &
Aller, 2016; Kuzyakov et al., 2000). An influence of mucin
degradation on the carbon quality and remineralization
was also proposed by Smith et al. (1995) who detected
high exohydrolase activities of bacteria attached to the
surface of diatoms. They suggested that the hydrolysis of
diatom mucin-like surface proteins (Buhmann
et al., 2016) could be responsible for a major flux into the
DOC pool, making it a significant mechanism of DOM
production (Smith et al., 1995). At the seafloor, mucus
tracks are usually heavily colonized by microbes and pro-
vide them with optimal growth conditions (Moens
et al., 2005; Riemann & Schrage, 1978). The fast hydroly-
sis and selfish uptake of mucin indicates the importance
of animal-derived glycoproteins for microbial communities
in Arctic sediments. Since benthic faunal populations are
seasonally relatively stable, even in an environment such
as Svalbard (Włodarska-Kowalczuk et al., 2016), we sug-
gest that the animal-derived mucin is likely a constantly
available, important substrate for bacteria in Arctic sandy
sediments.
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Given rapid external hydrolysis and robust selfish
uptake of mucin by a focused range of bacteria, we
also tested the effects of mucin concentration on mech-
anisms of substrate processing. The highest concentra-
tion of mucin led to a doubling of cell numbers between
1 and 3 days and increasingly rapid external hydrolysis
(Figure 4). At the same time, the fraction of selfish cells
decreased and did not differ between 100 and 1000 μM
substrate concentration suggesting that organisms
responding most rapidly to mucin preferentially use the
external hydrolysis mode of substrate utilization. These
observations are also consistent with the response of
pelagic bacteria during a diatom-dominated bloom in
the North Sea, in the German Bight (Reintjes
et al., 2020). In that study, the fraction of selfish pelagic
bacteria decreased during the course of the bloom and
the late bloom phase, as phytoplankton-produced
organic matter became more abundant, bacterial cell
counts increased and rates of extracellular hydrolysis
also increased, accompanied by reduced selfish uptake
of polysaccharides (except for laminarin, which was
rapidly hydrolyzed as well as widely taken up in a self-
ish manner). Reintjes et al. (2020) found that these
changes were related to both the structural complexity
of the substrates as well as changes in the heterotro-
phic microbial community composition.

The Verrucomicrobiota genera Rubritalea, Luteoli-
bacter, Roseibacillus, Haloferula and Persicirhabdus
identified by using the probe designed as part of this
study (Figure 3), showed that this clade is highly
diverse (Figure S1) and contributed substantially to the
overall increase in Verrucomicrobiota cell counts. Much
like the other members of the phylum Verrucomicro-
biota, members of these genera have been detected in
almost all of 115 open ocean sediments and coastal
sediments analysed in the framework of the Interna-
tional Census of Marine Microbes where they comprise
up to 81% and 75% of total Verrucomicrobiota
sequences, respectively (Freitas et al., 2012). In addi-
tion, a high abundance of 16S rRNA gene sequences
affiliated with Rubritaleaceae have been found associ-
ated with the seaweed Ulva laetevirens (Juhmani
et al., 2020), as well as on healthy giant kelp, Macro-
cystis pyrifera (James et al., 2020), which further points
to their potential in degrading algal polysaccharides,
including fucose-containing sulphated polysaccharides
released by living diatoms (Chafee et al., 2018; Vidal-
Melgosa et al., 2021).

Strategies of substrate processing in
sediments—Conclusion and outlook

High external hydrolysis rates and a small but consis-
tently detected fraction of selfish bacteria characterized
these sediments. Selfish mechanisms for the utilization
of substrates, for example, laminarin and mucin could

be attributed specifically to Planctomycetota and Verru-
comicrobiota, which are apparently well-adapted to tar-
get these specific substrates. Overall, extracellular
hydrolysis prevailed; the bulk of glycan utilization
seems to be catalysed by organisms carrying out exter-
nal hydrolysis, which yields public goods. Previous
investigations of mechanisms of polysaccharide pro-
cessing focused particularly on water column communi-
ties (e.g. Brown et al., 2024; Giljan et al., 2022;
Reintjes et al., 2017; Reintjes et al., 2019), where the
physical conditions relating to diffusion and fluid flow
are starkly different from sediments (Ahmerkamp
et al., 2020; Huettel et al., 2014). The energetic cost of
producing enzymes that are active in the external
environment—carrying out external hydrolysis—has to
be balanced by return on investment, that is hydroly-
sate. Given that bacteria adhering to particles also
need to acquire resources, free enzymes can be useful
as a ‘foraging’ strategy (Vetter et al., 1998; Vetter &
Deming, 1999). Confined flow and diffusion in pore-
water can reduce the likelihood that hydrolysate is lost;
likewise, proximity to other cells on the sand grain’s
surface can increase the use of mechanisms such as
quorum sensing (Jatt et al., 2015; Krupke et al., 2016)
to coordinate enzyme production among cells (Baty III,
Diwz, et al., 2000; Baty, Techkarnjanaruk, et al., 2000).
Considering these factors, we predict that the balance
between mechanisms measured here—high external
hydrolysis rates, and focused selfish uptake by a
numerically minor fraction of the community—will also
characterize microbial communities in other surface
sediments. These communities may coordinate
enzyme production, thereby maximizing their return on
enzymatic investment.
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