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ABSTRACT: Microphytobenthic biofilms in estuarine sediments, consisting of photosynthetic microal-
gae, heterotrophic bacteria and their associated exopolymers, contain high concentrations of water-
soluble colloidal carbohydrates that can be separated using ethanol precipitation into low molecular
weight (LMW) carbohydrate and colloidal extracellular polymeric substances (cEPS). These carbohy-
drate-rich components are potentially a significant carbon source, but utilisation processes are not well
described. Short-term (24 h) degradation studies using sediment slurries with enhanced colloidal car-
bohydrate and cEPS concentrations found rapid increases in LMW carbohydrate concentrations during
the first 4 h, with subsequent utilisation of LMW carbohydrate and cEPS after 8 to 24 h. The cEPS con-
tribution to the colloidal carbohydrate pool increased (16 to between 67 and 97 %) in control and colloidal
carbohydrate-enriched slurries, with decreasing glucose and increasing mannose and xylose contents
within the EPS fraction after 24 h, suggesting initial utilisation of glucose-rich components in preference
to more complex EPS. When cEPS concentrations were increased (cEPS-enrichment), there was greater
EPS utilisation, and a decline in the relative contribution of EPS (72 to 31 % of the colloidal carbohydrate
fraction), without significant change in the monosaccharide composition in the cEPS fraction. Using se-
lective media with cEPS as a sole carbon source, a B-proteobacterium Variovorax sp. Alrl was isolated.
Variovorax sp. Alrl grew rapidly on cEPS as a sole carbon source, with increasing B-glucosidase activ-
ity and the production of new EPS rich in rhamnose, galactose and fucose, but showed only limited
growth on EPS extracted from sediment using a hot-bicarbonate extraction procedure, despite increases
in B-glucosidase and aminopeptidase activity. Differences in the short-term lability of different fractions
of sediment carbohydrate and the ability of a heterotroph to utilise these fractions suggests a range of dif-
ferent heterotrophic bacteria may be involved in the complete degradation of EPS in situ.
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INTRODUCTION

Many microorganisms produce extracellular poly-
meric substances (EPS), consisting of polysaccharides,
glycoproteins and other constituents, that form a
mucilaginous matrix surrounding the microbial cell
(Decho 1990). These EPS play an important role in
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the interaction of microorganisms and their environ-
ment, being involved in cell signalling, pathogen-host
interactions, disease and creating localised micro-
environments (Bhaskar & Bhosle 2005, Bhinu 2005). In
marine habitats, microalgae and cyanobacteria are
major producers of EPS, forming biofilms especially in
shallow water and intertidal coastal environments (Stal
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2003, Underwood & Paterson 2003). These microphyto-
benthic (MPB) biofilms are sites of high rates of bio-
geochemical cycling, exhibiting complex rhythms of
photosynthetic activity (Pinckney & Zingmark 1991,
Underwood et al. 2005), mediating nitrogen cycling
processes (Risgaard-Petersen 2003, Cook et al. 2007)
and contributing to the physical stability of the under-
lying sediment (Orvain et al. 2003, Underwood &
Paterson 2003).

The production of EPS by intertidal biofilms domi-
nated by pennate diatoms is well described. Pennate
(bilaterally symmetrical) diatoms produce EPS that
predominantly consist of polysaccharides (Hoagland et
al. 1993, Underwood & Paterson 2003). The amount of
photoassimilates excreted as extracellular organic car-
bon can exceed 70 % (Smith & Underwood 1998, Goto
et al. 1999, de Brouwer & Stal 2001, Cook et al. 2007),
of which a large proportion (up to 50 %) is polymeric
material (Underwood & Paterson 2003). The quantities
and chemical composition of these EPS vary with irra-
diance, nutrient conditions, cell growth stage and with
the tidally linked rhythms of vertical migration and
photosynthesis that intertidal biofilms exhibit (Higgins
et al. 2003, Stal 2003, Underwood & Paterson 2003,
Chiovitti et al. 2004, Abdullahi et al. 2006, Hanlon et al.
2006). The result is a range of different EPS produced
by microalgae present within sediment biofilms (Staats
et al. 1999, de Brouwer & Stal 2001, Bellinger et al.
2005), as well as a relatively chemically uncharac-
terised, but significant, contribution from bacteria
(Mueller et al. 2006).

The combined concentration of EPS and other carbo-
hydrate fractions can be as high as 16 000 pg glucose
equivalents (6.4 mg C) g-'dry wt sediment (Under-
wood & Paterson 1993). Even these values (0.64 %
organic carbon as carbohydrate compared to typical
total organic carbon values of 1.8 to 3.0 % w/w for in-
tertidal mudflats, Thornton et al. 2002) may be under-
estimates, as the phenol sulphuric acid assay used reg-
ularly to determined sediment carbohydrates is not
100 % efficient at measuring complex polysaccharides
(authors' pers. obs.). Despite these high concentra-
tions, experimental evidence suggests that there are
significant fluxes of material through the different con-
stituent pools of sediment carbohydrate. Utilisation of
the low molecular weight components is rapid, within
hours of production (Goto et al. 2001, Underwood
2002), while '3C tracer studies have shown rapid incor-
poration of diatom exudates, including EPS, into bacte-
ria and deposit-feeding metazoans within hours of
labelling (Middelburg et al. 2000, Cook et al. 2007).
Field studies have found evidence of coupling between
algal production and bacterial extracellular enzyme
activity in mudflats (van Duyl et al. 1999, 2000, Hanlon
et al. 2006) and in experimental sediment slurries

(Goto et al. 2001, Haynes et al. 2007). In estuarine
sediments, the dominant bacterial taxa involved in
the degradation of a wide range of organic carbon
compounds are members of the subphyla Flavo-
bacteria and Sphingobacteria (previously Cytophaga-
Flexibacter-Bacteroides) and o- and y-proteobacteria
(Kisand et al. 2002, Selje et al. 2005, Stevens et al.
2005). Recent molecular (DNA-based) studies have
found that a small subset of the heterotrophic bacterial
community within sediments respond to changes in
EPS concentrations (Hanlon et al. 2006), and that
enriching slurries with EPS can select for members of
the y-proteobacteria, particularly Acinetobacter sp.
(Haynes et al. 2007).

The EPS pool present in estuarine sediments con-
sists of various EPS types of different levels of bio-
chemical complexity (predominantly polysaccharides,
but also including glycoprotein and other constituent
components). Because both the chemical composition
and the linkage structure of EPS affect the properties
of the molecule, it is possible that specific pathways of
sequential degradation of these different polymers
exist (Hanlon et al. 2006). During the degradation of
EPS of a freshwater diatom, glucose was preferen-
tially removed, resulting in a polymer enriched in the
more refractory deoxy sugars rhamnose and fucose
(Giroldo et al. 2003). The glucose content of algal EPS
increases during photosynthesis and production, par-
ticularly in the EPS fractions that are more easily
extracted from biofilms, while tightly bound EPS
(extracted using more astringent solubilising agents,
such as 0.5 M hot-bicarbonate) consist of a more
equable distribution of constituent monosaccharide
groups (de Brouwer et al. 2002, Bellinger et al. 2005,
Abdullahi et al. 2006, Hanlon et al. 2006). While the
exact chemical structure of diatom EPS is not known,
differences in composition and properties indicate
that a range of different polymers are secreted into
the environment (Higgins et al. 2003), and it is likely
that these will be differentially susceptible to bacterial
degradation. Recently, using an in situ 3C pulse
labeling-phospholipid fatty acid (PLFA) methodology,
Bellinger et al. (2009) presented evidence that diatom
EPS was incorporated into PLFA that are representa-
tive of Gram-negative bacteria within 12 h, followed
by appearance of the label in Gram-positive bacterial
PLFAs after 24 to 48 h, possibly after some microbial
modification by the initial degraders. These data sug-
gest that diatom EPS is not equally available to all
microbial heterotrophs in sediments, and that consor-
tia of specialists may exist.

In this paper we present data from 2 experiments.
Expt 1 investigated changes in carbohydrate content
and monosaccharide composition over 24 h in sedi-
ment slurries enriched with different components of



Hofmann et al.: Biodegradation of estuarine sediment carbohydrates 47

extracellular carbohydrates—low molecular weight
(LMW) carbohydrate and colloidal EPS (cEPS)—ex-
tracted from intertidal diatom biofilms. We tested the
hypothesis that the sediment bacterial community will
differentially degrade the added carbohydrate mater-
ial derived from extracts of diatom-dominated MPB
biofilms. In Expt 2, we isolated an EPS-degrading bac-
terium from a sediment supporting MPB biofilms, and
investigated the ability of this isolate to grow on and
degrade 2 different biofilm EPS fractions: (1) cEPS,
present in aqueous extractions of biofilms, and (2) a
more complex and refractory carbohydrate fraction
obtained using a hot-bicarbonate extraction procedure
(Bellinger et al. 2005).

MATERIALS AND METHODS

Field sampling. All samples and material for carbo-
hydrate extraction were collected from MPB biofilms
on an intertidal mudflat in Alresford Creek, Colne
Estuary, UK (51°50.2' N, 0°59.5'E). Alresford Creek is
a typical mid-estuary intertidal site (salinity ranges
from 18 to 30%o), with fine cohesive mudflats support-
ing abundant biofilms consisting predominantly of
diatoms (Underwood et al. 2005, Hanlon et al. 2006).
The nutrient characteristics and distribution of micro-
phytobenthos in the Colne are given in Thornton et al.
(2002), Bellinger et al. (2005) and Thornton et al.
(2007). Sediments were sampled at low tide using plas-
tic cores, (internal diameter = 6.5 cm, length = 10 cm).
Cores containing sediment were transported back to
the laboratory within 1 h, the surface 2 mm of sediment
removed and samples for carbohydrate extraction
immediately frozen at —-80°C for 1 h, followed by
lyophilisation overnight. Expt 1 was carried out during
May 2003, with the sediments for the enrichments
being sampled 1 wk before the collection of fresh sed-
iments used as the inoculum for the slurries. Expt 2
took place during September 2005. The material for
isolating the bacteria and the subsequent liquid cul-
tures were collected on the same day.

Extraction of carbohydrate fractions for isolation
and microcosm experiments. Three different opera-
tional carbohydrate fractions were extracted from
freeze-dried sediments (see Underwood & Paterson
2003). The colloidal fraction contains all dissolved and
colloidal carbohydrate material, including LMW mate-
rial and larger polysaccharides. EPS carbohydrate is
defined as material precipitating in alcohol (Decho
1990) and 2 fractions were obtained: EPS present
within the colloidal extract (cEPS) and EPS extracted
using a 0.5 M NaHCOj solution at 95°C (HB-EPS). Car-
bohydrate fractions were extracted by weighing 4 g of
freeze-dried sediment into each of 50 centrifuge tubes

(50 ml) and adding 20 ml saline (25 %. NaCl in distilled
water, dH,0). Tubes were mixed by vortexing, incu-
bated for 30 min at 25°C and then centrifuged at room
temperature (3000 x g, 15 min) to produce a super-
natant containing colloidal material, including carbo-
hydrates (colloidal-S, Underwood et al. 1995). Aliquots
of this colloidal material were frozen for use in the
experiments. To obtain cEPS, 10 ml of the fresh super-
natant from each tube was transferred into a new cen-
trifuge tube containing 30 ml of ethanol (75 % v/v final
concentration) and left at 4°C for 24 h in order to pre-
cipitate the EPS fraction. Tubes were then centrifuged
at room temperature (3000 X g, 15 min), the super-
natant was discarded and the resultant cEPS pellets
pooled, resuspended in 50 ml dH,O and filter-sterilised
(0.2 pm).

To obtain hot-bicarbonate extractable EPS (cf.
Bellinger et al. 2005), the sediment pellets remaining
after the extraction of readily solubilised colloidal
material were retained and all supernatant discarded.
The sediment pellets were subjected to 2 sequential
extractions. First, a hot water extraction (HW) (95°C for
1 h) was used to remove intracellular components and
other EPS components. The HW supernatant, which
extracts the majority of the intracellular storage carbo-
hydrate (glucan) of diatoms, as well as solubilising
some of the more refractory EPS in the sediments
(Bellinger et al. 2005), was discarded. Then the sedi-
ment pellet was subjected to a hot-bicarbonate (HB)
extraction (0.5 M NaHCOg, 95°C for 1 h), following the
methods of Bellinger et al. (2005). The supernatant fol-
lowing HB extraction was precipitated in ethanol as
above (10 ml in 30 ml ethanol), the EPS pellets pooled,
resuspended in 50 ml dH,O and filter-sterilised
(0.2 pym). This was designated the HB-EPS fraction.
The extracted and dissolved exopolymers in the cEPS
and HB-EPS extractions were then re-precipitated in
75 % ethanol for a second time in order to remove salt
and excess NaHCOg;. The final cEPS and HB-EPS pel-
lets were frozen, and subsamples used for amendment
of sediment slurry experiments and for the isolation of
EPS degrading bacteria.

Determination of carbohydrate concentrations in
extracts. Concentrations of colloidal carbohydrate,
cEPS and HB-EPS were measured using the phenol-
sulphuric acid assay (Dubois et al. 1956, Hanlon et al.
2006). In brief, 0.5 ml of 5% phenol and 2.5 ml of con-
centrated H,SO, were added to a 1 ml sample of mate-
rial (either colloidal extract or an EPS pellet resus-
pended after precipitation) and left to cool at room
temperature for 30 min. H,O blanks were treated in
the same way. Absorbance was subsequently mea-
sured at 485 nm and carbohydrate concentration quan-
tified (ng ml™!) as glucose equivalents using a glucose
standard.
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The concentration of LMW carbohydrates within col-
loidal fractions, defined as the carbohydrate material
that does not precipitate in 75% alcohol, was calcu-
lated by the difference between colloidal and cEPS
concentrations of individual samples.

Expt 1. Changes in colloidal carbohydrate and cEPS
concentrations in sediment slurries over 24 h: To de-
termine the short-term changes in the concentrations
and monosaccharide composition of colloidal carbo-
hydrate and cEPS fractions in sediment slurries, 4 slurry
treatments were established, consisting of sets of tripli-
cate 500 ml conical flasks, each containing 20 g wet wt
of fresh surface sediment (top 2 mm) from Alresford
Creek. The first treatment consisted of unamended
control slurries; these were made up to 250 ml with
minimal seawater medium (M9 MM) (no added organic
carbon source, Miller 1972) with a final salinity of 25 %o.
Slurries in the second treatment, colloidal carbohydrate
enrichments, were made by the addition of previously
extracted colloidal carbohydrate, to give a final enrich-
ment of +133% colloidal carbohydrate and +780%
cEPS (Table 1). The volume was made up to 250 ml with
M9 MM, with salinity adjusted to 25 %o. The third treat-
ment consisted of poisoned controls of the colloidal car-
bohydrate enrichments, and was established using an
identical setup but with the addition of HgCl, at 2 % fi-
nal concentration (w/v) to prevent biological activity.
The fourth treatment consisted of previously extracted
cEPS, redissolved in 25 %0 NaCl saline and added to an-
other three 500 ml flasks (cEPS enrichments), giving a
final EPS enrichment of +2289 % (and also an increase
in colloidal concentration of +312 %) compared to the
control slurries (Table 1).

Flasks were gently shaken (30 rpm) on a rotating in-
cubator and maintained at 15°C in the dark. After 2, 4,
8 and 24 h, a 35 ml subsample was removed from each
flask. Five ml of each subsample was used to deter-
mine colloidal and cEPS concentrations, and the re-
maining slurry material was used to determine the
monosaccharide composition of the cEPS component
(see below). Monosaccharide composition was only de-
termined at 0, 4 and 24 h in the poisoned treatment.

Expt 2. Isolation of EPS-degrading bacteria: One
gram of fresh surface sediment (top 2 mm) from Alres-
ford Creek was added to 9 ml of extraction buffer
(50 mM Tris-HCI buffer, pH 7.5), vortex mixed and
sonicated using three 1 min cycles with 1 min cooling
on ice between each cycle (Osborn et al. 1993). The
inoculum was then filtered through a 0.4 pm filter to
exclude protists and serially diluted (1072 to 10~7) in M9
MM. Microtitre plates were set up with varying con-
centrations of both bacterial inoculum (1072 to 1077)
and cEPS extract (1 to 200 pg glucose equivalents ml™)
made up to 200 pl with M9 MM in each of 96 wells in
order to isolate EPS-degrading bacteria. Control wells
contained either no inoculum or no cEPS extract. Plates
were incubated at 25°C in the dark. Growth was
detected by daily measuring absorbance using a
microplate reader at 750 nm. If growth was detected in
a well, 10 pl of inoculum was transferred into a well on
a fresh microtitre plate, maintaining the equivalent
concentrations of EPS extract and growth conditions. If
growth continued in the new plates after 5 d, 100 pl of
inoculum was then transferred into 5 ml of culture
medium (M9 MM and EPS at original growth concen-
tration) grown again prior to subculture onto solid
medium (M9 MM agar containing EPS). Single
colonies were picked and repeatedly streaked for
purity. A number of pale white/yellow colonies were
isolated, and single colonies were subcultured in
M9 MM plus EPS. Four pure cultures were obtained by
this process. Harvested cell pellets were used as crude
template (Osborn et al. 1993) for PCR amplification of
16S rRNA genes using primers 27F and 1492R, prior to
generation of a partial 16S rRNA 5' end sequence with
subsequent (FAST-ALL (FASTA) comparison to se-
quences in the European Molecular Biological Labora-
tory (EMBL) database using standard approaches (see
Haynes et al. 2007). One isolate chosen as the focus
for the further experiments described below was
presumptively identified as belonging to the genus
Variovorax (99.8% identity to Variovorax sp. D10,
accession number DQ268787), a member of the B-pro-
teobacteria. The 16S rRNA gene sequence of this

Table 1. Initial conditions for slurries in Expt 1 (with sediment) and Expt 2 (with single species inoculum). Enrichment factors
(% relative to control sediment slurries) for Expt 1 are given. cEPS: colloidal extracellular polymeric substances; HB-EPS: see
‘Materials and methods’

Expt Treatment Carbohydrate conc. (ug gluc. equiv. ml™! slurry) Volume (ml) n
Total Colloidal (enrich) cEPS (enrich) Experimental Sampled
1 Control 9.3 1.2 250 35 3
Colloidal 21.7 (+133 %) 10.2 (+780 %) 250 35 3
cEPS 38.4 (+312%) 27.7 (+2289%) 250 35 3¢
2 cEPS 10.2 2.0 3.1 50 50 3
HB-EPS 14.7 7.8 5.3 50 50 3
“Repeated measures design
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isolate (Variovorax sp. Alrl) has been deposited in the
EMBL database under accession number FM179680.

Growth and degradation on cEPS and HB-EPS by
the Variovorax sp. isolate: The enrichment culture
experiments consisted of 32 autoclaved 50 ml conical
flasks, 16 of which contained M9 MM enriched with
cEPS extract (46.7 ml M9 MM and 1.3 ml cEPS), while
the other 16 flasks were enriched with HB-EPS
(41.75 ml M9 and 6.25 ml HB-EPS) (final concentra-
tions given in Table 1). All flasks were inoculated with
a 2 ml inoculum of Variovorax sp. culture, resulting in
initial bacterial numbers of 8.9 x 10° cells ml™! slurry.

The microcosms were incubated aerobically in the
dark at 25°C, at 130 rpm for 72 h. One flask of each
enrichment was sampled immediately (0 h); subse-
quently, 3 flasks of each enrichment were randomly
selected at 12, 24, 48 and 72 h for analysis of carbohy-
drate concentrations (8 ml removed for total carbohy-
drates, colloidal and EPS fractions), f-glucosidase and
aminopeptidase activity (1 ml each), bacterial cell
numbers (2 ml), and changes in monosaccharide
composition of cEPS and HB carbohydrate fractions
(37 ml).

Carbohydrate concentration: The concentration of
total carbohydrates in 1 ml of subsample was deter-
mined immediately as glucose equivalents using the
phenol-sulphuric acid method (as above). The remain-
ing 7 ml subsample was filtered through a 0.2 pm filter
in order to remove bacteria. The concentration of
colloidal carbohydrates was then measured using 1 ml
of the filtrate as above. Five ml of the filtrate were
added to 13.5 ml ethanol, precipitating the EPS frac-
tion overnight as above, and then used to determine
EPS concentration using the phenol-sulphuric acid
method.

B-glucosidase and aminopeptidase activity: Maxi-
mum potential rates of extracellular B-glucosidase and
aminopeptidase activity were determined using fluo-
rescently labelled substrates (Hoppe 1983). Subsam-
ples of 1 ml were added to centrifuge tubes containing
0.5 ml of sodium azide (0.2 % final concentration NaNj3)
and 8 ml of either MUF-B-D-glucopyranoside solution
(Sigma-Aldrich, 320 pg ml! in 70% ethanol) or
L-Leucine-7-amino-4-methylcoumarin hydrochloride
(Sigma-Aldrich, 320 pg ml™!) respectively, at final satu-
rating substrate concentrations of 1 mM (Hoppe 1983).
The metabolic inhibitor sodium azide was added to the
slurries to prevent de novo production of extracellular
B-glucosidases or aminopeptidase.

Reaction tubes were incubated at 20°C for 4 h. Sub-
samples of 2.5 ml were taken at 0, 2 and 4 h and cen-
trifuged at room temperature (3000x g, 15 min). The
supernatant was transferred into cuvettes containing
0.2 ml of Tris-borate EDTA buffer (pH 10) and fluores-
cence was measured (Luminescence Spectophoto-

meter LS50, Perkin-Elmer) with excitation at 365 nm
and measuring emission at 445 nm (B-glucosidase)
and 450 nm (aminopeptidase). 4-Methylumbelliferone
(MUF) and 7-amino-4-methylcoumarin (AMC) were
used as standards, and enzyme activity rates were cal-
culated based on MUF or AMC release from the linear
part of the time-dependent activity curves.

Bacterial cell numbers: Bacterial cell numbers were
determined using acridine orange counts. A 2 ml sub-
sample was fixed in gluteraldehyde (final concentra-
tion 0.5% w/v). One hundred pl of acridine orange
(0.5% w/v) was added and the sample incubated in the
dark for 3 min. The sample was then filtered through a
black 0.2 pm membrane filter (Millipore) under low
pressure and rinsed with 5 ml of 0.2 pm filter-sterilised
deionised water. The filter paper was placed on a
microscope slide on top of a drop of immersion oil. A
further drop of oil was placed on top of the filter paper
before a cover slip was added. Bacteria were counted
in 10 fields of view in all squares of a 10 x 10 eye piece
grid using UV illumination and x1000 oil immersion.

Monosaccharide composition: The monosaccharide
content of cEPS was determined using methods des-
cribed by Wustman et al. (1997) and Bellinger et al.
(2005). cEPS were extracted from slurries or experi-
mental cultures as described above. Pellets of cEPS
(after ethanol precipitation) were redissolved in dis-
tilled water and dialyzed using a 10-12 kDa molecular
weight cut off MWCO) filter against dH,O for 24 h
(water changes at 2, 4 and 24 h). Desalted EPS was
freeze-dried for analysis.

Monosaccharide profiles were determined in tripli-
cate (when applicable) for each fraction following the
methods described in Wustman et al. (1997). Briefly,
1 to 5 mg of freeze-dried EPS material was hydrolyzed
in 2 M trifluoroacetic acid at 121°C for 3 h, followed by
reduction to alditol acetates for identification and
quantitation by gas chromatography-mass spectro-
scopy (Finnigan-MAT Magnum Ion Trap). Identifica-
tion and quantification were based on response factors
relative to standards subjected to the same hydrolytic
procedure (Bellinger et al. 2005). Monosaccharide dis-
tributions are expressed as the relative abundance of
individual monosaccharides within the total analyzed
fraction.

Statistical analysis. Data were checked for normality
using a Kolmogorov-Smirnov test, and transformed
using log (n + 1) where necessary. For Expt 1, a re-
peated-measures ANOVA was used to determine sig-
nificant changes in concentrations of different carbo-
hydrate fractions with time. In Expt 2, each replicate
was independent, and 1-way ANOVA was used to
determine significant changes in carbohydrate con-
centrations or enzyme activities with time followed by
post hoc Tukey's tests. Minitab v.13.1 was used.
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RESULTS
Expt 1

In the control (unamended) slurries, the majority of
the colloidal carbohydrate consisted of LMW com-
pounds (cEPS was 16 % of the colloidal fraction) for the
first 4 h. Colloidal concentrations increased slightly,
caused by an increase in LMW carbohydrates, before a
rapid decline in the concentrations of low molecular
weight carbohydrates (F; ;14 = 7.49, p < 0.01) by 8 h.
However, colloidal concentrations did not significantly
change, due to a significant increase in the concentra-
tions of cEPS after 8 h (F, 514 = 3.83, p < 0.05) (Fig. 1a).
By 8 h, 93% of the colloidal carbohydrate extracted
was polymeric (i.e. cEPS); by 24 h the cEPS component
reached 97 %. Over a 24 h period, the LMW carbohy-
drates present at the beginning of the experiment were

300 a

2507 T —O— Colloidal carbo
—@— CEPS carbo

200 —4— LMW carbo

600

500

400+

300 -

Concentration (ug glucose equivalent g~! wet sediment)

200

100

rapidly consumed, with an increase in the concentra-
tions of cEPS. The cEPS produced within the slurry
was different from the initial cEPS in terms of its mono-
saccharide composition, with a major reduction in the
proportion of glucose present in the polymers, and
substantial increases in both relative abundance and
concentrations (EPS concentration increased by an
order of magnitude) of galactose, mannose and xylose
in the cEPS present after 8 and 24 h (Fig. 2a).

Slurries enriched with colloidal carbohydrate (con-
taining both LMW and cEPS material) had a higher
proportion of EPS (46 %) at time O than the control slur-
ries. During the first 4 h, there was a 2-fold increase in
colloidal carbohydrate concentrations (Fj .14 = 8.31,
p < 0.01), caused primarily by increases in non-
polymeric (i.e. LMW) components (cEPS declined to
33 % of the colloidal fraction) (Fig. 1b). After 8 h, these
high concentrations of LMW material declined signifi-

Time (h)

Fig. 1. Changes in concentrations of colloidal carbohydrate, colloidal extracellular polymeric substances (cEPS) and low molecu-

lar weight (LMW) carbohydrate in slurries of estuarine sediment (top 2 mm) over 24 h. (a) Unamended controls, (b) enriched with

colloidal carbohydrate, (c) enriched with colloidal carbohydrate but poisoned with 2 % HgCl,, and (d) enriched with cEPS. Values
are means + SE (glucose equivalent per gram wet sediment), n = 3. Carbo: carbohydrate
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Fig. 2. Monosaccharide composition (% relative abundance) of cEPS extracted from slurries of estuarine sediment (top 2 mm) over

24 h. (a) Unamended controls, (b) enriched with colloidal carbohydrate, (c) enriched with colloidal carbohydrate but poisoned

with 2% HgCl,, and (d) enriched with cEPS. Mean data of 3 triplicate measures of pooled samples. Control sample at 4 h was lost.
Monosaccharides were only measured at 0, 4 and 24 h in (c)

cantly, and were below starting concentrations by 24 h
(Fi,2,14 = 6.9, p < 0.01). EPS concentrations showed no
significant changes overall (after a slight rise at 2 h)
over the 24 h period; however, the contribution of cEPS
to the colloidal fraction increased to 67% by 24 h
(Fig. 1b). The monosaccharide composition of cEPS
was different from the composition of EPS in the con-
trols, with less glucose and a greater proportion of
galactose in the polymers (Fig. 2b). Over the 24 h
period, despite no significant change in EPS concen-
tration, there was a decrease in the abundance of glu-
cose and galactose, with increasing proportions of
mannose and xylose in the cEPS fraction. After 8 h,
there were no significant differences in the cEPS
monosaccharide composition between the controls and
the colloidal-enriched slurries (Figs. 2a,b). The poi-
soned colloidal enrichments showed no significant

change in cEPS concentration over 24 h (Fig. 1c),
although there was a decrease in the proportion of glu-
cose by 24 h (Fig. 2c). There was some increase in the
concentration of LMW carbohydrate material by 4 h,
but this was not present after 24 h (Fig. 1c). These
changes were relatively minor compared to those
occurring in the non-poisoned colloidal enrichment
(Fig. 1b).

EPS enrichment resulted in high initial concentra-
tions of colloidal carbohydrate (480 png glucose equiva-
lents g7!), consisting of a high proportion of cEPS
(72 %). Concentrations of colloidal carbohydrate and
cEPS decreased significantly (>70 %) over the first 4 h
of the experiment (Fj ;14 = 21.4 and 60.5 respectively,
p < 0.001) (Fig 1d). cEPS concentrations then rose: at
8 h cEPS made up 83 % of the colloidal fraction, then
declined to 31 % by 24 h (Fig. 1d). LMW carbohydrate
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concentrations also decreased significantly in the first
2 h of the experiment (F; 514 = 5.46, p < 0.05), but con-
centrations then significantly rose after 4 h and fell at
8 h. The initial cEPS composition differed from that of
the controls and colloidal enrichments, with less
glucose and greater amounts of rhamnose and xylose
(Fig. 2d), but did not significantly alter in composition,
despite large changes in concentration, over the 24 h
period.

Expt 2

Variovorax sp. Arll grew rapidly in the cEPS-enriched
cultures. Cells exhibited logarithmic growth (mean + SE
intrinsic rate of growth = 0.55 + 0.06 p d~!, n = 10) and
population densities increased from 8.9 x 10° to 13.3 x 10°
ml! over 72 h. Correlated with increases in cell numbers
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—@&— CcEPS carbo
—4— LMW carbo

—— Total carbo
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0 12 24 36 48 60 72
Time (h)

were concentrations of total carbohydrates, which in-
creased logarithmically over the 72 h (F, 4, = 169.3, p <
0.001) (Fig. 3a). Concentrations of colloidal carbohydrate
alsoincreased (Fy, 14 =34.3, p<0.001), caused by increa-
ses in cEPS (F, 14 = 5.06, p < 0.05) in the cultures, mir-
rored by non-significant increases in LMW carbo-
hydrates. From 12 to 72 h, between 50 and 70 % of the
colloidal fraction consisted of cEPS (Fig. 3a). There was
a significant decrease in the relative abundance of glu-
cose in the cEPS fraction of these cultures, with increas-
ing amounts of galactose and the appearance of rham-
nose in the EPS after 24 h. (Fig. 4).

B-glucosidase activity decreased in the first 12 h, but
then significantly increased throughout the course of
the experiment (F;q4, = 159.1, p < 0.001) (Fig. 3b).
Aminopeptidase activity increased slightly between
12 and 48 h before declining. Given the large increases
in cell density over this period, the relatively stable

30 -

20

10 4

Fig. 3. Changes in (a,c) concentrations of total, colloidal, cEPS and low molecular weight (LMW) carbohydrates and (b,d)

B-glucosidase (MUF) and aminopeptidase (AMC) activity in cultures of Variovorax sp. over 72 h, cultured in M9 MM and

amended with (a,b) cEPS or (c,d) hot-bicarbonate extracted EPS from diatom-dominated biofilms as a carbon source. Values
are means + SE, n = 3. Carbo: carbohydrate
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Fig. 4. Monosaccharide composition (% relative abundance)
of cEPS extracted from Variovorax sp. cultures grown in
M9 MM amended with (a) cEPS or (b) hot-bicarbonate extrac-
ted EPS from diatom-dominated biofilms. Mean data of 3 trip-
licate measures of pooled samples. Abbreviations: see Fig. 2

level of aminopeptidase activity in the slurries indi-
cated a decrease in cell-specific aminopeptidase activ-
ity towards the end of the experiment.

There was no net increase in Variovorax sp. cell den-
sity in the cultures with HB-EPS as a carbon source,
and the intrinsic growth rate was not significantly dif-
ferent from zero (mean + SE intrinsic rate of growth =
-0.01 £0.02 d' n= 10). There was a small, but sig-
nificant, increase in total carbohydrate concentration
(Fs14 = 4.44, p < 0.05) in these cultures over 72 h, a
small increase in colloidal carbohydrate (Fy 14 = 3.32,
p = 0.056) and upward trends in cEPS concentrations
(Fig. 3c), but compared to the cEPS-treatments, little
evidence of growth and extracellular carbohydrate
production. There was a slight increase in the relative
abundance of glucose in the cEPS fraction after 24 h,
but otherwise, the monosaccharide composition of the
cEPS in the hot-bicarbonate treatment did not signifi-
cantly change over 72 h (Fig. 4). Though there was no
net growth in bacteria, there were significant increases
in B-glucosidase activity (Fj 14 = 3.73, p < 0.05) and in
aminopeptidase activity (Fy 14 = 3.51, p < 0.05), particu-
larly after 48 h (Fig. 3d).

DISCUSSION

Carbohydrates can only be utilised once bacteria
have transported the molecules across their cell wall
and cell membrane. While this is possible for monosac-
charides and small oligosaccharides, larger polysac-
charides generally cannot be utilised until they have
been cleaved by extracellular enzymes (Priest 1992,
Vetter et al. 1998), or after abiotic cleavage of polymer
chains by hydrolysis or photolysis. A conceptual model
of carbohydrate utilisation in sediments involves the
progressive disassembly of the complex carbohydrates
present in the sediment from detrital inputs, or pro-
duced in situ by microphytobenthos or by bacteria and
other microorganisms, into increasingly ‘available’
fractions by the actions of biotic and abiotic processes
(Fig. 5).

Utilisation of low molecular weight carbohydrate

All 3 treatments in Expt 1 showed major losses of
LMW carbohydrates within the first 8 h, as bacteria
rapidly utilised the LMW component of colloidal carbo-
hydrates present within sediment slurries. A signifi-
cant proportion of the photoassimilated carbon pro-
duced by diatom biofilms during tidal exposure (Staats
et al. 2000, de Brouwer & Stal 2001, Perkins et al. 2001,
Hanlon et al. 2006) is present within the LMW fraction.
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Oligosaccharides
AN
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Complex
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Fig. 5. Conceptual model of carbohydrate breakdown in estu-

arine sediments, showing routes of abiotic and biotic transfor-

mation of material and update into heterotrophic bacteria,

and the provenance of the 3 operational carbohydrate frac-

tions used in the present study . LMW: low molecular weight;
for other abbreviations see Table 1
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14C tracer studies have shown rapid utilisation of such
material produced by mixed benthic algae and 2 spe-
cies of diatoms occurring within 2 h of addition (Goto et
al. 2001). However, in both the control and colloidal
carbohydrate enrichments in Expt 1, there were signif-
icant increases in LMW carbohydrate concentrations in
the first 2 to 4 h, followed by a reduction later in the
incubation. Such increases would be consistent with
the idea that both abiotic and biotic (bacterial) break-
down of EPS molecules occurs (Fig. 5), liberating
smaller molecular-sized fractions (Haynes et al. 2007).
Physical mixing of the slurries may have caused liber-
ation of material from the complex pool of detrital
organic carbon due to mechanical disruption of poly-
mers, or via chemical hydrolysis of polysaccharides
present in the sediments. In addition, extracellular
hydrolysing enzymes already present in sediments can
continue to liberate smaller sugar units, even if ‘new’
microbial action is inhibited (Hanlon et al. 2006).
Changes in the poisoned colloidal enrichment treat-
ment suggest that a degree of abiotic release did take
place, but these were much less than changes in con-
centrations in the non-poisoned treatments. Thus,
under these slurry conditions used in the present
study, the major changes in the concentrations of
carbohydrate fractions in sediment slurries would
appear to be predominantly due to heterotrophic
action (Haynes et al. 2007).

Utilisation of EPS

There were significant reductions in the concentra-
tions of cEPS only in the cEPS-enriched treatment,
where starting concentrations of cEPS were much
higher than those of LMW carbohydrate. In this
treatment, though the enrichment was substantial
(+2200 %), the concentrations of cEPS at the beginning
of the experiment were well within the range mea-
sured in natural diatom-dominated estuarine biofilms
(Underwood & Smith 1998, de Brouwer et al. 2003,
Bellinger et al. 2005). In the cEPS enrichments
(Fig. 1d), there was no initial increase in LMW carbo-
hydrate, suggesting that at these higher starting con-
centrations of cEPS, overall heterotrophic activity was
stimulated, resulting in the simultaneous utilisation of
both cEPS and any LMW carbohydrate produced by
degradation of EPS. However, the increases in cEPS
concentrations in the control (Fig. 1la), and lack of sig-
nificant changes in cEPS concentrations in the colloidal
enrichments (Fig. 1b), do not mean that EPS was not
being degraded by heterotrophic action in those treat-
ments. The sediments contain a substantial pool of car-
bohydrate material, of which cEPS is only a fraction
(between 5 and 20%, Underwood & Paterson 1993,

Bellinger et al. 2005). Utilisation of cEPS could be
matched by breakdown of more refractory carbohy-
drates (Veuger et al. 2007) resulting in new products
that would be present in the EPS extraction (Fig. 5).
Evidence supporting this idea comes from the changes
in monosaccharide composition of the EPS. Particularly
in the controls, but also in the colloidal enrichments,
the cEPS fractions at the beginning of the experiment
were rich in glucose and galactose. The proportion of
glucose fell significantly in the controls and colloidal
enrichments, indicating preferential removal of glu-
cose from the system (de Brouwer & Stal 2001) and the
production of new cEPS with a monosaccharide profile
similar to that found in more refractory sediment
carbohydrate components (de Brouwer & Stal 2001,
Bellinger et al. 2005). The amount of glucose present in
the control slurries (Fig. 2a) was high (=70 %), but sim-
ilar to values measured in natural sediments (Taylor et
al. 1999, de Brouwer & Stal 2001, Bellinger et al. 2005).
Glucose content in natural biofilms increases during
the period of tidal exposure as cells photosynthesize,
and decreases during tidal cover (de Brouwer & Stal
2001, Hanlon et al. 2006). Selective loss of glucose dur-
ing degradation of EPS has been recorded in lake
phytoplankton (Giroldo et al. 2003). Some of the glu-
cose present in the EPS samples may have originated
from intracellular glucan (chrysolaminaran), which is
the main storage carbohydrate of diatoms. However,
all the cEPS samples were obtained by alcohol precip-
itation of colloidal supernatant, and diatom glucan
does not precipitate in cold ethanol (de Brouwer & Stal
2004). However, during precipitation, smaller oligosac-
charides and monosaccharides can be trapped in the
gel matrix formed, so the high levels of glucose in the
cEPS of control samples might be partly a result of
LMW contamination of the smaller quantities of EPS
present. Where the cEPS content of the slurries was
increased by enrichment with isolated and partly puri-
fied EPS, the glucose content was lower and showed
less marked temporal decreases. With high initial con-
centrations of cEPS (cEPS enrichments, Fig. 1d), there
was no major change in the monosaccharide profile,
despite reductions in concentration, suggesting that
any new cEPS released from more refractory pools had
a similar monosaccharide profile to the material that
had been removed.

Similarities in the EPS composition of cEPS and hot-
bicarbonate extractable EPS, and the correlation be-
tween extracellular enzyme activity and changing car-
bohydrate concentrations in sediments, suggest that
cEPS can be produced from the breakdown of HB-car-
bohydrates (Hanlon et al. 2006, Haynes et al. 2007,
Bellinger et al. unpubl. data) and other more structural
EPS components, e.g. EDTA-extracted EPS (de Brou-
wer & Stal 2001).
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A second process that could explain increasing EPS
concentrations and changing monosaccharide content
in the slurries would be changes in the quantity or the
solubility of bacterial EPS present in the sediment.
Very little is known about the contribution of bacterial
EPS to the EPS pool of intertidal biofilms, despite the
high bacterial cell numbers in such sediments (Under-
wood & Paterson 1993, van Oevelen et al. 2006a) and a
clear spatial association between bacterial cells and
EPS in artificial estuarine biofilms (Mueller et al. 2006).
Bacteria have been found to contribute significantly to
river sediment carbohydrate content (Gerbersdorf et
al. 2008), and bacterial cell numbers are correlated
with the total sediment carbohydrate content (Under-
wood & Paterson 1993). Most prior investigation of the
EPS pool in intertidal sediments has concentrated on
the pathways of MPB autotrophic production of carbo-
hydrates (Underwood & Paterson 2003), and the bacte-
rial contribution to sediment EPS dynamics is largely
undescribed.

Bacterial growth on different EPS

The EPS-degrading bacterial isolate obtained by
enrichment culture of estuarine sediments was identi-
fied as a member of the genus Variovorax, belonging
to the B-proteobacteria. The B-proteobacteria are im-
portant constituents of the bacterial community in
freshwater systems, with a lower relative abundance
(compared to a- and y-proteobacteria) in estuarine and
marine habitats (Simon et al. 2002). Hanlon et al.
(2006) showed that it is not necessarily the most abun-
dant bacteria that respond to changes in sediment EPS
concentrations. Variovorax species are found in soils
and in freshwater biofilm environments (Rickard et al.
2003), where they are able to degrade complex organic
compounds and also form mutually beneficial consor-
tia with other bacteria (Dejonghe et al. 2003). Vario-
vorax sp. Arll was able to grow on cEPS, and also pro-
duced substantial quantities of new EPS rich in
galactose, fucose and rhamnose. During the early
stages of the bacterial culture experiments, the glucose
content of the cEPS in the cultures decreased (similar
to the pattern found in Expt 1 control slurries), suggest-
ing glucose was being utilised. In the first 24 h of
growth, there was little extracellular B-glucosidase
activity in the cultures with cEPS as a carbon source.
Increased extracellular enzyme activity is usually asso-
ciated with a reduction in concentrations of easily
assailable carbon sources and increased utilisation of
structural polysaccharides as a carbon source (Boetius
& Lochte 1996). After 24 h, the bacteria were utilising
more refractory carbohydrate sources, synthesising -
glucosidase and producing a new EPS, with a different

profile to the starting conditions (Fig. 4b). The total
organic content of the cEPS carbon source used in
these experiments were not measured (cEPS extracts
also contain non-carbohydrate components of the poly-
meric molecules), but there was clearly an additional C
source present to allow for the increases in total
(including bacterial cells) and extracellular carbohy-
drates over time. This could be protein, or structural
polysaccharides that were not fully hydrolysed by the
phenol-sulphuric acid assay (and were therefore
underestimated when compared against a glucose
standard) but that were still available to the bacteria.

Variovorax sp. Arll showed no net growth upon
enrichment with the HB-extracted EPS. Though the
HB-extracted EPS used as a carbon source was similar
in monosaccharide composition to EPS in the cEPS
enrichments in Expt 1, similarity in the monosaccha-
ride profile does not necessarily imply that the linkage
patterns were similar. Therefore, HB-EPS could have
quite a different tertiary structure from that of cEPS,
which would affect the ability of enzymes to cleave
these molecules. Ideally, linkage analysis would have
been done on all the EPS extractions in the present
study, but these analyses require substantial quantities
of purified material, which this experimental design
could not provide. HB-extracted EPS are tightly bound
polymers, contributing to structures such as stalks and
tubes of some marine diatoms (Wustman et al. 1997).
This HB-EPS persists in the environment, demonstrat-
ing much less temporal variability in concentration or
composition over diel time scales in situ compared to
LMW carbohydrate or cEPS (Hanlon et al. 2006,
Bellinger et al. unpubl. data). The evidence of a signif-
icant correlation between HB-extracted carbohydrate
concentration and B-glucosidase activity from indige-
nous bacteria present in natural sediment slurries
(Haynes et al. 2007) would suggest that HB-extracted
carbohydrate is a more refractory carbon source than
cEPS. Our data indicate that despite evidence of pro-
duction of extracellular enzymes (Fig. 4b), Variovorax
sp. Arll could not utilise HB-EPS within 72 h, despite
similarity in monosaccharide composition between
HB-EPS and cEPS. Tertiary structure is probably an
additional factor that determines whether a bacterial
strain isolated for its ability to grow on cEPS can grow
easily on HB-EPS. Structural polysaccharides in sedi-
ment break down slowly; Veuger et al. (2006) showed
that peptidoglycan can take up to 100 d to be degra-
ded. Knowing the monosaccharide composition of
these structural fractions is a useful component in our
understanding of the carbon cycling pathways in sedi-
ments, but further detailed studies of the changing
molecular structure of these compounds during degra-
dation, and the degree of substrate-specificity in mixed
sediment bacteria assemblages are needed.
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Conclusions

The degradation of EPS in estuarine sediments is a
multi-step process. The sediment carbohydrate pool
represents a continuum from highly refractory, detri-
tal material, through a range of structured (i.e. tubes,
pads) and less structured EPS (i.e. loose mucilage) to
LMW carbohydrate. It is important to recognise that
the extraction techniques generally used remove cer-
tain proportions of this continuum, and that certain
discrete groups of carbohydrates (and other con-
stituents) may be found in one extraction but not in
another. The LMW fraction is rapidly utilised, but
degradation of polymeric material can generate new
LMW material. Freshly extracted diatom EPS may
have a high glucose content, but degradation of these
molecules by heterotrophs, as well as subsequent
production of new EPS, can result in an altered
monosaccharide composition of the cEPS fraction
with time, even if the concentration of EPS does not
change. The fluxes of carbon through these different
carbohydrate pools can be rapid from hours to days
(Smith & Underwood 1998, Hanlon et al. 2006) with
different bacterial groups utilising the carbon selec-
tively (Bellinger et al. 2009). Models of bacterial
activity in sediments (e.g. van Oevelen et al. 2006b)
have considered 2 pools: labile dissolved organic car-
bon (DOC) and less reactive particulate organic car-
bon (POC). In the absence of more comprehensive
data, this is a necessary simplification, but the data
presented here support the idea that the sediment
DOC pool contains a range of components; for exam-
ple, different groups of EPS of varying levels of bio-
availability and of various origins (e.g. bacterial,
algal). Understanding the turnover times of the differ-
ent components of sediment carbohydrate in MPB
biofilms is important. Inputs of carbon-rich EPS into
the sediment food web substantially increases the
C:N ratio of the organic pool, which, in turn, creates
increased competition between bacteria, and
between bacteria and MPB, for nitrogen (Cook et al.
2004, 2007). Such interactions can affect sediment-
water N fluxes and rates of nitrification and denitrifi-
cation in mudflats (Risgaard-Petersen 2003), which
can have consequences for nutrient cycling in estuar-
ine ecosystems (Thornton et al. 2007).
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